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Abstract

Background: Circadian disruption is often associated with aggravation of atherosclerosis; however, the
pathophysiological mechanisms underlying atherogenic initiation in normolipidemic diet remains unclear. Most
of the studies done for understanding circadian disruption induced atherosclerosis have been carried out in
murine model of hyperlipidemia induced atherosclerosis. The present study investigates pro-atherogenic
events in response to chronic photoperiodic manipulation induced chronodisruption (PMCD) in C57BL/6J mice
fed with laboratory chow diet.

Results: The results were compared with atherogenic initiation induced by high fat high fructose (HFHF) diet.
The combined effects of HFHF and PMCD on atherogenic initiation were also investigated for possible
synergy of both variants. The HFHF and HFHF+PMCD groups recorded increments in body weight gains and
serum lipid parameters (TC, TG, LDL-cholesterol, VLDL) and a decrement in HDL-cholesterol as compared to
the control group. However, PMCD group recorded body weight gain similar to that of the control group,
but the serum lipid parameters (TG and VLDL) were significantly elevated and the HDL levels were lowered.
However, prominent hypertrophic remodeling, higher collagen deposition, and elastin derangement, along
with endothelial dysfunction, its activation, and macrophage infiltration, were observed in thoracic aorta of all
the three experimental groups. But the mRNA and immunoblots of heat shock protein 60 (HSP60) in thoracic
aorta was found to be maximum in PMCD followed by HFHF and HFHF+PMCD groups.

Conclusion: Laboratory chow feeding coupled with photoperiodic manipulation mediated chronodisruption
overexpress HSP60 that in turn plays a central role in PMCD mediated pro-atherogenic remodeling in thoracic
aorta of C57BL/6J mice.
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Background
Intrinsic circadian clock is known to regulate synchrony
of physiological processes in the body. Disturbance in
biological rhythm due to the long working hours, shift
jobs, and transcontinental travel is strongly associated
with metabolic disorders. Epidemiological studies had
demonstrated that shift workers comprise of a higher
risk group for cardiovascular manifestations (Hermansson
et al., 2019; Scheer, Hilton, Mantzoros, & Shea, 2009). A
cross-sectional study with night shift workers had sug-
gested association of shift work with increased arterial
stiffness that mark early atherogenic change (Jankowiak
et al., 2016). Another observational study with factory
workers had associated photoperiodic shifts with cardio-
vascular mortality (Knutsson, Hammar, & Karlsson, 2004).
Clinical studies had shown that acute cardiovascular
events follow diurnal pattern indicating involvement of
circadian clock components (Muller et al., 1985; Willich,
1990). In this regard, deletion or mutation of various cir-
cadian genes in murine models of atherosclerosis had
been observed to promote plaque formation (Anea et al.,
2009; Somanath et al., 2011). Western diet-induced lesion
formation in aortic root was reported to be aggravated in
ApoE*3-Leiden.CETP mice subjected to alternating light-
dark conditions (Schilperoort et al., 2020). Thus, circadian
disruption or photoperiodic alterations is an addition to
the risk factors for atherosclerosis. Because of its multifac-
torial nature, the pathogenic mechanism underlying the
atherogenic initiation need absolute clarity but till date,
many facets remain unexplored.
Atherosclerosis is primarily associated with hyperlipid-

emia; however, majority of patients have been reported
to have cholesterol levels within the normal range,
suggesting a pathogenic mechanism independent of lipid
levels (Fernandez-Friera et al., 2017; Ridker et al., 2008;
Sniderman et al., 1980). Under such circumstances, the
auto-antigenic role of heat shock protein 60 (HSP60) has
emerged as a plausible explanation for the atherogenic
initiation (Grundtman & Wick, 2011). Serum levels of
soluble HSP60 and autoreactive antibodies have been
strongly correlated with atherosclerotic plaque severity
(Xu et al., 1993; Xu et al., 1999; Xu et al., 2000). Also,
ectopic expression of HSP60 in endothelial cells exposed
to classical atherogenic risk factors has been observed
(Amberger et al., 1997; Hochleitner et al., 2000; Jakic,
Buszko, Cappellano, & Wick, 2017; Kreutmayer et al.,
2011). Simultaneous expression of adhesion molecules in
stressed endothelium facilitates the sub-endothelial infil-
tration of leukocytes, thus promoting inflammation. In
this context, accumulation of HSP60-autoreactive T cells
has been reported to be the first event during athero-
genic initiation in human aorta (Almanzar et al., 2012).
Similarly, intravenous injection of bacterial lipopolysaccha-
rides (LPS) in normocholesterolemic rabbits had upregulated

intracellular adhesion molecule-1 (ICAM-1) and HSP60
expression in the arteries fulfilling the prerequisite for
autoreactive T cell recruitment (Seitz, Kleindienst, Xu,
& Wick, 1996). These changes are often accompanied
by vascular dysfunction causing detrimental effects on
the vascular tone leading to arterial stiffness. The infil-
tration of mononuclear cells in the vascular wall also
causes inflammation contributing to the overall pro-
gression of the disease.
Atherogenic risk factors such as bacterial LPS, inflam-

matory cytokines, cigarette smoke extract, fluid shear
stress, chlamydial infection, and hypertension have been
associated with HSP60 induction in vascular endothe-
lium (Amberger et al., 1997; Hochleitner et al., 2000;
Jakic et al., 2017; Kreutmayer et al., 2011; Kreutmayer
et al., 2013). Two cross-sectional studies with clinically
healthy young males and females showed increased
intima-media thickening that correlated with T cell
reactivity against HSP60 wherein active and passive
smoking were found to be major associated risk factors,
respectively (Knoflach et al., 2003; Knoflach et al., 2009).
High fat diet and atherogenic diet induced HSP60
expression have also been reported in atherosclerotic
plaques of ApoE−/− mice (Zhao et al., 2015). Thus, the
upregulation of HSP60 in vascular wall has been
acknowledged as a central mediator of atherogenic initi-
ation, but the same has not been explored in the context
of photoperiodic stress-induced atherosclerosis.
In light of these reports, the present study assesses

atherogenic remodeling of thoracic aorta of C57BL/6J
mice subjected to photoperiodic manipulation induced
chronodisruption. High fat high fructose diet (HFHF)
fed mice have been used as the disease positive control.
A combination of HFHF+PMCD has also been put to
scientific scrutiny to assess the possible synergistic effect
on atherogenic transformation. Cause/s for pro-atherogenic
changes in a normolipidemic condition is also investigated
herein.

Materials and methods
Animal experiments
C57BL/6J male mice (20–22 g) of age 4–6 weeks were
obtained from Advanced Center for Treatment, Research
and Education in Cancer (ACTREC), Navi Mumbai, India.
Mice were housed as 3–5 per cage and maintained as per
the guidelines of the Committee for the Purpose of Control
and Supervision of Experiments on Animals (CPCSEA) at
the animal house of Department of Zoology, The Maharaja
Sayajirao University of Baroda, Vadodara, Gujarat, India
(827/GO/Re/S/04/CPCSEA). The animal experiment
protocol (MSU-Z/IAEC/2/09-2017) was approved by the
Institutional Animal Ethical Committee (IAEC), Depart-
ment of Zoology, The Maharaja Sayajirao University of
Baroda, and the experiments were conducted in accordance
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with the guidelines of CPCSEA. Mice were fed ad libitum
with standard laboratory chow and water in rooms main-
tained in 12 h light/12 h dark cycle at 23 to 25 °C
with humidity between 50–70%. After 10 days of
acclimatization, mice were randomly divided into
four groups: control group (n = 6, fed with standard
chow and subjected to normal 12:12 light/dark cycle),
high fat high fructose (HFHF) group (n = 10, fed with
high fat diet containing 35.3% fat content and 20% fruc-
tose in water and subjected to normal 12:12 light-dark
cycle), the photoperiodic manipulation induced chrono-
disruption (PCMD) group (n = 10, fed with standard chow
and subjected to photoperiodic manipulation induced
chronodisruption), and the HFHF+PMCD group (n = 10,
fed with HFHF and subjected to PMCD). Mice undergo-
ing photoperiodic manipulation induced chronodisruption
were transferred from room 1 (7:00 to 19:00 h light/19:00
to 7:00 h dark period) to room 2 (11:00 to 23:00 h dark/23:
00 to 11:00 h light period) resulting in phase advance of 8
h (lights off at ZT4) and transferring back to room 1
resulting in a phase delay of 8 h (lights off at ZT20) (Fig.
1) on Mondays and Thursdays, respectively, at 10:55 h
(Kettner et al., 2015). Food intake and body weight were
recorded every alternate day. At the end of 16 weeks,
blood was collected from mice via retro-orbital sinus after
overnight fasting and later were euthanized with mild
isoflurane. The thoracic aortas were excised, fixed in
4% buffered paraformaldehyde (PFA), and embedded in
paraffin using standard protocol for histochemical ana-
lysis. For gene expression studies, the tissue samples

were snap frozen in liquid nitrogen and stored at −
80 °C until use. Serum was isolated from blood using
standard protocol and was subjected to analysis of tri-
glycerides (TG), total cholesterol (TC), very low density
lipoprotein (VLDL), low density lipoprotein-cholesterol
(LDL-Chol), and high density lipoprotein-cholesterol
(HDL-Chol) using commercially available kits (Reckon
Diagnostic kits, Vadodara, Gujarat, India).

Histology and morphometric analysis
PFA fixed thoracic aorta were dehydrated in a graded
series of ethanol and embedded in paraffin blocks. Five
to 6 μm serial sections were cut using microtome and
stained with hematoxylin-eosin (HXE; Sigma-Aldrich,
USA). The sections were observed using Leica DMRB
microscope (Leica Camera Inc., Germany) and images
were captured. The intima-media thickness (IMT) and
lumen area were measured using ImageJ software (NIH,
Bethesda, USA) by an investigator blinded to experimen-
tal groups.

Elastin auto-fluorescence
Elastin auto-fluorescence was recorded from the HXE
stained sections (Sawada & Daugherty, 2018) using Floid
imaging station (Life Technologies, USA). Elastin breaks,
defined as discontinuity of an elastic fiber with boundar-
ies at both sides clearly visible, were counted from the
sections.

Fig. 1 Schematic representation of photoperiodic regime. C57BL/6J mice of control and HFHF groups L:D 12:12; PMCD were subjected to 8 h
phase advance on Monday and 8 h phase delay on Thursday for 16 weeks resulting in chronodisruption, whereas HFHF+PMCD were fed with
high fat high fructose (HFHF) diet and maintained on PMCD photoperiodic regimen
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Collagen staining
Paraffin-embedded sections were de-paraffinized with
xylene and rehydrated in a graded series of ethanol
followed by staining with 0.1% direct red 80 (Sigma-
Aldrich, USA) in saturated aqueous solution of picric
acid for 1 h at room temperature (RT). Sections were
observed under Leica DMRB microscope (Leica Cam-
era Inc., Germany) and images were captured. Quan-
titative analysis of the images for collagen and elastin
content was done using ImageJ software (NIH, Be-
thesda, USA) (Borges, Taboga, & Gutierrez, 2005;
Vogel, Siebert, Hofmann, & Frantz, 2015) and aortic
stiffness was calculated as ratio of collagen to elastin.

Immunohistochemical analysis
Paraffin-embedded sections of thoracic aorta were sub-
jected to immunohistochemical staining for detection of
HSP60 or CD68. Briefly, 5–6 μm sections were cut and
de-paraffinized in xylene followed by re-hydration using
graded series of ethanol. Sections were subjected to anti-
gen retrieval in sodium citrate buffer at 95 °C for 20 min
and endogenous peroxidases were masked with 3%
hydrogen peroxide for 20 min in dark. Further, the
sections were blocked with 1% fetal bovine serum for 30
min at RT followed by overnight incubation in primary
antibody (HSP60 at 1:200; Cell Signaling Technology,
USA, and CD68 at 1:100; Dako, Agilant, USA) at 4 °C in
humidified chamber. After washing with PBS, sections
were incubated with horseradish peroxidase (HRP)-
linked secondary antibody (Dako, Agilant, USA) for 1 h
at RT. Thereafter, sections were washed thoroughly with
PBS and DAB (3,3’-diaminobenzidine tetrahydrochlo-
ride) substrate (Dako, Agilant, USA) was added followed
by counter-staining with hematoxylin. Sections were
observed under Leica DMRB microscope (Leica Camera
Inc., Germany) and images were captured. Quantifica-
tion of positively stained regions was carried out using
Fiji software (ImageJ, NIH, Bethesda, USA) (Schindelin
et al., 2012).

RNA isolation and quantitative RT-PCR
Total RNA was isolated by homogenizing the tissue in
Trizol reagent (Invitrogen, Thermo Fisher Scientific, USA)
according to the manufacturer’s protocol. One microgram
of RNA was reverse transcribed to cDNA using iScript

cDNA synthesis kit (Bio-Rad Laboratories, USA). The
cDNA was used for quantitative PCR analysis using Power
Up SYBR Green Master Mix (Thermo Fisher Scientific,
USA) in QuantStudio-3 Real-Time PCR System (Applied
Biosystems, Thermo Fisher Scientific, USA). Expression
levels were analyzed using 2−ΔΔCT method using GAPDH
as endogenous control. Primer sequences specific for
target mRNAs are listed in Table 1.

Immunoblotting
For extracting total protein lysate, tissue was homoge-
nized in RIPA buffer (50 mM tris (pH 8.0), 150 mM
NaCl, 0.5% sodium deoxycholate, 0.1% sodium dodecyl
sulfate, 1% triton-X-100) containing protease inhibitor
cocktail (Sigma-Aldrich, USA) and 1mM PMSF,
followed by incubation at 4 °C for 2 h. The lysate was
centrifuged at 10,000 rpm at 4 °C for 20 min and result-
ant supernatant was subjected to protein estimation
using Bio-Rad protein assay dye reagent (Bio-Rad
Laboratories, USA). Twenty-five micrograms of protein
was separated by SDS-PAGE and transferred onto PVDF
membrane using Trans-Blot Turbo Transfer System
(Bio-Rad Laboratories, USA). Membrane was blocked
using 3% bovine serum albumin in Tris-buffered saline
(TBS) for 1 h at RT, followed by overnight incubation in
anti-HSP60 (1:750; Cell Signaling Technology, USA) and
anti-β-actin antibodies (1:1000; Invitrogen, Thermo Fisher
Scientific, USA) at 4 °C. Thereafter, the membrane was
probed with HRP-labeled anti-rabbit secondary antibody
(1:2000; Cell Signaling Technology, USA) for 1 h at RT. Ex-
pression of the immune-reactive proteins was detected
using ClarityTM Western ECL Substrate (Bio-Rad Labora-
tories, USA) and chemiluminescence was recorded using
iBright CL1000 Imaging Station (Invitrogen, Thermo
Fisher Scientific, USA).

Statistical analysis
All the statistical analysis was carried out using Graph-
Pad Prism 6.0. Differences between groups were com-
pared by two-way ANOVA followed by Tukey’s multiple
comparison test. Results were expressed as mean ±
S.E.M. Differences were considered statistically signifi-
cant at *P ≤ 0.05, **P ≤ 0.01, and ***P ≤ 0.001.

Table 1 Primer sequences for quantitative PCR

Gene name Forward primer (5′➔3′) Reverse primer (5′➔3′)

eNOS TGGAAGGGAAGTGCAGCAAA GGCCAGTCTCAGAGCCATAC

VCAM-1 CTGGGAAGCTGGAACGAAGT GCCAAACACTTGACCGTGAC

ICAM-1 GTGGGTCGAAGGTGGTTCTT AAACAGGAACTTTCCCGCCA

MCP-1 TGACCCCAAGAAGGAATGGG GACCTTAGGGCAGATGCAGTT

GAPDH GTCGGTGTGAACGGATTTGG AGATGCCTGCTTCCCATTCT
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Results
HFHF and PMCD mediated alterations in body weight,
food intake, and serum lipid profile
C57BL/6J mice were subjected to high fat high fructose
(HFHF) diet, phase advance phase delay in photoperiod
mediated chronodisruption (PMCD), and a combination
of both variants (HFHF+PMCD). HFHF fed mice re-
corded significant increment in body weight and decre-
ment in food intake as compared to control. PMCD
group did not record any change in the said parameters
and their values were comparable to that of control.
HFHF+PMCD group recorded increment in body weight
and decrement in food intake that was comparable to
HFHF group (Fig. 2a, b). Parameters of the serum lipid

profile viz. TG, TC, VLDL, LDL-Chol, and LDL-Chol-to-
HDL-Chol ratio were significantly elevated in HFHF and
HFHF+PMCD groups. PMCD group recorded significant
increment in TG, VLDL, and LDL-Chol-to-HDL-Chol
ratio as compared to control, whereas HDL-Chol levels re-
corded a marked decrement in all the groups wherein the
decrement was most significant in PMCD group (Fig.
2c–h).

HFHF and PMCD induces vascular remodeling in thoracic
aorta
Microscopic evaluation of HXE stained sections of thor-
acic aorta revealed structural remodeling in intimal and
medial regions in HFHF, PMCD, and HFHF+PMCD

Fig. 2 Body weight gain, food intake, and serum lipid profiles of mice. C57BL/6J mice were fed with HFHF diet and/or subjected to PMCD. a
Body weight gain and b food intake were recorded. Also, serum titers of c triglycerides (TG), d total cholesterol (TC), e very low density
lipoprotein (VLDL), f low density lipoprotein-cholesterol (LDL-Chol), g high density lipoprotein-cholesterol (HDL-Chol), and h LDL-Chol/HDL-Chol
ratio were assayed. Mean ± SEM (n = 6 for control, n = 10 for experimental groups). *P < 0.05, **P < 0.01, ***P < 0.001 vs control; ##P < 0.01, ###P
< 0.001 vs HFHF; ++P < 0.001, +++P < 0.001 vs PMCD. ns, non-significant
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groups; the changes being most prominent in the PMCD
group (Fig. 3a). The intima-media thickness (IMT) and
luminal area of thoracic aorta showed increment in all
the three groups with maximum significance recorded in
the PMCD group (Fig. 3b, c). The collagen content recorded
significant increments in all the three groups (Fig. 3e),

whereas the collagen-to-elastin ratio recorded significant in-
crements in the PMCD and HFHF+PMCD groups and an
apparent, non-significant increase in the HFHF group (Fig.
3f). This parameter was assessed on the basis of thickening
of the outer collagen observed in the picrosirius-stained sec-
tions (Fig. 3d). Auto-fluorescence of elastin in thoracic aorta

Fig. 3 Pro-atherogenic remodeling in thoracic aorta. a Sections of thoracic aorta were stained with HXE and images (Scale bar = 50 μm) were
used for morphometric analysis of b intima-media thickness (IMT) and c lumen area. d Representative images of sections stained with picrosirius
red (scale bar = 50 μm) were subjected to quantification of e collagen content relative to the total vascular area and f collagen-to-elastin ratio as
a measure of arterial stiffness. g Sections were analyzed for elastin auto-fluorescence (scale bar = 50 μm; red arrows indicate breaks) and h the
number of breaks/fragments in elastin laminae were counted. (i) Control, (ii) HFHF, (iii) PMCD, and (iv) HFHF+PMCD. Mean ± SEM (n = 6). *P <
0.05, **P < 0.01, ***P < 0.001 vs control; ##P < 0.01, ###P < 0.001 vs HFHF; ++P < 0.001, +++P < 0.001 vs PMCD. ns, non-significant
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of experimental mice showed derangement in all the groups
and with more prominence in the PMCD group (Fig. 3g).
Increased number of elastin breaks were counted in all the
treatment groups with highest value recorded in PMCD
group (Fig. 3h).

HFHF and PMCD induces endothelial dysfunction and
atherogenic changes in thoracic aorta
Endothelial nitric oxide synthase (eNOS) is a key marker
for endothelial function and feeding with HFHF
diet alone could induce only moderate (non-significant)

decrement in eNOS mRNA. The decrement was signifi-
cant in PMCD and HFHF+PMCD groups (Fig. 4a).
Markers for endothelial activation and macrophage re-
cruitment, viz. MCP-1, VCAM-1, and ICAM-1 were
assessed in thoracic aorta. mRNA levels of the said genes
were significantly higher in HFHF, PMCD, and HFHF+
PMCD groups (Fig. 4b). Immunolocalization of CD68
(macrophage marker) was significantly elevated in HFHF,
PMCD, and HFHF+PMCD groups as evidenced by prom-
inent positive staining of thoracic aorta (Fig. 4c, d). Overall,
the said changes were more prominent in PMCD group.

Fig. 4 Endothelial dysfunction and activation in thoracic aorta. Thoracic aorta were subjected to quantitative RT-PCR of a eNOS, b MCP-1, c
VCAM-1, and d ICAM-1 mRNAs (n = 3). e Sections of thoracic aorta of (i) control, (ii) HFHF, (iii) PMCD, and (iv) HFHF+PMCD groups were
immunostained for CD68 (macrophage marker) (scale bar = 50 μm; black arrows indicate CD68+ areas), and d quantification of the positive areas
was carried out using Image J (n = 6). Mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 vs control, #P < 0.05, ##P < 0.01, ###P < 0.001 vs HFHF, ++P
< 0.001, +++P < 0.001 vs PMCD. ns, non-significant
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HFHF and PMCD mediated upregulation of HSP60 in
thoracic aorta
Sections of thoracic aorta of HFHF, PMCD, and HFHF+
PMCD groups stained with anti-HSP60 antibody showed
prominent positive immunostaining in all the three
groups (Fig. 5a). Quantitative indices of the same were
found to be significant (Fig. 5b). Further, immunoblots
of HSP60 in thoracic aorta of the said groups showed
similar trend of increment, but the values were non-
significant in HFHF and PMCD+HFHF groups (Fig. 5c).

Discussion
The regulatory role of circadian clock system is well estab-
lished in a number of physiological processes including
pathophysiological changes in human diseases. Also, subtle
variations in the compositions of a high fat diet have been
implicated in atherosclerosis with varying degrees of patho-
physiological manifestations (Getz & Reardon, 2006; Lang,
Hasselwander, Li, & Xia, 2019; Ning et al., 2015; Santana
et al., 2014; Schreyer, Wilson, & LeBoeuf, 1998). However,
development of cardiovascular ailments in normolipidemic
condition has been implied to circadian dysregulation-
induced physiological perturbations that lack clarity. In our
study, the atherogenic changes resulting due to photoperi-
odic manipulations induced chronodisruption has been put
to detailed investigation and the results have been com-
pared with healthy (control) and HFHF diet fed C57BL/6J
mice (HFHF). Also, HFHF diet fed mice subjected to circa-
dian dysregulation (HFHF+PMCD) has been investigated
for atherogenic pathophysiology.
Investigation of lipid profile of control and experimental

groups revealed that the HFHF has a dominating presence
in HFHF+PMCD group as the circulating titres of TG,
TC, VLDL, and LDL-Chol were comparable in both the
groups. However, the observed significant increment in

TG and VLDL, and significant decrement in HDL-Chol
are the stand-out features of the photoperiodic manipula-
tion induced chronodisruption. HDL-Chol has been ex-
tensively reported for its physiological relevance in lipid
homeostasis via reverse cholesterol transport (Marques
et al., 2018). In our study, though TC and LDL-Chol levels
did not show significant increment in PMCD group, sig-
nificant decrement in HDL-Chol forms the basis of pro-
atherogenic manifestations observed herein. These obser-
vations are in agreement with a cross-sectional study con-
ducted in Sweden that correlated shift work with
increased triglycerides and decreased HDL-cholesterol
levels (Karlsson, Knutsson, & Lindahl, 2001).
Research reports on atherogenic diet fed mice/rats and

high fat diet fed C57BL/6J mice have reported elevated
lipid profiles and varying degrees of atherogenic changes
in thoracic aorta (Cai, Miao, Xie, Lu, & Su, 2005; Santana
et al., 2014). Also, previous studies in our laboratory had
shown atherogenic diet induced derangement in thoracic
media and intima layers (Jadeja, Thounaojam, Jain, Devkar,
& Ramachandran, 2012; Patel, Desai, Gajaria, Devkar, &
Ramachandran, 2013; Thounaojam, Jadeja, Salunke,
Devkar, & Ramachandran, 2012). Similar changes were
observed in the present study following feeding of
HFHF diet wherein significant increment in IMT and
lumen area corroborates our findings. Exposure of
HFHF fed mice to photoperiodic manipulation induced
chronodisruption also showed a similar remodeling of
thoracic aorta. However, the said changes in thoracic
aorta have not been reported in conditions of experi-
mentally induced chronodisruption in mice fed with
laboratory chow diet. Derangement of collagen and
elastin fibers are the key events during atherogenic
vascular remodeling and have been reported in our pre-
vious studies (Jadeja et al., 2012; Thounaojam et al.,

Fig. 5 HSP60 expression in thoracic aorta. a Sections of thoracic aorta of (i) control, (ii) HFHF, (iii) PMCD, and (iv) HFHF+PMCD groups were
subjected to immunohistochemical staining of HSP60 (scale bar = 50 μm) and b positive stained regions were quantified by image J (n = 6). c
HSP60 expression in thoracic aorta was also assessed by immunoblotting and the same was quantified by densitometry (n = 3). Mean ± SEM. *P
< 0.05, **P < 0.01 vs control, +P < 0.05 vs PMCD. ns, non-significant
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2012) and in thoracic aorta of HFHF diet fed mice in both
HFHF and HFHF+PMCD groups. However, pro-
atherogenic vascular remodeling observed in thoracic
aorta of PMCD group is a significant finding because
these mice were subjected to photoperiodic phase advance
and phase delay along with laboratory chow diet. Photo-
periodic regimes of Schilperoort et al. (2020) had resulted
in aggravation of atherosclerosis in ApoE*3-Leiden.CETP
mice, but the mice fed were maintained on a Western-
type diet. Another study by Anea et al. (2009) had re-
ported pro-atherogenic vascular remodeling in Bmal1
knockout and Clock mutant mice maintained in constant
darkness but these mice are naturally hyperlipidemic. In
this regard, our study provides prima facie evidence on
the role of photoperiodic manipulation induced chrono-
disruption as a causative agent for atherosclerosis without
feeding atherogenic/high fat diet.
Pointing evidences on pro-atherogenic changes were

obtained in the form of significant decrement in eNOS
and significantly elevated atherogenic markers (MCP-1,
VCAM-1, and ICAM-1) and macrophage marker (CD68)
that confirmed endothelial dysfunction and subsequent
atherogenic changes in all three experimental groups. These
set of observations are in agreement with reports on high fat
diet/atherogenic diet mediated induction of atherosclerosis
(Jadeja et al., 2012; Lang et al., 2019; Thounaojam et al.,
2012). Enhanced monocyte recruitment in lesions of
ApoE*3-Lesion.CETP mice subjected to photoperiodic alter-
ations has been reported, but diet induced hyperlipidemia
was not ruled out as a contributing factor (Schilperoort et al.,
2020). Herein, the aggravated response observed in PMCD
group in terms of macrophage infiltration further supports
the atherogenic progression in light of photoperiodic ma-
nipulation induced chronodisruption even in absence of diet-
ary atherogenic stimuli.
Expression of cell adhesion molecules in pro-

atherogenic vascular endothelium has been associated
with HSP60 upregulation (Seitz et al., 1996) and our ob-
servations are in agreement with these reports. HSP60 up-
regulation suggests elevated levels of physiological stress
in thoracic aorta (Hochleitner et al., 2000) that is compar-
able with smokers and hypertensive patients without con-
ditions of hypercholesterolemia (Almanzar et al., 2012).
Herein, we hypothesize that the pro-atherogenic changes
observed in PMCD mice in spite of near normal levels of
TC and LDL-Chol are attributable to photoperiod medi-
ated stress and upregulation of HSP60 in thoracic aorta
coupled with significantly low levels of HDL-Chol.
Taken together, our study highlights the role of HSP60

in inducing PMCD mediated pro-atherogenic changes,
but a combination of HFHF and PMCD (HFHF+PMCD)
does not result in synergistic symptoms. Overall, the
findings hint at a possible underlying mechanism of
atherosclerosis in normolipidemic patients.
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HSP60: Heat shock protein 60; HFHF: High fat high fructose;
PMCD: Photoperiodic manipulation induced chronodisruption
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