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Extended “1. Introduction”
Extended information: 1.1 Environmental risk factors, disease burden and global mortality

The contribution of different risk factors to the global disease burden and their impact on life
expectancy has shifted over the last 20 years from risks for communicable childhood diseases towards
those for non-communicable adulthood diseases that are more frequently observed in the elderly (Lim et
al.,, 2012; Murray et al., 2012). This shift is largely due to demographic changes, improved clinical
prevention of childhood mortality, reductions in several preventable causes of death and a lower exposure
to some risk factors. Socio-economic and scientific progress have led to improvements in water quality
and sanitation, significant reductions in vitamin A and zinc deficiencies, and to lower exposures to
particulate matter in households and the environment. There are large regional differences in the extent of
these epidemiological and socio-economic changes and their impact on the importance of different risk
factors, disease burden and mortality (e.g. poverty and childhood diseases continue to be the highest risk
factors in sub-Saharan Africa) (reviewed in (Daiber et al., 2017)).

With the world population estimated to reach 9 billion by 2050, we face the daunting challenges
of increasing environmental pollution with dramatic effects on public health. The Lancet Commission on
pollution and health and the Global Burden of Disease (GBD) study identified air pollution (e.g. by
particulate matter with a diameter of <2.5um = PM; ;) as the leading health risk factor in the physical
environment, followed by water pollution, soil pollution/heavy metals/chemicals and occupational
exposures, however neglecting the non-chemical environmental health risk factors mental stress (Leka,
Jain & Organization, 2010) and noise (Vienneau et al., 2015; Vienneau, Schindler, Perez, Probst-Hensch
& Roosli, 2015) and light exposure as well as others (e.g. climate factors) (Collaborators, 2017;
Landrigan et al., 2018). The Lancet Commission on pollution and health concluded that “Air pollution is
the largest environmental cause of disease and premature death in the world today”. The World Health
Organization (WHO) even estimates that up to 12.6 million global deaths in 2012 were due to living in
unhealthy environments (World Health Organization, 2016a; World Health Organization, 2016b). The

leading role of environmental risk factors for public health becomes even more evident when it comes to



Li, Kilgallen et al. — Exposome, circadian clocks and cardioprotection — online supplement 3

disease onset and progression, confirming the statement “Genetics load the gun, but environment pulls the
trigger” by Francis Collins, director of the National Institute of Health (NIH). According to an estimation
of the GBD study, disease caused by all forms of pollution were responsible for 268 million disability-
adjusted life years (DALYs) - 254 million years of life lost and 14 million years lived with disability
(DALYs & Collaborators, 2016). Despite the fact that 70% of pollution-related diseases are non-
communicable diseases interventions against pollution are barely mentioned in the Global Action Plan for
the Prevention and Control of Non-Communicable Diseases (Landrigan et al., 2018).

Robust epidemiological evidence for detrimental health effects of environmental risk factors and
mechanistic insights into the underlying pathophysiology are mostly based on association studies (with
only few controlled interventional studies) and exist for the environmental risk factors mental stress (e.g.
social isolation, work stress) (Fransson et al., 2015; Nyberg et al., 2014; Rosengren et al., 2004), air
pollution (e.g. particulate matter) (Beelen et al., 2014; Lelieveld, Haines & Pozzer, 2018; Munzel et al.,
2018; Newby et al., 2015), noise exposure (e.g. traffic/occupational sources) (Kempen, Casas, Pershagen
& Foraster, 2018; Munzel, Schmidt, Steven, Herzog, Daiber & Sorensen, 2018) and chemical pollution
(e.g. heavy metals and pesticides) (Cosselman, Navas-Acien & Kaufman, 2015; GBD 2016 Risk Factors
Collaborators, 2017; Navas-Acien, Guallar, Silbergeld & Rothenberg, 2007; Tellez-Plaza, Jones,
Dominguez-Lucas, Guallar & Navas-Acien, 2013). Correlations are usually made between environmental
exposures and health outcomes or biomarkers measured by different OMICs techniques (Ghezzi et al.,

2018).

Extended “2. Oxidative stress, redox regulation and circadian clock”
Extended information: 2.2 Redox-regulatory mechanism in circadian clock

The structure of dCRY, a FAD-dependent circadian blue-light photoreceptor, revealed three
cysteine residues (Cys337, Cys416, Cys523), which play a key role in the dCRY photoreaction and in
phototransduction from the flavin adenine dinucleotide (FAD) cofactor to the regulatory protein tail. This

light-induced electron transfer involves a chain of tryptophanes, cysteine residues and potentially nearby
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located methionine residues that are all prone to oxidative modifications under oxidative stress conditions
(and if reversible provide a basis for redox-regulation of this photoreceptor).

AMPK-dependent phosphorylation of mCRY 1 leads to its proteasomal degradation by enhancing
complex formation with FBXL3 (Lamia et al., 2009). Furthermore, AMPK causes degradation of period
proteins by activation of casein kinase I (Jordan & Lamia, 2013; Lee & Kim, 2013). The mCRY crystal
structure also visualized a MAPK phosphorylation site at Ser247. MAPK-dependent phosphorylation of
mammalian CRY proteins (Ser247 of mouse mCRY1, Ser265 of mCRY2) negatively regulates
transcriptional repression of circadian clock mediated gene expression (Sanada, Harada, Sakai, Todo &
Fukada, 2004) and might also represent another stress response regulatory pathway of the circadian clock
since MAP-kinases are activated under cellular stress conditions, are redox-regulated and initiate survival
pathways but also apoptosis. Notably, the mutation of Ser247 in mCRY1 attenuated mCRY1
transcriptional repression activity in the circadian clock (Sanada, Harada, Sakai, Todo & Fukada, 2004),
but also reduced FBXL3 binding in U20S cells (Czarna et al., 2013). In addition, Cys363 and Cys412
residues of mCRY'1 form an intramolecular disulphide bridge that causes a conformational change in a
PER2-binding loop of mCRY 1, but also may have important implications for mCRY1 interactions with
the glucocorticoid receptor as well as glycaemic control (Czarna et al., 2013). In the crystal structure of
the mCRY2 homologue, no disulphide bridge between Cys381 and Cys430 (corresponding to Cys363 and
Cys412 of mCRY 1) was observed (Xing et al., 2013). Instead, Cys430 of CRY2 forms an intermolecular
disulphide bridge with Cys340 of FBXL3 in the mCRY2/FBXL3 complex structure, providing another
example for high cysteine redox-reactivity in a mammalian clock protein (Xing et al., 2013) (Figure 2,
middle left, main manuscript).

Other redox-regulatory mechanisms in the circadian clock are based on NAD'- and AMPK-
dependent SIRT1 activation, where AMPK enhances SIRT1 activity by increasing intracellular NAD+
levels (Lee & Kim, 2013). In the presence of high NAD" levels, SIRT1 affects BMAL1/CLOCK
dependent circadian gene regulation by deacetylating BMAL1-K537, histone H3 K9/K14 (Nakahata et

al., 2008) and PER2 (Asher et al., 2008). Moreover, SIRT1 deacetylates PGCla and thereby affects the
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circadian clock via the PGCla-RORs-RORE-axis, that causes activation of the CLOCK/BMALI
complex (Lee & Kim, 2013). In addition, poly(ADP-ribose) polymerase-1 (PARP1) causes poly ADP-
ribosylation of CLOCK in a NAD"-dependent reaction, which inhibits DNA binding by CLOCK-BMAL1
and PARP1 activity is also connected to oxidative stress (Asher, Reinke, Altmeyer, Gutierrez-Arcelus,
Hottiger & Schibler, 2010; Jordan & Lamia, 2013). Furthermore, the antioxidant forkhead box O (FOXO)
transcription factors, which are insulin- / redox-regulated and control antioxidant gene expression, affect
the circadian clock by modulating the sensitivity of the central clock to oxidative stress. This was shown
by foxo mutants that exerted a rapid decline in rest/activity rhythms with age, thereby providing a link
between insulin signalling, oxidative stress, aging, and circadian rhythms (Zheng, Yang, Yue, Alvarez &
Sehgal, 2007). Moreover, circadian clock oscillation was irregular and the period was variable upon
deletion of foxo3 (Chaves et al., 2014). A BMALI binding site for FOXO3 was reported and FOXO03
down-regulation was associated with dysregulation of circadian clock gene expression in a murine model
of aircraft noise exposure, whereas pharmacological activation of FOXO3 normalized endothelial
function and vascular oxidative stress (Kroller-Schon et al., 2018). Other redox-regulated enzymes such
as hypoxia-inducible factor lo (HIF-la) or heme oxygenase-1 (via carbon monoxide (CO)) also
contribute to the redox-regulation of the circadian clock (Reinke & Asher, 2019) (Figure 2, main
manuscript). Heme oxygenase—derived CO attenuates DNA binding of the CLOCK(NPAS2):BMALI1
heterodimers, as does the excess of oxidized NAD(P) over reduced NAD(P)H (Rutter, Reick, Wu &

McKnight, 2001).

Extended information: 2.3 Association of circadian clock with cellular redox state in health and
disease

There is also strong evidence for redox regulation of circadian clock genes in chronic airway
diseases (Sundar, Sellix & Rahman, 2018). More data on disease-triggered dysregulation of the circadian
clock were generated by animal research in models of cardiac hypertrophy (Young, Razeghi &

Taegtmeyer, 2001), diabetes (Young, Wilson, Razeghi, Guthrie & Taegtmeyer, 2002) and hypertension
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(Naito et al., 2003) — all of these diseases are associated with endothelial dysfunction and increased
vascular oxidative stress (Daiber et al., 2017). Likewise, there is obviously a general link between the
circadian variation in blood pressure, vascular contraction and vascular redox state (Rodrigo & Herbert,
2018). Disturbance of diurnal rhythm caused changes in gene expression and early signs of cardiac
hypertrophy (e.g. increased left ventricular end-systolic/diastolic dimensions) with rescue by diurnal

resynchronization (Martino et al., 2007).

Extended “3. Mental stress effects on oxidative stress, circadian clock and cardiovascular
health/disease”
Extended information: 3.1 Mental stress effects on oxidative stress and cardiovascular health/disease
Our group in Mainz can use the data of the Gutenberg Health Study (GHS), a population-based,
prospective, single-center cohort study that aims at improving the individual risk prediction for diseases
by inclusion of 15,000 individuals of the Rhine-Main area, with at least 2 follow-up visits and assessment
of lifestyle, psychosocial factors, environment, laboratory parameters as well as the extent of the
subclinical disease (Wild et al., 2012). Using the unique Gutenberg Health Study database, we were able
to reveal that noise annoyance is associated with depression and anxiety in the general population —
thereby providing a link between noise exposure, mental stress and cardiovascular risk (Beutel et al.,
2016), also supported by association of mental stress/annoyance with atrial fibrillation (Hahad et al.,
2018). A case of a Takotsubo cardiomyopathy, also known as the “broken heart disease” (Sinning, Keller,
Abegunewardene, Kreitner, Munzel & Blankenberg, 2010), as a consequence of nighttime aircraft noise
exposure was reported by our group (Munzel et al., 2016). Other studies have shown a direct link between
mental stress and development of hypertension (Marvar et al., 2012). According to a recent WHO report,
noise can contribute to cognitive impairment and adversely affect mental health (Clark & Paunovic,
2018a; Clark & Paunovic, 2018b). There is evidence that mental stress mediated cardiovascular and
cognitive impairment is associated with increased oxidative stress (Meyer & Wirtz, 2018; Xia & Li,

2018).
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Extended information: 3.3 Social defeat stress and circadian clocks

In a mouse model of repeated social defeat, the experimental male mice were exposed daily for
2h to social defeat over a time period of 19 days, either at the beginning of the light phase (ZT1-3) or at
the beginning of the dark phase (ZT13-15). Single-housed mice served as control (Bartlang et al., 2012).
Interestingly, the effects of this chronic/intermittent psychosocial stress were strongly dependent on the
time of day of stressor exposure. Social defeat stress applied at light/inactive phase induced more
beneficial adaptations (prolonged increase in adrenal weight and an attenuated adrenal responsiveness to
adrenocorticotropic hormone (ACTH). In contrast, dark/active phase social defeat led to maladaptive
signs such as reduced dark phase home-cage activity, flattening of the diurnal corticosterone rhythm, lack
of social preference, and more pro-inflammatory status (Bartlang et al., 2012). Moreover, the SCN
molecular rhythmicity was affected by repeated social defeat only when the stress was applied at dark
phase, while light phase stress showed no effect on SCN rhythmicity. In contrast, the adrenal peripheral
clock was mainly influenced by light phase social defeat (Bartlang, Oster & Helfrich-Forster, 2015;
Bartlang, Savelyev, Johansson, Reber, Helfrich-Forster & Lundkvist, 2014).

The response of the adrenal clock to chronic social defeat stress did not habituate; the
corticosterone level remained elevated after 14 days of stress (Razzoli, Karsten, Yoder, Bartolomucci &
Engeland, 2014). The adrenal clock phase shift was associated with increased feed conversion efficiency,
suggesting that the metabolic phenotype in the stressed mice may be (partly) caused by altered adrenal
clock rhythmicity (Razzoli, Karsten, Yoder, Bartolomucci & Engeland, 2014). The locomotor activity
rhythm and body temperature rhythm of stressed mice were not affected, indicating that the SCN clock
was not changed by chronic social defeat stress (Razzoli, Karsten, Yoder, Bartolomucci & Engeland,
2014). Of note, the studies with social defeat stress are often performed only with male animals, because
females have poorly developed territorial behaviour (Koch, Leinweber, Drengberg, Blaum & Oster,
2017). It is also important to note that there are general gender-specific differences in the GC system.

Compared with male mice, female mice have both higher baseline and stress-induced plasma
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corticosterone levels, and heavier adrenal glands (Koch, Leinweber, Drengberg, Blaum & Oster, 2017;
Malisch, Saltzman, Gomes, Rezende, Jeske & Garland, 2007). Adrenalectomy led to disruption of PER2
oscillations in the bed nucleus of the stria terminalis (BNST) (Segall, Perrin, Walker, Stewart & Amir,

2006).

Extended “4. Environmental pollution effects on oxidative stress, circadian clock and cardiac
health/disease”
Extended information: 4.1 Heavy metals effects on oxidative stress and cardiovascular health/disease

Increased blood levels of cadmium were associated with higher numbers of cardiovascular
disease and mortality in a population-based cohort study in 4,819 Swedish adults (Barregard et al., 2016).
An impact of blood lead levels on all-cause and cardiovascular mortality was found at substantially lower
blood lead levels than expected by previously reported data (Menke, Muntner, Batuman, Silbergeld &
Guallar, 2006). Increased cardiovascular disease, coronary heart disease, and stroke mortality upon
chronic exposure to arsenic were also confirmed by a prospective cohort study in 3,575 American Indian
men and women (Moon et al., 2013). According to the WHO and the Agency for Toxic Substances and
Disease Registry (ATSDR), cadmium, lead and arsenic are also included in the top 10 environmental
compounds of concern ((ATSDR), 2015). Similar to particulate matter, heavy metals and metalloids most
probably interfere with essential physiological pathways that are associated with cardiovascular health or
damage. A modulation of blood pressure, lipid metabolism, atherogenesis, and endothelial function was
observed in response to these compounds (Prozialeck, Edwards, Nebert, Woods, Barchowsky &
Atchison, 2008).

In the plasma, serum, and atherosclerotic lesions of mice treated with arsenic, increased levels of
pro-inflammatory chemokines, cytokines, and markers of oxidative stress were observed (Srivastava,
Vladykovskaya, Haberzettl, Sithu, D'Souza & States, 2009). Arsenic induces inflammatory signaling
pathways, oxidative stress, inhibition of NO bioavailability, all of which promote proliferation of

endothelial cells and smooth muscle cells, adhesion of immune cells and platelet aggregation and thereby
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trigger cardiovascular disease (Barchowsky, Dudek, Treadwell & Wetterhahn, 1996; Kumagai & Pi,
2004; States, Srivastava, Chen & Barchowsky, 2009). Likewise, cadmium leads to vascular damage,
endothelial dysfunction and atherosclerosis by oxidative mechanisms (e.g. by replacement of iron and
copper in sulfur-complexes, promoting Fenton reactions) (Messner & Bernhard, 2010; Messner et al.,
2009), interference with antioxidant responses (e.g. by disruption of zinc-sulfur complexes) (Cuypers et
al., 2010) and inhibition of 'NO-mediated vasodilation (Almenara et al., 2013). In addition, there is also
evidence for adverse effects of heavy metals and metalloids on epigenetic regulation of gene expression
(Cosselman, Navas-Acien & Kaufman, 2015). Similar reports indicate that lead contributes to oxidative
stress, inflammation, endothelial dysfunction, and proliferation of vascular cells with adverse effects on
heart-rate variability (Navas-Acien, Guallar, Silbergeld & Rothenberg, 2007; Vaziri, 2008). Overall, lead
mimics many biological effects of cadmium (Cosselman, Navas-Acien & Kaufman, 2015). Of note, lead
inhibits the 'NO / soluble guanylate cyclase signaling pathway, stimulates the renin—angiotensin-
aldosterone system and the sympathetic nervous system, and activates protein kinase C activity, all of
which resemble strikingly the adverse effects of noise exposure on the cardiovascular system (Vaziri,
2008). The impact of environmental chemicals such as heavy metals on oxidative stress pathways and
epigenetic gene regulation was reviewed in full detail in a recent article within the Forum issue
“Oxidative stress and redox signaling induced by the environmental risk factors mental stress, noise and
air pollution” (Miguel et al., 2018).

There are also limited data available on the adverse effects of other toxic metals (e.g. mercury,
tungsten and antimony) on cardiovascular risk and disease (Navas-Acien, Silbergeld, Sharrett, Calderon-
Aranda, Selvin & Guallar, 2005; Tyrrell, Galloway, Abo-Zaid, Melzer, Depledge & Osborne, 2013).
However, a systematic review of epidemiological studies on the association between cardiovascular
disease in adults and the environmental metals antimony, barium, chromium, nickel, tungsten, uranium,
and vanadium summarized that, due to the limited number of reliable clinical studies, no final conclusion
can be made (Nigra, Ruiz-Hernandez, Redon, Navas-Acien & Tellez-Plaza, 2016). A detrimental role for

the development of cardiovascular disease is discussed for essential metals (e.g. iron, cobalt, copper, zinc
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and selenium) since exposure to them is often far above those reported for the “toxic” metals. However,
these toxic effects by the essential metals are not easily studied since their absorption and excretion is

tightly regulated by transporters and storage mechanisms, and they usually show no serious accumulation.

Extended information: 4.2 Environmental chemicals (e.g. pesticides) effects on oxidative stress and
cardiovascular health/disease

The mechanisms how the above mentioned environmental toxins induce oxidative stress, show a
large variety but are mainly based on P450 chemistry, redox cycling, suppression of antioxidant enzymes
and uncoupling of mitochondrial respiration, all of which has been extensively revised in the past
(Drechsel & Patel, 2008; Stohs, 1990; Videla, Barros & Junqueira, 1990). Besides the well-documented
impact on neurodegenerative disease progression (Cao, Souders Ii, Perez-Rodriguez & Martyniuk, 2018;
Masuo & Ishido, 2011; Sanchez-Santed, Colomina & Herrero Hernandez, 2016), chronic exposure to
these environmental toxins will ultimately contribute to the development of diabetes (Chevalier &
Fenichel, 2015; Lind & Lind, 2018), hypertension (Han & Hong, 2016; Kahn & Trasande, 2018),
arteriosclerosis (Lind & Lind, 2012; Ross, Matthews & Mangum, 2014) and cardiovascular disease
incidence/mortality (Humblet, Birnbaum, Rimm, Mittleman & Hauser, 2008), as epidemiological studies
show positive associations for these organic pollutants (POPs, e.g. dioxins or pesticides), plastic

associated chemicals (PACs, e.g. BPA) with said diseases (Argacha, Mizukami, Bourdrel & Bind, 2019).

Extended information: 4.3 Air pollution by particulate matter effects on oxidative stress and
cardiovascular health/disease

Despite the relatively low contribution of air pollution to the individual risk of a single human
being, the cumulative cardiovascular risk conferred by chronic exposure of a large part of the population
to ubiquitous air pollution (the cumulative global disease burden) even ranks above physical exertion,
coffee and alcohol in a comparative risk assessment of the major triggers of myocardial infarction

(Nawrot, Perez, Kunzli, Munters & Nemery, 2011). Only diet, high blood pressure, and smoking
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represent more important cardiovascular risk factors for life years with severe illness and disability than
air pollution (Yang et al., 2013). This is further supported by the fact that around 7 % of non-fatal
myocardial infarctions (Nawrot, Perez, Kunzli, Munters & Nemery, 2011) and 18 % of sudden cardiac
deaths (Hart, Chiuve, Laden & Albert, 2014), are potentially triggered by exposure to road traffic-
dependent air pollution, representing comparable numbers to those published for the contribution of the
major traditional and modifiable risk factors smoking, poor diet, or obesity to cardiovascular morbidity
and mortality (Hart, Chiuve, Laden & Albert, 2014). Air pollution in the form of particulate matter is a
well-established cardiovascular risk factor, also acknowledged by leading cardiac societies such as the
American Heart Association (Brook et al., 2010). Air pollution impact on induction of cardiovascular
oxidative stress is well accepted (Rao, Zhong, Brook & Rajagopalan, 2018; Wilson, Miller & Newby,
2018). Strikingly, the short-term pollution-control activities (mainly reduction in traffic and industrial air
pollution) applied during the 2008 Beijing Olympic Games led to a 13-60 % reduction in the
concentrations of air pollutants, which were perfectly mimicked by similar effects on biomarkers of
inflammation, oxidative stress, and thrombosis in healthy adults (Huang et al., 2012; Kipen et al., 2010;
Rich et al., 2012; Roy et al., 2014). Unfortunately, the beneficial effects quickly returned back to normal
when the restrictions for air pollution were invalidated after the Olympic Games. Even more striking
results were obtained when Tokyo decreased diesel emissions by new restrictive laws leading to a 44 %
decrease in PM from traffic between 2003 and 2012. Osaka introduced similar laws in 2009. When
comparing the mortality rates in Osaka with those in Tokyo, a striking decrease in cardiovascular
mortality by 11 % among Tokyo’s population was observed that was mainly due to a 10 % decrease in

ischaemic heart disease mortality (Yorifuji, Kashima & Doi, 2016).

Extended information: 4.4 Environmental pollution effects on circadian clock
It was shown in mice that arsenic treatment for 6 months resulted in alterations of circadian
rhythm, longer freezing time and escape latencies compared to the control group, all of which was

associated with decreased ATP levels, impaired complex I activity and increased oxidative stress markers
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in the hippocampus as well as more pronounced immune reactions in response to amyloid isoforms (Nino
et al., 2019). Data mining and interaction network analysis of sources related to human bladder cancer
revealed a correlation between environmental arsenic exposure and changes in circadian genes (Polo et
al., 2017). Vice versa, in birds the plasma concentrations of the metals zinc, copper and molybdenum
revealed diurnal fluctuations among a set of 14 elements indicating that uptake, storage and excretion of
these elements may be also regulated by circadian clock (Rosenthal, Johnston, Shofer & Poppenga, 2005),
which was also confirmed by levels of seven heavy metals (Pb, Zn, Cu, Cr, Cd, Hg, Mn) in plasma,
erythrocytes and urine of metal workers (Yokoyama, Araki, Sato & Aono, 2000).

Similar evidence exists for polychlorinated biphenyls (PCBs) and their hydroxylated metabolites
in Wistar rats, which have been shown to disrupt the circadian rhythm and cause dysregulation of down-
stream peroxisome proliferator-activated receptor-signalling associated with adverse fatty acid
metabolism (Ochiai et al., 2018). Treatment with wastewater, containing a sub-lethal mixture of
pharmaceutical and personal care products (PPCPs), affected the circadian oscillation in the activity of
male mosquitofish (Melvin, Buck & Fabbro, 2016). Interaction of xenobiotics and circadian clock was
also reviewed in detail (Claudel, Cretenet, Saumet & Gachon, 2007).

Bisulphite sequencing of 407 newborns revealed epigenetic regulation of circadian genes in
dependence of the regional PM2.5 exposure levels of their mothers during gestation (Nawrot et al., 2018).
Epigenetic regulation was observed by altered placental methylation of CpG sites within the promoter
regions of circadian genes Npas2, Cryl, Per2 and Per3 suggesting that PM2.5 exposure might affect
placental processes and foetal development. Similar observations were made for methylation of the Clock

gene in blood cells of free-living birds in dependence of PM10 exposure (Romano et al., 2017).

Extended “S. Mitochondria and environmental changes”
Extended information: 5.2 Air pollution and mitochondrial function
Smaller particles (nanoparticles) have also documented impact on mitochondria. Combustion-

and friction-derived magnetic air pollution nanoparticles were present inside mitochondria in ventricular
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cardiomyocytes, in endoplasmic reticulum (ER), at mitochondria-ER contact sites (MERCs) and
intercalated disks. Left ventricular prion protein up-regulation occurred in these hearts (Calderon-
Garciduenas et al., 2019) , which has been viewed to contribute to the cardiac mechanisms, antagonizing
oxidative insults (Zanetti et al., 2014). Similarly, marked abnormalities in mitochondrial morphology
were seen in dogs exposed to high concentrations of air pollutants including ultrafine PM. Unlike control
samples where the mitochondrial cristae were closely packed, uniform and linear, exposed dogs had
fragmented or missing cristae, with intra-mitochondrial lucent areas and an increase in fusion of multiple
mitochondria producing giant mitochondria. Numerous nano-sized particles were observed attached to the
abnormal cristae or in the electron lucent matrix (Villarreal-Calderon et al., 2013). In in vitro studies, 24-
hour exposure to nano particulate matter increased the oxidation of mitochondrial DNA and decreased
mitochondrial oxygen consumption rate (Breton et al., 2019). Diesel exhaust exposure induced an
alteration in mitochondrial oxidative capacity with specific alteration in complex I of the respiratory chain

after repeated exposures (Karoui et al., 2019).

Extended “6. Impact of dysregulated circadian clock on the cardiovascular system”
Extended information: 6.1 The circadian clock in cardiovascular cells

Maintaining proper metabolism in the heart is essential in maintaining its contractility to meet the
daily demands and increased workload experienced during the active phase of the day. Fatty acids and
glucose are the 2 main nutrients that maintain myocardial contractility (Taegtmeyer, 2000). Studies
carried out in cardiomyocyte clock mutant (CCM) mice revealed that a huge number of genes involved in
lipid (triglyceride) and glycogen metabolism are controlled by the circadian clock (Bray et al., 2008).
Cardiomyocytes generate ATP during their active period to increase their contractility and store nutrients
towards the end of their active phase for growth/repair during their rest phase (Thosar, Butler & Shea,
2018). This mirrors the triglyceride synthesis, where triglycerides levels display diurnal variation and
peak in in the morning in WT mouse hearts and are completely absent in cardiomyocytes of CCM mice

(Tsai et al., 2010). Glycogenolysis, driven by adrenaline occurs in a time-dependent manner in WT mice
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but this oscillation is depressed in CCM mice (Bray et al., 2008) . CCM mice exhibit a reduced heart rate
after exercise, compared to wild type (WT) mice that undergo the same intensity of exercise during their
active phase (Bray et al., 2008). The propagation and generation of electrical signals in the heart has
shown to be influenced by the circadian clock. There are diurnal variations of ions, notably Ca*" and K7,
that are involved in the electrophysiology and excitation-contraction of the heart (Collins & Rodrigo,
2010; Jeyaraj et al., 2012). Gap junction proteins, such as connexin 40 involved in atrial-ventricular
conduction, exhibit oscillatory expression in WT mice which is absent in the hearts of CCM mice (Bray et

al., 2008).

Extended information: 6.2 Circadian rhythms in cardiovascular pathophysiology

There is growing epidemiological evidence to suggest that environmental and external factors
such as depression can lead to the development of cardiovascular diseases (Hickie, Naismith, Robillard,
Scott & Hermens, 2013) and preclinical data indicate that disturbed circadian rhythm represents an
important determinant in heart disease (Martino et al., 2007). Shift workers will have resynchronised
blood pressure rhythms 24 hours after a shift rotation (Chau et al., 1989). Patients that have sleep apnoea
are found most commonly in airline crew and shift workers are more likely to develop cardiovascular
diseases and show increased incidence of adverse cardiovascular events (Bradley & Floras, 2003; Furlan,
Barbic, Piazza, Tinelli, Seghizzi & Malliani, 2000). Changes in the circadian autonomic system activity
have shown to increase the risk of stroke, heart attack, ischemic heart disease and sudden death in these
cohort of people (Furlan, Barbic, Piazza, Tinelli, Seghizzi & Malliani, 2000). Repeatedly altering the
light/dark cycles of hamsters with cardiomyopathies significantly reduced their survival. Reducing the
light/dark cycle from 24h to 20h of mice had worsened outcomes when they were exposed to a pressure
overload cardiac hypertrophy model. Mice with disturbed rhythms had abnormal end-systolic and
diastolic dimensions, reduced contractility and worsened left ventricular remodelling post-MI, with

altered Per2, Bmall, ANP, brain natriuretic peptide (BNP), and ACE expression (Martino et al., 2007).
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Restoration of the altered circadian rhythms reversed the abnormal pathophysiology (Martino et al.,
2007).

Electrophysiology parameters, such as the QT interval and the AV node, show diurnal variations
throughout the day. The SCN drives rhythmic autonomic nerve activity and the expression of voltage
gated K+ ion channels such as Kv4.2 and Kv1.5, leading to oscillations in the refractory period of cells
(Yamashita et al., 2003). Bmall also regulates the expression of sodium ion channel Scn5a. Mice that
have Bmall deleted from their cardiomyocytes have a slower heart rate and prolonged QRS interval with
increased arrhythmias (Steinbach, Glogar, Weber, Joskowicz & Kaindl, 1982). These oscillations ad to
the observed oscillating incidence of cardiac arrhythmias such as ventricular tachycardia/ fibrillation
(VT/VF), sudden death and atrial fibrillation, in addition to an increase in sympathetic nervous
stimulation (Englund, Behrens, Wegscheider & Rowland, 1999; Willich, Maclure, Mittleman, Arntz &
Muller, 1993). The QT interval has been described to be regulated by clock genes. The transcription
factor kruppel-like factor 15 (KIfl5), involved in activating the potassium channel, Kv channel-
interacting protein 2 (KChIP2), which regulates the outward flow of K+ ions out of cardiomyocytes, is
circadian clock dependent. This diurnal variation of the KChIP2 expression is thought to increase

vulnerability to ventricular arrhythmias (Jeyaraj et al., 2012).

Extended “7. Approaches related to environmental risk factors and “chrono” therapy for cardio-
protection”

Misalignment of eating patterns occurs in patients who suffer from night eating syndrome (NES).
This disorder causes delays in sleeping patterns, melatonin onset and rhythmic release of insulin and
leptin. NES sufferers are more likely to be obese and are at increased risk of developing mood disorders
such as depression (Stunkard, Grace & Wolff, 1955). Individuals who smoke have a decreased in blood
melatonin levels (Ozguner, Koyu & Cesur, 2005), tend to have altered circadian rhythms and are at a
higher risk of incident MI (Lopez Messa, Garmendia Leiza, Aguilar Garcia, Andres de Llano, Alberola

Lopez & Ardura Fernandez, 2004). Chronic alcohol consumption resets the circadian clock; melatonin
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levels in alcoholics show higher levels during the day than the night time (Hasler, Bootzin, Cousins,
Fridel & Wenk, 2008). Adolescents who completed substance abuse programmes showed a positive
association between their level of substance abuse and circadian phase (Hasler, Bootzin, Cousins, Fridel
& Wenk, 2008). Similar results were found in animal studies, which are hypothesised to be a result of
alcohol directly affecting the central clock (Brager, Ruby, Prosser & Glass, 2010; Ruby, Brager, DePaul,
Prosser & Glass, 2009).

Diet rich in coumarins inhibits the melatonin metabolism (Wang et al., 2016), while a healthy diet
such as a Mediterranean diet can increase the blood levels of melatonin and improve circadian rhythm
(Jiki, Lecour & Nduhirabandi, 2018). Chronic and moderate consumption of melatonin at dietary doses
reduces infarct size in rats/mice subjected to MI (Lamont, Nduhirabandi, Adam, Thomas, Opie & Lecour,
2015; Lamont, Somers, Lacerda, Opie & Lecour, 2011) and improves cardiac function in a rat model of
pulmonary arterial hypertension (Maarman et al., 2015). Similarly, exercise can activate melatonin
signalling (Qiu, Liu, Zhang, Wu, Xiao & Shi, 2018). The exercise time of the day may influence the
saliva melatonin response and morning exercise rather than afternoon exercise to restore circadian rhythm
(Carlson, Pobocik, Lawrence, Brazeau & Koch, 2019).

In preclinical studies, administering angiotensin converting enzyme inhibitors (ACEi), such as
captopril, near sleep time reduced cardiac remodelling and improved pressure overload induced cardiac
hypertrophy compared to administration of the drug during “day time” in mice. This mirrors the diurnal
pattern of the renin-angiotensin system, which means that administering the drug at sleep time can
increase the efficacy and target the angiotensin converting enzyme (ACE) pathway more effectively
(Martino et al., 2011). Administering aspirin in the evening reduces platelet reactivity seen in the
morning, which may reduce the overall risk of developing MI more effectively (Bonten et al., 2014).

For example, mice undergoing experimental AMI have a time dependent tolerance to
ischemia/reperfusion (I/R) injury (Durgan et al., 2010). In both mice and humans, the size of the MI and
cardiac function appear to be circadian dependent. Infarct size was significantly higher when the onset of

ST-segment—elevation myocardial infarction (STEMI) occurred in the dark-to-morning phase (6am-
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midday) of the day compared to the onset of STEMI in the light-to-dark phase (6pm-midnight) (Suarez-

Barrientos et al., 2011).
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