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Abstract

Throughout evolutionary time, all organisms and species on Earth evolved with an adaptation to
consistent oscillations of sunlight and darkness, now recognized as “circadian rhythm.” Single-
cellular to multi-system organisms use circadian biology to synchronize to the external
environment and provide predictive adaptation to changes in cellular homeostasis. Dysregulation
of circadian biology has been implicated in numerous prevalent human diseases, and subsequently
targeting the circadian machinery may provide innovative preventative or treatment strategies.
Discovery of ‘peripheral circadian clocks’ unleashed widespread investigations into the potential
roles of clock biology in cellular, tissue, and organ function in healthy and diseased states.
Particularly, oxygen-sensing pathways (e.g. hypoxia inducible factor, HIF1), are critical for
adaptation to changes in oxygen availability in diseases such as myocardial ischemia. Recent
investigations have identified a connection between the circadian rhythm protein Period 2 (PER2)
and HIF1A that may elucidate an evolutionarily conserved cellular network that can be targeted to
manipulate metabolic function in stressed conditions like hypoxia or ischemia. Understanding the
link between circadian and hypoxia pathways may provide insights and subsequent innovative
therapeutic strategies for patients with myocardial ischemia. This review addresses our current
understanding of the connection between light-sensing pathways (PER2), and oxygen-sensing
pathways (HIF1A), in the context of myocardial ischemia and lays the groundwork for future
studies to take advantage of these two evolutionarily conserved pathways in the treatment of
myocardial ischemia.
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Evolutionary Significance of Light- and Oxygen-Sensing Pathways

Cyanobacteria and The Great Oxygenation Event

The evolutionary link between light- and oxygen-sensing pathways provides insight into
molecular and cellular adaptation for resilience to adverse changes in the environment. The
history of these two pathways may aid our understanding of adaptation to environmental
changes within tissue and organ systems. When the sun formed about 4.5 billion years ago
and the appearance of oxygen on Earth following suit, our planet experienced what was
undoubtedly the most dramatic environmental changes during evolution. A crucial factor in
the evolution of adaptation to sunlight and oxygen was cyanobacteria. These prokaryotes
were some of the first organisms to appear on Earth approximately 2.7 billion years ago [1].
When cyanobacteria appeared on Earth, these photosynthetic organisms had to adapt to
consistent oscillations of sunlight and darkness. In doing so, cyanobacteria that developed an
internal clock were preferentially selected throughout evolutionary time; cyanobacteria
express photosynthetic genes in anticipation of a light phase to optimally target metabolic
processes during a time when solar resources would be available compared to an
inopportune time when it would be energetically wasteful to express genes involved in
photosynthesis [2, 3]. The photosynthetic property of cyanobacteria led to the by-product
accumulation of oxygen in the atmosphere, which at the time contained minimal to no
oxygen. After free oxygen was absorbed by the oceans, rock, and land, oxygen gas
accumulated in the atmosphere to unprecedented levels ~850 million years ago, triggering
The Great Oxygenation Event [1]. Here, all anaerobic organisms unable to adapt to this
oxygen presence, those that experienced oxygen as a toxin, were Killed off. Subsequently, all
organisms that appeared on Earth thereafter were required to use oxygen for fundamental
cellular processes. In unison, organisms developed the ability to sense predictable
environmental changes like oscillations of day and night, and the requirement to use oxygen
for cellular energy metabolism. As a result, almost all organisms on this planet to this day
are equipped with light- and oxygen-sensing pathways [1-5]. While in the present-day
oxygen is unquestionably therapeutic as it is frequently used in the clinical setting, not as
much attention has been given to light exposure.

Light-Sensing Pathways: Mammalian Circadian Feedback Loop

Light exposure is a primary mechanism to synchronize a circadian system to the
environment (circadian entrainment) [6]. Sunlight is a ‘Zeitgeber” (external cue for circadian
rhythm) and the primary mechanism of entrainment. Without it, biological systems revert to
their internal “free-running’ clock, which is generally slightly shorter or slightly longer than
the 24-hour day. Zeitgebers like sunlight serve to synchronize the internal circadian clock to
the environmental clock and maintain a 24-hour oscillation. In mammalian systems, photic
stimuli enter the retina and travel via the retinohypothalamic tract to the suprachiasmatic
nucleus (SCN) in the brain, where the signals are transduced to the molecular clockwork [7,
8]. Blue wavelengths of light are explicitly detected by melanopsin receptors in retinal
ganglion cells that leads to the transcriptional induction of PER2 in the SCN and
concomitant entrainment. Blue light at 470 nm shifts the circadian phase in a melanopsin-
dependent manner [9]. Only light with an intensity >180 LUX can synchronize the human
circadian system [10], whereas intense light (>10,000 LUX) is most effective. Chronic
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disruption of circadian oscillators is considered a significant predisposing factor in many
prevalent diseases including sleep disorders [11-13], bipolar affective disorder or
schizophrenia [14, 15], cardiovascular disease [16—22], onset of myocardial infarction (MI)
[6, 23-27] [28], cardiac arrest [29], stroke [30], immune response or sepsis [31, 32], cancer
[33-40] (reviewed by [41]), diabetes, and metabolic syndromes (obesity, diabetes,
endocrine, and hormonal function) [42-46]. The broad impact of circadian disruption on
human health compounded by the lack of understanding regarding circadian mediated
mechanisms is a continuing endeavor for many researchers. Deciphering mechanisms of
circadian disruption may shed light into preventative or treatment strategies for human
diseases.

The evolution of molecular and cellular light-sensing pathways was an adaptive mechanism
to coordinate with the environment’s consistent oscillations of sunlight and darkness. At the
cellular level in mammals, circadian rhythm consists of a molecular negative feedback loop
and four core clock proteins (Figure 1): circadian locomotor output cycle kaput (CLOCK,
CLOCK), aryl hydrocarbon receptor nuclear translocator-like protein 1 (BMAL1, ARNTL),
period 1/2 (PER1/2, PER1/2), and cryptochrome 1/2 (CRY1/2, CRY1/2) [47]. In an
approximately 24-hour cycle, PER1/2 and CRY1/2 are expressed with protein levels
accumulating in the cytoplasm gradually throughout the day, reaching a peak in the late
afternoon. In the cytoplasm, PER1/2 and CRY1/2 interact with casein kinases (CK) 1 and
CK1e. Phosphorylation of the clock proteins is considered to regulate subcellular
localization and stability with a unique ability to lengthen the circadian phase [48-50]. In the
evening, PER1/2 and CRY1/2 form a heterodimer and translocate back into the nucleus
where PER1/2 and CRY1/2 act as repressors of BMALL and CLOCK transcriptional activity
[47]. The anti-phase clock proteins BMAL1 and CLOCK form a heterodimer in the nucleus
and bind to E-box response elements in the promoter regions of PER1/2and CRY1/2 genes,
driving their expression. The BMAL1 and CLOCK heterodimer also serve as transcriptional
activators of the nuclear receptors ROR (retinoic acid receptor-related orphan receptors) and
REV-ERB (nuclear receptor subfamily 1 group D member 1/2), which are rhythmically
expressed. RORs and REV-ERBs competitively bind at the RORE (ROR binding element) in
the promoter region of genes including BMAL1, CLOCK, RORA/G, and NRID1/NR1D2
[51, 52]. REV-ERBa/B are transcriptional repressors and inhibit RORs from binding to
promoter region ROREs. Besides, REV-ERBs repress BMAL1 gene expression. RORa/y
are transcriptional activators of BMAL1 and NR1D1/2 (gene for REV-ERBa/B) expression.
REV-ERBs even can autoregulate since their promoter region contains ROREs [47, 51, 52].
This template of the primary negative feedback loop occurs in organisms from cyanobacteria
to plants to humans [47] with many factors feeding into this 24-hour oscillation to regulate
input and output functions. Such factors include the aforementioned nuclear receptors and
post-translational modifiers, and additional components include light exposure, secondary
signaling molecules, and oxygen fluctuation. As discussed in ensuing sections, elements of
the clock function closely with oxygen-sensing pathways.

Oxygen-Sensing Pathways: Hypoxia Inducible Factors

Oxygen-sensing pathways evolved after The Great Oxygenation Event and preserved the
adaptive ability to sense environmental oxygen levels in the form of hypoxia inducible
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factors (HIFs; Figure 2) [53-56]. Physiologic hypoxia and the function of proteins essential
in hypoxia have a wide variety of functions including necessity for embryonic development
and cell differentiation, yet also a driver of tumor cell proliferation and tumor cell
metabolism [57]. Hypoxia is, therefore, a crucial component of normal cellular function, but
the machinery can be hijacked under certain circumstances leading to disease in humans.
The ability of cells to adapt to hypoxia is an evolutionarily conserved, innate, and adaptive
response that is advantageous for almost all organisms to rely on when environmental
conditions demand the cells do so for survival.

HIFs consist of two subunits, an oxygen-regulated subunit (HIF1A or HIF2A) and a
constitutively active subunit HIF1B/ARNT (in complex collectively referred to as HIF, HIF1,
or HIF2). HIF1A is regulated by the oxygen sensing prolyl hydroxylase domain proteins
(PHDs). In normal oxygen environments (normoxia), PHDs sense the oxygen status of the
cell by using iron as a co-factor to reduce oxygen to carbon dioxide in the prolyl
hydroxylation of HIF1A. This post-translational modification allows for HIF1A
ubiquitination by von Hippel-Lindau tumor suppressor (VHL) and subsequent HIF1A
degradation. Due to the iron-dependent nature of PHDs, lack of oxygen inhibits the
functionality of PHDs, leading to HIF1A stabilization. In hypoxia, stabilized HIF1 enters the
nucleus where it binds to hypoxia response elements (HREs, consensus sequence 5’-
RCGTG-3’) in the promoter of genes that are crucial for adaptation to hypoxia. Many of
these targets include genes expressing metabolic enzymes important for regulating metabolic
balance in low oxygen conditions and in fact, specific metabolites and reactive oxygen
species (ROS) produced by metabolic pathways in hypoxia inhibit PHDs [58-60]. HIF1A
dependent hypoxia-sensing pathways are evolutionarily essential for environmental
adaptability to changes in oxygen availability and redox status of the cell. Understanding
HIF1A pathways may be a beneficial approach to overt diseases that arise from hypoxia [53,
54, 56, 61-70]. One way in which oxygen-sensing pathways link to light-sensing pathways
is through the fact that the respective mediators of these pathways are part of the same
superfamily of proteins: PAS domain-containing proteins.

PAS Domains: Evolutionary Link Between Circadian and Hypoxia Pathways

Linking light- and oxygen-sensing pathways begins on the cellular level in mammals [54,
60, 64, 71, 72]. HIF1A belongs to the same protein family as the core circadian proteins, the
PAS domain superfamily of signal sensors for oxygen, light, or metabolism [54, 60, 64, 72,
73]. PAS domain-containing proteins are present in all kingdoms of life including Bacteria,
Archaea, and Eucarya, and are present in a vast array of proteins and enzymes including
kinases, chemo- and photoreceptors, circadian clock proteins, ion channels, cyclic nucleotide
phosphodiesterases, hypoxia response proteins, and proteins involved in embryological
central nervous system development [72]. Originally named for the first group of proteins
found to contain these domains (PER, ARNT, and SIM), PAS domains are 250 — 300 amino
acids in length, homologous in sequence, and the proteins containing PAS domains are a
versatile group capable of sensing light, oxygen, redox status, small ligands, and energy
demands of a cell. PER originates from the Drosophila PER gene identified as a key
circadian rhythm regulator, ARNT was named for the aryl hydrocarbon receptor nuclear
translocator protein (ARNT gene) known as the HIF1p subunit, and SIM comes from the
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Drosophila single-minded locus discovered for its role in regulating midline cell lineage
[60]. PAS domain proteins contain basic helix-loop-helix (bHLH) motifs and are involved in
a variety of cellular processes including signal transduction pathways [72] and DNA binding
as transcription factors [60]. Furthermore, some PAS domains can be used for protein-
protein interactions. In particular, the PAS domains in PER proteins were found to be
involved in protein-protein interactions by forming homodimers or heterodimers with other
PAS domain-containing proteins, such as SIM and ARNT [60, 64, 67, 73]. The shared PAS
domains between PER and HIF1A suggest that their functions may be similar and perhaps
have an overlapping role (Figure 3).

Functional Adaptation to Low Oxygen Environments

Metabolic Adaptation to Low Oxygen

The balance of energy metabolism is a critical regulatory component during hypoxia since
the ability to switch between oxygen-consuming metabolic pathways and pathways that do
not require oxygen is vital for adaptation to and survival from low oxygen availability.
Glucose and fatty acids, two cellular fuel substrates, have strikingly different oxygen
demands and high-energy phosphate yield, in the form of ATP, from catabolism. Glucose
metabolism generates pyruvate for either oxidation in the mitochondria (aerobic glycolysis
under normoxic conditions) or lactate (anaerobic glycolysis in hypoxia, or ‘oxygen-efficient’
since it does not require oxygen). Six moles of oxygen are used for oxidation of one mole of
glucose and generates 38 high-energy phosphate bonds [74]. Conversely, 31 moles of
oxygen are used for oxidation of the fatty acid palmitate and generates 129 high-energy
phosphate bonds [75]. This results in glucose oxidation creating 6.3 high-energy phosphate
bonds per mole of oxygen while fatty acid oxidation generates 4.1 high-energy phosphate
bonds per mole of oxygen. Glucose oxidation therefore produces 53.7% more ATP for each
mole of oxygen consumed than the oxidation of the fatty acid palmitate [75]. Data
consistently point toward a higher yield of high-energy phosphates per mole of oxygen
through glucose oxidation compared to palmitate oxidation, although some discrepancies
exist: an independent study found a 12% increase in ATP between the two metabolic
pathways [75] [74]. Nonetheless, the key takeaway from these studies is in the comparison
of ATP generated per gram of glucose versus per gram of palmitate: fatty acid metabolism
yields significantly more ATP per gram of palmitate compared to the ATP generated per
gram of glucose. When oxygen availability is plentiful, fatty acid metabolism is, therefore,
more energy efficient, but when oxygen availability is limited, a fast and efficient balance
between metabolic pathways is beneficial, if not necessary [75]. Balancing metabolic
pathways in hypoxia is of dire importance due to oxygen being used as a terminal electron
acceptor in oxidative phosphorylation [76]. Electrons are shuttled through the mitochondrial
membrane during respiration and excessive ROS production during periods of hypoxia in
cells that are not adequately adapted will quickly become detrimental [77, 78]. Taken
together, the balance between glucose or fatty acid oxidation will depend on oxygen
availability and is therefore critically important for organs like the heart to manipulate
during periods of hypoxia or ischemia.
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Fuel source preference is cell-type specific and metabolic pathway usage is generally
determined by the cell’s function. Cardiac myocytes rely primarily on fatty acids to fuel
oxidative phosphorylation, so it’s beneficial for the ischemic heart to adapt by optimizing
metabolic pathways when oxygen availability is limited. Cardiac myocytes are not the most
abundant cell type by number, but instead have the highest volume compared to other cell
types that make up the heart [79, 80], which include fibroblasts, endothelial cells, stem cells,
and inflammatory cells [79]. Notably, endothelial cells are considered to have the primary
role in myocardial ischemia reperfusion (I R)-injury [81-84] and are considered oxygen
sensors due to their ability to tolerate a range of oxygen tensions and their high sensitivity to
IR-injury [82, 85-88]. Additionally, endothelial cells have the ability in hypoxia to generate
oxygen-independent ATP and use the Pentose Phosphate Pathway (PPP, an anabolic pathway
branched off of the glycolytic pathway) to generate NADPH and nucleic acid precursors
[89]. Endothelial cells are indeed flexible and adaptive in their metabolic pathway usage to
meet cellular needs with regards to energy demand and redox status, and differences persist
between endothelia based on oxygen exposure, which varies between arterial, venous, and
microvascular endothelial cells [90]. While there exists a debate in the field as to whether
endothelial cells or fibroblasts make up the majority of the heart’s cellular composition, this
discrepancy is most likely due to limitations in detection methods with estimates ranging
from ~60% endothelial cells and ~20% fibroblasts to ~6% endothelial cells and ~64%
fibroblasts [79, 80]. Regardless of total composition, most researchers agree that cardiac
fibroblasts are key factors in fibrosis, remodeling, and arrhythmogenesis [80] while
endothelial cells are directly correlated with overall cardiac function outcomes after
myocardial IR-injury [82, 91, 92]. Managing cellular metabolism when oxygen availability
is limited serves as a critical mechanism for survival, and many studies point toward the
interplay between circadian and oxygen pathways to be the core of this regulation.

HIF1A Mediated Metabolic Adaptation to Hypoxia

HIFs are well established for their cardioprotective role in hypoxia or ischemia, through key
pathways including metabolic adaptation, angiogenesis, and the stem cell niche. For
example, HIF1A stabilization via PHD gene deletion increases angiogenesis and post-Ml
cardiac function through pathways including VEGF proangiogenic signaling and the
endothelial nitric oxide synthase pathway [93-95] (reviewed by[96]). Additionally,
stabilization of HIF1A by hypoxia or PHD inhibition in cardiosphere-derived cells (from
cardiac explants) or endothelial cells revealed a potential role for HIF1A in the adult stem
cell niche, which is inherently hypoxic, including regulating cardiac stem cell marker genes,
genes involved in proliferation, or telomerase (TERT) gene expression (involved in
pluripotency state of stem cells) [97, 98]. Importantly, the hypoxic stem cell niche must
regulate cellular metabolism to maintain appropriate stem-ness or drive proliferative
capacity and differentiation, which ties in HIF as an important mediator [99]. Our
understanding of HIF1A in metabolic adaptation to low oxygen environments, whether in
the stem cell niche or during a cardiac ischemic event, may shed light on the benefits of
targeting HIF1A and metabolic pathways during IR-injury.

Metabolic adaptation via HIF1A to hypoxia or ischemia is well-researched in the field and
several mechanisms are identified in how HIF1A mediates the balance between glycolytic
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and oxidative metabolism. Cells adapt to acute or prolonged hypoxic environments by
regulating metabolic pathways and activating HIF1A. HIF1A stabilization and function is
determined by oxygen availability, and in turn, HIF1 promotes cellular homeostasis in terms
of redox potential and energy production from metabolic pathways [100]. While the
tricarboxylic acid cycle (TCA cycle) isn’t a direct consumer of oxygen, it is tightly coupled
to oxidative phosphorylation, and HIF1 regulates flux into the TCA cycle to mediate
downstream oxygen consumption during hypoxia. In normoxia, the TCA cycle reduces
NAD* and FAD to NADH and FADH,, which are oxidized by oxidative phosphorylation.
However, during hypoxia, a strain on mitochondrial respiration prevents NADH and FADH,
from being readily oxidized. Therefore, when oxygen availability is limited, one mechanism
of HIF1 mediated metabolic adaptation involves shuttling metabolites away from the
mitochondria to regulate TCA cycle flux and oxidative phosphorylation to overall reduce
ROS production. In concordance, mouse embryonic fibroblasts subjected to long-term
hypoxia revealed HIF1 binding at an HRE in the promoter region the gene encoding
pyruvate dehydrogenase kinase 1, which is responsible for phosphorylating and inactivating
the catalytic subunit of pyruvate dehydrogenase, thereby inactivating the conversion of
pyruvate to Acetyl-CoA [101]. In general, HIF1 is best described for upregulating its
downstream gene targets including those involved in glucose metabolic pathways and
glucose transporters to promote an increased flux of glucose reliance [101]. Essentially,
HIF1 works to shift the balance between metabolic pathways by inhibiting pyruvate from
entering the TCA cycle and subsequent oxidative phosphorylation. This potentially
counteracts ROS that would be produced from the overuse of mitochondrial respiration in
hypoxia [102].

Another mechanism of HIF1 mediated adaptation to hypoxia is by targeting oxidative
phosphorylation. Complex 1V (COX4, cytochrome ¢ oxidase subunit 4) of oxidative
phosphorylation has a HIF1 inducible subunit that is necessary for adaptation to low oxygen
availability. In normoxia, COX4.1 is the dominant subunit, but in hypoxia, COX4.2 is
upregulated by HIF1 via an HRE in the promoter region. Additionally, the COX4.1 subunit
is degraded in a HIF1 dependent manner by the HIF1 mediated upregulation of the
mitochondrial protease LON [103]. The significance of HIF1 mediated “subunit switching”
between COX4.1 and COX4.2 to optimize oxidative phosphorylation in hypoxia is most
likely because mitochondrial respiration cannot completely shut down, but rather optimizes
how it uses oxygen. COX4 is the primary oxygen consumer and site of electron transfer to
oxygen, but the mitochondrial strain in hypoxia can drive electron transfer to oxygen
prematurely at Complex I or Complex I11, which significantly increases ROS production
[103]. This suggests regulating and optimizing mitochondrial respiration at the level of
COX4 as another critical target for hypoxic adaptation.

HIF1A Converges with Light-Sensing Pathways via PER2

Ischemic Preconditioning of the Heart Links PER2 and HIF1A to Myocardial Ischemia
Adaptation Mechanisms

In this review, we address the intersection of PER2 and HIF1A in the context of myocardial
ischemia. Cardiovascular disease is the leading cause of death worldwide, causing

Curr Pharm Des. Author manuscript; available in PMC 2019 August 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bartman and Eckle

Page 8

approximately one death every 40 seconds in the United States, and therefore demands
innovative research initiatives to develop novel therapeutic strategies for prevention or
treatment [104]. A key target in the prevention of myocardial ischemia, which may provide
impactful long-term effects on cardiovascular health, is a metabolic adaptation to low
oxygen availability. In this regard, oxygen deficiency resulting from myocardial ischemia
requires the heart to metabolically adapt to balance energy production with oxygen
consumption.

Years before HIFLA was linked to cardiac PER2, Dr. Robert Berne proposed the 1960°s
‘Adenosine Hypothesis’ that postulated adenosine to be cardioprotective by balancing
oxygen supply and oxygen demand during myocardial ischemia [105]. This hypothesis was
initially received with skepticism until the 1970s, when adenosine receptors were identified
and characterized, elucidating potential cardioprotective effects of adenosine [106].
Subsequently, in the 1980s, Dr. Charles Murry found that brief (5 min) intervals of ischemia
and reperfusion (a procedure termed ischemic preconditioning (IPC)) were cardioprotective
from the traditional myocardial ischemia and reperfusion (IR)-injury model [107]. Within
the last decade, our lab revealed that the ectonucleotidases CD39 and CD73, the enzymes
that break down extracellular ATP to AMP and AMP to adenosine, are essential for the
cardioprotective effect of IPC [108] [109]. Furthermore, investigations into adenosine
signaling during IPC identified a unique role for the adenosine Ayg receptor to be necessary
for cardioprotection [109]. It wasn’t until 2012 that studies diving into the mechanisms of
cardioprotection through adenosine signaling at the Aog receptor uncovered the circadian
rhythm protein Period2 (PER2) as a downstream target through both an upregulation of
cAMP, phospho-CREB, and PERZtranscript, and an inhibition of PER2 protein degradation
via Cullen deneddylation [110]. Indeed, peripheral tissues like the heart display oscillations
in PER2 expression similar to those of the brain [110, 111] and are thought to be secreted
through neurchormonal signaling molecules [7, 112, 113] or adenosine, as circulating 5’-
AMP and adenosine were found to be diurnal in nature [112] with an established role for
adenosine signaling in peripheral tissues like the heart [110].

Mechanistically, PER2 was found necessary for HIF1A stabilization in hypoxia [110].
Due to the known role of HIF1A in metabolic adaptation to hypoxia, subsequent studies
determined PER2 to be a regulator of carbohydrate metabolism and to be cardioprotective
during /n situ myocardial (IR)-injury [110]. The critical role of HIF1A in cardioprotection
from ischemic preconditioning (IPC) has been elucidated by numerous investigators and
sheds light on additional mechanisms of adaptation to low oxygen availability resulting from
ischemia. For example, one research group took isolated perfused hearts from mice that
were exposed to a preconditioning protocol of no-flow ischemia for 5 minutes and 5 minutes
of reperfusion and found protection from a prolonged IR phase that was abolished in the
hearts from H/F1A*~ mice [114]. These findings were supported by cardiac small
interfering RNAs for H/F1A expression that also inhibited cardioprotection during IPC
[115]. Mechanisms into HIF1A mediated cardioprotection uncovered that the loss in
cardioprotection from IPC in H/F1A*~mouse hearts can be rescued by adenosine perfusion
during IPC [114]. Additionally, gene expression of the ecto-5’-nucleotidase CD73 is under
the control of HIF1A in hypoxia [116] and CD73 deficient mice do not demonstrate
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cardioprotection from IPC [109]. Because adenosine perfusion provides cardioprotection
from IR-injury in H/F1A*~ mouse hearts [114], these data suggest that adenosine
production is dependent on HIF1A [102] and may provide additional mechanisms and
pathway targets for optimizing HIF1A dependent cardioprotection from low oxygen
conditions by manipulating circadian PER2.

PER2 and HIF1A Regulation: A Bi-Directional Relationship

Studies deciphering the connection between PER2 and HIF1A confirmed the hypothesis that
PER? is an upstream regulator of HIF1A. PERZ7~ mice express less H/F1A mRNA, which
resembles less H/F1A gene expression found in ADORAZB~~ mice compared to wildtype.
Furthermore, HIF1A failed to be stabilized in ADORAZB~~ mice upon oxygen depletion
and these mice were unable to induce gene expression of glycolytic enzymes during IPC, an
effect that similarly resembles that seen in PERZ~~ mice [110]. Specifically, cardiac HIF1A
protein oscillates in a circadian pattern along with protein levels of two HIF1A downstream
transcriptional targets in the glycolytic pathway, pyruvate dehydrogenase kinase and lactate
dehydrogenase. Notably, PER2 was necessary for this HIF1A oscillation and without PER2,
HIF1A is not stabilized during IPC of the heart [110]. These prior experiments together
suggest that: 1) PER2 is dependent on Ayg signaling, 2) HIF1A is dependent on PER2 for
glycolytic gene expression, and 3) PER2 may be a master upstream regulator of metabolic
adaptation to low oxygen conditions [110].

In support of a circadian oscillation pattern of cardiac HIF1A protein levels dependent on
PER2 [110], another research group reported the necessity of the circadian clock for the
ability of HIF1A to sense cellular oxygen status [117]. In fact, circadian clockwork has been
found to regulate HIF1A nuclear protein level localization and oscillation in mouse brain
and kidney [73]. In a direct link between circadian and hypoxia pathways, HIF1A was found
to work in conjunction with BMALL at the HRE in the PER2promoter and the binding
enhanced the amplitude of PER2 oscillation in skeletal muscle [117]. Additionally,
investigational ChlIP-seq studies revealed an E-box in the promoter for the H/F1A gene that
was transcriptionally driven by binding of the BMAL1-CLOCK complex [118]. There is a
growing body of evidence supporting a bi-directional link between circadian and hypoxia
pathways, including PER2 dependent HIF1A binding to HRES in promoter regions of
hypoxic target genes from /n vitro experiments in HeLa cells [119] to zebrafish experiments
discovering hypoxia mediated expression of the PER2 gene through regulating HIF1A
binding at E-box regions in promoters [120]. Moreover, investigations into this circadian-
hypoxia link revealed daily rhythmic oxygen levels in the blood and tissue of rodents, within
a physiologic range (5 — 8 % oxygen), that peaked during the dark phase compared to the
light phase. Mimicking rhythmic oxygenation fluctuations /n vitro was sufficient to reset the
circadian clock by synchronization in a HIF1A-dependent fashion [72, 121]. Together, these
studies support the hypothesis that PER? is an effector protein for HIFLA and suggest a role
for HIF1A in the core circadian loop and a bi-directional relationship between light- and
oxygen-sensing pathways.
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PER2 and HIF1A Link Light- and Oxygen-Sensing Pathways in Metabolic
Regulation

The circadian clockwork is widely appreciated for its intricate role balancing metabolic
pathways and reciprocally, metabolic by-products serve as signaling cues for the circadian
machinery. Many investigations into the innerworkings of the circadian system and
metabolic homeostasis have revealed circadian biology as a key regulator of energy
metabolism in many organ systems and tissues, including circadian metabolomics studies
in humans[122-126]. In a mouse model of circadian misalignment where mice were
housed in non-24-hour light:dark (L:D) cycles, researchers found significant physiological
disturbances and in particular, poorer metabolic efficiency, altered substrate utilization, and a
greater depression of cardiac function [127]. In mouse liver, high temporal resolution
metabolite profiling revealed more than 50% of detected metabolites were regulated by the
clock [128]. Furthermore, circadian gene expression oscillation is in part controlled by
cellular redox status and NADPH, and in reverse, redox status and the Pentose Phosphate
Pathway (PPP) are sufficient to maintain circadian amplitude. These data indicate a bi-
directional feedback system between the circadian clock and metabolic homeostasis, rather
than a hierarchy of single-directional downstream effects [129].

Metabolic Regulation via Sirtuins and PER2

The NAD*-dependent deacetylases, sirtuins (SIRT), provide a direct connection between
metabolic pathways and the circadian clock. While sirtuins were first described by their
nuclear targets for silencing gene expression by histone deacetylation, sirtuins are now
appreciated for more than their nuclear role and in fact have broad applications in many
cellular processes considering they are also cytoplasmic and mitochondrial proteins. In
mammals, there are seven members of the sirtuin family, named SIRT1-7. Amongst them,
they differ in tissue expression, subcellular localization, enzymatic activity, and target
proteins (SIRT1, 6, and 7 in the nucleus, SIRT2 in the cytoplasm, and SIRT3, 4, and 5 in the
mitochondria) [130]. Nuclear sirtuins (SIRT1,6,7) are responsible for rhythmic histone
acetylation, representing circadian control of sirtuin activity [131]. In turn, nuclear sirtuins
regulate circadian clock gene expression. Specifically, the promoter regions of PERI, PERZ,
and CRYZ have rhythmic histone-3 acetylation and subsequent rhythmic RNA polymerase 11
binding [131]. This may be due in part to the competitive inhibition of sirtuins by
nicotinamide, the product of NAD™ transformation by sirtuins, indicating a negative
feedback loop for its own regulation [132]. In addition, as a cofactor for sirtuins, NAD*
regulates sirtuin enzyme activity. Considering NAD* levels increase during cellular stress,
sirtuins are considered an adaptive mechanism by regulating downstream gene targets. NAD
* biosynthesis is rhythmic and oxidative enzymes in the mitochondria are subject to
rhythmic acetylation [133, 134]. Furthermore, biosynthesis of NAD* is performed by the
rate limiting enzyme NAMPT, which also oscillates in a circadian manner. Inhibiting
NAMPT reduces SIRT1 suppression of the CLOCK-BMAL1 complex and results in an
increase in PER2 oscillation. To complete this loop, CLOCK transcriptionally regulates
NAMPT gene expression, suggesting that NAMPT and NAD™ are both part of the core
circadian feedback loop [135]. In the cytoplasm, the circadian rhythm protein PER2
undergoes rhythmic lysine acetylation and deacetylation by SIRT1, which regulates robust
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circadian oscillation of core clock genes and their protein activity [136]. The circadian
deacetylase activity of SIRT1 is dependent on the metabolic by-product and circadian
controlled NAD* and SIRT1 deacetylation of PER2 results in its degradation in a circadian
manner, establishing a relationship between PER2 and cellular metabolism [76, 136].

Mitochondrial SIRT3 is expressed mostly highly in tissues that are very metabolically active,
including the brain, heart, liver, brown adipose tissue, and skeletal muscle [132, 137-139].
In particular, SIRT3 targets the TCA cycle and mitochondrial enzymes to deacetylate and
regulate their activity [140-144]. These mitochondrial enzymes are involved in fatty acid
oxidation, amino acid metabolism, oxidative phosphorylation, and antioxidant defenses
[132]. SIRT3 deacetylates and therefore activates both isocitrate dehydrogenase 2 (IDH2)
and succinate dehydrogenase (SDH), the latter of which is functional in both the TCA cycle
and oxidative phosphorylation [132, 143]. To protect against cellular ROS, SIRT3 depends
on IDH2 [142]. Importantly, SIRT3 is the only mitochondrial sirtuin responsible for
mitochondrial protein deacetylation, as lack of SIRT3 in mice results in hyperacetylation of
mitochondrial proteins that is not exhibited in SIRT4 or SIRT5 deficient mice. In addition,
the SIRT3 deficient mice, but not SIRT4 or SIRTS5 deficient mice, presented with dire
downstream metabolic defect [137, 145]. These metabolic defects in SIRT3 deficient mice
include metabolic syndrome, cancer, and cardiac failure [132, 146, 147]. Lastly, one study
found a cardioprotective role of SIRT3 in an isolated ischemia and reperfusion injury model
[145] and that SIRT3 protects cardiomyocytes from oxidative stress [148].

PER2 and Nuclear Receptors

Genetic PER2 deficient mice provide insight into metabolic defects and the role of PER2 in
metabolic pathways. PER2 appears to be a key regulator of white versus brown adipose
tissue, the latter of which relies heavily on oxidative metabolism: PER2~~ mice have
reduced adiposity and the lack of PER2 affects gene expression such that white adipose
tissue begins expressing genes involved in metabolic pathways that are usually only
expressed in brown adipose tissue. These data suggest that without PER2, the adipose tissue
now more closely resembling oxidative brown adipose tissue runs oxidative metabolism at a
higher rate [149-151]. This phenotype may be due to the interaction of PER2 with the
nuclear receptors PPARy, PPARa, and REV-ERBa., which regulate cellular metabolism in
white adipose tissue, liver, and the heart [51, 150]. PER2 directly inhibits the nuclear
receptor PPARy, which has a known role in adipogenesis and insulin sensitivity, by
preventing it from reaching the promoter and thereby decreasing transcriptional activity of
its targets [150]. Additionally, the REV-ERBa targets in the liver include genes involved in
glucose metabolism. Furthermore, the interaction of PER2 with REV-ERBa results in
rhythmic expression of these genes [51, 152, 153]. Lastly, PER2 was found to regulate
gluconeogenesis and glycogen catabolism by working in concert with nuclear receptors, a
mechanism seen in both liver and the heart [51, 154, 155].

PER2 and Cardiac Metabolism

Recent investigations found a necessity of PER2 in cardioprotection by regulating metabolic
pathways. Studies from /in vivo stable isotope glucose tracers during baseline, myocardial
ischemia, or myocardial IR-injury, revealed the inability of PERZ7~ mice to rely on
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glycolysis during ischemia, as indicated by 13C-fructose-1,6-bisphosphate, 13C-pyruvate,
and 13C-lactate concentrations. Additionally, PERZ7~ mice had an increase in flux of the
TCA cycle during ischemia whereas wildtype mice attenuated TCA cycle flux, confirming
the role of PER2 in metabolic reliance in low oxygen environments [110]. In a comparison
between PER2”~ and wildtype mouse hearts by high-throughput gene array analysis during
IPC [156], lipid metabolism pathways were found to be predominately dysregulated. This
finding was supported by nuclear magnetic resonance imaging identifying altered fatty acid
accumulation in the heart of PERZ7~ mice [157] and electron microscopy analysis of
PERZ”~ mouse hearts that revealed mitochondrial swelling and glycogen accumulation,
indicators of severe metabolic defects [110]. Investigations into potential PER2 mediated
pathways began with gene array analysis of PERZ7~ mouse hearts compared to wildtype
mouse hearts during myocardial IR-injury and revealed dysregulated protein phosphatase 1,
a key regulator of blood-glucose levels and glycogen metabolism [158], and enoyl-CoA
hydratase, the enzyme in the latter end of p-oxidation that makes the precursor to Acetyl-
CoA for the TCA cycle [157, 159, 160]. In addition, PER2~~ mouse hearts exhibited a
reduction in long chain fatty acids and increases in carnitine palmitoyltransferase 1 protein
during myocardial ischemia, indicating that PER2 is an important regulator of enyol-CoA
hydratase and therefore fatty acid metabolism in the heart [110]. Furthermore, PERZ”~ mice
maintained elevated levels of cardiac glycogen and elevated glycogen synthase 1 protein
compared to wildtype mice prior to ischemia, but the PERZ7~ mice were unable to restore
the glycogen stores following ischemia [110]. Together, these data suggest PER? is an
important regulator of glucose and lipid metabolism and open the door to further
investigation into the role of PER2 in downstream pathways for regulating the metabolic
balance in low oxygen conditions [110, 157].

An additional level to the bi-directional relationship between hypoxia and circadian
clockwork includes a connection to sirtuins. SIRT3 was found to be a key regulator of
mitochondrial enzymes so researchers began investigating its function in more detail. These
studies found SIRT3 to be a crucial regulator of the Warburg effect (glycolysis in the
presence of abundant oxygen availability) in cancer cells and it does so by destabilizing
HIF1A. Without SIRT3, there’s an increase in ROS and subsequently HIF1A stabilization
[161]. This was found in human breast cancer cells that have a reduced level of SIRT3
expression correlated with an increase in HIF1A regulated genes. SIRT3 overexpression
thereby was found to repress glycolysis in these tumor cells and subsequent breast cancer
cell proliferation, which may be a mechanism for regulating tumor suppression [161].
Considering SIRT3 and its co-factor NAD* are under circadian control, regulating metabolic
pathways may be at the crossroad of the PER2-HIF1A connection. Indeed, the circadian-
hypoxia link is intertwined in a reciprocal relationship with cellular energy metabolism,
which is thought to provide optimal and advantageous adaptive mechanisms for changes in
the cellular environment throughout evolutionary time. Understanding these mechanisms
may provide insights into mechanistic targets for prevention or treatment from conditions of
low oxygen availability like myocardial ischemia.

The reciprocal relationship between PER2 and HIF1A suggests that while the circadian
clockwork controls metabolic pathways, by-products of these metabolic pathways are sensed
by the circadian machinery for adaptation [162]. Because circadian machinery is
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manipulated by light exposure, regulating light may target downstream light-sensing
pathways. In fact, the timing of light exposure markedly affects circadian profiles and
specifically PER2 protein concentrations in the hearts of rats [111] and accordingly, our
initial investigations addressed the possibility that light exposure could function to attenuate
myocardial IR-injury by increasing cardiac PER2 levels. Indeed, we observed a time-
dependent induction of cardiac PER2 with significant reduction in infarct size and troponin-I
release following daylight exposure in our IR-injury model in mice [110, 156]. These
findings led us to investigate mechanisms of PER2 mediated cardioprotection in hypoxia or
ischemia. Our results contribute to a growing body of work suggesting an evolutionarily
conserved and advantageous bi-directional relationship between light-sensing (circadian)
and oxygen-sensing (hypoxia) driven pathways [120] and may provide clinical benefits to
improve outcomes for patients with myocardial ischemia. Here, we present our findings
from circadian PER2 mediated metabolic adaptation to low oxygen availability and
concomitant cardioprotection from hypoxia or ischemia.

Circadian Disruption at the Root of Disease and Circadian Considerations

in Therapeutic Strategies

Circadian Disruption is Associated with a Multitude of Prevalent Diseases, Including
Cardiovascular Disease

Seasonal changes in daylight exposure is a mechanism of circadian rhythmicity yet can also
be a mechanism of disruption. One such study of found that humans differentially adjust to
daylight savings time based on chronotype with an overall inability to sufficiently adjust
from spring to fall [163]. Chronobiologists propose that our modern-day society removes the
natural seasonal nature of humans (human behavior tends to be seasonal, like reproduction,
mortality, and suicides [164, 165]), resulting in disruption of and dissociation from circadian
rhythmicity [163]. Furthermore, studies of our modern-day light exposure found delays in
circadian rhythmicity, with a significant circadian disruption following even just one
weekend of late-night light exposure, a common trend for those balancing work or school in
the typical work-week [166]. Differences in light exposure based on latitude location
revealed that individuals furthest away from the equator tend fit into the late-chronotype
category [167]. Because intense light (>10,000 LUX) is most effect at entraining the
circadian system [10], those further away from the equator may have dampening of
circadian amplitude compared to those who receive strong light exposure closer to the
equator and most likely a more robust circadian amplitude [167]. Additionally, dampening
of the circadian oscillator is part of aging and associated with multiple aging-related diseases
[168].

Another common mechanism of circadian disruption is shift-work or social-jetlag. In the
present day, approximately 22% of the population is engaged in some form of shift-work,
which includes any variation of work outside the typical work day, such as night-shift,
multiple shifts, and frequent shift in times of work [169, 170]. Those who participate in
shift-work for long periods of time are heavily associated with overall poor health outcomes
and are at a significantly higher risk for many diseases, not only the aforementioned
cardiovascular disease and metabolic syndromes, but including ulcers, cancer, and
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obstructive sleep apnea [16, 42-46, 127, 169-174]. The significant association between
shift-workers and disease emphasizes the importance in understanding circadian biology to
hopefully identify targets for prevention or treatment of those with disrupted circadian
rhythm.

In particular, the onset of myocardial infarction (M1) has a distinct circadian pattern and
recent findings suggest light exposure, the foundation of circadian rhythms, as a potential
strategy for treating myocardial ischemia and preventing M1 [6, 23-27]. Furthermore,
epidemiological studies revealed that MIs occur more frequently in the early morning hours
than later in the day, are more prevalent within the first three hours after waking up in the
morning than any other time of the day, and infarctions occurring in the morning are more
severe than those that do present in the evening [24, 25, 175, 176]. Additional
epidemiological studies revealed that there is a similar increase in Mls across all 50 states in
the USA during the darker winter months [175, 176]. Experimental studies found circadian
oscillations of neutrophil recruitment to heart, which determines infarct size, healing, and
cardiac function after MI. Neutrophil recruitment to the heart occurs more preferentially
during the active phase and heart attacks during this time have significantly higher cardiac
neutrophil infiltration. MI during this time (active phase) has higher neutrophilic
inflammatory response and worse cardiac repair. By limiting the neutrophil recruitment
during the heart in the active phase, there was a reduction in infarct size and increase in
improvement of cardiac function [177]. However, the mechanism underlying the circadian
component of Mls and the role of circadian biology in cardioprotection is only recently
under intense investigation.

Maintaining a Robust Circadian Amplitude through Entrainment

A form of circadian disruption is dampening of circadian amplitude, which is observed as
part of the aging process [168]. Therefore, researchers believe that a robust circadian
timekeeping system is important for human health and well-being [4, 5, 174, 178-180].
Indeed, approaches to increase entrainment and thereby the robustness of the clock timing
process have been found to be beneficial in certain disease states. One study found that
restricted feeding increased the circadian amplitude and could prevent mice from becoming
obese when exposed to a high fat diet [181]. Another study found using short term caloric
restricted feeding in mice to be cardioprotective. In addition, cardiac microRNA profiling of
short term caloric restricted feeding was associated with the circadian clock [182]. Similarly,
an independent study tested whether activity alters or could rescue a disrupted circadian
system. Here, they examined the effects of wheel access on vasointestinal polypeptide
(VIP)-deficient mice, a model that exhibits circadian deficits [183]. Indeed, voluntary
scheduled exercise increased the amplitude of PER2 expression and rescued the disrupted
circadian system in VIP deficient mice. Some studies on blue enriched light exposure on rats
found similar effects on circadian rhythmicity and amplitude. In addition, marked positive
effect on the circadian regulation of neuroendocrine, metabolic, and physiologic parameters
associated with the promotion of animal health and wellbeing was observed [184]. Similarly,
one study demonstrated that day/night rhythms play a critical role in compensatory
remodeling of cardiovascular tissue, and disruption of day/night rhythms exacerbated
disease pathophysiology [185]. Here, they used a murine model of pressure overload cardiac
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hypertrophy in a rhythm-disruptive 20-hour versus 24-hour environment. Echocardiographic
studies revealed increased left ventricular end-systolic and -diastolic dimensions and
reduced contractility in rhythm-disturbed animals exposed to transverse aortic constriction.
Considering these findings, it is compelling that light exposure, restricted feeding, or
scheduled exercise could also be cardioprotective through strengthening the circadian clock.
Since microRNAs can be regulated by external cues such as light, without involvement of
the circadian rhythm proteins, it is probable that light exposure also improves a disrupted
circadian system through enhancing the amplitude of microRNAs and optimizing their
function.

Circadian Disruption in the Clinical Environment

Unfortunately, patients in the intensive care unit (ICU) are subjected to severe circadian
disruption, which we are well aware promotes disease. The ICU closely mimics a full 24
hours of light exposure and circadian disruption in the ICU is known to be detrimental to
human health [186-190]. ICU patients are noted to have significant mitochondrial and
endothelial dysfunction accompanied by defects in nitric oxide synthesis and pyruvate
dehydrogenase activity, functions regulated by circadian proteins [5, 113, 191]. Furthermore,
recent epidemiological studies revealed that ICU patients who received cardiac surgery in
the morning have significantly worse outcomes than those who receive surgery in the
afternoon as measured by troponin levels and long-term adverse cardiac events [192]. Many
investigators have begun manipulating light exposure in mouse models to determine
downstream effects of circadian disruption. The most commonly used lighting in the
vivarium setting used to be cool white fluorescent lights, but many institutions have begun
switching to light-emitting diodes (LED) for their numerous economic advantages. However,
LED lighting has high blue light emissions and its effects on laboratory animal’s circadian
system and physiology needs to be considered. Recently, one group found significant
positive effects on circadian-regulated neuroendocrine, metabolic, and physiologic outcomes
in rats exposed to daylight LED [184], indicating a need to consider housing conditions in
animal studies. In fact, housing mice in constant light is sufficient to dampen and delay
PER?2 oscillation in the SCN, eventually losing complete rhythmicity [193]. These studies
emphasize the need to consider light exposure and the circadian system for not only
experimental animal studies but also for patients in the ICU and people in the general
population, considering circadian biology and circadian disruption is tightly associated with
physiological function and dysfunction.

Lastly, another mechanism of circadian disruption is through general anesthesia. Anesthesia-
mediated circadian disruption is a recognized phenomenon, however its role has not been
fully elucidated yet [4, 5]. Interestingly, several medications used in a daily clinical setting
can disrupt the well-coordinated expression of the circadian rhythm network. As such, it has
been found that anesthetics disrupt the expression of the circadian proteins including PER2,
which could lead to sleep disturbances following general anesthesia [194, 195]. Studies have
shown that propofol anesthesia in humans affects the circadian period, leading to increased
resting activities during the day [194]. Animal studies found ketamine to reduce the
amplitude of circadian rhythm gene expression [196]. Other studies using sevoflurane, a
volatile anesthetic similar to isoflurane, found suppression of PER2 in the brain of rodents
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[197]. However, research on the influence of anesthetics on circadian rhythm protein or
PER2 expression in specifically the heart is in its infancy. Understanding anesthesia
mediated disruption in the brain may provide insights into circadian disruption in peripheral
tissues. GABA (y-aminobutyric acid) is the principal neurotransmitter in the SCN and
studies identifying GABA to be responsible for phase shifting and synchronizing cells of the
SCN indicate that GABA is responsible for synchronizing the clock in the whole animal and
peripheral tissues [198]. GABA is primarily known as an inhibitory neurotransmitter in the
central nervous system, however it is diurnal in nature. GABA is an inhibitory
neurotransmitter during the night, which decreases the firing frequency, but GABA is an
excitatory neurotransmitter during the day, which increases the firing frequency. This dual
role of GABA happens through GABA receptors and due to the daily oscillations of
intracellular chloride concentrations through chloride-permeable ion channels opening and
closing [199, 200]. This indicates that the inhibitory or excitatory nature of GABA is
regulated by the time of day and perhaps boosts neural rhythm amplitude to drive SCN
outputs to the peripheral organs [199] [200]. That being said, anesthetic GABA-mediated
disruption may have detrimental effects on peripheral organs like the heart.

Pharmacological Timing and Targeting of the Circadian System (Time-of-Day-Dependent
Role of Cardiovascular Drugs)

The notion that disrupted circadian rhythm can affect all aspects of physiologic homeostasis
is supported by researchers who identified a significant portion of the genome — and
therefore a variety of cellular processes — to be under circadian control. Recent
investigations into the 24-hour transcriptome suggest that much of the mammalian genome
is under circadian control. RNA sequencing of major tissues and brain regions of baboons, a
primate closely related to humans, revealed 81.7% of the protein-coding genome is under
circadian control, as indicated by rhythmic gene expression. These gene products are in fact
part of a diverse range of biochemical and cellular functions [201]. Furthermore, the
transcriptome of 64 tissues with sampling every 2 hours over a 24-hour period, tissue-
specific rhythmic expression was noted, and rhythmic genes tended to peak around early
morning (dawn) and sunset (dusk). There was also an inactive or “quiescent period” in the
beginning hours of the night [201]. In parallel, another research group found by RNA-seq
and DNA arrays of 12 mouse organs over 24 hours that 43% of protein coding genes are
expressed in a circadian pattern. In general, oscillating genes tended to peak just preceding
dawn and dusk, supporting the previously described results [201, 202]. Further
investigations found that more than 1,000 noncoding RNAs oscillate in a circadian day, as
well, suggesting more than just messenger RNA has a circadian pattern [202]. Taken
together, while there are many ways to disrupt circadian biology, these mechanisms may
prove to be targets for preventative or therapeutic strategies in diseases arising from
desynchrony that ultimately target the circadian clockwork.

With a significant portion of the genome evidently under control of the circadian machinery,
there have been many investigations into the human chronobiome to potentially develop
time-of-day targeted therapies. A pilot study gathered data on diurnal variations of
cardiovascular and behavioral phenotypes from healthy human volunteers and measured
“omics” outputs. This study revealed a time-of-day dependent variation in blood pressure,
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activity level, light exposure, and food consumption associated with time-of-day dependent
variation in the metabolome, proteome, and transcriptome [202, 203]. Recent studies using
RNA-seq from 632 human samples including 13 different tissues revealed several common
pharmacological treatments, like antihypertensive drugs (calcium channel and p-blockers)
target gene products that are rhythmically expressed in the cardiovascular system [204].
Together, these studies strongly suggest the consideration of circadian biology in clinical
treatment strategies.

In a small molecule screen for circadian clock modifiers, many potential pharmacological
molecules were identified with targets anywhere in the pathway, whether intracellularly,
within the feedback loop, or in metabolic processes. These compounds were found to alter
the period, phase, or amplitude of the circadian clock [205]. There are many factors that feed
into the molecular circadian feedback loop that are targets for regulating downstream effects.
The polymethoxylated flavone nobiletin, originally identified as the naturally occurring
compound in citrus peels, is a clock amplitude-enhancing small molecule. It was identified
as a small molecular target of circadian amplitude enhancement and PER2 target through
this high-throughput chemical screen [205, 206]. After its identification, nobiletin was found
to be protective against metabolic disease by acting as an agonist for the ROR nuclear
receptor thereby reprogramming circadian mediated metabolic gene expression [205-207].
In fact, ROR nuclear receptors are key for stabilizing the molecular oscillating loop [206]
and nobiletin enhances the amplitude of circadian rhythm and regulates energy homeostasis
in terms of body weight, food intake, body composition, and VO, max. Nobiletin also
regulates sleep behavior in a clock dependent manner and with respect to metabolism,
nobiletin improves glucose and lipid homeostasis in mice, which is under circadian clock
control [206]. Nobiletin increases RORa/y transcriptional activity by binding directly to this
nuclear receptor by competitive inhibition and NOB dose dependently increases BMAL1
promoter driven luciferase reporter activity and dependent upon RORE elements (DNA
binding site) [206]. Nobiletin, as a target of nuclear receptors, is a potential mechanism to
manipulate circadian clock function. Indeed, our group found that nobiletin induces cardiac
Per2 and provides a cardioprotective effect from myocardial IR injury in a Per2-dependent
manner. Furthermore, we demonstrated that the deleterious effects on the heart of the
commonly-prescribed benzodiazepine midazolam can be rescued when nobiletin is
administered prior to myocardial IR-injury [208]. Our studies are in line with other groups
targeting nuclear receptors, in particular REV-ERBS, as a promising strategy in the context
of cardiac IR-injury. For example, REV-ERB agonists administered to mice prior to Ml
model yielded improved left ventricular function and survival compared to controls,
potentially through mediating the inflammatory response and remodeling [209]. Conversely,
cohort studies in humans suggest REV-ERBa antagonism may be cardioprotective strategy
[192], albeit with debatable interpretation of time-of-day gene expression analyses [210].
Together, these studies indicate a need for further investigation of REV-ERB modulation in
cardioprotective strategies.

Conclusion

The evolutionary link between light- and oxygen-sensing pathways provides insight into
molecular and cellular adaptation for resilience to adverse changes in the environment.
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Insights gained from an advanced understanding of the evolutionarily conserved relationship
between light- and oxygen-sensing pathways, will ultimately provide new therapeutic
opportunities to treat conditions of low oxygen availability, such as myocardial ischemia.
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Figure 1. Thecircadian clock transcription-transation feedback loop functionsin an
approximate 24 hour cycle.
All cells have an approximate 24-hour negative feedback loop of core circadian proteins,

PER1/2, CRY1/2, BMALL, and CLOCK. PERs and CRYs, expressed upon BMAL1 and
CLOCK binding to the E-box in their promoter regions, accumulate in the cytoplasm during
the day. PERs and CRY's form a heterodimer and translocate back to the nucleus where they
inhibit their transcriptional activators, BMAL1 and CLOCK, thereby inhibiting their own
expression. Nuclear receptors like RORs and REV-ERBs regulate BMAL1 expression by
either acting as activators or repressors, respectively.
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Figure 2. HIF1A isstabilized in hypoxiato dimerize with HIF1A, translocate to the nucleus, and
regulate downstream tar getsimportant in adaptation to low oxygen availability.

In normoxia, HIF1A is targeted for proteasomal ubiquitination by PHDs and VHLSs. In
hypoxic conditions, PHDs are inhibited and therefore HIF1A stabilization is achieved.
HIF1A forms a dimer with constitutively active HIF1p and translocates into the nucleus
where it binds to HREs in the promoter region of target genes (adapted from [211] [212]). In
hypoxia, reduced O availability, accumulating ROS, succinate, fumarate, 2-
hydroxyglutarate, Co?*, and Ni2* inhibit PHDs and thereby prevent HIF1A degradation.
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Figure 3. The circadian-hypoxia link may provide cardioprotection via PER2 and HIF1A.
PER2 and HIF1A link light- and oxygen-sensing pathways that may provide a

cardioprotective effect by metabolic adaptation to low oxygen availability by mediating
oxygen- versus energy-efficient metabolic pathways.
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