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ABSTRACT: Circadian biology modulates almost all aspects of mammalian physiology, disease, and response to therapies.
Emerging data suggest that circadian biology may significantly affect the mechanisms of susceptibility, injury, recovery,
and the response to therapy in stroke. In this review/perspective, we survey the accumulating literature and attempt
to connect molecular, cellular, and physiological pathways in circadian biology to clinical consequences in stroke.
Accounting for the complex and multifactorial effects of circadian rhythm may improve translational opportunities for
stroke diagnostics and therapeutics.
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in the daytime. For diurnal humans, this is their

awake active phase. Experiments in mouse and rat
models of cerebral ischemia are also usually performed
in the daytime. However, for nocturnal rodents, this is
their sleep and inactive phase, providing a complication
when extrapolating from animal models to humans." A
recent study hypothesized that some of the difficulties
in translating stroke targets from the laboratory into the
clinic may be potentially related in part to a circadian
mismatch between animal models and clinical trials of
neuroprotection.?

The mammalian circadian system is composed of a
master oscillator in the hypothalamic suprachiasmatic
nucleus and circadian oscillators in all organs through-
out the body, including heart, kidney, and blood vessels.
These central and peripheral oscillators generate cell-
autonomous rhythms based on transcriptional/transla-
tional feedback loops of multiple clock genes, including
Per1, Per2, Clock, and Bmal1. This multi-oscillator sys-
tem generates endogenous circadian rhythms (ie, even
absent environmental or behavioral rhythms) in all physi-
ological systems, including cardiovascular, metabolic,

cnnical trials of neuroprotection mostly recruit patients

immune, and inflammatory function.® Breakdown of this
network leads to internal desynchrony and circadian dis-
ruption, which is frequently a hallmark of disease.*

Circadian rhythms are now recognized to modulate
the response of heart tissue to ischemia.® Hence, cir-
cadian effects will likely influence stroke mechanisms
and targets. In this review/perspective, we survey
existing literature on circadian effects in clinical and
experimental stroke research, highlight gaps in knowl-
edge, and discuss the implications and opportunities
for translational advance.

CLINICAL PROFILE OF DIURNAL EFFECTS
IN STROKE TIMING AND TREATMENT

Observed rhythms in humans are usually not purely cir-
cadian, but diurnal—the combination of both endogenous
circadian rhythms and behaviors such as sleep, eating,
activity, and posture changes. Circadian misalignment,
arising from shift work, jet lag, weekday-weekend activ-
ity shifts (social jetlag), or circadian sleep-wake distur-
bances, increases cardiovascular risk factors.® Circadian
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misalignment is associated with lower high-density
lipoprotein-cholesterol levels, higher triglyceride levels,
disrupted cortisol rhythms, increased C-reactive protein,
increased blood pressure, and prediabetic states with
decreased insulin sensitivity and higher glucose levels,
all of which are likely predispose to stroke occurrence.t™®

Diurnal variation in first detection of stroke symptoms
has been documented across diverse geographies and
race-ethnic groups.’® A meta-analysis of 31 studies col-
lectively reporting 11816 patients with ischemic stroke,
hemorrhagic stroke, and transient ischemic attack found
first detection occurred between 6 am and 12 noon in
37%, between 12 noon and 6 pm in 26%, between 6 pPm
and 12 midnight in 19%, and between 12 midnight and
6 am in 18%." The morning surge in first detection was
more pronounced for ischemic stroke and transient isch-
emic attack than for hemorrhagic stroke. Among isch-
emic strokes, the same pattern of increased morning first
detection occurs for each of the major mechanistic sub-
types of large artery atherosclerotic, cardioembolic, small
vessel disease, and cryptogenic.""'? In both intracerebral
hemorrhage (ICH) and subarachnoid hemorrhage, there
is a bimodal rhythm of first detection, with the highest
peak in morning and second peak in early afternoon/
evening.'3™

These variations in timing of first detection docu-
mented in epidemiological and large cohort studies likely
reflect both a genuine circadian variation in biological
onset of stroke but also a confounding effect arising
from wake-up strokes, for which the time symptoms are
first observed may not reflect the time of actual stroke
onset. Therefore, wake-up strokes cause a shift in time
of stroke discovery from night to morning. Since wake-up
strokes account for 8% to 28% of all ischemic strokes,
they contribute importantly to the clustering of first symp-
tom observation in mid-morning.’”> Nonetheless, even
after accounting for wake-up strokes, there remains evi-
dence of substantial diurnal variation in biologic onset
of ischemic stroke from large-scale observational stud-
ies. These findings are reinforced by the presence of a
similar morning surge in first detection for ICH and for
myocardial infarction, conditions commonly producing
pain early after onset that may more often arouse the
individual from sleep than ischemic stroke.'®

Diurnal variation in the presenting severity of acute
strokes has been probed in several studies. For ischemic
stroke, among 1244 patients with stroke in the multi-
center FAST-MAG trial (Field Administration of Stroke
Therapy - Magnesium), initial clinical deficit severity
(National Institutes of Health Stroke Scale) and ischemic
core extent (Alberta Stroke Program Early CT Score)
were fairly homogenous throughout all day-night time
periods.'” Multimodal imaging studies are warranted to
probe for diurnal variation in core, penumbra, collater-
als, and infarct growth. For ICH, among 2904 patients in
the pooled INTERACT trials (Intensive Blood Pressure
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Reduction in Acute Cerebral Hemorrhage), daytime
onset (8 am to 4 Pm) was associated with lesser clini-
cal severity (Glasgow Coma Scale), but no variation in
initial hematoma volume or 90-day functional outcomes.
However, in a broader registry population of patients
with ICH and subarachnoid hemorrhage, 30-day mortal-
ity was increased in patients presenting in the morning
(6:00 am to 12 noon)." A study in 111 patients with
spontaneous ICH found hematoma expansion occurred
more frequently in patients presenting in daytime (8 awv
to 8 pm).'8

Given the diurnal variation in vascular physiologi-
cal parameters, chronopharmacology—drug dosing and
discovery taking into account biological rhythm depen-
dencies of agent pharmacological effects and agent
pharmacokinetics—is an important consideration in
stroke prevention management.’®?" Nighttime com-
pared with daytime administration of antihypertensives
improves overall 24-hour blood pressure profiles.?2??
Evening compared with upon awakening administration
of low-dose aspirin more greatly reduces morning platelet
reactivity (which is influenced by the circadian system,?
via COX-1 [cyclooxygenase 1]-dependent pathways).?®

Clinical studies of acute stroke treatment and diur-
nal patterns have focused more upon variations in care
delivery throughout the day than upon variations in bio-
logic effect. The effects vary with medical system region.
Studies from England, Australia, and from multiple coun-
tries in the Safe Implementation of Treatments in Stroke-
International Stroke Thrombolysis Register (SITS-ISTR)
reported reduced IV thrombolysis rates and longer door-
to-needle during night hours and nonworking hours than
during working hours.?*%8 In contrast, a large study from
Germany reported reduced and slower IV lytic use dur-
ing working hours than during nonworking hours.'® In
the international SITS-ISTR, after adjustment for patient
baseline features, treatment during daytime hours was
associated with a small increase in good functional out-
come, odds ratio 1.12.2° Continued investigation of epi-
demiology and clinical trial databases is warranted to
assess the multifactorial effects of circadian rhythms in
stroke timing and treatment (Table).

THE NEUROVASCULAR UNIT

Although clinical mechanisms in stroke are complex, the
initial response in ischemic tissue is driven by a loss of
blood flow that disrupts the supply of oxygen and glu-
cose. Mitochondrial function and ATP regulation all dem-
onstrate circadian rhythm. HIF1 (hypoxia-inducible factor
1), the primary response mediator to hypoxia, interacts
with the core circadian genes Clock and Per2.58 There-
fore, at the tissue level, the brain's response to ischemia
should be dependent on the time of stroke onset. At the
cellular level, emerging literature suggests that circadian
biology may affect all cell types in the neurovascular unit.
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Table. Circadian Variation in Clinical and Biomarker Features of Human Stroke
Circadian variation References
Clinical features
Risk Shift work, jet lag, weekday-weekend activity transition increase stroke risk factors 5-9
Onset Morning surge for ischemic stroke, TIA, and hemorrhagic stroke 10,13,14
Morning surge for LAA, CE, SV, and CRY ischemic stroke 11,12
Presenting severity Lesser deficit severity for ICH with daytime onset 14
Physiology Heart rate, blood pressure, temperature higher in daytime 29-32
Prothrombotic factors higher in daytime 33-35
Inflammatory responses increased in daytime 36-53
Outcomes Increased mortality for ICH and SAH with morning onset 14,17
More frequent ICH hematoma expansion with daytime onset 18
More good outcomes for thrombolytic-treated ischemic stroke with daytime presentation | 26,28
Chronopharmacology Antihypertensives more effective with evening administration 22,23
Low-dose aspirin more effective with evening administration 24,25
Biomarkers
Melatonin Night-time levels lower in acute stroke 54,55
Cortisol Reduced circadian rhythmicity after stroke 54
PAI-1 Early morning peak 35,56,57

CE indicates cardioembolic; CRY, cryptogenic; ICH, intracerebral hemorrhage; LAA, large artery atherosclerosis; PAI-1, plasminogen
activator inhibitor; SAH, subarachnoid hemorrhage; SV, small vessel; and TIA, transient ischemic attack.

Neurons are vulnerable to excitotoxicity and oxidative/
nitrosative stress, and both pathways are influenced by
circadian biology. Diurnal patterns have been described
for glutamate receptors and transporters®® and gamma
aminobutyric acid—mediated control of excitability.?® In
rodent models of brain trauma, extracellular glutamate
and NMDA receptor levels were dependent on the
time of day' In a mouse cardiac arrest model, excito-
toxic reductions of hippocampal calbindin were maximal
at Zeitgeber time ZT14 (ie, 14 hours after lights-on in
animal housing).%? Similarly, diurnal variations exist for
antioxidant genes.®® Melatonin, a circadian-controlled
nocturnal hormone, is a potent antioxidant and potential
neuroprotectant® although its effects may be compli-
cated by the fact that it may disrupt diurnal rhythms in
glutamate and gamma aminobutyric acid.?®® There is sig-
nificant crosstalk between circadian genes and enzymes
that regulate reactive oxygen species (ROS).®® Cells
deficient in Per2 are more vulnerable to ROS.” In neu-
ronal cultures subjected to oxygen-glucose deprivation,
glutamate and ROS levels were affected by the stimula-
tion of circadian-like cycles in vitro.? In vivo, p53 and Akt
(protein kinase B)-regulated neuronal injury after focal
cerebral ischemia varied by Zeitgeber time.®® Knock-
out of the circadian Bmal1 gene downregulated redox
defense and increased oxidative damage.®® Bmal1 and
Per2 may also contribute to the regulation of apopto-
sis and autophagy. Altogether, these circadian effects
on excitotoxicity, oxidative stress, and cell death may be
consistent with the observation that Per1 knockout mice
were more susceptible to cerebral ischemia.”® Although
detailed molecular mechanisms remain to be dissected,
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this emerging literature suggests that preclinical neu-
roprotectant-testing should be adjusted to use active
phase models in nocturnal rodents that match active
phase human strokes in clinical trials.

Circadian signaling may also influence glia. Extracel-
lular glutamate displays a circadian rhythm that is in-
phase with astrocytic calcium.”" ATP release and ROS
buffering capacities in astrocytes were dependent on
Bmal1.”? Consistent with these circadian effects on
astrocyte function, neurons co-cultured with Clock-defi-
cient astrocytes become more susceptible to ROS.”™ Cir-
cadian effects operate in white matter as well. Microarray
analysis of mouse oligodendrocytes and oligodendrocyte
precursors demonstrated that genes involved in phos-
pholipid synthesis, myelination, and proliferation were
upregulated during the inactive phase, whereas genes
involved in apoptosis, stress response, and differentiation
were enriched during the active phase.”

For stroke, circadian regulation of the vascular com-
partment should be extremely important. For example,
oscillations in resting tone of cerebral arteries display
a 24-hour cycle,® and vasoactive genes such as eNOS
(endothelial nitric oxide synthase) interact with circadian
genes.” In the penumbra, blood flow may differ during
active phase versus inactive phase strokes.? Circadian
biology affects blood-brain barrier (BBB) function.” In
Drosophila models, sleep-wake cycles affect BBB per-
meability”® and in Bmall knockout mice, pericyte cover-
age of brain microvessels were decreased resulting in
leakier barriers.™ There is also a marked diurnal variation
in cerebrospinal fluid production®® with greater clearance
rates during the inactive phase®' It has been suggested
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that glymphatics® and their connections to cervical
lymph nodes® may contribute to edema, inflammation,
and secondary injury after stroke in mice. Therefore, it
is possible that circadian biology may influence BBB
pathophysiology and edema after reperfusion therapies.

Neurovascular unit mechanisms discussed for isch-
emia may also be relevant for hemorrhage. Induction of
subarachnoid hemorrhage in mice results in higher eleva-
tions in Per1 and Per2 during ZT12 compared with ZT2,
and this correlates with expression of HO-1 (heme oxy-
genase 1) and greater reduction in neuronal apoptosis.®
Conversely, HO-1 knockout mice have reduced expres-
sion of clock genes and increased injury, while treat-
ment with carbon monoxide, which is produced by HO-1,
restores clock gene expression, and reduces neuronal
apoptosis. In mouse models of ICH, sleep-wake patterns
are perturbed, and microglial activation is exacerbated.®®
This link between circadian biology and hemorrhage is
also documented in humans; Per2 expression in cerebro-
spinal fluid is higher in patients with ruptured aneurysms
compared with controls with unruptured aneurysms 8

Circadian biology may also affect stroke recovery.
Clock genes are essential for differentiation and fate
determination in neural stem cells,?® and disruption of cir-
cadian cycles in mice leads to alterations in hippocampal
neurogenesis.?” In developing zebrafish models, angio-
genesis is modulated by Bmal 1 and Per2.® Hypoxic
regulation of tumor blood vessels shows circadian rhyth-
micity.2® Hence, a deeper understanding of how circadian
biology influences the remodeling neurovascular unit
may help improve the optimization of therapies for stroke
recovery and rehabilitation.

Taken together, the emerging literature suggests
that circadian rhythms affect the neurovascular unit
in ways that influence stroke pathophysiology (Fig-
ure). Further studies are warranted to investigate how
these mechanisms are regulated and whether these
mechanisms may be targeted. Circadian patterns of
gene expression may vary in different brain regions
depending on age and sex,?°°" so it remains possible
that circadian effects in stroke may depend on lesion
location and patient background. Furthermore, there
may be feedback loops whereby cortical infarcts indi-
rectly alter the suprachiasmatic nucleus and peripheral
clocks. Many gaps in knowledge remain, but ultimately,
accounting for circadian biology may assist in the
translational effort to defend or repair the neurovascu-
lar unit after stroke.

INFLAMMATION AND IMMUNE
RESPONSES

The immune system is regulated by circadian biology at
various levels. Myeloid cells, such as neutrophils, mono-
cytes, macrophages, as well as lymphoid cells, such as T
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and B lymphocytes, are known to oscillate in number in
blood in both mice and humans.®®3” Expression of clock
genes such as Bmal1 in these cells follows circadian pat-
terns,® supporting that this rhythmicity affects the func-
tions of the immune system and its physiological and
pathophysiological consequences.

The important role of clock control in myeloid cells is
underscored by findings showing that myeloid-specific
ablation of the circadian gene Bmall leads to a general
proinflammatory phenotype in mice, characterized by
higher cytokine levels.3*! After stroke, mice condition-
ally Bmal1-deficient in cells expressing CD11b, includ-
ing microglia, exhibited less potent upregulation of IL6
expression following middle cerebral artery occlusion
compared with that in control mice, with a significant
attenuation of neuronal damage.*? This is in agreement
with data showing significant reduction in infarct size in
female mice after global deletion of Bmal1, in parallel to
decreased glial activation.*® These data together support
the important role of circadian regulation of myeloid cell
function and its impact on stroke.

In cerebral ischemia, monocytes/macrophages can
contribute to both injury and repair?> Monocytes infiltrate
into brain infarct early after the occlusion®® and seem to
be major players in the prognosis after acute stroke in
humans.® Importantly, both monocytes and macrophages
are known to possess a strong molecular clock,**** and
many of the rhythmic transcripts are implicated in crucial
innate-immune functions, such as antigen presentation,
immune regulation, and phagocytosis.** Not surprisingly,
monocyte and macrophage molecular clocks are involved
in several inflammatory settings in a Bmal1-dependent
fashion such as phagocytosis and migration.®™64" Impor-
tantly, circadian rhythms are known to regulate macro-
phage polarization.3” All these data suggest a possible
role of monocyte/macrophage circadian regulation in
ischemic brain inflammation.

Closely related to monocytes/macrophages, microg-
lial cells are the first immune responders in the central
nervous system. Interestingly, essential microglial func-
tions have been reported to be under the control of an
internal molecular clock in physiological*® and inflam-
matory conditions,*?%® an effect in which REV-ERB-aq,
a nuclear receptor and circadian clock component, may
be implicated.”® Although its specific role in the stroke
setting is less known, clock gene disruption in microg-
lia, through the induction of chronic neuroinflammation,
has been reported to be involved in the early onset of
Alzheimer disease.’’

Within leukocyte populations, neutrophils play a
key role in innate immunity as front-line defensive
cells against pathogens and in sterile inflammation. In
response to ischemic brain damage, neutrophils are rap-
idly recruited into lesioned tissue by activated platelets
and necrotic cell-derived proinflammatory cytokines and
damage associated molecular patterns like HMGB1 or

June 2021 2183

M3IA34 Tv31d0L



TOPICAL REVIEW

202 ‘6T A%eniged uo Aq Bio'sfeulnofeye;/:dny woly papeojumoq

Loetal

Circadian Biology and Stroke

Temperature regulation

Hemostasis

Hemodynamics

Metabolism and
drug distribution

Neuronal death

stroke outcomes

susceptibility
Injury / repair
response to therapy

Immune-inflammation response

Astrogliosis

Oligodendrocyte function

Microglial activation
N\
— Je &

e,

Blood-brain barrier function
and drug delivery

Figure. Circadian rhythms affect multiple molecular, cellular, and physiological pathways that alter susceptibility, injury, and
recovery in stroke as well as response to preventative, cerebroprotective, and prorecovery therapies.

The precise circadian timing and coupling of many pathways in brain vs systemic biology are not fully understood. Further investigation into central
and peripheral regulation of these various rhythms and pathways in cerebral ischemia and hemorrhage may reveal new approaches for stroke

diagnostics and therapeutics.

HSP72 (heat shock protein 72), via the TLR (toll-like
receptor) family.25-°8 During this acute stage, neutrophils
are instrumental in stroke-associated brain injury, edema,
BBB disruption, hemorrhagic transformation,*-°! and
worse neurological outcomes'® through the release of
elastase, production of ROS, and by the no-reflow phe-
nomenon obstructing microvessels.'® The formation
and release of neutrophil-extracellular traps may induce
the formation of heterotypic aggregates, thus further
contributing to inflammation and thrombosis. However,
neutrophils also participate in tissue repair or even have
neuroprotective roles, associated with an unexpected
heterogeneity of phenotypes for which an internal clock
seem to be required. Indeed, circulating neutrophils dis-
play circadian oscillations in numbers and phenotype®
and neutrophil recruitment also oscillates and may influ-
ence disease outcome in inflammatory scenarios. Inter-
estingly, whereas in experimental myocardial ischemis,
increased cardiac damage during active phase (ZT13)
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was associated with a greater infiltration of neutrophils in
rodents,'®* after myocardial ischemia-reperfusion, lesion
sizes were larger in the beginning of light phase, both in
mice®® and in humans,'® suggesting that circadian differ-
ences may be modulated by the presence or absence of
reperfusion. Aged CXCR4N neutrophils aggravate myo-
cardial infarction after ischemia-reperfusion, whereas
mice with fresh Arntl*N neutrophils are protected.®® Strik-
ingly, after permanent occlusion of the middle cerebral
artery, brain injury was only exacerbated in mice enriched
in fresh neutrophils, suggesting that preferential migra-
tion of this subtype during inflammation contributes to
tissue injury, although other effects cannot be dismissed.

There may be differences between circadian effects
on immune response in heart and brain. Unlike other
organs, the brain is devoid of neutrophils at steady state
and therefore, parenchymal damage results from infil-
trating neutrophils and is unrelated to homeostatic turn-
over. However, distinct neutrophil phenotypes might also
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contribute differentially to the no-reflow phenomenon
and/or microthrombosis, mechanisms that remain to be
studied. All these findings may be of translational rele-
vance as circadian oscillations are found in human neu-
trophils.'%'" |n a recent proteomic analysis performed
on neutrophils isolated at 8 am and 2 pwm, around 10% of
the proteins were differentially enriched between the 2
times in pathways related to vesicle-mediated transport,
secretion, exocytosis, or degranulation. Interestingly, ex
vivo assays of human neutrophils indicated, for instance,
a marked reduction in neutrophil-extracellular trap-form-
ing capacity between 8:00 and 14:00, suggesting key
functional differences that may be instrumental for tis-
sue damage after stroke.'”” Altogether, these data sug-
gest that circadian rhythmicity and the molecular clock
of immune cells is a major factor in infarct development
after stroke (Figure). Future research should ask how
to optimize inflammation-targeted therapies for stroke
based on time-of-onset.

METABOLISM AND PHYSIOLOGY

In addition to effects at the molecular and cellular levels,
circadian biology should also interact with stroke mecha-
nisms involving sleep, hormones, metabolism, tempera-
ture and vascular regulation, and drug delivery (Figure).
Sleep and circadian rhythm disruption are often present
following stroke and poststroke apathy is increased in
those with sleep fragmentation and lower sleep effi-
ciency.'®® An important consequence of sleep and cir-
cadian rhythm disruption is sustained activation of the
stress axis and abnormal release of cortisol.'® Elevated
cortisol over long periods alters metabolism, increases
visceral fat, and elevates the risk of type 2 diabetes.'™
Furthermore, cortisol constricts vessels and increases
blood pressure, and vascular dysfunction is common
in individuals experiencing sleep and circadian rhythm
disruption.'”" There may also be bidirectional signal-
ing between circadian control and metabolism. In ani-
mal models of diet-induced obesity, local inflammatory
responses may disrupt clock genes and shift circadian
rhythm in adipose tissue.'" Ultimately, further investiga-
tions are warranted to ask how circadian mechanisms
may modulate the effects of physiological comorbidities
like hypertension and diabetes in patients with stroke.
One of the most important physiological variables in
neuroprotection is temperature, a factor which is regu-
lated by both the circadian system?® and with sleep-wake
cycle'?® with lower temperatures both during the night
and during sleep. In patients with stroke, body tempera-
ture has a significant influence on infarct size, mortality,
and outcome.'™ Hypothermia is well established as an
effective neuroprotectant for hypoxia-ischemia,''® car-
diopulmonary bypass surgery,'"® and cardiac arrest'”
but not yet for stroke,'™® although it has been effective
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in animal models. How circadian biology may modify the
neuroprotective and metabolic effects of hypothermia
warrants further study.

There are significant interactions between circadian
biology and vascular physiology.® Elevation of blood
pressure in response to exercise appears to be height-
ened in the morning compared with the afternoon''®
although this may be due to behavioral/environmental
factors and not the circadian system, given that under
a forced desynchrony protocol, blood pressure reactivity
to exercise expresses an endogenous circadian rhythm,
peaking in the circadian evening.®' Others have reported
that cerebral autoregulation is also reduced in the early
morning,'? but it is not clear how vascular tone, resis-
tance and vasodilatory responses change upon wak-
ing.""® Further investigation is warranted to test whether
circadian regulation of these vascular responses may
contribute to differences in stroke incidence and sever-
ity throughout the day. More recently, nocturnal hyper-
tension has been proposed as a significant contributor
to white matter disease and cognitive decline.®? Experi-
mental studies suggest that endothelial nitric oxide syn-
thase and nicotinamide-adenine dinucleotide phosphate
oxidase, genes implicated in cerebrovascular disease
and neurodegeneration, are under the direct control of
circadian clocks.'””" Circadian-vascular interactions are
also affected by aging as coherence between central
and peripheral clocks declines. Hence, it is possible that
circadian modulation of vascular and redox function may
be involved not only in stroke but also in overall brain
health and resilience in the context of an aging cerebro-
vascular system.

Finally, circadian biology affects drug metabolism
and distribution and disruptions in circadian rhythms
may affect the response to therapies.’? For example,
sleep/wake cycles in cancer are disrupted, giving
rise to the idea that interventions that stabilize circa-
dian systems not only improve quality of life but may
also improve survival in patients with cancer. Analo-
gous strategies may apply in stroke, so that the tim-
ing of stroke and risk factor medication paired with
approaches aimed at stabilizing sleep/wake cycles
may present therapeutic opportunities.*

BIOMARKERS OF CIRCADIAN RHYTHMS
IN STROKE

Circadian biology can be assessed using a wide variety
of circulating, imaging, and physiological biomarkers.'?*
The majority of circadian studies in stroke have focused
on whether stroke disrupts circadian rhythms in circu-
lating molecules and physiological parameters such as
blood pressure. Fewer studies have asked whether and
how circadian biology modulates pathophysiological pro-
cesses and treatment effects (Table).
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Melatonin is the gold standard to determine the
endogenous circadian phase.’”” Two studies found
nocturnal circulating and urinary melatonin levels to
be lower in patients with acute stroke compared with
healthy subjects.?**® Patients with poststroke insomnia
showed lower circulating levels of melatonin,'?* that is
renormalized with light.?® Cortisol synchronizes 60%
of the peripheral circadian transcriptome,'® and cor-
tisol rhythmicity is often lost after stroke,®* thus sup-
porting the hypothesis of frequent circadian disruption
in patients with stroke. However, whether melatonin or
cortisol can identify patients at risk for circadian dis-
ruption and monitor circadian disruption poststroke
remains to be determined. Future studies may also
assess the diagnostic utility of circulating fatty acids,'”
other circulating metabolites,'” and core clock gene
expression in peripheral blood mononuclear cells, 30
all known to follow circadian patterns. From a practi-
cal perspective, validated circulating biomarkers of
circadian rhythms could aid in determining the effect
of lesion size and location, and time-of-day of onset
on circadian rhythm, and whether circadian disruption
relates to delirium and other outcomes after stroke.

Circadian biomarkers may also offer the possibility of
optimizing drug delivery. Levels of thrombogenesis® and
endogenous thrombolysis®* vary depending on time-of-
day of stroke onset. For example, PAI-1 (plasminogen
activator inhibitor 1), which is under endogenous circa-
dian control, peaks in the early morning® and is regu-
lated by the clock genes PER2, BMAL1, and BMAL2.%¢
These variations of hemostasis factors may influence the
response to thrombolytic therapies. Patients with recana-
lized vessels after thrombolysis had lower PAI-1 levels
upon admission compared with patients in whom r-tPA
(recombinant tissue-type plasminogen activator) did not
induce recanalization.” However, whether the circadian
rhythm of PAI-1 is responsible for the daytime depen-
dence of r-tPA efficacy remains to be explored.

Biomarkers may also assist in studies of circadian
rhythms, stroke progression, and outcome. Imaging
measures such as penumbra and core volume and
circulating levels of neuroaxonal injury markers such
as Neurofilament Light Chain'' would be required to
determine whether patients with stroke onset at dif-
ferent times of the day show different progression
trajectories of tissue injury. Furthermore, circadian
biomarkers might also identify circadian disruptions
poststroke. Considering the expected effect sizes, we
envision that a large number of patients will be needed
to determine such effects in stroke. This information
would be particularly relevant for clinical trial recruit-
ment rather than informing on an individual patient’s
treatment. Ultimately, more research is required to
determine whether biomarkers predicting circadian-
dependent treatment efficacy may aid in guiding treat-
ment depending on the time-of-day of stroke onset.
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TRANSLATIONAL CHALLENGES AND
OPPORTUNITIES

This brief review/perspective discussed accumulating
evidence suggesting that circadian biology modulates
the cerebral response to ischemia and hemorrhage, and
these effects may significantly influence clinical mecha-
nisms of susceptibility, injury and recovery in stroke. First,
experimental studies have identified circadian variations
in many mechanisms that affect stroke pathophysiology,
including effects on cell-cell signaling within the neuro-
vascular unit, BBB and glymphatic function, cell death,
immune response, as well as neurogenesis and angio-
genesis. Second, circadian biology modulates blood flow,
hemostasis, metabolism, and temperature regulation, all
of which are key variables in stroke. Third, clinical studies
from related medical fields such as cardiovascular dis-
ease indicate that circadian effects detected in preclinical
models may translate to patients, and that the time of dis-
ease onset and timing of treatments influences efficacy.
A better understanding of how circadian biology influ-
ences stroke progression, treatment responses, recovery,
and outcome after human stroke could help individualize
treatment strategies and improve clinical trial design.
Circadian differences in stroke progression may imply
that treatment windows might close faster at certain
times, so depending on time-of-onset, some therapies
may need to be administered more quickly. Circadian
effects on molecular and cellular mechanisms may also
mean that some pathways are more or less targetable
at certain times. Taking these mechanisms into account
may allow one to adapt trial design by defining differ-
ent time-of-day windows for patient recruitment. This
might be particularly relevant in settings when trials are
solely based on preclinical studies in nocturnal rodents.
Conversely, preclinical testing of stroke therapeutics may
also be optimized by adapting the timing of experiments
in rodents to match the timing of the majority of diur-
nal human patients who are recruited into clinical trials.
Ultimately, whether clinical stroke progression and treat-
ment responses indeed show diurnal rhythmicity might
be investigated with large datasets from prospective
observational studies and randomized controlled trials.
Several challenges remain. First, for better transla-
tion, we need to improve our understanding of the driv-
ers of diurnal variation in both human and experimental
stroke. With similar light input, humans and rodents show
only partially overlapping expression patterns of the
core clock machinery, have opposing binary activity-rest
cycles, and possess different sleep-wake patterns. Spe-
cific drivers of diurnal variation such as light-entrained
molecular clocks, activity-rest cycles, and homeostatic
sleep pressure might differ depending on the targeted
mechanism. Second, on a clinical level, it remains to
be established how such information could help indi-
vidualize patient management while taking into account
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the chronotypes (individual circadian timing) of each
patient. Third, because clinical studies are confounded
by a plethora of factors underlying patient heterogene-
ity, large patient numbers might be needed to measure
circadian variation in a specific end point.

In conclusion, emerging evidence from experimental
stroke studies as well as clinical studies in related vas-
cular fields suggest that circadian biology may influence
stroke pathophysiology and outcomes. Further research
is warranted to expand our understanding of circadian
mechanisms in stroke to improve the care and manage-
ment of patients with stroke.
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