Devil or angel: two roles of carbon monoxide in stroke
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Stroke is one of the most important acute diseases that endanger human health and result in death, including acute cerebral hemorrhage and
acute cerebral ischemia. Acute onset is its most prominent feature. Carbon monoxide (CO) is a colorless and odorless gas existing at room
temperature. It is not only a common air pollutant, but also has been found to be closely related to stroke. A large amount of exogenous CO
has an important impact on the incidence and prognosis of stroke, while endogenous CO as a gas signal also has an important impact on
neuroprotection after stroke. Both low-dose CO inhalation and CO-releasing molecule-3 (a molecule that emits CO) treatment have shown
the benefits of stroke, and perhaps the role of CO in stroke is one of the key areas for future research.
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INTRODUCTION

Stroke is one of the most important acute diseases endangering
human health in the world today, and it is also an important factor
in the death and disability of the global population.' Stroke
is divided into acute ischemic stroke and acute hemorrhagic
stroke according to the type of incidence. Ischemic stroke is
divided into arteriosclerotic thrombotic cerebral infarction,
cardiogenic cerebral embolism and lacunar infarction;
hemorrhagic stroke is divided into cerebral hemorrhage and
subarachnoid hemorrhage.>® Regarding cerebral ischemic
stroke, there is no operation or medicine that can achieve a
consistent and satisfactory effect on cerebral infarction that has
occurred.* Thrombolytic therapy is currently the only treatment
with definite curative effect for acute ischemic stroke, while
other medications are used to prevent recurrence and systemic
protective treatment.* The incidence of hemorrhagic stroke is
lower than that of ischemic stroke, and the main treatment is
surgical treatment of intracranial lesions and postoperative
medication to control blood pressure and prevent vasospasm.’
Because of the great harm of stroke, unsatisfactory treatment
effect, and poor prognosis, the prevention and treatment of
stroke is very urgent and important.

Epidemiological studies on risk factors of stroke have not
been stopped, some risk factors have been recognized, and
some have not been confirmed. The unchangeable risk factors
of stroke include age, sex, race, and so on, while the variable
risk factors of stroke have a wider range, including internal
and external environmental factors, such as hypertension,
smoking, unreasonable diet, lack of exercise, etc.*” Most of
the risk factors of stroke are related to lifestyle, which can
be prevented through healthy lifestyle change.” However,

previous stroke studies also show that aging, air pollution
and smoking accelerate the prevalence of stroke and other
diseases.® A large number of related literatures show that
carbon monoxide (CO) in air pollution has become one of
the new risk factors for stroke, leading us to summarize the
research on the relationship between stroke and CO.!%1

CO in the atmosphere is a common colorless and odorless gas
pollutant, or a large number and widely distributed pollutant
gas produced by incomplete combustion of carbon-containing
energy sources such as coal and petroleum.'** In addition, a
small amount of CO is also produced in the chemical reaction
of the upper atmosphere, the slight dissociation of carbon
dioxide and the metabolism of animals."® Generally, the
concentration of CO in fresh air is harmless to humans, but
with the continuous development of industrialization, the use
of coal and petroleum has increased CO emissions and has an
impact on health, such as stroke.!":!2

In the body, endogenous CO is the second gas signal
molecule found after nitric oxide (NO)."”” The CO in cells is
mainly produced by the decomposition of heme under the
catalysis of heme oxygenase (HO).'® Endogenous CO can not
only freely pass through the membrane structure and mediate
cell function changes; it can also interact with enzymes and ion
channels containing transition metals, such as soluble guanylyl
cyclase, sodium ion channels, NO synthase, and cytochrome ¢
oxidase, etc., combine to play a related physiological role.'*!3
Exogenous CO enters the blood through the respiratory
system, and forms a reversible combination with hemoglobin
(Hb) in the blood and some other iron-containing proteins
outside the blood (such as myoglobin, cytochromes of Fe?*,
etc.).!”? More than 90% of CO is combined with Hb to form
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carboxyhemoglobin (COHD), about 7% of CO is combined
with myoglobin, and only a small amount is combined with
cytochrome.!” Especially in the nervous system, CO can
also bind to the oxygen-carrying protein neuroglobin in
brain tissue.?! With the gradual increase of COHb content,
the dissociation of oxygen in oxygenated Hb and the output
of CO, in the tissue are hindered, which eventually leads
to tissue hypoxia and carbon dioxide retention, resulting
in symptoms of poisoning.'**! Although the formation of
COHD causes tissue hypoxia, it is difficult to explain many
phenomena after poisoning, such as common arrhythmia and
brain damage during poisoning.?! Therefore, we would like
to review the specific role of carbon monoxide in the body,
especially in stroke, which has a great impact on us. We
searched PubMed for relevant articles published by the end
0f 2020 and summarized them.

EFrFecTs oF CARBON MonoXxIDE oN THE NERVOUS
SYSTEM

CO is like every coin has two sides to the nervous system.
When the intracellular CO content exceeds a certain physi-
ological concentration, it can produce neuroprotective effects
by synergistically acting with NO or increasing the production
of intracellular cyclic guanosine phosphate (cGMP).2>> When
the dose continues to increase, including the concentration
and exposure time, it may cause poisoning, but the dose
boundary from the protective effect to the poisoning effect is
not clear.”? When excessive CO in cells causes poisoning, it
not only forms excessive COHb and causes hypoxia, but also
can promote the production of reactive oxygen species and
oxidative stress injury by damaging mitochondria, increas-
ing Hb level, binding platelet Hb, promoting NO production
and other functions.?’** When CO is poisoned, excessive CO
binds to the iron atom of the heme group in soluble guanylyl
cyclase to change its configuration and activate the enzyme,
increasing the production of cGMP in the cell.?*?* Excessive
¢GMP can make the CO signal regulation system malfunc-
tion.” In addition to the above, when CO is poisoned, CO
can act on ion channels containing transition metals to change
their configuration and affect ion passage, such as inhibiting
neuronal K* channels and activating a voltage-gated Na*
channel to excite cells sexual increase.?*?® In addition to the
aforementioned low-dose CO nerve cell protection and a large
number of CO nerve damage functions, CO also affects the
circadian rhythm.?” In the nervous system, CO can regulate
the circadian rhythm through neuronal PAS domain protein 2
(NPAS-2, another transcription factor involved in transcrip-
tion, which can be combined with the response element in the
nucleus through the heterodimer formed by clock and brain and
muscle aryl-hydrocarbon-receptor-nuclear-translocator-like 1
after adjusting the circadian rhythm).”’

CO and stroke incidence

With the development of technology and industry, global air
pollution has become increasingly serious, and CO has become
one of the most important gases in air pollution.”® A large
amount of data shows that CO exposure in the air is closely
related to stroke admission, and reducing environmental health

issues such as CO and other air pollution can reduce the oc-
currence of stroke.'™!" Stroke caused by CO is not only related
to air pollution such as CO, but also to seasons.'? Increased
CO exposure in polluted air during warm seasons increased
the risk of stroke, while CO concentration in cold seasons was
not associated with stroke incidence.'? This effect may be due
to seasonal differences in CO exposure or CO air pollution.”
Air pollution such as CO is also related to the race to increase
the risk of stroke hospitalization and death, especially Asians
and ischemic stroke.* In China, studies on the relationship
between stroke cases and environmental pollution in many
cities have found that exposure to major air pollution gases
such as sulfur dioxide and CO is positively correlated with
the hospitalization rate of ischemic stroke, while hemorrhagic
stroke is only associated with nitrogen dioxide.’' In Hong
Kong, China, the maximum daily concentration of CO in the
air is negatively correlated with the number of people admit-
ted to the emergency department due to stroke. This may be
due to the protective effect of CO exposure on stroke.* This
is different from the research results in China’s mainland. This
may be because the air quality is different. The air in Hong
Kong, China has a neuroprotective effect because it contains
low doses of CO, while the CO air pollution in northern China
is heavier due to industrial development. In general, however,
these all suggest that CO and stroke are inextricably linked.

CO poisoning is also one of the suspected risk factors for
stroke, more and more stroke cases after CO poisoning are
reported.**** In South Korea, 3.36% of patients were diagnosed
with stroke after CO poisoning, and about 50% of stroke oc-
curred within 1 year after CO poisoning.* In Taiwan, China,
the incidence of ischemic stroke after CO poisoning is 2.5
times higher than that of the normal population. In particular,
compared with patients who did not have CO exposure, the
risk of CO poisoning is greater in young people aged 20-34
years, and the incidence of stroke is also greater.** Not only
does the concentration of CO exposure in the air and CO
poisoning affect the stroke of patients, the CO gas we exhale
is also related to stroke, which sounds more interesting. The
CO in the body is excreted through our lungs. American
researchers measured the concentration of exhaled CO and
followed up for 13 years, and found that higher exhaled CO is
negatively related to cerebrovascular disease, which is related
to stroke/transient ischemic attack Increased risk related.*
Higher exhale CO levels (over 3 ppm) are associated with an
increased risk of ischemic stroke, not with sex, although there
seems to be an independent association with male smokers.>’
These results may be due to the fact that endogenous CO at
high concentrations reduces the antithrombotic activity of the
endothelial layer by inhibiting endothelial NO and enhances
the migration of inflammatory cells by stimulating cGMP.*
In addition, endogenous CO can also increase blood sugar,
high blood pressure, oxidative stress and free radicals, thereby
increasing the risk of stroke.*¢*

CO and cerebral ischemia

After cerebral ischemia, the distribution and concentration of
CO in brain tissue will change. The appropriate concentration
of internal and exogenous low-dose CO has neuroprotec-
tive effects during ischemia-reperfusion. In a mouse model
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of transient middle cerebral artery occlusion, when 125 or
250 ppm CO was inhaled immediately at the beginning of
ischemia/reperfusion, the infarct volume and cerebral edema
were reduced, and the neurological function after 48 hours
of ischemia was improved neurological defect score.*” These
findings indicate that low CO levels can protect the brain
from transient focal ischemic injury and reperfusion, and its
potential application in the treatment of cerebral ischemic
stroke. Ischemic stroke involves multiple mechanisms after
vascular occlusion and reperfusion. One of the mechanism
components comes from the formation of oxygen free radicals
in hypoxic mitochondria.* HO is considered to be an effective
antioxidant in the nervous system and it can degrade heme
from heme protein to produce CO, iron and biliverdin.' HO
has two subtypes, HO-1 and HO-2. HO-1 is an inducible
enzyme, mainly concentrated in the liver and spleen, but in
the brain it can be induced by hypoxia and inflammation to
induce HO-1 protein synthesis.*'*> HO-2 is a constitutively
expressed enzyme, mainly concentrated in the brain and testis,
and accounts for most of the HO activity in the brain.*** In
the rat cerebral ischemia model, HO-1 is induced to increase,
and it is highly concentrated in the border of the infarcted
tissue and glial cells.* In the in vitro ischemic stroke model,
the induced increase of HO-1 in astrocytes also occurs, which
leads to the increase of intracellular CO in neurons, and the
increase of CO may reduce the activity of caspase-3 by me-
diating intracellular cGMP to protect the hypoxic-mediated
apoptosis and death of neurons.** HO-1 can also reduce lipid
peroxidation and protein nitrification in mice with cerebral
ischemic stroke, thereby reducing infarct volume and reducing
neurological deficits.* In addition, HO-1 can slightly reduce
the ischemic brain NO concentration, inhibit the brain expres-
sion of inducible NO synthase protein expression, and maintain
NO bioavailability by increasing the level of endothelial NO
synthase phosphorylation.* In the animal model of cerebral
ischemia lacking HO-2, nerve damage is aggravated, because
HO-2 usually exerts a neuroprotective effect in the brain, and
the CO produced can also affect the vasodilation function
through cGMP.**

Under oxidative stress conditions after cerebral ischemia,
the transcription factor nuclear factor erythroid 2-related
factor 2 (Nrf-2) dissociates from Kelch-like ECH-associated
protein 1, an important regulator of oxidative stress, and then
passes through the nucleus, and binds to antioxidant response
elements to induce expression HO-1.*" After middle cerebral
artery occlusion in mice, the infarct area of mice exposed to
CO was smaller than that not treated with CO.* This was be-
cause after CO exposure, Kelch-like ECH-associated protein 1
bound Nrf-2 in mice was significantly reduced, and the binding
activity of Nrf-2 and HO-1 antioxidant reaction elements was
increased.*”** CO treatment cannot save the mice with Nrf-2
gene deletion, which shows that low concentration of CO is
mediated by the activation of Nrf-2 pathway in the treatment
of ischemic stroke.*®

CO releasing molecule 3 (CORM-3) produces low-dose CO
and has neuroprotective functions.” The use of CORM-3 to
treat mice with transient middle cerebral artery occlusion can
reduce cerebral infarction, cerebral edema, neuroinflammation,
blood-brain barrier destruction and improve the prognosis after

brain injury.”® This is because CORM-3 treatment inhibits
the activation of microglia, down-regulates the expression of
ionized calcium-binding adaptor molecule-1, tumor necrosis
factor-a and interleukin- 1§, and reduces matrix metalloprotein-
ase-9. The protein level increases the expression of platelet-
derived growth factor receptor-p3, tight junction protein zonula
occluden-1 and matrix protein laminin.>

Restoration of spontaneous circulation after cardiac arrest,
it can also cause cerebral ischemia/reperfusion injury.’! After
low dose CO treatment of restoration of spontaneous circula-
tion, the expression level of mitochondrial biological factors
(peroxisome proliferator-activated receptor-y coactivator-1a.,
nuclear respiratory factor-1, nuclear respiratory factor-2 and
mitochondrial transcription factor A) in hippocampus and
cerebral cortex increased, which indicated that CO could im-
prove cerebral ischemia by increasing mitochondrial activity
after brain injury.*

In children with hypoxic-ischemic encephalopathy, levels
of CO and NO are positively correlated with the severity of
hypoxic-ischemic encephalopath.® CO treatment can reduce
the apoptosis of hippocampal cells induced by hypoxia and
ischemia in neonatal mice, limit the release of cytochrome ¢
from mitochondria, reduce the activation of caspase-3, and
increase the expression of Bel-2 in neurons, thus resulting in
neuroprotective effect of cerebral ischemia.’*

CO and cerebral hemorrhage
After hemorrhagic stroke, inflammation and oxidative stress
can cause brain damage and increase the expression of
HO-1.%5¢ Heme can inhibit the antioxidant activity of peroxi-
dase I, so the co-expression of HO-1 and peroxidase I is the
mechanism to maintain its antioxidant function.’” In astrocytes
and microglia in the rat brain hemorrhage area, HO-1 and
peroxidase I co-expression produced antioxidant effects.?
When CORM-3 was used to treat intracerebral hemorrhage
induced by collagenase in rats, pretreatment and 3-day treat-
ment of intracerebral hemorrhage could reduce inflammation
and plasma tumor necrosis factor-o.%®

Subarachnoid hemorrhage (SAH) is also a common form of
hemorrhagic stroke.”® The common vasospasm after the onset
may be caused by Hb and Hb released by hemolytic red blood
cells.® After SAH, the stress of HO-1 in the whole brain glial of
rats increases.*® In particular, the HO-1 response of microglia
can not only increase heme clearance and iron chelation, but
also increase the amount of antioxidant bilirubin to reduce
lipid peroxidation and vasospasm.*® After SAH, the mice
were treated with low-dose CO for 1 hour, which improved
neurological deficits and vasospasm, which may indicate that
CO has vasodilation, neurotransmission, inhibition of platelet
aggregation, and anti-smooth muscle proliferation.®’%> The
amount of hematoma in SAH patients has also been shown
to be related to the expression of HO-1, because the sudden
accumulation of blood in the subarachnoid space will stimulate
the increase of HO-1 expression in the cerebrospinal fluid of
the patient.®® Therefore, the production of HO-1 and CO is also
very important for reducing neuronal cell death and clearing
cerebral hematoma after SAH.

The disturbance of the biological clock after subarachnoid
hemorrhage prompted researchers to study the effects of HO-1
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and CO on the restoration of circadian rhythm. The results
show that the increased expression of clock genes Per-1 (pe-
riod 1), Per-2 (period 2) and NPAS-2 (neuronal PAS domain
protein 2) after SAH is related to the basic expression of HO-
1, and can reduce cerebral vasospasm, neuronal apoptosis
and microglia activation significantly reduced.® After SAH
in HO-1 knockout mice, low-dose CO treatment can restore
the low expression of Per-1, Per-2 and NPAS-2, and reduce
neuronal cell apoptosis.®

ConcLusIoN

CO can be considered as a combination of devil and angel. He
is a devil because people still know him about the effects of
hypoxia/reoxygenation on the nerve center after CO poison-
ing, such as dizziness, nausea and memory loss. Moreover, a
large number of retrospective studies have shown that a large
number of CO exposure or poisoning can increase the risk
of stroke (Table 1). The concentration of CO in pure air is
about 1 ppm, and that in general urban air is about 10 ppm.
Systematic reviews and meta-analyses have shown that stroke
hospitalization rate and stroke mortality are closely related to
the increase of CO concentration in normal air (relative risk
1.015/1 ppm)."

By reviewing the impact of CO on stroke, he can also be-
come a beautiful angel, among which HO/CO is an important
neuroprotective pathway (Table 2). The elevated HO-1 of
stress after stroke can reduce oxidative stress damage and in-
flammation through several important ways, while maintaining
the circadian rhythm after stroke (Figure 1). Both low-dose
CO inhalation and CORM-3 treatment have shown benefits
in addition to stroke. Exposure to 125 ppm and 250 ppm CO
after MACO showed neuroprotective effects, especially when
inhalation 18 hours of 250 ppm CO after ischemia/reperfusion
provided the best neuroprotective.** Exposure to 250 ppm CO
at 2 hours after SAH for 1 hour also demonstrated neuropro-
tective effects.®! Similarly, immediate intravenous injection of

Stroke

Hemorrhagic stroke

HO-1
Prx I Tem — cGMP
T dose

of CO or CORM-3

—cCo
caspase-3|

—— ROS

lipid peroxidation J

and protein nitration

TNF-ale—] — Nlo

iNOS | eNOS!

[ Keap-1——Nrf-2

Keap-1  Nrf-2
AREs-Nrf-21

vasospasm | ¢«
Iba-1,TNF-a,IL-18,MMP-9|

PDGFR-B,20-1,LNI

— PGC-1a,Nrf-1,Nrf-2, TFAM

mitochondria |

Per-1,Per-2,NPAS-21 « after stroke — cytochrome C
caspase-3!

Bcl-21

Restoring circadian
rhythm

Figure 1: The neuroprotective effect of CO on ischemic stroke and
hemorrhagic stroke.

Note: ARE: Antioxidant response element; cGMP: cyclic guanosine phosphate;
CO: carbon monoxide; CORM-3: carbon monoxide releasing molecule 3; eNOS:
endothelial nitric oxide synthase; HO-1: heme oxygenase-1; Iba-1: ionized
calcium-binding adaptor molecule-1; IL-1p: interleukin-1p; INOS: inducible nitric
oxide synthase; Keap-1: Kelch-like ECH-associated protein 1; LN: laminin; MMP-
9: matrix metalloproteinase-9; NO: nitric oxide; NPAS-2:neuronal PAS domain
protein 2; Nrf: nuclear factor erythroid 2-related factor; PDGFR-@: platelet-derived
growth factor receptor-@; Per: period; PGC-1a: peroxisome proliferator-activated
receptor-y coactivator-1a; Prx I: peroxidase I; ROS: reactive oxygen species;
TFAM: mitochondrial transcription factor A; TNF-a: tumor necrosis factor-a; ZO-1:
zonula occluden-1.

CORM-3 (4 mg/kg) after intracerebral hemorrhage or cerebral
ischemia can also improve the neuroprotective effect.>*
Therefore, CO may be very important in the physiological
function of stroke, and we should strengthen cognition and uti-
lization. Especially in today’s severe CO air pollution, prevent
the destruction caused by the devil on the one hand, and use
the beneficial side of the angels at the same time. Perhaps the
role of CO in stroke is one of the key areas of future research.

Table 1: High levels of CO or CO poisoning increase the risk of stroke

Study Year Region Design Results

Hong et al." 2002 Korea Case-crossover study Air pollutants are significantly associated with ischemic stroke
mortality, which suggests an acute pathogenetic process in the
cerebrovascular system induced by air pollution.

Kettunen et al.” 2007 Finland Case-crossover study PM, s, ultrafine particles and carbon monoxide, are associated with
increased risk of fatal stroke, but only during the warm season.

Yang et al.”’ 2014 Global Case-crossover study Air pollution may transiently increase the risk of stroke hospitalizations
and stroke mortality.

Shah et al." 2015 Global Systematic review and Gaseous and particulate air pollutants have a marked and close

Meta-analysis temporal association with admissions to hospital for stroke or mortality
from stroke.

Lin et al.* 2016 Taiwan, Retrospective cohort CO poisoning is associated with a long-term risk of increased incident

China analysis ischemic stroke.

Nayor et al.* 2016 USA Case-crossover study Higher exhaled CO was associated with a greater burden of subclinical
cerebrovascular disease cross-sectionally and with increased risk of
stroke/transient ischemic attack prospectively.

Liu et al.” 2017 China Case-crossover study PM,,, NO,, SO,, CO, and O, exposures were positively associated with
ischemic stroke.

Kim et al.” 2020  Korea Case-crossover study CO poisoning is a high-risk factor for the development of stroke,

evidenced by the high incidences of stroke after CO poisoning.

Note: CO: Carbon monoxide; NO,: nitrogen dioxide; O,: ozone; PM, : particulate matter less than 10 um; PM, .: particulate matter less than 2.5 ym; SO, sulfur dioxide.
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Table 2: The neuroprotective effect of CO on stroke

Study Year  Animal/cells Model Results

Matz et al.” 1996  Rat SAH Heme oxygenase-1 induction in glia throughout rat brain following
experimental subarachnoid hemorrhage.

Doré et al.* 1999  Mouse MCAO Heme oxygenase-2 is neuroprotective in cerebral ischemia.

Shi et al.” 2000 Human MCAO Role of CO and nitric oxide in newborn infants with postasphyxial hypoxic-
ischemic encephalopathy pediatrics.

Nakaso et al.” 2000 Rat ICH CO-induction of heme oxygenase-1 and peroxiredoxin I in astrocytes and
microglia around hemorrhagic region in the rat brain.

Imuta et al.*” 2007 Rat MCAO Hypoxia-mediated induction of heme oxygenase-1 and CO release from
astrocytes protects nearby cerebral neurons from hypoxia-mediated apoptosis.

Zeynalov and Doré” 2009 Mouse MCAO Low doses of CO protect against experimental focal brain ischemia.

Wang et al.* 2011 Mouse MCAO CO-activated Nrf2 pathway leads to protection against permanent focal
cerebral ischemia.

Queiroga et al.** 2012 Mouse MCAO Preconditioning triggered by CO provides neuronal protection following
perinatal hypoxia-ischemia.

Yabluchanskiy et al.” 2012 Rat ICH CORM-3, a CO-releasing molecule, alters the inflammatory response and
reduces brain damage in a rat model of hemorrhagic stroke.

Chao et al.* 2013 Mouse MCAO Up-regulation of heme oxygenase-1 attenuates brain damage after cerebral
ischemia via simultaneous inhibition of superoxide production and preservation
of NO bioavailability.

Schallner et al.*” 2015 Mouse SAH Microglia regulate blood clearance in subarachnoid hemorrhage by heme
oxygenase-1.

Wang et al.” 2016 Rat MCAO CO improves neurologic outcomes by mitochondrial biogenesis after global
cerebral ischemia induced by cardiac arrest in rats.

Schallner et al.** 2017 Mouse SAH CO preserves circadian rthythm to reduce the severity of subarachnoid
hemorrhage in mice.

Wang et al.” 2018 Mouse MCAO CORM-3 protects against ischemic stroke by suppressing neuroinflammation
and alleviating blood-brain barrier disruption.

Kamat et al.®' 2019 Mouse SAH CO attenuates vasospasm and improves neurobehavioral function after

subarachnoid hemorrhage.

Note: CO: Carbon monoxide; CORM-3: carbon monoxide releasing molecule 3; ICH: intracerebral hemorrhage; MCAO: middle cerebral artery occlusion; NO: nitric

oxide; SAH: subarachnoid hemorrhage.
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