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Abstract

Every cell has a highly sophisticated system for regulating heme levels, which is particularly 

important with regard to turnover. Heme degradation generates carbon monoxide (CO) and while 

CO has long been viewed as a metabolic waste product, and at higher concentrations cellular 

lethal, we now know that CO is an indispensable gasotransmitter that participates in fundamental 

physiologic processes necessary for survival. Irrefutable preclinical data has resulted in concerted 

efforts to develop CO as a safe and effective therapeutic, but against this notion lies dogma that 

CO is a poison, especially to the brain. The emergence of this debate is discussed here highlighting 

the neuroprotective properties of CO through its role on the central circadian clock and ongoing 

strategies being developed for CO administration for clinical use.
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Heme and Its Role in Health and Disease

Heme and carbon monoxide (CO) molecules are considered dangerous when free in the 

body and brain. They are also inextricably linked: heme catabolism by the heme oxygenases 

results in endogenous generation of CO within the cell and the principle cellular targets for 

CO are hemoproteins and would include guanylate cyclase, nitric oxide synthase, 
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mitochondrial oxidases and transcription factors such as Bach-1 and NPAS2. Emerging data 

suggest, paradoxically, that both heme and CO are critically involved in regulating a host of 

cellular processes fundamental to cell survival. For example, CO has emerged as an 

important neurotransmitter that plays a role in central nervous system functions ranging 

from the regulation of circadian clock function, to memory processing, as well as stress 

responses to injury and inflammation. Heme, as a functional moiety of numerous proteins in 

the cell, likewise contributes to the regulation of circadian rhythms and cellular 

bioenergetics. While the fundamental importance of CO and heme to cellular function are 

widely recognized, the mere suggestion that heme and CO, but CO in particular, may 

represent an underexplored clinically viable therapeutic modality is generally met with great 

skepticism. Yet, unlike other gaseous signaling molecules, which include nitric oxide, 

oxygen, and hydrogen sulfide, CO is generally non-reactive. CO also has the potential to 

modulate cellular responses both locally, i.e., at the site of its endogenous generation, and in 

a more distal (pseudo-humoral) manner. Here we discuss the cellular biology of CO and 

heme in the context of it serving as the source of endogenous generation during its 

catabolism. We include their interrelationship in this discussion since hemoproteins serve as 

the primary binding target for CO and the breakdown of heme increases endogenous 

generation of CO. Historically, CO is accepted as a poison to the brain caused by anoxia, but 

recent preclinical and clinical data suggest that not only is this inaccurate, CO is intimately 

involved in neurotransmission, fundamental regulation of the circadian clock and is 

neuroprotective in pathologies as diverse as stroke, traumatic brain injury and 

neurodegenerative disorders. We therefore focus here on this dichotomy of disparate views 

of this simple gas when considering the brain and argue that CO should be redefined as an 

evolutionarily conserved protective gas.

The Cellular Biology of Heme and Endogenous CO

Heme is an integral component of numerous proteins within the cell and is fundamental to 

proper cellular function by way of its contributions to key oxidative reactions, electron 

transfer processes, signal transduction, delivery of molecular oxygen to cells and, 

importantly, gene regulation. In recent years it has become evident that heme, likely along 

with one or more of its catabolic products, also serves an important role in regulating the 

central circadian clock, neurotransmission and memory. It has long been known that free 

heme, or heme that is not incorporated into hemoproteins is cytotoxic [1], and thus all 

organisms have developed redundant mechanisms to rapidly clear it from the extracellular 

space. Under non-pathological conditions, however, free heme does not accumulate in 

tissues, but rather its cellular titer is constrained to a dynamic range dictated by the flux of 

synthesis and degradation (Box 1).

Heme is under very tight regulation due to its ability to contribute to oxidative stress through 

Fenton chemistry. The enzymes responsible for removal of free heme are the Heme 

Oxygenases (HO) that are the rate-limiting steps in the degradation of heme into biliverdin 

(BV), free ferrous iron (Fe2+) and CO [2, 3]. These enzymes are widely distributed in the 

nervous system and exist as one of two isoforms, inducible HO-1 and constitutive HO-2 that 

regulate diverse processes across multiorgan systems (Figure 1). Although each of these 

isozymes is expressed in neurons, the distribution of HO-1 in the brain is very limited, with 
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high levels of expression observed only in the hippocampal dentate gyrus and ventromedial 

hypothalamus [4]. HO-1 expression and therefore CO generation becomes highly induced 

following deviation from homeostasis due to tissue injury including that which occurs in 

instances of neurodegeneration, stroke and concussion trauma. One common theme with the 

above neuropathologies is a sudden increase in heme release from tissue parenchyma and/or 

erythrocyte rupture [5–10]. In contrast, the constitutive isoform, HO-2, is expressed in 

neurons throughout the neuraxis, including the hippocampus, midbrain, basal ganglia, 

thalamus, cerebellum and brain stem. HO-2 is also expressed in the hypothalamic 

suprachiasmatic (SCN) circadian clock and we and others have proposed that HO-2 may 

play a fundamental role in the regulation of the clock. Specifically, HO-2 generated CO 

binds hemoprotein guanylate cyclase and stimulates the cGMP/PKG axis that in turn 

increases the activity of heme-containing neuronal nitric oxide synthase, which is known, for 

example, to mediate the effects of light on suprachiasmatic nucleus (SCN) function [7, 11, 

12]. In addition, and as described in detail below, many of the so-called ‘core clock genes’ 

contain heme and hence can be directly modulated by CO. We further propose that increased 

free heme resulting from a sudden stress or injury to neurons or brain microvasculature, 

could lead to dysregulation of the SCN clock vis a vis elevated CO. Seemingly consistent 

with this suggestion is the established fact that individuals who suffer a traumatic brain 

injury or stroke often exhibit disrupted sleep-wake cycles with clock dysfunction considered 

a likely contributing etiological factor [13–15]. How free heme is managed therefore is 

precarious as its accumulation and presence in an inflammatory environment can amplify 

potent oxidative and inflammatory signaling pathways. Indeed, this may explain in part the 

development of neurodegenerative diseases such as Alzheimer’s Disease (AD) and 

Parkinson’s Disease (PD) and even multiple sclerosis, where chronic inflammation plays an 

important role and has been shown to be intimately linked to the presence of free heme and 

the heme oxygenases [5, 16, 17]. Treatment with exogenous CO has been shown to abrogate 

inflammation in the brain and prevent neuronal cell loss. [9,10]

CO is widely touted as having only harmful attributes with particularly deleterious effects in 

the brain. Underscoring this point is the fact that CO has been coined ‘the silent killer’ 

because it is neither visible nor carries a smell. Symptoms associated with suspected 

overdose include headache, nausea, memory loss, and dyskinesia [18] at carboxyhemoglobin 

(COHb) levels in the range of 5–10% (baseline is ≤1% in non-smokers). Since CO is a by-

product of the incomplete combustion of gas, oil, carbon, and wood, it is tacitly assumed 

that negative signs of overexposure to combustion products is solely due to CO. In fact, 

combustion leads to exposure of greater than 500 substances, the majority of which are 

considered dangerous at high concentrations, especially in the brain. In industrial doses, CO 

certainly interferes with oxygen delivery through its ability to tightly bind to hemoglobin 

(Hb) ~ 210 times than that of oxygen. However, at low doses of CO the opposite is true, 

exogenous administration of CO is potently neuroprotective in models of stroke, TBI, and 

even AD and PD [19] and likely reflects the fact that at normal physiologic levels CO is a 

signaling molecule arising from heme degradation. CO, like nitric oxide has been shown to 

function as a neurotransmitter and because it is highly diffusible can regulate cellular 

hemoprotein function [20]. There are hundreds of reports in the literature describing the 

benefits of low-dose CO which has led to numerous ongoing clinical trials 
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(www.clinicaltrials.gov, and Table 1). Healthy human volunteer data shows no adverse 

events in subjects treated with CO sufficient to generate a COHb of up to 14% with no 

evidence of headache, nausea or dyskinesia [21]. The mechanism by which CO influences 

circadian (and sleep) function remains unclear, but it is tempting to speculate a role for CO 

in the brain and nervous system based on the following: i.) CO is neuroprotective, ii.) CO 

restores circadian rhythm after hemorrhagic stroke or acute kidney injury [10, 22–25] and 

iii.) circadian hemoproteins such as NPAS2, nNOS, and Nr1d1 (RevErbα) are modulated by 

CO [26–28].

Mechanisms of Action of CO

CO performs its protective functions through various mechanisms of action. The most likely 

target of CO in the context of ‘protection’ is ferrous iron (Fe II), which is present within the 

heme coordination complex and represents the key functional moiety of hemoproteins that 

likely regulate non-heme signaling molecules (see Figure 2). We refer the interested reader 

to an excellent review that details many of the reported mechanisms and CO targets that 

have been described [29]. There is also another possibility, which has not been well studied, 

but involves how the cell responds to changes in oxygen tension within the brain. Circadian 

rhythms are known to be influenced by oxygen sensing pathways including hypoxia-

inducible factors [30–32]. Given the highly conserved heme binding capabilities of CO and 

O2 and the similarities with how the cell responds to changes in O2 availability, we posit that 

a plausible mechanism by which CO influences cellular behavior is by ‘duping’ the O2 

sensors within the cell. In addition to CO binding directly to ferrous iron in heme to regulate 

the function of a host of factors, i.e. NPAS2, sGC, NOS, and Nr1d1 (Rev-erbα) CO may 

influence cellular function indirectly by displacing O2 from heme sources within the cell 

secondary to different affinity strengths for heme. By changing O2 bioavailability O2 could 

then be utilized for signaling (reactive species), mitochondrial bioenergetics, and other 

catalytic processes. We define this phenomenon as pseudohypoxia and this concept may 

shed light on alternative physiologic mechanisms, in addition to heme binding proteins, that 

regulate the clock and are directly responsible for neuropreservation after stress or injury.

CO is known to increase Hypoxia-Inducible Factor 1-alpha (HIF1α), a non-heme target, and 

regulate mitochondrial O2 consumption through one of two mechanisms. First CO binds to 

mitochondrial oxidase heme and increases the generation of reactive oxygen species that 

stabilize HIF1α [33] and secondly, an indirect effect through CO binding to the iron (Fe II)-

containing prolyl hydroxylases (PHD) and preventing HIF1α degradation. Importantly, both 

mechanisms occur independently of hypoxia. PHD’s do not contain a heme per se, but do 

contain ferrous iron that binds CO and O2 akin to heme iron. Increased HIF1α-dependent 

circadian gene expression including Period 1, 2 and CLOCK proteins occurs as a result [33, 

34]. Thus CO, through HIF1α modulates an otherwise evolutionarily conserved cellular 

network that controls metabolic function under stressed conditions, which in turn would 

increase HO activity and increased availability of endogenous CO. Alternatively, CO may 

displace O2 from heme, including from the mitochondrial oxidases. Disruption in sleep may 

result in increased HO-derived CO produced to reestablish a normal cycle. Heme oxygenase 

deficient animals without the ability to generate carbon monoxide have a clear disruption in 
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normal expression of the clock genes, highlighting the important role the HO/CO axis plays 

in the regulation of central circadian rhythms, including possibly wake-sleep.

The Nexus of Heme, CO, and Circadian Rhythms

Circadian rhythms are endogenous oscillations that are subserved by an autoregulatory 

negative feedback transcriptional-translational-posttranslational feedback loop (TTFL) [37, 

38] and heme is emerging as being intimately involved in much of the signaling that can be 

linked to both physiologic and pathophysiologic processes (Figure 3). The basic mechanism 

of the TTFL involves several transcriptional activators including CLOCK, BMAL-1, Rev-

Erb-α, NPAS-2 and two sets of core clock genes: period (per1, per2 and per3 in mice) and 

cryptochrome (cry1 and cry2 in mice) [39, 40]. [41, 42].

One of the first studies to suggest a link between CO and the circadian clock was from 

McKnight and colleagues, who reported that low levels of CO could markedly affect the 

binding (dimerizing) of the circadian transcription factors NPAS2 and Bmal1 [28]. 

Additionally, the nuclear hormone receptor Nr1d1 is both heme-containing and a target of 

the core clock genes Bmal1 and Clock and thus may function as a critical CO gas sensor 

within the SCN [34]. By binding CO, Nr1d1 may in turn modulate the activity of Retinoid 

related Orphan Receptors (ROR), in particular RORalpha and RORbeta in the SCN that can 

potently modulate the level of expression of the clock genes [43] [44]. More recently 

Minegishi et. Al. found that selective removal of endogenous CO in mice, achieved using a 

highly selective CO scavenger, disrupted rhythmic expression of clock genes [34]. Another 

recent study found that CO production, secondary to rhythmic heme degradation, strongly 

attenuates binding of CLOCK-Bmal1 to target promoters [45]. All together, these findings 

suggest that heme and CO both contribute to normal circadian clock function and therefore 

likely qualify as important functional “components” of the circadian clock in mammals. 

Perhaps more intriguing, related and recent work by our group [10, 46] has shown that 

injury severity in stroke and ischemia reperfusion is correlated with the degree of disruption 

of clock gene expression, including with the SCN, and that application of exogenous CO 

largely restores circadian clock gene expression and reduces injury severity. One must ask at 

this juncture, how can CO be a poison if it is so critically involved in basic physiological 

processes such as circadian rhythm and when administered in the context of a traumatic 

injury is highly salutary? It is tempting to speculate, and has in fact been previously 

proposed, that alterations in heme homeostasis and/or production of CO may underlie sleep 

and circadian disruption in AD, aging and other neuropathologies [47–49]. Anecdotal 

reports suggests lower incidence of neurodegenerative disease in smokers. While clearly not 

something to promote, when presented in the context of a neurologic role for CO, it is 

tempting to surmise a cause and effect relationship.

Carbon Monoxide Development as a Therapeutic

Delivery of a gaseous molecule is relatively straight forward given the routine use of O2 in 

every medical center. The challenge was to design a fail-safe device that could accurately 

dose the correct amount of gas to the patient while not exposing healthcare workers. 

Currently, there are numerous studies testing inhaled CO in both experimental models as 
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well as FDA-approved phase trials (Table 1). To date, there have been no significant clinical 

benefits of CO in human trials for fibrotic lung disease or Adult Respiratory Distress 

Syndrome (ARDS) albeit modulation of one or two biomarkers have been observed when 

compared to non-CO treated controls [50,51]. In unpublished data an FDA-approved Phase 

II trial for CO treating kidney transplant recipients showed a trend towards a dose-dependent 

increase in kidney function in subjects treated intraoperatively with CO through the 

ventilator. Unfortunately, the trial was never completed for reasons unrelated to the trial data. 

Inhaled CO is delivered in parts per million (ppm) doses and has been validated in large and 

small preclinical animal work. Since CO is not metabolized, the pharmacology is extremely 

well understood with regard to administration and elimination of the gas. CO is transported 

by hemoglobin (COHb) and principally, if not solely excreted via the lungs and does not 

accumulate in tissues with a half-life of ~2h in healthy human volunteers. This enables very 

precise dosing and straightforward monitoring. The challenge is the effective dose necessary 

in any given disease indication ranging from 4% to 12% COHb and for varying amount of 

exposure time. FDA Phase 1 data in healthy volunteers determined that 1hr dose escalation 

showed no adverse events at COHb levels of up to 14% and this has remained as the upper 

limit [52]. Whether higher levels would also be tolerated has not been tested. These data 

completely contradict literature reports that COHb of as low as 2–4% had untoward effects 

including nausea, headache, loss of motor coordination and memory loss. The majority of 

associated toxicities reported are neurologic in nature [53]. Interestingly, administering CO 

gas through non-pulmonary routes including gut or abdominal insufflation had completely 

different effects on toxicity in animals. Studies by Goldbaum and Orellano showed that 

when comparing COHb greater than 50% achieved via inhalation versus transfusion of 

saturated erythrocytes versus intraperitoneal injection showed that no toxicity was observed 

in the latter two routes of delivery [54,55]. This suggests that the therapeutic window for CO 

may be vastly different depending on how CO is administered and this has led to enormous 

efforts toward developing small releasing molecules, saturated oral solutions, and 

hemoglobin carriers for transfusion, which are discussed below and in Hopper et. al.[56].

Pioneered by Motterlini and Foresti as well as Wang, there has been an enormous effort to 

develop molecules that release CO (termed CORMs or Prodrugs) that are amenable to 

systemic delivery, and can be titrated, and even tissue targeted. Initially designed as metal 

carbonyls there has been a remarkable evolution of novel compounds over the last two 

decades designed to release their CO cargo with exposure to light, i.e. photo-CORMs, 

changes in pH, alterations in oxygen tension, enzymatic cleavage by esterases and even 

mitochondrial targeting [57]. The majority of these molecules remain in preclinical 

development, but hold enormous translational promise as ‘CO in a pill’. Additional modes of 

delivery that are being developed include oral CO-containing solutions that can be delivered 

as an oral liquid where CO is saturated in a proprietary formulation (HBI-002) and is 

absorbed through the stomach and GI epithelium akin to inhaled CO gas crossing lung 

epithelium. HBI-002 is safe in preclinical GLP toxicology and entering Phase I trials for 

eventual testing in Sickle Cell Anemia, Organ Transplantation, Inflammatory Bowel Disease 

and Parkinsons disease. Much like many of the CORMs, HBI-002 mimics efficacy that has 

been shown with inhaled CO at COHb levels of 4–8% [58]. Finally, there are hemoglobin-

based carrier molecules that are furthest along in development where CO-saturated bovine or 
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human hemoglobin requires transfusion and therefore is limited to hospital use only. 

Sanguinate, is a pegylated bovine COHb that has shown promise in multiple preclinical 

models is currently in multiple Phase 2/3 trials testing efficacy in hemorrhagic shock and 

sickle crises as well as subarachnoid hemorrhage and kidney transplantation to prevent 

delayed graft function (Table 1). The COHb levels achieved are not reported, but a previous 

human hemoglobin-based carrier was reported to increase the COHb by 2% [59]. There are 

unique challenges with each of the above modes of delivery that include potency, reliable 

delivery, safety, untoward side effects and even commercialization concerns related to patent 

protection. With collectively over one thousand papers supporting exogenous CO use for 

medical benefit, it seems it is merely a matter of time before conclusive clinical testing is 

complete across many indications. Where CO will impart its greatest benefit remains unclear 

as the amount required will certainly depend on pharmacokinetics and pharmacodynamics. 

The consensus is that targeting a COHb of 6–10% will be the threshold where CO is 

effective, but if successful tissue targeting strategies are established to deliver pulses of CO 

locally, systemic COHb may remain at baseline levels. In this same vein, COHb as the only 

accepted measure of CO presence would become obsolete and the field is desperately 

seeking alternative biomarkers as indicators of CO exposure and becomes particularly 

important when considering toxicity.

Concluding Remarks

Historically, CO has been widely viewed as a toxic gas by scientists and non-scientists alike. 

Over the past two decades however a new view of CO has emerged, which holds that this 

simple two-atom molecule functions as a critical gasotransmitter in the regulation of 

numerous biological processes. CO is not only generated constantly in the body but its levels 

rise during periods of stress [60]. The heme oxygenases regulate CO generation directly 

through heme metabolism, and are necessary so as to prevent heme from accumulating and 

contributing to cellular damage. Heme is also essential for the proper function of many 

proteins including those involved in generating coherent circadian rhythm and sleep wake 

cycles. In addition, given emerging reports linking the gut microbiome to the regulation of 

the central clock, the interrelationship between heme, CO and clock function may have 

profound implications (Box 2). Absence of CO also results in disruption of circadian 

rhythms and is thought to contribute to development of neurodegenerative disease. The 

concept that a neurotransmitter, much less a gas, could directly regulate the activity of a 

transcription factor was a seminal report demonstrating a mechanism for transducing signals 

both centrally and peripherally [28]. This has now led to many studies of heterodimerization 

of NPAS2 how it is regulated by a simple gas through a heme-based sensor designed by 

nature that potently controls both central and peripheral rhythms for reasons yet to be 

explored (see Outstanding Questions). It is tempting to speculate that the primary 

mechanism underlying the dramatic salutary effects of CO may, in part involve the 

restoration of normal function of the SCN circadian pacemaker. In summary, the role of CO 

and heme in biological processes in the brain, such as circadian rhythms, possibly including 

the sleep-wake rhythm, is becoming rapidly appreciated. Indeed, an emerging role for CO in 

the brain is occurring and it is not one of toxicity, but rather challenges this dogma as one 

that contributes to critical biological and medical processes to ensure life. Given that CO is 
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now safely being tested in a large number of clinical trials as a therapeutic for a wide-range 

of pathologies based of course on an ever-growing number of preclinical data sets, the view 

of CO as a poison to the brain needs to be reevaluated. It is unclear why emerging safety 

data is so vastly different from that reported in the literature, but it might simply reflect the 

amount and the conditions under which it is evaluated. As Paracelsus originally claimed, ‘all 
things are toxic, it just depends on the dose’. Reconsideration of the toxicology of CO and 

particularly with regard to the brain is crucial as CO moves further into clinical therapeutic 

testing.
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Box 1

Regulation of Heme in Physiologic and Pathophysiologic Environments

Synthesis

Heme synthesis is an endogenous process that takes place primarily within the liver and 

bone marrow, although heme synthesis has also been shown to occur in other tissues, 

including the nervous system [61, 62]. Heme synthesis begins in the mitochondria during 

the Krebs cycle with the synthesis of δ-aminolevulinic acid (δALA) from the amino acid 

glycine and succinyl-CoA. The production of heme is regulated by ALA synthase, which 

in turn is negatively regulated by the concentration of glucose and heme. Once in the 

cytoplasm, ALA molecules combine to form porphobilinogen (PBG) and water. 

Uroporphyrinogen I synthase (PBG deaminase) then combines PBG molecules to form a 

linear tetrapyrrole called hydroxymethylbilane. Through a series of reactive intermediates 

the linear tetrapyrrole is ultimately oxidized to protoporphyrin, and the iron is 

incorporated via ferrochetalase producing the heme molecule [63]. Freshly synthesized 

heme can then be exported across the mitochondrial membranes by Feline Leukemia 

Virus Subgroup C Receptor (FLVCR1) and shuttled to the endoplasmic reticulum for 

incorporation as the active moiety of a multitude of hemoproteins including 

mitochondrial oxidases, cytochrome p450 enzymes, nitric oxide synthases, transcription 

factors and signaling molecules such as Bach-1 and guanylate cyclase respectively.

Metabolism

HO-1 can be induced by numerous environmental stimuli, including UV radiation, heavy 

metals, lipopolysaccharides, thermal shock, hydrogen peroxide, NO, inflammatory 

cytokines, endotoxins, hyperoxia and hypoxia [64]. In fact, upregulation of HO-1 

secondary to oxidative stress occurs so rapidly, that HO-1 was initially designated a heat 

shock protein. Consistent with this role as a stress-response protein, HO-1 has been 

shown to modulate cell survival, inflammation and innate immune responses as well as 

tissue damage control and repair [65, 66]. Absence of HO-1 in humans and mice results 

in heme accumulation and massive tissue injury. Each of the products resulting from 

heme catalysis that include the bile pigments biliverdin and bilirubin, iron and CO all 

exhibit bioactive properties, but CO is the most studied. HO-2 is primarily constitutively 

expressed in the brain, testicle, spleen, neurons, endothelial cells and glia [67]. Unlike 

HO-1, HO-2 is not typically inducible and its activity can be influenced by post-

translational modifications including that resulting from reactive oxygen and nitrogen 

species [68, 69]. HO-2 may function as a potential oxygen sensor by regulating calcium-

activated potassium channels and the hypoxic response in mammalian cells, which has 

been shown to occur in part through the generation of CO [70].
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Box 2

Gut-Brain Communication and Rhythm

In recent years it has become clear that visceral information serves a critical role in 

psychological and emotional regulation that is likely linked to changes in sleep behavior 

[71–75]. In particular, the mechanisms by which intestinal microbiota exert effects on the 

brain and therefore on behavior include autonomic signals mediated by the vagus nerve, 

regulation of stress response and control of immune function [76]. The enteric nervous 

system (ENS) constitutes an important autonomic division of the nervous system and is 

critical in the maintenance of homeostasis requiring communication between the 

gastrointestinal tract and the central nervous system [77].

Given the powerful heme content of gut microbiota it is intriguing to contemplate a 

signaling mechanism regulating not only local enteric activity, but also remote central 

nervous system signaling that in turn may feedback to regulate gut function and even 

microbiome specificity.
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Outstanding Questions

• Do the heme oxygenases communicate from the brain to the peripheral clocks 

through their bioactive products?

• Is there a connection between central clock control and CO-induced 

pseudohypoxia of hemoproteins during a stress response?

• Why is a COHb of 5–10% that results from exposure to combustion reported 

to cause neurological deficits and pathology, yet exposure to pure CO, 

sufficient to achieve 14% COHb shows no neuropathological consequences?

• Is disruption in circadian rhythm influenced by other heme-binding gases 

including oxygen and nitric oxide?

• What disease pathologies can be directly linked to disruption in sleep patterns 

and heme metabolism?

• Is CO used by the clock to communicate timing (phase) information to 

peripheral tissues?

• Could the development of more targeted drugs for modulating heme synthesis 

prove clinically useful for treating circadian disorders?
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Highlights

• Heme is a critical moiety of numerous proteins involved in circadian rhythm. 

Disruption in one or more of these genes results in disruption of the clock 

both centrally and peripherally.

• When heme is degraded by heme oxygenase it releases bioactive products 

including carbon monoxide (CO) which have been shown to regulate 

circadian rhythm in part by acting as a signaling molecule known as a 

gasotransmitter.

• Counter to current dogma, CO is not exclusively a toxic molecule, and in fact 

is potently neuroprotective in stroke, hemorrhage and neurodegenerative 

disease.

• Administration of CO protects, in part, by regulating circadian rhythm 

through binding to heme proteins both centrally and peripherally.
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Figure 1. Location and function of HO-1 and HO-2 in the central and peripheral nervous 
systems in physiologic and pathophysiologic settings.
Inducible HO-1 is principally expressed in liver, spleen, pancreas, intestine, kidney, heart, 

retina, prostate, vascular smooth muscle cells, endothelium, lung, skin, bone marrow, brain, 

and spinal cord. HO-2, the constitutive isoform, is primarily expressed in spinal cord, testes, 

vascular smooth muscle cells, endothelium, pancreas, kidney and intestine, but the 

predominant expression is in the brain. The various known functions associated with the two 

HO isoforms is also provided.
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Figure 2. Principal known mechanisms of action of carbon monoxide (CO) in the nervous 
system.
CO is an endogenous gas molecule generated by all cells that functions as a gasotransmitter 

in the regulation of numerous cellular processes within the nervous system. Among the most 

well-described include hemoproteins within mitochondria to increase reactive oxygen 

species (ROS) as well as cytosolic enzymes such including soluble guanylate cyclase (sGC), 

nitric oxide synthase (NOS) as well as indirect modulation of non-heme proteins including 

calcium activated K+ channels and hypoxia inducing factor 1- α (HIF-1α). Collectively CO 

is a critical signaling molecule in the central and peripheral nervous system.
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Figure 3. Heme and Regulation of Circadian Rhythm in the Central and Peripheral Nervous 
System.
Top Diagram: The circadian clock in mammals is a system composed of transcriptional and 

translational feedback circuits that oscillate with a cycle of almost 24 hours. The circadian 

clock controls numerous physiological processes including blood biosynthesis. Some 

members of the core clock mechanism (NPAS2 and mPER2) contain heme prosthetic 

groups. Heme synthesis is regulated by the enzyme Alas1 (see Box 1). Heme degradation 

occurs through the HO enzymes releasing carbon monoxide (CO) as a bioactive product. 

The principal binding sites for CO are primarily hemoproteins. The heme-containing 

BMAL1-NPAS2 transcription complex can no longer bind DNA in the presence of CO, thus 

halting gene transcription. As heme levels decrease and CO is no longer available the 

quantities of the BMAL1-NPAS2 transcriptional complex can then bind DNA and restart the 

clock. The loss of circadian cycles in both the CNS and the PNS result in numerous 

neuropathologies including Alzheimer’s Disease, as well as heart, kidney, digestive and 

vascular disorders. Lower Diagram: Central versus peripheral circadian synchrony and 

various associated physiologic and pathophysiologic states that are influenced by the local 

clocks.
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Table 1.

Therapeutic Development of Carbon Monoxide

Clinical Trial Status Description/Indication CO Delivery Modality Sponsor NCT/Publication

Phase 1 Completed Single Dose Safety Inhaled Ikaria/iNO Mahan52

Phase 1 Completed Repeat Dose (10d) Safety Inhaled Ikaria/iNO Mahan52

Phase 1 Completed Single Dose Safety CORM* Prolong Misra78

Phase 1 Completed Lung Inflammation Inhaled Academic NCT00094406

Phase 1 Completed Mitochondrial Biogenesis Inhaled Academic Rodes79

Phase 1 Completed Experimental Shock Inhaled Academic Mayr80

Phase 1 Completed Headache/Migraine Inhaled Academic NCT02066558

Phase 1 Completed Lung Vascular Function Inhaled Academic NCT03067701

Phase 1 Completed Retinal Blood Flow Inhaled Academic Resch81

Phase 1 Completed Regulation of Chemoreflex Inhaled Academic Vesely82

Phase 1b Completed SCD Inhaled Academic Sirs83

Phase 1b Completed SCD Inhaled Academic Beutler84

Phase 1b Completed SCD CORM* Sangart Howard

Phase 1b Completed SCD CORM* Prolong NCT01848925

Phase 1b Completed ARDS Inhaled Academic NCT02425579

Phase 1b Completed End Stage Renal Disease CORM* Prolong NCT02437422

Phase 1b Completed Headache/Migraine Inhaled Academic NCT03385174

Phase 1b Completed Migraine Inducing Effects Inhaled Academic NCT03075020

Phase 2 Completed COPD Inhaled Academic NCT00122694

Phase 2 Completed IPF Inhaled Academic NCT01214187

Phase 2 Completed SCD - VoC CORM* Prolong NCT02672540

Phase 2 Completed SCD - VoC CORM* Prolong NCT02411708

Phase 2 Completed Subarachnoid Hemorrhage CORM* Prolong NCT02323685

Phase 2 Completed SCD-ulcer CORM* Prolong NCT02600390

Phase 2/3 Completed Kidney Transplant CORM* Prolong NCT02490202

Phase 2 Ongoing ARDS Inhaled Academic NCT03799874

SCD, sickle cell disease; COPD, chronic obstructive pulmonary disease; IPF, idiopathic pulmonary fibrosis; VoC, vasooclussive crisis;, ARDS, 
acute respiratory distress syndrome; NCT, national clinical trial (www.clinicaltrials.gov).

*
Pegylated Hemoglobin
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