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Abstract

:

Carbon monoxide (CO) is one of the most common causes of inhalation poisoning worldwide. However, it is also well known that CO is produced endogenously in the heme degradation reaction catalyzed by heme oxygenase (HO) enzymes. HO catalyzes the degradation of heme to equimolar quantities of CO, iron ions (Fe2+), and biliverdin. Three oxygen molecules (O2) and the electrons provided by NADPH-dependent cytochrome P450 reductase are used in the reaction. HO enzymes comprise three distinct isozymes: the inducible form, heme oxygenase-1 (HO-1); the constitutively expressed isozyme, heme oxygenase-2 (HO-2); and heme oxygenase-3 (HO-3), which is ubiquitously expressed but possesses low catalytic activity. According to some authors, HO-3 is rather a pseudogene originating from the HO-2 transcript, and it has only been identified in rats. Therefore, cellular HO activity is provided by two major isoforms—the inducible HO-1 and the constitutively expressed HO-2. For many years, endogenously generated CO was treated as a by-product of metabolism without any serious physiological or biochemical significance, while exogenous CO was considered only as an extremely toxic gas with lethal effects. Research in recent years has proven that endogenous and exogenous CO (which may be surprising, given public perceptions) acts not only as an agent that affects many intracellular pathways, but also as a therapeutic molecule. Hence, the modulation of the HO/CO system may be one option for a potential therapeutic strategy. Another option is the administration of CO by exogenous inhalation. As alternatives to gas administration, compounds known as CO-releasing molecules (CORMs) can be administered, since they can safely release CO in the body. The aim of this article is to provide a brief overview of the physiological and biochemical properties of CO and its therapeutic potential.
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1. Introduction


Carbon monoxide (chemical formula CO) is the simplest molecule of the oxocarbon family (oxocarbon is a chemical compound consisting only of carbon and oxygen atoms). The most common source of CO is the incomplete combustion of products containing hydrocarbons when the supply of oxygen is insufficient. Formally, CO is the anhydride of formic acid, but its solubility in water is only 27.6 mg/L at 25 °C. CO has a molar mass of 28.0, which makes it slightly less dense than air, which has an average molar mass of 28.8. It is an important compound in the production of many other compounds, ranging from drugs through fragrances to fuels. As a curiosity, it may be recalled that—next to molecular hydrogen—CO is the second most abundant molecule in space. For humans, CO is a toxic gas; it is often called “the silent killer” because it is an odorless, tasteless, and colorless gas and has no irritating properties and is, therefore, organoleptically undetectable by humans. Its undesirable action is related to its direct and irreversible binding to hemoglobin (which is significantly stronger than oxygen binding), the formation of carboxyhemoglobin (HbCO), and the induction of tissue hypoxia. Moreover, the toxicity of CO can be caused by binding to other heme proteins, i.e., cytochrome c oxidase or myoglobin. Each of the Hb heme groups can bind one CO molecule, but oxygen (O2) and CO molecules cannot bind to the same heme simultaneously. The affinity of CO for Hb is 200–250 times greater than the affinity of O2 for Hb. The binding of CO to Hb is strong but reversible, while HbCO dissociation is 10 times slower than the dissociation of oxyhemoglobin (HbO2). Staying in an atmosphere containing 0.1% CO for 1 h leads to the binding of CO by almost half of the Hb heme groups in erythrocytes, which usually results in death.



In 1952, it was shown that the degradation of Hb in vivo led to CO production [1]. It is now known that the synthesis of CO in the human body is catalyzed by the microsomal heme oxygenase (HO) system of reticuloendothelial cells and is associated with the catabolism of heme to biliverdin. This process requires O2 and NADPH. HO catalyzes the cleavage of the α-methene bridge, which links the two pyrrole residues that contain vinyl substituents. The α-methene carbon is converted quantitatively to CO. The oxygen present in the CO and in the newly derivatized lactam rings of biliverdin comes directly from O2. The stoichiometry of this reaction requires three moles of O2 for each ring cleavage. In short, the heme oxygenase in the presence of O2 and NADPH catalyzes three successive oxygenations, which results in the opening of the porphyrin ring (converting the cyclic heme to linear biliverdin), the production of CO, and the release of ferrous ion (Fe2+). Biliverdin is converted to bilirubin by biliverdin reductase (BVR). After conjugation with glucuronic acid, bilirubin is excreted into bile. The bile pigments obtained from heme, biliverdin, and bilirubin have a strong antioxidant effect. Iron is used up to synthesize other hemoproteins, or it is stored in complexes with a protein, e.g., ferritin. The formation of CO from heme and its biological role is presented in Figure 1.



According to the literature and textbooks, reactions catalyzed by HO are the only endogenous sources of CO in humans. However, research indicates that, in pathological conditions, lipid peroxidation, the photo-oxidation of organic compounds, and the metabolic activity of intestinal bacteria become additional sources of CO [2].



It is known that HO is present in mammals in three active isoforms, HO-1, HO-2, and HO-3, and the HO-4 isoform has been identified in plants. The isoforms of HO are encoded by various genes. The isoform HO-1, with a molecular weight of 32 kDa, also known as heat-shock protein 32 (hsp32), is an inducible isoform whose expression can be upregulated by different stress conditions and can be activated by multiple stimuli, including high heme concentration, hypoxia, nitric oxide, cytokines, heavy metals, radiation ultraviolet (UV), lipopolysaccharide (LPS), and oxidized low-density lipoprotein (LDL) [3,4,5]. In addition, transcription factors (AP-1, NF-κB) and the kinases cooperating with them (ERK, JUN, p38MAPK) are involved in the expression of the HO-1 isoform [6,7]. The induction of HO-1 can lead to a hundredfold increase in the enzyme’s activity [6,7,8,9].



HO-2 is the constitutive form of the enzyme, with a molecular weight of 36 kDa. This enzyme shows its greatest activity in the brain. HO-3 is most abundant in the liver, prostate, and kidneys. However, there is evidence that HO-3 is rather a pseudogene originating in the HO-2 transcript, and it has only been identified in rats [10,11].



Thus, cellular HO activity is provided by two major isoforms: inducible HO-1 and constitutively expressed HO-2. These isoforms are products of separate genes and differ in their biochemical properties [12,13]. Among the different HO isoforms, the HO-1 isoform kindles the greatest interest among researchers [14,15].



The rate of CO formation in the body is about 20 μmol/h, which is approximately 500 μmol per day, and corresponds to 12 mL per volume. Under physiological conditions, CO occurs in tissues in nanomolar concentrations [16,17]. Research data indicate that only 1% of formed CO is oxidized to CO2 [18]. Thus, it can be assumed that CO is practically not metabolized. It binds to Hb, and then it is excreted through the respiratory system. Thus, the measurement of CO in exhaled air is a good measure of heme destruction.



For many years, however, endogenously generated CO was treated as a by-product of metabolism without any serious physiological significance. The physiological properties of CO were not considered until the regulatory properties of nitric oxide (NO) became apparent in the 1980s.



Contemporary research shows that endogenous CO and HO, the enzyme that produces it, are important actors in the body’s metabolism. In light of the accumulated research, CO also seems to be a promising drug in the treatment of many diseases. Therefore, there is a rapid increase in the research on a means to increase the activity of HO on the one hand and, on the other, on the possibility of using exogenous CO donors as drugs.



In this review, we briefly summarize the current knowledge about the biological and pharmacological properties of CO.




2. CO in the Circulatory System


According to research data, the main activity of CO in the circulatory system is related to its vasodilating effects. The results reported by Wang et al. indicate that CO may activate the soluble guanylate cyclase (sGC; EC 4.6.1.2), as demonstrated for nitric oxide (NO) [19]. This enzyme is a heme protein that catalyzes the conversion of guanosine 5′-triphosphate (GTP) to guanosine 3′,5′-cyclic monophosphate (cGMP). On the other hand, many scientists believe that although there is a parallelism between the biological actions and functions of the CO- and NO-generating systems and their regulation, the mechanism of the biological activity of NO and CO may differ [12]. A simple comparison of the physicochemical properties of both gases is sufficient to reveal the similarities and differences between them. Both CO and NO are diatomic molecules. CO has ten valence electrons, so it is a stable molecule. NO has eleven valence electrons, so it has one unpaired electron; therefore, it is a highly reactive free radical. It is known that the presence of the reduced Fe2+ in heme moieties is one major prerequisite for the NO-induced activation of sGC. Under normal conditions, the Fe2+ ion in heme molecules is bound by four pyrrole rings and the imidazole group of one of the histidine residues. After forming a coordination bond with the Fe2+ ion, NO breaks the bond with the imidazole group and the Fe2+ ion changes its position—it is “projected” above the plane of the heme molecule. In the case of CO, the heme–histidine bond does not break, so the Fe2+ ion does not change its position, but stays in the plane of the heme molecule. It is known that NO is a potent activator of sCG and increases cGMP production in vitro ≈ 130 fold, whereas the increase in cGMP induced by CO is ≈4.4 fold. Therefore, the cleavage of the heme–histidine bond is the molecular switch that leads to an increase of over a hundredfold in the activity of sGC [20,21,22,23,24].



The activation of sGC causes an increase in the intracellular concentration of cGMP, which activates the cGMP-dependent protein kinase. Intracellular calcium levels decrease and smooth muscles relax. Thus, the vasodilatory effect of CO is weaker than that of NO. Nonetheless, CO may be of particular importance under oxidative stress conditions, because, as already mentioned, it is a stable molecule and, unlike NO, it does not react with other free radicals. However, in the case of NO, its reaction with the superoxide radical anion (O2•−) leads to formation of toxic peroxynitrite (ONO−). Under oxidative stress, this reaction leads to the rapid inactivation of NO, which limits its vasodilating effect, while the activity of CO is not attenuated under these conditions [25].



The cGMP-dependent processes in which CO is involved are also implicated—in addition to vasodilation—in the inhibition of platelet aggregation and neurotransmission [26,27,28,29]. Studies show that the vasodilating effect of CO is also associated with the activation of the potassium channels (KCa) of the smooth vascular muscles. This is because CO directly activates KCa, leading to vascular relaxation through Ca desensitization [24,30].



Pharmacological research focuses on the search for compounds that either increase the activity of HO or are safe donors of CO. In this respect, tin (II) chloride, also known as stannous chloride (SnCl2), which has been reported to increase the expression of HO-1, shows positive results. Escalante et al. reported that the short-term treatment of spontaneously hypertensive rats (SHRs) and normotensive Wistar–Kyoto rats (WKY) with SnCl2 increased the expression of HO-1 and restored blood pressure (BP) to normal in young, but not in adult, SHRs. The authors also indicated that SnCl2 did not affect the BP of either young or adult WKY rats. Their study also demonstrated that SnCl2 administration—which started at 5 weeks of age and continued for the next 10 weeks—prevented the development of hypertension in the SHRs. It should be noted that the suspension of SnCl2 treatment after 8 weeks did not result in the return of BP to hypertensive levels in the SHRs [31]. It is known that hemin (ferric chloride heme) is a natural inducer of the HO-1 gene. Hemin is an iron-containing porphyrin with chlorine that can be formed from a heme group, which is a part of the structure of hemoglobin and other hemoproteins. Research data indicated that the administration of hemin caused a drop in blood pressure in young SHRs [32]. It has also been shown that HO-1 improves glucose metabolism in essential hypertension in SHRs. Ndisang and Mishra demonstrated that the administration of hemin improved insulin signaling and decreased blood levels of total cholesterol and triglycerides in SHRs. These effects were accompanied by an increased activity of HO-1 and increased levels of cGMP. The authors also pointed out that the administration of chromium-mesoporphyrin (CrMP) to rats reduced the effect of the hemin [33]. Studies in the murine venous thrombosis model induced by the ligation of the inferior vena cava (IVCL) indicated that the administration of hemin significantly decreased clot sizes [34]. It is worth mentioning at this point that heme is now recognized as a procoagulant. Sparkenbaugh et al. indicated that an excess of heme promoted systemic thrombin generation in mice that was dependent on the extrinsic coagulation pathway, but not the intrinsic pathway. The authors also demonstrated that hemopexin partially attenuated thrombin generation in sickle-cell mice, suggesting that excess heme influences coagulation and might contribute in part to the thrombotic complications of sickle-cell disease [35]. Hemopexin is the plasma glycoprotein with the highest binding affinity for heme. Therefore, it is a scavenger of labile heme. Research by other authors also provided evidence for the antithrombotic effect of hemopexin [34,36].



An important role in the history of the research on the biological role of CO is thought to have been played by studies carried out by Motterlini et al., published in 2002. These authors examined the characterization of transition-metal carbonyls as potential CO-releasing molecules (CO-RMs or CORMS). These compounds contain a transition metal, such as cobalt (Co), iron (Fe), manganese (Mn), nickel (Ni), or ruthenium (Ru), surrounded by carbonyl (CO) groups as coordinated ligands. The results obtained by the authors showed that dimanganese decacarbonyl—Mn2(CO)10 and tricarbonyldichlororuthenium (II) dimer—[Ru(CO)3Cl2]2 released CO under appropriate conditions and could elicit specific vascular activities that were reminiscent of those mediated by the HO-1/CO pathway [37]. It was the beginning of a period of highly intensive research on CORMs.



In the aforementioned murine venous thrombosis model, IVCL, it was demonstrated that the administration of tricarbonylchloro(glycinato)ruthenium (II) (C5H4ClNO5Ru, CORM-3) reduced the clot weight, clot length, and clot weight-to-length ratio at day 2 after IVCL compared with inactivated CORM-3, which does not release CO (iCORM-3) [34]. Evidence for the antithrombotic activity of CORM-3 was also provided by the studies of Kramkowski et al., who suggested that the antithrombotic activity of CORM-3 was associated with the inhibition of platelet activation and the stimulation of the fibrinolysis process by inhibiting the activity of the plasminogen activator inhibitor-1 (PAI-1) [38]. It has also been shown that CORM-3 functions as a vasodilator through mechanisms that involve sGC and KCa activation [39]. It is necessary to add that both CORM-1 and CORM-2 are antihypertensive and vasodilatory, and reduce coronary vasoconstriction [37]. CORM-3 is completely soluble in water, unlike CORM 1 and CORM-2, which are soluble in organic solvents. It rapidly liberates CO in vitro, ex vivo, and in vivo in various animal models [40,41,42]. Many authors reported that CORM-3 protected myocardial tissues against ischemia-reperfusion injury and prolonged the survival of cardiac allografts in mice [41,42]. Hence, according to the aforementioned reports, numerous studies have confirmed that transition-metal carbonyls meet the criteria of biologically and pharmacologically active CO carriers.



In 2001, Alberto et al. prepared and described a new water-soluble CO releaser—CORM-A1. It is sodium boranocarbonate (Na2[H3BCO2] that does not contain a transition metal but a boron atom, to which a carboxyl group (COO−) is covalently bound. CORM-A1 releases CO at a slower rate compared with CORM-3 [43]. In 2005, Motterlini et al. examined the biochemical reactivity and pharmacological effects of CORM-A1 and discussed how its “slow” CO-releaser properties could be exploited in the therapeutic context. Comparing the properties of CORM-3 and CORM-A1, the authors noticed that CORM-3 is a compound that releases CO very rapidly (“fast releaser”) in biological systems and, therefore, it can be used in therapeutic applications in which CO is needed as a high-speed signaling mediator. On the other hand, CORM-A1, which releases CO with slow kinetics (“slow releaser”) may be advantageous in the treatment of chronic conditions that require CO to be delivered in a carefully controlled manner [44]. It has recently been shown that CORM-A1 inhibited platelet aggregation through the inhibition of platelet energy metabolism [45]. A study in which the authors evaluated efficacy and safety of CORM-A1 in reducing the infarct size in a clinically relevant porcine model of acute myocardial infarction (AMI) is also worth noting. The obtained results demonstrated that CORM-A1-treated animals showed a significant reduction in absolute infarct area and infarct area corrected for the area at risk; furthermore, in the CORM-A1 treated group, the biochemical markers of myocardial injury also tended to be lower, and left ventricular function tended to recover better compared to the sodium-borate control group. Moreover, CORM-A1 reduced infarct size and improved left ventricular remodeling and the function of reperfused myocardial infarction by a reduction in inflammation [46].



In conclusion, there is a large body of evidence that CO plays an important role in the circulatory system, suggesting that this gaseous transmitter may become a promising target for new treatment strategies for cardiovascular diseases.




3. The Effect of CO on the Central Nervous System


The main group of brain diseases comprises mental diseases. Another group comprises neurodegenerative diseases. Other brain diseases include stroke, traumatic brain injury, and brain tumors. It is estimated that around 0.5 billion people worldwide are affected by brain diseases; therefore, the scale of the problem is extensive. Moreover, contemporary medicine does not have effective drugs, unlike, for example, for cardiovascular diseases, which in many cases can be controlled and effectively treated.



It is now known that the neurotoxic activity of microglia is seen as one of the contributing factors in the development of brain diseases. It must be remembered that the microglial cells are derived from monocytes and are macrophages of the central nervous system (CNS). Microglia cells, which make up about 5–10% of the population of non-neuronal cells in the brain, are normally found in a resting form. The main physiological functions of microglia involve monitoring the tissue microenvironment, the removal of dying neurons, and reactions as a result of the presence of foreign antigens (for reviews, see [47,48]). In the pathological conditions of various etiologies, microglia cells are activated and, in an uncontrolled way, produce pro-inflammatory and toxic cytokines, as well as numerous inflammatory mediators that induce the death of other cells, including neuronal cells, aggravating the damage to the CNS.



Dias-Pedroso et al. showed that ALF-826A, a novel molybdenum-based CORM, inhibited the LPS-induced inflammation in BV2 microglial cells. The neuroprotective effect of CO released from the ALF-826A was related to the fact that CO inhibited: (1) secretion of TNF-α; (2) the activity of inducible nitric oxide synthase (iNOS); and (3) the production of NO. The study also demonstrated that the CO stimulated the release of interleukin-10 (IL-10), is an anti-inflammatory cytokine that inhibits the production of pro-inflammatory cytokines, such as interferon-gamma, IL-2, IL-3, TNF-α, and granulocyte-macrophage colony-stimulating factor (GM-CSF). It is known that GM-CSF, by acting on natural killer cells (NK), enhances their cytotoxicity. It is also interesting that the authors demonstrated for the first time that the anti-inflammatory activity of CO in microglia depended on neuroglobin (Ngb), which is a hemoprotein, like Hb [49]. Other studies conducted using the microglial culture have shown that the CO released from ALF-826 molecules decreased LPS-induced inflammation through the inhibition of (1) the expression of integrin CD11b, which is known as a pro-inflammatory molecule, (2) the production of ROS, and (3) the secretion of TNF-α, as well as (4) reducing the level of nitrites, which are pro-inflammatory. The authors also demonstrated for the first time that CO improved microglial neurotrophism under non-inflammatory conditions and had an important role in the communication between microglia cells and neurons. In our opinion, this is an important observation, pointing to the previously unknown physiological role of CO in the CNS [50].



The group of the most serious human diseases of the 21st century, which still cannot be effectively prevented or cured, also includes cerebral ischemia/reperfusion injury (IRI). Zeynalov and Doré, by examining mice with transient occlusion of the cerebral middle artery (MCAo), showed that the inhalation of CO at concentrations of 125 or 250 ppm by animals significantly improved the neurological deficit scores. The authors also showed that in animals inhaling CO at a concentration of 125 ppm, the total infarct volume was reduced by ca. 32%, and that at a CO concentration of 250 ppm, this reduction was over 60% [51]. Panahian et al. demonstrated that the stroke volume in transgenic mice overexpressing HO-1 with permanent occlusion of the MCAo was nearly 45% lower compared to the stroke volume in control mice. Therefore, further studies confirming the effectiveness of HO-1 activators in clinical therapy for ischemic stroke patients are needed [52]. What is the mechanism of protective action of the CO/HO system on neurons during cerebral IRI? Many authors emphasize that the CO produced by HOs protects neurons against apoptosis. In the study cited above, the authors showed an increase in the expression of bcl-2 protein (anti-apoptotic protein) in neurons in transgenic HO-1-overexpressing mice. It is worth noting that anti-apoptotic proteins from the Bcl-2 family inhibit the release of cytochrome c and the formation of apoptosomes. Moreover, the same authors demonstrated the inhibition of the nuclear localization of the p53 protein in the neurons of transgenic HO-1-overexpressing mice [52]. Vieira et al., in studies using primary cultures of cerebellar granule cells, demonstrated that the endogenous CO was crucial for the anti-apoptotic activity of HO. In particular, the authors showed that adding glutamate and zinc protoporphyrin IX (which is an inhibitor of HO) to the cell culture led to an increase in cell-death levels. However, the pretreatment of cell cultures with CO reversed the harmful effects triggered by HO inhibition (especially at glutamate concentrations of 20 and 30 μM). This means that the HO activity was restored by exogenous CO [53]. In our opinion, this is important information because the anti-apoptotic activity of HO is commonly associated with the antioxidant activity of bilirubin. In turn, studies by Biermann et al. carried out on rats showed that CO inhalation (250 ppm) before IRI reduced inflammation and apoptosis in retinal ganglion cells (RGC). The results obtained by these authors showed that seven days after IRI, RGC death decreased by 52% in the CO-inhaling group compared to the control group breathing the ambient air. Additionally, the analysis of the proteins in retinal tissues showed that CO inhalation resulted, among other effects, in attenuated TNF-alpha protein expression and caspase-3 activity [54]. The other CO-releasing molecule, ALF-186, also exerts neuroprotective effects by reducing the expression of inflammatory proteins, such as NF-κB, TNF-α, and IL-6, via the sCG in RGCs after IRI [55].



Based on the literature data, it is known that molecules with the ability to activate ATP-sensitive potassium (KATP) channels have a protective effect on neurons [56] The studies of Vieira et al. indicated that CO was able to activate KATP channels in neurons. The authors even emphasized that the anti-apoptotic activity of CO would not be possible without the activation of these channels [53].



The question is how CO influences the production of ROS, because it seems that, to date, the literature is inconsistent with regard to this problem. As is often the case, the truth lies somewhere in the middle: on the one hand, CO has antioxidant properties; on the other, a low level of ROS is essential for CO-induced cytoprotection [53,57,58,59].



Lin et al., in research conducted on rat-brain astrocytes (RBA-1), indicated that CORM3 activated the Keap1-Nrf2 (Kelch-like ECH-associated protein 1—nuclear factor-erythroid-2-related factor 2) signaling pathway, which, consequently, led to an increase in the expression of the HO-1 gene in these cells (Figure 2) [60].



Yabluchanskiy et al. proved that CORM3 reduced inflammation and brain damage in an animal model of hemorrhagic stroke (HS). The authors also observed that the animals receiving CORM3 had a significantly lower level of plasma tumor necrosis factor-α (TNF-α). It also seems important that the reduction in brain damage observed in the rats receiving CORM3 was correlated with the inhibition of microglial activity. On this basis, the authors concluded that pharmacological treatment with microglial inhibitors should be considered in HS patients [61]. Similar results were obtained by Chen et al. in studies conducted using an intracerebral hemorrhage (ICH) rat model. The authors showed that the microglia participated in post-ICH inflammation. The results obtained by the authors showed that CORM-2 attenuated ICH-mediated inflammation by inhibiting microglial activation, which—according to the authors—might be related to the NF-κB signaling pathway [62]. Yang et al. observed, in turn, that CO reduces the activity of the signal transducer and activator of transcription 3 (STAT3) via S-glutathionylation [63].



Currently, an increasing body of data also indicates the role of microglia in the pathogenesis of Alzheimer’s disease (AD). It is suggested that in the initial stage of AD development, microglia have a protective function, cleansing the brain of excess amyloid-beta (βA), whereas prolonged contact of microglia with βA leads to the excessive production of pro-inflammatory cytokines, which, in the later stage of AD development, have a neurotoxic effect [64]. Recent studies have demonstrated the ability of CORM-2 and CORM-3 to protect neurons and astrocytes from self-assembled Aβ, particularly Aβ1–42. Moreover, CORM-3 showed the ability to stabilize Aβ in its soluble, unordered conformation, thereby preventing its misfolding and aggregation [65]. Moreover, Hettiarachchi et al. demonstrated that Aβ1–42-mediated neuronal cell toxicity could be diminished by transient HO-1 overexpression or by CORM-2 [66]. In light of the cited data, it is also possible that the beneficial effect of CO in the course of AD is related to its inhibitory effect on the activity of microglia.



To conclude this section, it is worth adding that the results of studies by INO Therapeutics LLC Company, discussed in Mahan’s review, indicated that inhaled CO was safe and tolerable in humans [67]. Based on the database of privately and publicly funded clinical studies conducted around the world (www.clinicaltrials.gov, accessed on 29 February 2000), it is known that clinical trials using inhaled CO were performed on many different diseases, while its clinical application in CNS disorders remains unexplored; however, anecdotal data suggest that smokers have a very low incidence of Alzheimer’s disease [68].



Multiple sclerosis (MS) is a chronic, incurable disease of the CNS. The disease begins mainly in young adults with the appearance of clinically isolated syndrome (CIS), which is the result of inflammation and demyelination in one or more parts of the CNS. Symptoms may include weakness in the extremities, pain, and inflammation of the optic nerve. In this context, the results of studies showing that CO is capable of suppressing autoimmune neuroinflammation are also interesting. Some authors conducted research on the animal model of MS, which was obtained by the subcutaneous administration of myelin oligodendrocyte glycoprotein (MOG35-55) and the amino acid residue 139 to 151 of myelin proteolipid protein (PLP139-151) to mice. Hmox1+/+, Hmox1+/−, and Hmox1−/− mice were used. The authors hypothesized that the expression of “protective genes” might promote MS remission. According to the authors, the HO-1 gene (HMOX1/HO-1) is the protective gene. The results seemed to confirm this hypothesis. It was shown that the increased activity of HO-1 was associated with the inhibition of the major histocompatibility complex (MHC) class II expression in the activated antigen-presenting cells (APCs). It was also observed that the increased activity of HO-1 was correlated with the reversal of paralysis during the progression of EAE, which was associated with the inhibition of CNS demyelination. The fact that exogenous CO mimicked these effects means that CO contributes to the protective action of HO-1 [69].




4. Inflammation and Cancer: The Role of the HO/CO System


Inflammation is the physiological response of the body to tissue damage caused by injury (wounds, breakages, and bruising) and harmful chemical (toxic compounds) or biological (viruses, bacteria, pathogenic mushrooms, etc.) factors. Many studies point to a strong association between chronic inflammation and cancer (for a review, see [70]). The first stage of tumor development is the complex of interactions between the tumor that arises and the surrounding tissue, which becomes the tumor’s microenvironment. The tumor microenvironment, largely formed by cell inflammation, is an indispensable participant in the neoplastic process, promoting the proliferation, survival, and migration of cancer cells. It is currently estimated that the etiology of over 15% of all malignant neoplasms may be related to the presence of chronic inflammation caused by viral infections (for a review, see [71]). Molecules, such as selectins, interleukins, chemokines, interferons, growth factors, and their receptors are assigned important roles in the cascades of processes aimed at limiting tissue destruction, the activation of repair processes, and the restoration of systemic homeostasis. However, cancer cells “skillfully use” these signaling molecules for invasion, migration, and metastasis. This knowledge supports new anti-inflammatory therapeutic approaches to cancer development (for a review, see [72]). According to several authors, a molecule that plays a crucial role both in regulating the inflammatory response and in the process of oncogenesis and tumor progression is the nuclear factor NF-κB. The mammalian NF-κB family of proteins consists of five transcription factors, which can be divided into two groups. One group includes the proteins RelA (p65), RelB, and cRel, while the second group includes the proteins NF-κB1 (p50/p105) and NF-κB2 (p52/p100). The proteins belonging to the second group are synthesized as precursor and inactive proteins: p105 is the precursor of the p50 protein, and p100 is the precursor of the p52 protein. Both precursor proteins have a protein-binding domain that inhibits their activity. These proteins belong to the family of inhibitors called IκBs (Inhibitor of κB), which includes IκBα, IκBβ, IκBε, and Bcl-3. The best known of these is the 37 kDa protein, IκBα. There are currently over 150 known stimuli capable of activating NF-kappa B. The activation of NF-κB occurs through the canonical (classical) pathway, initiated by NF-κB1, and the non-canonical (alternative) initiation pathway, driven by NF- κB2. Different stimuli activate NF-κB via the classical and alternative signaling pathways. Active NF-κB is translocated into the nucleus where it can “carry out its program” ([73], for reviews, see [74,75,76]). What is this program like? It is commonly known that NF-κB is a transcription factor enhancing the expression of genes encoding the proteins IL-6, IL-8, and TNF-α. Current evidence also shows that the uncontrolled activation of the NF-κB signaling pathway is related to the pathogenesis of diseases such as atherosclerosis, asthma, AIDS, diabetes, inflammatory bowel disease, septic shock, rheumatoid arthritis, and many autoimmune diseases ([77,78,79]; for a review, see [80]).



Additionally, the constitutive expression and activation of NF-κB has been observed in several types of human cancer, leading to increased cell proliferation, blocking apoptosis and promoting angiogenesis, invasiveness, and metastatic capacity ([81]; for a review, see [82]).



Therefore, the question arises as to whether and how the HO/CO system affects the NF-κB signaling pathway. The literature to date shows that CO activates NF-κB via ROS generation and the protein kinase B (PKB, also known as Akt kinase) pathways [59]. Moreover, HO-1 overexpression is observed in many human cancers, such as brain tumors, chronic myleoid leukemia, melanoma, pancreatic cancer, prostate cancer, and renal adenocarcinoma (for a review, see [83]). In this context, it is worth focusing on the research of Waś et al., carried out on the B16 (F10) murine melanoma cell line. Test cells were transfected with HO-1 cDNA (B16-HO-1), which resulted in HO-1 overexpression. The B16-HO-1 cells proliferated three times faster compared to the wild type (B16-WT) and, moreover, showed increased resistance to the oxidative stress induced by H2O and increased angiogenic activity compared to B16-WT cells. Mice subcutaneously injected with B16-HO-1 cancer cells survived 22 days, while animals injected with wild-type B16-WT cells survived for 38 days. This means that the cancer cells overexpressing HO-1 shortened the life of the animals by more than 40%. The authors also observed that the B16-HO-1 cells were more tightly packed in the tumors, which confirmed that the HO-1 accelerated the division of these cells. In addition, the wild-type tumors were infiltrated by a greater number of inflammatory cells, and high levels of the proinflammatory factor TNF-α were observed in the sera of the mice with these tumors, while the sera of the mice injected with the B16-HO-1 cells contained practically trace amounts of TNF, and the number of inflammatory cells in their tumor tissues was low. This means that the overexpression of HO-1 inhibits the inflammatory process, which additionally “supports” melanoma cells. A further observation made by the authors is that after the injection of the tumor cells of both lines into the tail veins of the mice, a significantly greater number of secondary tumors was found in the lungs of the animals that received the B16-HO-1 cells compared to the mice that received the wild-type tumor cells. This indicates that the overexpression of HO-1 increases the ability of cancer cells to metastasize [84]. The studies of other authors also confirm that an increase in the activity of HO-1 in cancer cells results in faster tumor growth, decreased apoptosis, and increased proliferative, angiogenic, and metastatic potential [85].



Therefore, significant literature data indicate that HO-1 activation may play a role in carcinogenesis and can potently influence the growth and metastasis of tumors. Moreover, HO-1 expression is further increased in response to therapies (for reviews, see [86,87]). However, it is believed that the cancer-cell proliferation induced by the upregulation of HO-1 is not connected with NF-κB activation [86].



Therefore, an obvious conclusion is that the inhibitors of HO-1 may have anti-cancer properties. This has been confirmed by the research of many authors. The zinc protoporphyrin (ZnPP) IX, an HO-1 inhibitor, inhibited the growth of the LL/2 murine lung-cancer cell line. The authors also conducted studies on C57BL mice inoculated with LL/2 cells. Tumors developed from inoculated LL/2 cells in nearly 90% of the control mice and in 25% of the mice that received 20 µg of (ZnPP) IX. By contrast, LL/2 tumors formed in all the mice (100%) that were administered cobalt zinc protoporphyrin (CoPP) IX, an activator of HO-1. The authors also found a significant reduction in the level of vascular endothelial growth factor (VEGF) in homogenized cancer tissues taken from the mice that received the HO-1 inhibitor (ZnPP) IX [88]. McAllister et al. conducted research using dermal microvascular endothelial cells (DMVECs) infected with Kaposi-sarcoma-associated herpes virus (KSHV). The authors demonstrated that HO-1 mRNA and protein were up-regulated in the KSHV-infected cultures, which resulted in a proliferative advantage of infected cells compared with uninfected cells. The treatment of the infected DMVECs with chromium mesoporphyrin IX (CrMP) IX), an HO-1 inhibitor, abolished this increase in cell division [89]. Recently, a novel imidazole-based inhibitor (SLV-11199) of HO-1 was developed, which was demonstrated to produce the pharmacological inhibition of HO activity in human pancreatic (PANC-1) and prostate (DU-145) cancer-cell lines. Moreover, it was shown that in PANC-1 cells, diminished HO-1 activity resulted in the down-regulation of pro-angiogenic factors, such as interleukin 8 (IL-8), which is the strongest chemotactic factor in the human body. These investigations also revealed that the treatment with SLV-11199 decreased cell migration and inhibited the expression of metalloproteinases (MMPs) [90]. It is worth recalling that in the process of cancer progression, cancer cells have to overcome many barriers, the most important of which are the basement membrane and extracellular matrix (ECM). In this process, neoplastic cells are “assisted” by the MMPs, a group of Zn2+-dependent endopeptidases involved in the degradation of basement membrane proteins and the ECM. MMP-9 is a special member of the MMP family, and it is known that the increased expression of MMP-9 demonstrated in colorectal cancer tissue is correlated to greater invasiveness and shorter patient survival times ([91]; for reviews, see [92,93,94,95]).



On the other hand, some researchers suggest that HO-1 may be seen as an anticancer agent. Yokoyama et al. indicated resistance to radiotherapy in more than 80% of patients with esophageal cancer who had low HO-1 activity in the tumor tissue [96]. Gandini et al. demonstrated that the pharmacological and/or genetic increase in the activity of HO-1 in some breast-cancer cell lines induced the apoptosis of cancer cells and reduced the rate of their migration and metastatic potential through pathways involved in the epithelial–mesenchymal transition. It has also been shown that increased levels of HO-1 are closely related with reduced tumor size and longer overall survival times for patients [97].



Phorbol esters are thought to be tumor-promoting compounds. Among them 12-O-tetradecanoylphorbol-13-acetate (TPA) is often used in many studies to activate the protein kinase C (PKC) signaling pathway. PKC is a serine/threonine kinase involved in the transduction of cellular signals in response to stimulation with growth factors. Its activity depends on the second messenger, i.e., diacylglycerol (DAG). The use of phorbol esters to activate PKC in tumor cells leads to the activation of pro-angiogenic and pro-proliferative signal transduction cascades “favorable” to tumor cells [98]. It was observed that the ability of TPA to increase the production of ROS and the activity of MMP-9 was inhibited by the overexpression of HO-1 protein in the human breast-cancer cell line, MCF-7. The use of ferric protoporphyrin (FePP) IX, an inducer of HO-1, suppressed the TPA-induced invasion and migration of MCF-7 cells, while in the presence of tin protoporphyrin (SnPP) IX, an inhibitor of HO-1, the activity of tumor cells was restored [99]. It has also been observed that the focal HO-1 expression 1 in colorectal cancer samples correlated with a reduced number of cancer cells in the blood and lymph vessels. The presence of cancer cells in vascular or lymphatic spaces is defined as lymphovascular invasion (LVI). LVI is a key factor in cancer’s progression and its ability to spread throughout the body. Therefore, the authors showed that the colonic expression of HO-1 was associated with better long-term survival rates in patients with colorectal cancer [100]. The aim of the research by Tsuji et al. was to investigate neoplastic cells from patients with oral squamous cell carcinoma (SCC) and to examine the correlation between the expression of HO-21 in these cells and the clinical condition of the patients. The obtained results showed that high expressions of HO-1 were found in the cells taken from the patients with no nodal metastases. Furthermore, cancer cells with high expressions of HO-1 were well differentiated [101].



These conflicting reports on the effect of HO-1 on tumor cell metabolism indicate that our knowledge on this subject remains limited [102]. In answer to this question, a study entitled, ‘Heme oxygenase-1 in tumors: is it a false friend?’ Józkowicz et al. state: “…HO-1 can be considered a ‘friend’ protecting healthy tissues from induction of some types of cancers. However, if, despite this protection, the disease starts to develop, HO-1 turns into a ‘false friend’ as it will protect the tumor cells, improving their survival and resistance to treatments” [83].



In light of the information provided above, questions arise about CO, which is one of products of the reaction catalyzed by HO enzymes. Is CO a pro-inflammatory or anti-inflammatory agent? Is it a pro-cancerous or antitumor factor?



Many studies have shown that CO is anti-inflammatory. Otterbein et al. have reported that CO inhibits the expression of the lipopolysaccharide-induced pro-inflammatory cytokines TNF-α and IL-1β and macrophage inflammatory protein-1β (MIP-1β, CCL4), and that it stimulates the production of IL-10, the anti-inflammatory cytokine. According to the authors, the anti-inflammatory activity of CO is related to the p38-mitogen-activated protein kinase signaling pathway (p38 MAP, p38 MAPK), independently of cGMP and NO activity [103]. In studies conducted with the human bronchial epithelial cell line, 16HBE14o, it was shown that the cationic peptide poly-l-arginine (PLA) induced bronchial epithelial damage, while HO-1 induction or CORMs suppressed PLA-induced IL-6 and IL-8 release [104]. Tsui et al. demonstrated that HO-1 induced the expression of the anti-apoptotic protein, Bcl-xL, in human hepatocytes by activating the p38 MAPK signaling pathway. Moreover, CO has been shown to significantly increase ATP levels in hepatocytes, which, in turn, increases the activation of the p38 MAPK signaling pathway [105]. Haschemi et al. showed that the anti-inflammatory effect of carbon monoxide was related to the process of the peroxisome proliferator-activated receptor-γ (PPARγ) sumoylation and the blockage of the expression of the uncoupling protein 2(UCP2) gene in macrophages [106]. Sumoylation is one of the post-translational modifications of proteins, consisting in the covalent, reversible attachment of the small ubiquitin-like modifier protein (SUMO) to the ε-amino group of lysine in the target protein. The participation of PPARγ in the mechanism of the anti-inflammatory activity of CO was also noted by Bilban et al. [58]. The mechanisms of the anti-inflammatory action of CO—indicated by the authors—also include blocking the aforementioned signal pathway involving the STAT 3 protein, which is a key transcription factor in the human body. Shin et al. demonstrated that CO inhibited the expression of hepcidin during inflammation through a mechanism related to the inhibition of STAT3. Hepcidin is a hepatic hormone that inhibits iron absorption and release from cells. Hepcidin is also an acute-phase protein because its concentration is enhanced during inflammation. Its expression increases under the influence of, inter alia, the pro-inflammatory cytokine IL-6 though the activation of STAT-3 [107]. In turn, studies conducted on bovine aortic endothelial cells (BAECs) have shown that CORMs increase the level of ROS and oxidized glutathione (GSGG). The GSSG reacts with STAT3 protein, yielding a mixed disulfide STAT3-S-S-glutathione. This process, called S-glutathionylation, is seen as one of the forms of reversible, covalent protein modification of regulatory importance. Therefore, under the influence of the CO released from CORMS, the activity of the STAT3 protein via S-glutathionylation is inhibited [63].



Our next question is whether CO is a pro-cancerous or antitumor factor. As in the case of HO-1, there is no clear answer. Currently, there are studies showing both the carcinogenic and anticancer effects of CO (for a review, see [108]). Research by Fang et al. showed that CORM-2 could increase tumor blood flow, thereby exerting a proangiogenic effect on solid tumors [109]. Other papers report similar results, according to which CO could induce vascular endothelial growth factor (VEGF) expression, which stimulates the formation of blood vessels ([110] for a review, see [111]). This means that CO has a positive effect on the angiogenesis process. However, there are also reports, which, by contrast, describe an antiangiogenic effect of HO-1 and CO on cancer cells [112,113,114]. An in vitro study performed on human pancreatic cancer cells (CAPAN-2, BxPc3, and PaTu-8902) treated with CORM-2 or exposed to CO gas was the first to show that CO inhibited tumor proliferation and reduced microvascular density in human pancreatic cancer cells. Moreover, the authors observed a substantial decrease in Akt (protein kinase B) phosphorylation (a significant contributor to cancer neovascularization) by 30–50% in CO-treated cancer cells. The authors also demonstrated, in vivo, using an animal pancreatic cancer model, that CORM-2 treatment led to an increase in the survival rate of animals [113]. Jackson et al. described the synthesis of a new stable iron carbonyl complex [FeII(CO)(N4Py)](ClO4)2 that, upon irradiation with UV light with a wavelength of 365 nm, released CO. It was shown that this compound was active against PC-3 prostate cancer cells [114]. It is also worth noting that there are studies in which a series of CORMs based on carbohydrates was synthesized and evaluated. The test results showed that all the complexes displayed anticancer activity [115,116]. Furthermore, it is noteworthy that there are studies comparing the risk of developing breast cancer between a group of female patients diagnosed with carbon monoxide poisoning (COP) over the period between 2002 and 2009, from the from the Nationwide Poisoning Database of Taiwan, with a group of female patients without COP from the National Health Insurance Research Database. The authors followed up the two cohorts until the end of 2014 and compared their risk of developing breast cancer. The obtained results showed that the participants with COP were at a lower risk of developing breast cancer than those without COP (0.7% vs. 1.0%, p < 0.001) [117].



Since different studies report conflicting results regarding the impact of CO on cancer cells, which conclusion should be drawn? In our opinion, CO has either a carcinogenic or an antitumoral effect, depending on the type of cell involved. This means that the clinical application of CO as a drug in cancer therapy requires further, highly intensive research over time. It is also possible that CO will never be introduced into practical clinical medicine as a drug for the treatment of neoplastic diseases.




5. The Effect of CO on Metabolic Processes


In recent years, we have seen growing evidence that CO is not only a signaling molecule, but also has a direct impact on the metabolic processes of cells. In order to acquaint readers with this issue, we would like to present some examples of research on this subject.



It was shown that the precise delivery of CO to isolated heart mitochondria using CORM-3 uncouples respiration. The uncoupling effect mediated by CORM-3 resulted in increased basal respiration and decreased mitochondrial membrane potential (ψ) in the absence of ADP. This CO-induced uncoupling effect was reversed by malonate, a well-known inhibitor of complex II, and by the inhibitors of uncoupling proteins or adenine nucleotide transporters. This suggests a partial role for complex II of the respiratory chain in the uncoupling effect mediated by CO. The authors also showed that the addition of CORM-3 at concentrations of 1–20 μM significantly increased the mitochondrial oxygen consumption rate (state 2 respiration) in a concentration-dependent manner. By contrast, CORM-3 at a concentration of 100 μM suppressed ADP-dependent respiration through the inhibition of cytochrome c oxidase. The uncoupling effect mediated by CORM-3 was inhibited in the presence of the CO scavenger myoglobin [118].



In 2014, Long et al. suggested a molecular mechanism through which CO could induce mitochondrial uncoupling. The authors showed that the blockade of the dicarboxylate carrier (DIC) (which functions to export malate from the mitochondria in exchange for inorganic phosphate) decreased the effects induced by CORM-3. However, the direct inhibition of the phosphate carrier (PiC, a mitochondrial solute carrier protein, which delivers phosphate, a key substrate of oxidative phosphorylation, across the inner mitochondrial membrane) with N-ethylmaleimide (NEM, an organic compound that is derived from maleic acid) completely abolished the effects of the CORM-3. Finally, the results obtained by the authors indicate that CORM-3 activates the PiC, leading to an increase in phosphate and proton transport inside the mitochondria, both of which could contribute to the non-classical uncoupling effect mediated by CORM-3 [119].



It is known that plasma-membrane large-conductance calcium-regulated potassium channels (BKCa) contain a heme-binding domain [120]. Other experimental evidence suggests that CO induces the uncoupling of mitochondrial respiration via the activation of mitoBKCa channels [121].



Glycolysis is a metabolic pathway that converts glucose (C6H12O6, Glu) into pyruvic acid (CH3COCOOH; PA). This pathway is employed by all tissues for the oxidation of Glu to provide energy in the form of ATP and its intermediates for other metabolic pathways. Phosphofructokinase-1 (PFK-1) catalyzes an important, “committed”, step in glycolysis, namely, the conversion of fructose 6-phosphate and ATP to fructose 1,6-bisphosphate and ADP. This irreversible phosphorylation reaction catalyzed by PFK-1 is the key control point and the rate-limiting step in glycolysis. Glycolytic flux is correlated with the levels of one of the most potent activators of PFK-1, i.e., fructose-2,6-bisphosphate (F-2,6-BP). F-2,6-BP is synthesized and degraded by a family of bifunctional enzymes, 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatases (PFKFB) [122]. The conducted research allowed the identification of phosphofructokinase/fructose bisphosphatase type-3 (PFKFB3), which is a protein with methylated arginine (Arg) residues in the polypeptide chain. The methyl groups in this reaction are derived from S-adenosyl methionine (SAM), which is produced from adenosine triphosphate (ATP) and methionine (Met) by methionine adenosyltransferase. It has been shown that Arg-methylated PFKFB3 activates glycolytic flux by increasing F-2,6-BP, while its unmethylated form accelerates the pentose phosphate pathway (PPP), which benefits the NADPH/GSH system, which “fights” oxidative stress. The results of some studies provide the first evidence for the crucial role of the site-specific asymmetric dimethylarginine modification of the carbohydrate-metabolizing enzyme in modulating the directional biotransformation of glucose towards PPP in cells [123]. In the same study, the authors showed that CO was the factor that reduced the methylation of PFKFB3. The loss of PFKFB3 methylation depends on the inhibitory effects of CO on heme-containing cystathionine β-synthase (CBS), which is the rate-limiting enzyme determining the ratio between remethylation and the transsulfuration metabolism of sulfur amino acid (SAA). The remethylation cycle includes homocysteine (Hcy), Met, SAM, and S-adenosylhomocysteine (SAH). CBS can up- and/or down-regulate Arg methylation in proteins by regulating the cellular levels of SAM, a methyl donor, and SAH, an inhibitor of protein methyltransferases. The authors’ results showed that CBS knockdown by siRNA significantly suppressed the basal F-2,6-BP content in the cells. Moreover, the cells were rendered insensitive to the CO. Next, the authors showed that the CO treatment significantly inhibited the intracellular conversion of 15N-labelled Met to 15N-cystathionine by CBS. Therefore, with a whole series of very well designed and elegant experiments, the authors finally showed that CO modulated the glucose metabolic pathways through the post-translational mechanisms involving the methylation of PFKFB3 Arg in the cells [92]. It is worth recalling that CBS can also generate hydrogen sulfide (H2S) through reactions utilizing cysteine (Cys) and Hcy as substrates. Thus, the CO/CBS-assisted signaling system does not only serve as a switch for decreasing methylated PFKFB3, but also accounts for the mechanism of H2S/HS-mediated bioregulation [124,125].



It is worth noting that in the context of the influence of CO on metabolic pathways, currently, many researchers focus on a chemical compound called CORM-401. Its chemical formula is [Mn(CO)4(S2CNMeCH2CO2H)]. CORM-401 is a CO-releasing molecule that provides at least three moles of CO per mole of compound. The synthesis and characterization of CORM-401 are based on the research conducted by Crook et al. [126]. Using CORM-401, Kaczara et al. also showed that CO inhibited glycolysis (extracellular acidification rate, ECAR) and decreased ATP turnover [121]. Furthermore, it was shown that CORM-401 inhibited cytochrome P450-dependent monooxygenase (CYP) activity and modulated xenobiotic metabolism [127].



Currently, obesity is the most common metabolic disease, acquiring the dimensions of a global epidemic. Many studies show that obesity leads to the inflammation of adipose tissue, which maintained over time by dysfunctional adipocytes. Adipose tissue is an endocrine organ, and its secretion products, adipocytokines (adipokines), play an important role in the metabolism of the entire organism. Leptin, an adipokine first discovered in 1994, plays a fundamental role in the regulation of appetite and body weight. In general, adipocytokines are peptides, or low-molecular-weight proteins, that are involved in the regulation of appetite and satiety, energy homeostasis, and carbohydrate and fat metabolism. They also participate in the process of coagulation, angiogenesis and vascular remodeling, including the formation of atherosclerotic plaques, and regulate blood pressure. Moreover, they influence the activity of the immune and reproductive systems, as well as osteogenesis. Adipokines are active at the central, tissue, and cellular levels, showing endo-, para-, and autocrine activity. The secretion profiles of adipocytokines show specific changes in obese patients, and, therefore, it is believed that they may be the link between obesity and disorders such as insulin resistance, hypertension, metabolic syndrome, and atherosclerosis. Adipose tissue is also a source of pro-inflammatory cytokines, such as TNF-α, Il-6, IL-8, VEGF, plasminogen activator inhibitor 1 (PAI-1), resistin, and transforming growth factor ß (TGF-ß). In addition, adipose tissue generates pro-inflammatory cytokines, such as TNF-α, Il-6, IL-8, VEGF, plasminogen activator inhibitor 1 (PAI-1), resistin, and transforming growth factor ß (TGF-ß). In obesity, adipocytes are dysfunctional, and the production of pro-inflammatory cytokines increases, while the formation of protective adipokines, such as adiponectin, decreases. The reduced production of adiponectin entails the intensification of the pro-inflammatory effect of TNF-α ([128]; for reviews, see [129,130]). It has also been shown that IL-6 and TNF-α activate the inflammatory kinases, such as c-jun N-terminal kinase (JNK) and IκB kinase (IKK), which leads to both insulin resistance and ß-cell dysfunction (for reviews, see [131,132]).



Many authors suggest that CO has a beneficial effect on glucose metabolism in adipose tissue. Studies have shown that the oral administration of CORM-401 reduced weight gain and increased insulin sensitivity in high-fat-diet (HFD)-fed obese C57BL6 mice. The mechanism of action of CO released from CORM-401 proposed by the authors involves CO acting as an uncoupling factor in the respiratory chain, leading to an increase in glycolysis to maintain ATP levels. In the authors’ opinion, this can be considered as a metabolic switch, associated with an increase in the phosphorylation of the insulin signaling effector Akt, which, in turn, enhances the sensitivity of adipose tissue to insulin [133]. The beneficial effect of CO on metabolism in animal models of obesity is also confirmed by the studies by Hosick et al., which show that chronic treatment with CORM-A1 reverses diet-induced obesity, hyperglycemia, and insulin resistance in mice, which, in the authors’ opinion, results from the ability of CO to increase the metabolic rate [134]. It was also observed that the chronic administration of CORM-A1 significantly increased the level of nuclear respiratory factor 1 (Nrf1) in the epididymal fat of the tested mice. This protein is a transcription factor that activates, inter alia, some of the nuclear genes required for mitochondrial respiration. It was also found that in the epididymal fat of mice receiving CORM-A1, the level of peroxisome proliferator-activated receptor-gamma coactivator-1alpha (PGC-1α), which plays a key role in the regulation of cellular energy metabolism, was also increased. The uncoupling protein 1 (UCP1), a protein in the form of a hydrogen ion-permeable ion channel, is another protein whose increased level in the epididymal fat of mice receiving of CORM-A1 was observed [135]. Zheng et al. demonstrated, using in vitro studies, that CO-releasing molecules reversed the leptin resistance induced by endoplasmic reticulum stress (ER). The authors also showed that CO inhalation normalized body weight and inhibited food intake in HFD-fed obese mice [136]. There are also reports indicating the influence of CO on the activity of the signal transducer and activator of transcription 3 (STAT3). Shin et al. demonstrated that CORM-2 treatment reduced IL-6-induced STAT3 phosphorylation in the HepG2 hepatoma cell line [107]. However, there are also studies in which CORM-2 has been shown to increase STAT3 phosphorylation [136]. Hosick et al. showed that inhalation of CO not only caused weight loss in HFD-fed obese mice but also prevented obesity in mice despite this diet [137]. Studies on mice also showed that CO activated the R-like endoplasmic reticulum kinase (PERK)—transcription factor 4 (ATF4) pathway through increased ROS production. The activation of the PERK-ATF4 pathway, in turn, increased the expression of the fibroblast growth factor 21 (FGF21). Thus, the authors showed that CO improved metabolic dysfunction in animals by increasing the activity of FGF21 protein [138].



It is well known that overweight and obesity are risk factors for the development of type 2 diabetes. Type 2 diabetes is the most common dysfunction of carbohydrate metabolism. The disease is a common and still unsolved health problem worldwide. According to the World Health Organization (WHO), the prevalence of diabetes is increasing dramatically: in 1980, there were about 180 million diabetes victims; in 2014, there were 422 million; and estimates for 2045 predict that the disease will affect as many as 628 million people. Due to the mass occurrence and the dramatic increase in the number of cases, it is the only non-communicable disease recognized by the WHO as an epidemic in the 21st century [139,140]. In an animal, streptozotocin-induced diabetes model, CORM-A1 was shown to reduce the activity of T helper cells (Th). Th cells contain and release cytokines. Due to the profiles of secreted cytokines, two main subclasses of Th lymphocytes are distinguished: Th1 cells, which mainly produce interferon-γ and IL-2; and Th2 cells, which produce many cytokines, including IL-4, IL-5 IL-10, and IL-13. There are also Th17 lymphocytes, which are strong inducers of autoimmune and autoinflammatory diseases. Th17s produce a number of cytokines and chemokines, including the most characteristic of type, IL-17. The authors observed a reduction in Th1 and Th17 cell responses and an increase in Th2 cell differentiation. In in vitro studies, the authors showed that CORM-A1 interfered with the cytokine-induced apoptosis of beta cells by reducing the levels of cytochrome c and caspase 3 [141].




6. Conclusions


Carbon monoxide (CO) is an odorless, tasteless, and colorless gas that is generated by heme oxygenase enzymes (HOs). As with nitric oxide, CO activates SCG and elevates cGMP in target tissues, which dilates blood vessels. For many years, endogenously generated CO was treated as a by-product of metabolism without any serious physiological or biochemical significance. Exogenous CO was for a long time the subject of publications and textbooks in the field of toxicology. Currently, CO is still seen as a toxic gas; it is the most common cause of fatal poisoning in many countries and accounts for approximately 75% of all suicide poisonings worldwide.



However, increasing attention is also now paid to the beneficial aspects of CO activity. The physiological and biochemical properties of CO only began to be considered in the 1980s. Over the last two decades, significant progress has been made in determining the therapeutic potential of the HOs/CO system in a number of preclinical models for many diseases and lesions. The history of CO research has indicated several ways to increase the concentration of this gas in the bodies of experimental animals. The simplest method involves the inhalation of CO alone or gas mixtures containing CO. Another method is based on inducing HO-1 by using appropriate activators of this CO-producing enzyme. In addition, interest in CO as a pharmacological factor has grown significantly since the development of methods for synthesizing a new group of compounds capable of releasing this gas, termed carbon-oxide-releasing molecules (CORMs). The protective effect of endogenous or exogenous CO on tissues has been observed in many preclinical and a few clinical studies so far. The different, intricately related and interpenetrating pro-and anti-inflammatory signaling cascades underlie the biological activity of both endogenously generated and exogenously administered CO. The schematic summary of the basic signaling pathways through which CO affects cell activity is shown in Figure 3.



Intensive research is aimed at better understanding the mechanisms of interaction between key signaling pathways and the effects of CO on these signaling pathways. Preclinical and clinical studies aiming to establish the biochemical and physiological properties of CO and its therapeutic potential are underway.



In summary, there is ample evidence that CO plays an important role in the body, suggesting that this gaseous transmitter may become a promising target for new treatment strategies for many diseases. Consequently, the authors are in agreement with the opinion of Dulak and Józkowicz that CO, the “notoriously infamous” by-product of HO activity entered on stage as a key player in biochemistry, physiology and medicine [142].
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Figure 1. Heme oxygenase-1 (HO-1)-catalyzed reaction. 
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Figure 2. Schematic illustration of the effect of HO-1 on tumor progression. 
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Figure 3. The schematic summary of the basic signaling pathways through which CO affects cell activity. 
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