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Carbon monoxide (CO), generated by heme oxygenase (HO), has been considered a signaling molecule in both the cardiovascular and central nervous systems. The biological function of the HO/CO axis is mostly related to other gaseous molecules, including nitric oxide (NO), which is synthesized by nitric oxide synthase (NOS). Healthy blood vessels are essential for the maintenance of tissue homeostasis and whole-body metabolism; however, decreased or impaired vascular function is a high-risk factor of cardiovascular and neuronal diseases. Accumulating evidence supports that the interplay between CO and NO plays a crucial role in vascular homeostasis and regeneration by improving endothelial function. Moreover, endothelial cells communicate with neighboring cells, such as, smooth muscle cells, immune cells, pericytes, and astrocytes in the periphery and neuronal vascular systems. Endogenous CO could mediate the cell-cell communication and improve the physiological functions of the cardiovascular and neurovascular systems via crosstalk with NO. Thus, a forward, positive feedback circuit between HO/CO and NOS/NO pathways can maintain cardiovascular and neurovascular homeostasis and prevent various human diseases. We discussed the crucial role of CO-NO crosstalk in the cardiovascular and neurovascular systems.
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INTRODUCTION

The peripheral cardiovascular system coordinately communicates with the central nervous system (CNS). Neurotransmitters released from CNS regulate cardiovascular functions, and the peripheral bloodstream can affect central nervous vascular functions after CNS injury. Endothelial cells (ECs) that form a single-cell-thick layer, the endothelium, communicate with various types of cells, such as, smooth muscle cells (SMCs), immune cells, astrocytes, pericytes, neural stem cells, neurons, oligodendrocytes, Schwann cells, and microglia (1, 2). This coordinated cellular network prevents abnormal vascular permeability, blood flow, and inflammatory response to maintain vascular homeostasis and the blood–nerve barrier (3).

CO is a freely diffusible gaseous molecule that is endogenously synthesized by two heme oxygenase (HO) enzymes, HO-1 and HO-2. HO-1 and HO-2 require O2 and nicotinamide-adenine dinucleotide phosphate (NADPH) to catabolize heme to CO, biliverdin IX-α, and free Fe2+. Biliverdin is then converted into bilirubin (BR) by biliverdin reductase. HO metabolites (i.e., CO, biliverdin, Fe2+, and BR) possess protective roles in ECs and vascular system by displaying angiogenic capacity, mitochondria biogenic activity, and regenerative potential in ischemia/reperfusion injury models (4–7). CO produced in the vascular and nervous systems may also facilitate the crosstalk between the peripheral nervous system and the CNS through maintenance of the blood–nerve barrier and suppression of inflammatory responses.

Notably, CO can upregulate HO-1 expression and further elevates CO production in ECs and their neighboring astrocytes, resulting in a positive feedback loop between CO and HO-1 (8, 9). Thus, induction of HO-1 by several transcription factors, including nuclear factor erythroid-2-related factor 2 (NRF2), biliverdin reductase, cAMP-response element-binding protein, activator protein 1 (AP-1), and activating transcription factor 2 (ATF2), is strongly related to CO-mediated protection of ECs and neuronal cells against stress-induced injury and apoptosis (10–12).

It has been demonstrated that CO controls nitric oxide (NO) production via positive and negative regulation of nitric oxide synthase (NOS) in ECs and immune cells. Similar to NO, CO rapidly interacts with heme proteins such as, NOS and soluble guanylate cyclase (sGC) (13). In this review, the most important concept is that of the effects of CO on endothelial and vascular function through CO-NO crosstalk and its signaling function between endothelial cell and other surrounding cell (i.e., SMCs, pericytes, astrocytes, and macrophages) communications. The vascular protective role of CO has been demonstrated in the cardiovascular and neurovascular systems through the facilitation of angiogenesis, mitochondria function, vasorelaxation, blood–nerve barrier maintenance, anti-inflammation, and stem cell differentiation in pathophysiological conditions. Therefore, we discussed the potential role of the CO-NO axis in the regulation of cardiovascular and neurovascular functions.



PATHOPHYSIOLOGICAL SIGNIFICANCE OF CO IN ENDOTHELIAL CELLS

The vascular system plays a critical role in maintaining systemic tissue homeostasis through a supply of O2 and nutrients. Exogenous or HO-dependent CO can modulate the vascular tone by directly activating sGC and regulating NOS expression and activity. We have discussed the pathophysiological effects of CO on ischemia/reperfusion and blood–nerve barrier function in terms of crosstalk with NO.


Effects of CO on NOS

NOSs are a family of heme-containing enzymes that catalyze the production of NO from L-arginine and NAD(P)H. There are three isoforms of NOS in mammals, of which two are constitutive and one is an inducible type. Endothelial NOS (eNOS) and neuronal NOS (nNOS) are low-output Ca2+-dependent enzymes, whereas, inducible NOS (iNOS) is a high-output Ca2+-independent enzyme, which is transcriptionally induced in macrophages and hepatocytes by various inflammatory stimulants (14). However, NOSs synthesize not only NO but also superoxide ([image: image]) from NAD(P)H in the absence of L-arginine. NO rapidly reacts with [image: image] to produce peroxynitrite (ONOO−), a highly reactive nitrogen species (RNS) that causes detrimental effects to the surrounding cells by directly causing cell injury and decreasing intracellular redox potential via oxidation of glutathione (15). Considering the role of NO in vascular function, an elevated [image: image] level decreases the bioavailability of NO in ECs, leading to impairment of eNOS/NO-dependent vascular functions, including vasorelaxation and angiogenesis. CO has a dual effect on NOS activation depending on its biological concentration. Notably, physiological levels of CO increase steady-state levels of NO in ECs without affecting eNOS activity, owing to a CO-displaceable intracellular NO storage pool (16, 17). Similar to eNOS-derived NO, HO-derived CO functions as a vasodilator by directly activating sGC. However, pathological levels of CO inhibit the catalytic activity of purified eNOS by biding to its prosthetic heme group in vitro (18). As described previously, toxic CO concentrations in the neurovascular systems contribute to neurological, and cardiac injuries driven by NO and reactive oxygen species (ROS)/RNS (19). Because both HO-1 and NOS enzymes require NAD(P)H as a reducing equivalent, high induction of HO-1 may decrease endothelial NO production by competing with eNOS for NAD(P)H in ECs (20). However, NO also augments the cytoprotective effects of CO (21). Indeed, NO and its RNS by-products have been shown to be potent inducers of HO-1 expression and elevate CO production in a mechanism depending on the de novo synthesis of RNA and proteins (22), resulting in CO-mediated cytoprotective effects. These results indicate that the NOS/NO and HO-1/CO pathways coordinately improve the cytoprotective effect and endothelial function in the vasculature.


CO-eNOS Crosstalk

In ECs, eNOS can be activated by Ca2+-dependent dimerization and Akt-dependent phosphorylation, leading to improvement of enhanced NO-dependent vascular function (23). Treatment of bovine aortic ECs with the CO-releasing molecule (CORM)-2 (25 μM) stimulates eNOS phosphorylation on Ser1179 residue and eNOS dimerization, without altering eNOS expression, leading to the enhanced NO production by intracellular Ca2+ release through inositol triphosphate (IP3) receptor, and phosphoinositide 3-kinase (PI3K)-Akt signaling (23). Under inflammatory conditions, eNOS expression can be downregulated by inflammatory condition, although this enzyme is constitutively expressed (24). Pretreatment of human umbilical vein endothelial cells (HUVECs) with CORM-2 (200 μM) rescues tumor necrosis factor-α (TNF-α)-mediated downregulation of eNOS by inhibiting nuclear factor-kappa B (NF-κB)-responsive biogenesis of miR-31-5p and miRNA-155-5p, which target 3′-untranslational regions of eNOS transcript (24). Notably, the potent HO-1 inducer heme- and CORM-2-mediated recovery of TNF-α-induced eNOS downregulation are blocked by the HO inhibitor SnPP (24), suggesting that the HO-1/CO circuit plays an important role in the protection of ECs from TNF-α-induced inflammatory responses. Conversely, high levels of CO can act as a negative regulator of eNOS activity by interacting with its catalytic heme moiety in ECs, leading to the suppression of NO production and the elevation of vasoconstriction (17, 25). In an in vivo model, rats that inhaled 1,000 ppm CO in a chamber after myocardial ischemia-reperfusion induced by coronary artery occlusion for 30 min revealed phosphorylation peaks of Akt and eNOS at 4 and 12 h after inhaling CO, respectively (26). Under the same experimental condition, a myocardial cGMP level was also found due to the activation of the Akt-eNOS pathway (26). Taken together, the HO/CO axis may regulate the eNOS/NO pathway by multiple mechanisms, such as eNOS expression and post-translational regulation.



CO-iNOS Crosstalk

The HO-1/CO pathway is linked to the inhibition of iNOS and oxidative stress in various types of cells including ECs. Interestingly, intravital microscopy studies have revealed that iNOS-deficient mice have greater leucocyte-endothelial cell interactions than wild type mice during lipopolysaccharide (LPS)-induced endotoxemia, without altering the expression level of adhesion molecules (27), thus, indicating that the iNOS/NO axis participates in the regulation of inflammation-mediated endothelial cell function. CORM-2 treatment decreased iNOS protein levels but not cyclooxygenase-2 through peroxisome proliferator-activated receptor γ activation in LPS-treated mouse macrophage RAW 264.7 cells (28). Unlike CO, HO-1 can stabilize LPS-induced iNOS expression by preventing its lysosomal degradation in RAW 264.7 cells wherein this effect is independent of the HO metabolites such as, CO, bilirubin, and Fe2+ (29). In an in vivo model, pretreatment of rats with CO gas significantly reduced LPS-induced mortality, and CO suppresses LPS-induced iNOS and NO production in the lung and alveolar macrophages and enhances LPS-induced iNOS protein levels in the liver and hepatocytes (30). This suggests that CO differentially modulates iNOS expression in the lung and liver and that NO elicits a protective effect in the liver and production in the liver but a detrimental effect in the lung. Additionally, exposure of hepatocytes to exogenous CO resulted in rapid induction of iNOS expression via NF-κB activation and a subsequent increase in NO production, which are responsible for the protective effect of HO-1/CO signaling (31). In a model of myocardial ischemia/reperfusion of rat pre-exposed to urban CO pollution, CO increased iNOS expression and consequently increased NO levels, without altering expression and phosphorylation of eNOS (32). Taken together, although many in vitro and in vivo data demonstrate the protective role of CO in oxidative stress and inflammatory states, its effect may appear differentially via negative and positive regulation of iNOS expression in an organ-specific manner.



CO-nNOS Crosstalk

nNOS has been identified within atherosclerotic plaques, suggesting its role in endothelial inflammation (33, 34). nNOS has also been found to be expressed in rat vascular SMCs, and its activation upon stimulation by angiotensin II was demonstrated in spontaneously hypertensive rats; however, this effect was not observed in normotensive rats (35). These results indicate that nNOS may be involved in the regulation of vascular function and inflammation under normal and diseased conditions. Although, there is no direct evidence that CO regulates nNOS expression and activation in the vascular system, limited data have been shown in neuronal cells. The nNOS-NO system is not functional in HO-2-deficient mice and requires that CO itself be adequate to restore physiologic effects of NO. CO may enhance nNOS catalytic activity or facilitate NO release from enteric neurons (36). Direct treatment of rat embryonic neural stem cells (NSCs) with CORM-3 during the recovery phase after hypoxia/reoxygenation (H/R) showed no effect on NSC differentiation into mature neurons; instead, treatment of H/R-induced NSCs with conditioned medium from CORM-3-exposed pericytes under oxygen-glucose deprivation-induced NSC differentiation into mature neurons (6). In this study, the phosphorylated nNOS level was increased and coincided with markers for mature neurons, such as, growth-associated protein 43 (GAP43), neuronal nuclear antigen (NeuN), and neurofilament (6). These effects are abolished by NOS inhibitor, L-NG-Nitro arginine methyl ester (L-NAME) (6), suggesting that CO-NO crosstalk can be facilitated by cell-cell interaction at the recovery phase after ischemic injury. Consistent with these in vitro data, CORM-3 (4 mg/kg) injection 1 h after traumatic brain injury induces p-nNOS expression in neuronal cells including NSCs, probably through the improvement of pericyte-NSC communication (6). L-NAME administration just before traumatic brain injury abolished CORM-3-mediated neurogenesis and CORM-3-mediated improvement of motor functions (6). These results suggest that CO stimulates NSC differentiation and neurogenesis by increasing phosphorylated nNOS and also provide the possibility that CO contributes to the anti-inflammatory effect in the pathogenesis of atherosclerosis, in part via upregulation of nNOS expression and activity.




Biological Function of CO in the Vasculature

In a neurovascular unit, ECs are surrounded by various cell types. Cell-cell communication between them may facilitate cellular metabolism and neurovascular function under physiological and pathological conditions partly through HO/CO–NOS/NO crosstalk (Figure 1A). In this section, we focused on the effects of CO on mitochondria biogenesis, angiogenesis, and blood–nerve barrier functions in pathophysiologic conditions.


[image: Figure 1]
FIGURE 1. CO upregulates mitochondria biogenesis, angiogenesis, and neurogenesis. (A) HO/CO–NOS/NO crosstalk may play beneficial roles in ECs through cellular communications. (B) In normoxic astrocytes, the HO-1/CO pathway upregulates HIF-1α protein level by translational facilitation through PI3K-Akt and MEK-Erk1/2 and protein stability through HIF-1α-Hsp90 binding. In contrast, HO-1-mediated BR and CO production can induce LTCC activation, and consequent Ca2+ influx triggers the AMPKα-NAMPT–SIRT1–PGC-1α signaling cascade. CO also increases Akt-dependent PGC-1α activation, NRF1/2 expression, and TFAM upregulation. PGC-1α-ERRα-mediated mitochondrial biogenic activation transiently induces hypoxia (enhanced O2 consumption) and HIF-1α stabilization. (C) HO-1/CO pathway-mediated HIF-1α stabilization transcriptionally expresses its putative target genes, such as ERRα, VEGF, SDF-1a, NAMPT, eNOS, and iNOS, which are related to mitochondria biogenesis, angiogenesis, neovascularization, neurogenesis, vascular tone, and inflammation. CO, carbon monoxide; HO-1, heme oxygenase-1; BR, bilirubin; PI3K, phosphoinositide 3-kinase; MEK, mitogen-activated protein kinase kinase; Erk, extracellular signal-regulated kinase; Hsp90, heat shock protein 90; HIF-1α, hypoxia-inducible factor-1α; LTCC, L-type Ca2+ channel; AMPKα, AMP-activated protein kinase α; SIRT1, sirtuin 1; PGC-1α, peroxisome proliferator-activated receptor-gamma coactivator-1α; NRF, nuclear factor erythroid-2-related factor; TFAM, mitochondrial transcription factor A; ERRα, estrogen-related receptor α; VEGF, vascular endothelial growth factor; SDF-1α, stromal derived factor-1α; NAMPT, nicotinamide phosphoribosyltransferase; iNOS, inducible nitric oxide synthase.



Mitochondria Biogenesis

Mitochondria have a central role in energy metabolism and also modulate cell death by mitochondrial membrane permeabilization. CO transiently blocks cytochrome c oxidase (complex IV), leading to increased production of ROS, which subsequently act as second messengers for CO signaling. Thus, the CO-mitochondrion-ROS axis triggers activation of the redox-sensitive transcription factor NRF2 and upregulates various antioxidant enzymes, such as, glutamate-cysteine ligase and HO-1 expression, leading to an increase in cellular redox potential and CO production (37, 38). In general, nuclear NRF2 induces transcriptional gene expression by binding to the antioxidant response element (ARE) in the promoter of genes coding for antioxidant enzymes and some transcription factors. The transcription factor NRF1 associated with mitochondrial biogenesis has four AREs in its promoter, and its expression is regulated by CO-mediated NRF2 activation (37). Indeed, exogenous CO increases cardiac mitochondrial biogenesis by sequential pathways, such as, a transient increase in mitochondrial ROS production, NRF-2 activation, and NRF1 expression (37). In general, mitochondria biogenesis entails replication of mitochondrial DNA transcription by mitochondrial transcription factor A (TFAM) that is upregulated via peroxisome proliferator-activated receptor-gamma coactivator (PGC)-1α-dependent NRF1 synthesis (39–41). Treatment with CO-generating molecule dichloromethane increased Akt-dependent PGC-1α activation, NRF1/2 expression, and TFAM upregulation, resulting in mitochondrial biogenesis, a transient increase in intracellular O2 consumption (transient hypoxia), and subsequent stabilization of HIF-1α (5, 8, 42, 43) (Figure 1B). These results postulate that HO-derived CO may improve cellular metabolism via mitochondrial biogenesis in some types of cells, such as, cardiomyocytes and astrocytes, although, there is no direct evidence at present for the effect of CO on mitochondrial biogenesis in ECs.



Angiogenesis

The prominent role of CO in the vascular system is to regulate vascular relaxation, although its activity can be complex and dynamic depending on the concentrations of O2, NO, and other gaseous molecules. Another major biological function of CO has been considered in vessel growth and angiogenesis through O2-dependent (although transient) and O2-independent pathways, which are regulated by HIF-1α-dependent vascular endothelial growth factor (VEGF) gene expression (5, 8, 42). In addition to the role of HIF-1α in VEGF expression, estrogen-related receptor α (ERRα) also directly upregulates VEGF expression in a HIF-1α-independent manner by binding to the VEGF gene promoter (44). Therefore, it has been suggested that VEGF expression and angiogenesis can be regulated by CO in a HIF-1α-dependent or independent multiple manner. CO induces HO-1 expression in various cell types (8, 45) forming a positive feedback loop between HO-1 and CO. Indeed, HO-1/CO activates the AMPKα-SIRT1-PGC-1α-ERRα axis and consequently induces VEGF expression and secretion from astrocytes located in neighboring ECs (5), suggesting that CO improves neurovascular function via angiogenesis. Alternatively, the PGC-1α-ERRα axis also activates HIF-1α protein stability, leading to VEGF expression and secretion (42). This effect is likely to be highly correlated with the possibility that HO-1/CO triggers PGC-1α/ERRα-dependent mitochondria biogenesis, leading to enhanced O2 consumption and consequent O2-dependent VEGF expression (Figure 1B). Furthermore, heme metabolites, such as, CO and BR activate the L-type Ca2+ channel, and consequent extracellular Ca2+ influx activates AMPKα, leading to upregulation of nicotinamide phosphoribosyltransferase (NAMPT) expression in astrocytes (5). NAMPT-mediated enhanced NAD+ levels can activate NAD+-dependent histone deacetylase, SIRT1, which contributes to PGC-1α/ERRα-dependent, but HIF-1α-independent, VEGF expression (5). CO alone may not activate L-type Ca2+ channel; however, the combination of HO metabolites (i.e., CO and BR) can potentially induce L-type Ca2+ channel-mediated Ca2+ influx, consequently leading to angiogenesis via the AMPKα-NAMPT-SIRT1-PGC-1α/ERRα-VEGF axis (5). A chromatin immunoprecipitation assay revealed that CO preconditioning potentiates the binding capacity of HIF-1α to its putative binding region within the ERRα promoter in astrocytes (42) (Figure 1C). In contrast, it has been shown that CO may limit the activity of the L-type Ca2+ channel during hypoxia, suggesting cardioprotective effects of HO-1 can arise from an inhibitory action of CO on L-type Ca2+ channels (46). The reason for such a discrepancy is still unclear, although, it could be due to the differential experimental conditions, such as cell type or CO treatment (i.e., direct or preconditioning).

Exposure of renal tubular epithelial cells to low-dose chemical NO and iNOS-derived NO, similar to CO, induces the accumulation of HIF-1α under normal O2 conditions (47); however, a high dose of NO donor cannot display the same result in the epithelial cells (47) and abrogates hypoxia-induced HIF-1α accumulation in hepatoma and neuronal cells (48). HIF-1α is crucially involved in transcription not only of the major angiogenic growth factor VEGF but also of several other genes including eNOS (49) and iNOS (50) (Figure 1C). Considering that the HO-1/CO axis and eNOS/NO or iNOS/NO pathway are mutually regulated (24, 31, 33), the angiogenic activity of the HO-1/CO axis is likely related to HIF-1α-dependent VEGF expression in coordination with the NO pathway.

However, adenoviral overexpression of HO-1 or CO donor treatment revealed attenuated cardiac dysfunction via neovascularization in a murine model of myocardial infarction by recruiting or homing circulating endothelial progenitor cells (EPCs) to ischemic area, whose effect was highly correlated with VEGF expression and stromal-derived factor 1 (SDF-1) (51, 52). Collectively, these results suggest that HO-1-derived CO stimulates angiogenesis by inducing angiogenic factors and the recruitment of circulating EPCs (Figure 1C).



Blood–Nerve Barrier

CO plays a significant role in maintaining the junction barrier between adjacent ECs and alleviating blood-brain barrier (BBB) dysfunction following ischemic stroke, leading to maintenance of healthy vascular function in pathophysiological conditions (6, 53). Blood–nerve barrier, an endothelial barrier constructed by an extensive network of ECs, astrocytes, and neurons to form functional “neurovascular units” (3, 54), is essential for the regulation of the CNS microenvironment. Several studies demonstrated that CO reduced cerebrovascular permeability in mouse model of traumatic brain injury and malaria infection by maintaining vascular tight junction and blood–nerve barrier including BBB (6, 55). The suppressive effect of CO on cerebrovascular permeability in a mouse models of traumatic brain injury is thought to the improvement of crosstalk between ECs and other types of cells including pericytes (6). ONOO− and other RNS cause vascular permeability through post-translational modification of junction-associated proteins, such as, S-nitrosylation of β-catenin and tyrosine-nitration of RhoGAP (56, 57). HO-1-derived CO may in part maintain vascular permeability via reduction of ONOO− and other RNS production by inhibiting the catalytic activity of the heme-dependent ROS-generating enzyme NADPH oxidase (Nox) activity (58). Therefore, HO-1-derived CO plays a crucial role in the maintenance of vascular integrity and blood–nerve barrier function through crosstalk with the NO pathway.





PATHOPHYSIOLOGICAL SIGNIFICANCE OF CO ON VASCULAR FUNCTION

Healthy vasculature can be regulated by surrounding cells, such as, SMCs, pericytes, and astrocytes (1, 59, 60). Additionally, the vascular functions are also affected by secreted cytokines from macrophages and microglial cells under inflammatory conditions (61). Cell-cell interactions trigger vessel protective signaling, such as, amelioration of inflammation when cells are exposed to subtoxic CO or transient HO-1 induction. Therefore, we discussed the role of CO in endothelial cell-neighboring cell interactions, specifically emphasizing vascular functions.


EC-SMC Crosstalk

SMCs regulate vascular tone by driving the contraction/relaxation of the vascular wall and thus controls the diameter of the blood vessel lumen (62). Several reports show that the vasodilatory properties of HO-1-derived CO are clearly linked to the NOS-sGC-cGMP axis and the activation of Ca2+-dependent and voltage-dependent big conductance K+ channel (BK channel) in SMCs (63, 64). CO directly modulates the function of various heme proteins, such as, sGC and BKCa, in which the reduced Fe2+ center interacts with CO (65). Binding of CO with the BKCa channel stimulates the channel activity (65). The activation of BKCa channels leads to membrane hyperpolarization, which in turn inhibits voltage-gated Ca2+ channels, causing SMC relaxation and vasodilation (66). Additionally, CO indirectly supports the vasodilative role through EC-SMC crosstalk. Transient HO-1/CO-mediated NF-κB inactivation is connected to vascular tone via upregulation of the eNOS/NO axis in ECs and subsequently increases sGCβ1-dependent cGMP production in SMCs. NF-κB activation is responsible for miR-155-5p expression, which is a key player for eNOS downregulation in HUVECs (24) and for sGCβ1 reduction in vascular SMCs in inflammatory conditions (67), consequently leading to vascular constriction. Therefore, CO-NO crosstalk induces vascular dilation through EC-SMC communication through CO-mediated downregulation of NF-κB-responsive miR-155-5p biogenesis (Figure 2).


[image: Figure 2]
FIGURE 2. CO momentarily downregulates NF-κB signaling in ECs and SMCs during the inflammatory condition. Transient HO-1/CO pathway blocks TNF-α-mediated NF-κB activation and subsequent miR-155-5p biogenesis. miR-155-5p downregulates eNOS and sGC by targeting their transcripts, resulting in vasoconstriction. Therefore, inhibition of NF-κB-responsive miR-155-5p biogenesis by CO may recover vasorelaxation and contractile phenotype. Red dash: blockade signal by CO. NF-κB, nuclear factor-κB; EC, endothelial cell; SMC, smooth muscle cell; TNF-α, tumor necrosis factor-α; eNOS, endothelial nitric oxide synthase; L-Arg, L-arginine; sGC, soluble guanylyl cyclase; GTP, guanosine triphosphate; cGMP, cyclic guanosine monophosphate.


SMC-derived factors can affect cGMP production through the transient HO-1/CO pathway. Interestingly, conditioned medium from primary cultures of rat aortic SMCs exposed to hypoxia has been shown to stimulate cGMP production, whose effect was completely abolished by tin protoporphyrin (an inhibitor of HO), or hemoglobin (a scavenger of CO and NO) (64). Vascular SMC-specific overexpression of HO-1 exerts systemic hypertension through abolishing NO-mediated cGMP production and vasodilation (68). In obese Zucker rats, excessive CO production may lead to vascular dysfunction and hypertension partly through altered NO production (69). Vascular constriction due to CO over-production is probably associated with multiple mechanisms, such as, competitive consumption of NADPH by eNOS and HO-1, degradation of the prosthetic heme moiety for NOS, and binding of CO to the heme group (70). Therefore, sustained overexpression of HO-1 may induce vasoconstriction through altered NOS inactivation; in contrast, transient HO-1/CO pathway may activate NOS/NO-mediated vasodilation.



EC-Pericyte Crosstalk

Cardiac pericytes may be derived from the epicardial mesothelium, and brain pericytes may be derived from the neural crest (71, 72). The origin of pericytes is heterogeneous in a tissue-dependent manner. ECs expressing platelet-derived growth factor (PDGF) recruit PDGF receptor β (PGGFRβ)-expressing pericytes for vessel maturation (73). Thus, PDGF- or PDGFRβ-deficiency causes perinatal lethality secondary to lack of mural cells and vascular instability (73, 74). Additionally, PDGFRβ-deficient mice demonstrated markedly reduced total number of Notch3+ mural cells and decreased differentiation from pericyte precursors to coronary artery SMCs in response to Notch3 signaling (75). Moreover, angiopoietin-1 produced by pericytes binds to its receptor Tie2 on ECs, leading to stimulation of pericyte recruitment and vessel stabilization and angiogenesis (76). Therefore, pericytes play a crucial role in vascular function and homeostasis.

Impaired pericyte recruitment to ECs results in a malfunctional blood–nerve barrier and consequent cognitive dysfunctions in the CNS (77, 78). Pericyte coverage of ECs in the brain and retina is ~80–90% and is crucial for the formation and maintenance of blood–nerve barrier (79). Various protective factors (i.e., PDGF-BB) derived from pericytes may contribute to blood–nerve barrier integrity. Pericytes also communicate with oligodendrocytes, NSCs, and ECs (6, 80–82); thus, pericyte loss may lead to blockage of interactions with vessel-associated cells and consequent communications between white matter and gray matter. Inhalation of CO in a mouse model of traumatic brain injury significantly decreased nitrosative-oxidative stress-mediated apoptotic cell death in PDGFR-β+ pericytes (6), suggesting that CO potentially protects pericytes from unfavorable stress environments.

The HO-1/CO pathway can be triggered by PDGF exposure in mural cells (83). Treatment of brain pericytes with CORM-3 under oxygen-glucose deprivation partly recover in vitro and in vivo pericytes cell survival (6). Similar to CO, phenyl N-tert-butylnitrone (PBN), an RNS scavenger, can also ameliorate pericytes cell apoptosis 3 days after traumatic brain injury (6). In diabetic retinopathy, NF-κB activation in pericytes is a critical mechanism for eliciting the proapoptotic program (84). One of the NF-κB-downstream target molecules, matrix metalloproteinase-9 (MMP-9), is induced in brain pericytes subjected to traumatic brain injury, which is diminished by CORM-3 or PBN injection (6), implying that CO abrogates MMP-9-mediated tight junction degradation by inhibition of the NF-κB and ROS/RNS crosstalk (85). Additionally, CO triggers the pericyte-NSC crosstalk, thus, enhancing the neurogenic capacity of the adult brain after traumatic brain injury (6). Conditioned media from CO-exposed pericytes triggers NSC differentiation into mature neurons (6). Therefore, a complex set of ligand-receptor interactions between the ECs and pericytes can be modulated by the diffusible gaseous molecules, CO, and NO.



EC-Astrocyte Crosstalk

Adenosine diphosphate results in CO production by freshly isolated piglet cerebral microvessels and astrocytes (86), suggesting endogenous CO modulates astrocytic functions. Astrocytic endfeet also possess Ca2+-dependent and voltage-dependent BK channels, which control capillary constriction and dilation in a Ca2+ concentration-dependent manner (87). Astrocytic Ca2+ plays a key role in signaling transfer between astrocytes, regulation of vascular tone, and modulation of neuronal activity (88). Since the HO-1/CO pathway reveals activation of L-type Ca2+ channel in human astrocytes, HO metabolites (i.e., CO and BR) may activate voltage-dependent BK channel through Ca2+ influx in astrocytes, leading to modulation of vascular dilation and neuronal activity (88).

Astrocytic HO-1 can stabilize HIF-1α protein, which regulates ERRα and VEGF in ischemic stroke mouse models (5). In an animal model of ischemic injury, excess VEGF mediates vascular permeability; however, appropriate VEGF level exerts regenerative effects, such as angiogenesis and neurogenesis partly through HO-1 upregulation (5, 89–91). Therefore, regeneration through the astrocytic VEGF-HO-1 circuit in ischemic conditions varies depending on their expression level and period and an alternate route of modulating the VEGF signaling pathway. CO-exposed astrocytes also have neuroprotective functions through brain-derived neurotrophic factor and its receptor TrkB in purinergic signaling-mediated damage condition (92). The HO-1/CO pathway inhibits amyloid β1−42 (Aβ1−42)-mediated ONOO− production and Nox-derived ROS generation in astrocytes (93). NOS inhibitor diminishes Aβ1−42-mediated astrocyte toxicity (93), suggesting that crosstalk between astrocytic CO and NO can influence neurovascular functions, such as, blood–nerve barrier formation, angiogenesis, and neurogenesis, by modulating growth factors and neurotrophic factors (94–96).



EC-Monocyte/Macrophage Crosstalk

Recent reports display that CO or CORMs can decrease NF-κB-mediated inflammasome formation. Activated NF-κB acts as a mediator for the NOD-, leucine-rich region-, and pyrin domain-containing protein 3 (NLRP3) inflammasome in inflammatory conditions (97). LPS binding to toll-like receptor 4 in macrophage leads to the NF-κB-mediated transcriptional activation. NF-κB-dependent genes (i.e., NLRP3, pro-interleukin (IL)-1β, and pro-IL-18) then activate inflammasome assembly, leading to mature IL-1β secretion (98). Additionally, NF-κB-mediated transcription of adhesion molecules, such as, intercellular adhesion molecule-1, vascular adhesion molecule-1, and epithelial cell adhesion molecule-1, in ECs can induce monocyte infiltration into injured tissue (99, 100) (Figure 3). CORM-2 repair damages ECs through inhibiting NF-κB activation and consequently upregulating eNOS expression (24). Treatment with CO gas negatively regulates NLRP3 inflammasome activation in macrophages under LPS- and ATP-treated conditions (61). CO-mediated anti-inflammatory effects on macrophages have been demonstrated to be induced by the HIF-1α-transforming growth factor β (TGF-β) axis (101), indicating that transient increases in HIF-1α expression level by CO may play a key role in cellular adaptation for oxygen tension in inflammatory conditions. Collectively, EC-monocyte interaction can be modulated by crosstalk between CO and NO, leading to control of vascular function and inflammation.


[image: Figure 3]
FIGURE 3. CO inhibits pro-atherosclerotic processes. CO blocks the multifaceted signaling pathways related to atherosclerotic progress. This progress can include monocyte infiltration through adhesion molecules (i.e., ICAM-1 and VCAM-1), macrophage differentiation from monocytes, foam cell formation, and inflammatory cytokine releases and ONOO− production. Additionally, CO reduces EC apoptosis and SMC migration and proliferation. OxLDL, oxidized low-density lipoprotein; ICAM-1, intercellular adhesion molecule-1; VCAM-1, vascular cell adhesion molecule-1; TNF-α, tumor necrosis factor-α; IL-1β, interleukin-1β.





ROLE OF CO IN VASCULOPATHY

In ischemic vasculopathy, the development of agents that are effective for anti-inflammation and vascular regeneration can be used to treat vascular diseases. Healthy vasculature can protect neuronal degeneration from ischemia-mediated inflammation and cell death. Thus, we next displayed the role of CO in protective and regenerative functions in some vascular diseases, such as, cardiovascular and cerebrovascular dysfunction. The basic concept is that CO diminishes excessive NO/RNS formation and stimulates therapeutic NO production, all of which maintain and improve vascular function and homeostasis.


CO in the Pathogenesis of Hypertension and Atherosclerosis

Pulmonary arterial hypertension (PAH) and atherosclerosis show uncontrolled SMC proliferation and a narrowing of vessel lumen (38), impeding adequate blood supply to the target tissues. Hypertension is chronic vascular disease, related to inflammatory responses, which can be reversed by CO (102). Accumulation of low-density lipoprotein in arterial walls is the main characteristic of atherosclerosis (103). The lipid-laden lesions elevated a variety of NF-κB-dependent cytokines, such as, TNF-α, IL-1β, and IL-6, through communication with other cell types (i.e., macrophages) (104). Thus, NF-κB plays a key proatherogenic factor contributing to foam cell formation, vascular inflammation, vascular SMC proliferation, arterial calcification, and plaque progression (105), which are mostly suppressed by CO (250 ppm) gas inhalation for 2 h in rat atherosclerosis model (103). Moreover, the HO-1/CO pathway suppresses EC apoptosis (104) and uncontrolled SMC migration and proliferation (106) (Figure 3). These data may support a beneficial role of the HO-1/CO pathway in repair processes in hypertension and atherosclerosis.

NO is a potent vessel protector in normal conditions; therefore, CO-NO crosstalk can inhibit the initiation of hypertension and atherosclerosis. Moderate production of NO plays a protective role in cardiac ischemia-reperfusion injury when 1,000 ppm CO is exposed to rat models, and CO-mediated protective effect was attenuated by the inhibition of p38 MAPK, PI3K, NOS, and sGC (26). In contrast, following injuries such as, ischemia and inflammation, simultaneous production of NO and excessive ROS in the immune or vascular system, leading to cytotoxic ONOO− generation, can trigger the pathogenesis of hypertension and atherosclerosis. Nox2-mediated mitochondria-derived ROS production in ECs contributes to angiotensin II-induced hypertension (107, 108). ROS can induce eNOS uncoupling, resulting in decreased eNOS-derived NO synthesis and EC function, is a risk factor of the pathogenesis of hypertension (109). Surged NO and ONOO− cause injury of ECs and other vascular cells (110). Maintenance of eNOS-derived NO production or decreased ROS-mediated ONOO− generation by HO metabolites may protect the cardiovascular system in severe inflammatory conditions (111).



CO in Stroke and Traumatic Brain Injury

A subtoxic dose of CO has a dual function in the NOS/NO signaling pathway in neurodegenerative diseases, such as, stroke and traumatic brain injury (6, 53, 112). CORMs suppress ROS over-production and NOS/NO-mediated ONOO− generation, resulting in anti-inflammatory responses. A CORM ALF-186 mitigates ischemia-reperfusion injury-induced sGC inactivation and NF-κB-mediated inflammatory cytokine expression, such as, TNF-α and IL-6, in the retina and serum of rats (112). CORM-3 treatment decreased infarct volume in a mouse model of ischemic stroke, also showing decreased inflammatory cytokine levels (53). Later, CO boosts the nNOS/NO signaling pathway, leading to healthy blood vessels, neurogenesis, and synaptogenesis in traumatic brain injury (6) (Figures 4A,B). In this model, L-NAME administration for NOS inhibition abolishes CORM-3-mediated neuronal differentiation, and maturation of NSCs and neurogenesis (6). nNOS is bound to N-methyl-D-aspartate receptors in the post-synaptic neurons through the adaptor protein post-synaptic density 95 (113, 114). The CO–NO crosstalk may stimulate neuronal activity and neurogenesis partly via a Ca2+/calmodulin-mediated nNOS/NO pathway (6) and formation of the sGC–cGMP axis (13). Healthy blood vessels are maintained by moderate levels of CO via crosstalk with eNOS/NO pathway (60). NO reciprocally upregulates HO-1 expression, leading to CO production (22, 115). In all, interplay between CO and NO potentially affects vascular function by inducing blood–nerve barrier and vasodilation (Figure 4B).


[image: Figure 4]
FIGURE 4. Regenerative effects of CO on the neurovascular system by crosstalk with NO. (A) The crosstalk between CO and NO may potentiate the secretion of neurotrophic factors, consequently leading to blood-neural barrier maintenance, neurogenesis, and synaptic plasticity on the neurovascular unit. (B) Healthy blood vessels are maintained by moderate levels of CO by crosstalk with eNOS/NO pathway. NO reciprocally upregulates HO-1 expression, leading to CO production. The interplay of CO with NO affects vascular function by inducing blood-neural barrier and vasodilation. The endothelial cell-mediated neurotrophic factors may induce nNOS-mediated NO production and consequent sGC activation and cGMP production. These pathways can stimulate neurogenesis and synaptic plasticity. nNOS, neuronal nitric oxide synthase; CaM, calmodulin; PSD95, post-synaptic density 95; NMDA receptor, N-methyl-D-aspartate receptor.


In the acute phase, endogenous or exogenous CO promotes the integrity of BBB, thus facilitating tissue repair in the pathological conditions of cerebrovascular diseases (55, 116). Maintenance of BBB can help neuronal survival and functions, such as, neurogenesis and synaptogenesis, by stimulating the secretion of neurotrophic factors from ECs and their surrounding cells (i.e., SMCs, pericytes, astrocytes, and microglia) (Figure 4B). Additionally, CO-mediated production of angiogenic factors, such as, VEGF and SDF-1, promotes vascular regeneration supplying sufficient O2 and nutrients (117). A low dose of CO activates the eNOS/NO axis, resulting in vascular dilation (60).

Then, CO exhibits an increase in mature neuronal markers, such as, GAP43, NeuN, and microtubule-associated protein 2, in the mouse models of stroke and traumatic brain injury (6, 53), demonstrating adult neurogenesis. This suggests that CO has a protective effect against stroke and traumatic brain injury.




SUMMARY AND FUTURE PERSPECTIVES

CO has multiple roles in the vascular system by itself or in physiological and pathological conditions in a NO-dependent manner. NO is a free radical molecule that interacts with various biological molecules, such as, proteins, nucleic acids, protein-containing heme, and iron-sulfur cluster groups, and thiol-containing bioactive compound, while CO is not a free radical, but interacts with ferrous heme iron. However, the biological function of CO in the vascular system overlaps in many ways with that of NO, including vasodilation, anti-inflammation, cytoprotection, and apoptotic cell death. Therefore, these CO functions are considered to be elicited by crosstalk with NO. Since CO and NO are generated by the catalytic reaction of HO-1 and eNOS in the vascular system, respectively, the positive circuit or crosstalk between the HO-1/CO and eNOS/NO pathways, the iNOS/NO, or nNOS/NO system can play a critical function in the maintenance of cardiovascular and neurovascular homeostasis and prevention of the pathogenesis of human diseases. Sometimes, CO is attributable to the pathogenesis of some diseases. This detrimental effect may be due to the high concentration of NO, prolonged exposure, and cell type-specific phenomena. Despite these problems, some clinical trials using inhaled CO gas has been conducted and showed some effectiveness (www.clinicaltrials.gov) in patients with PAH (Identifier: NCT02368171), kidney transplantation (Identifier: NCT00531856), and postoperative ileus (Identifier: NCT01050712). Another CO clinical translation test also shows protection of islet cells from death after autologous islet transplantation in patients with chronic pancreatitis when the CO-saturated medium is provided for harvesting islets (Identifier: NCT02567240) (www.clinicaltrials.gov). To extend our knowledge of CO-mediated clinical applications and biological functions, it is necessary to understand the interrelationship between CO and NO in the cardiovascular and neurovascular systems under physiological and pathological conditions.



AUTHOR CONTRIBUTIONS

YC and Y-MK wrote the manuscript. Y-MK received funding and supervised the project. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by the National Research Foundation of Korea (NRF), Grant funded by the Korea Government (MSIP) (2017R1A2B3004565).



REFERENCES

 1. Abbott NJ, Ronnback L, Hansson E. Astrocyte-endothelial interactions at the blood-brain barrier. Nat Rev Neurosci. (2006) 7:41–53. doi: 10.1038/nrn1824

 2. Lee H, Choi YK. Regenerative effects of heme oxygenase metabolites on neuroinflammatory diseases. Int J Mol Sci. (2018) 20:78. doi: 10.3390/ijms20010078

 3. Choi YK, Kim KW. Blood-neural barrier: its diversity and coordinated cell-to-cell communication. BMB Rep. (2008) 41:345–52. doi: 10.5483/BMBRep.2008.41.5.345

 4. Kim YM, Pae HO, Park JE, Lee YC, Woo JM, Kim NH, et al. Heme oxygenase in the regulation of vascular biology: from molecular mechanisms to therapeutic opportunities. Antioxid Redox Signal. (2011) 14:137–67. doi: 10.1089/ars.2010.3153

 5. Choi YK, Kim JH, Lee DK, Lee KS, Won MH, Jeoung D, et al. Carbon monoxide potentiation of L-type Ca2+ channel activity increases HIF-1alpha-Independent VEGF expression via an AMPKalpha/SIRT1-mediated PGC-1alpha/ERRalpha axis. Antioxid Redox Signal. (2017) 27:21–36. doi: 10.1089/ars.2016.6684

 6. Choi YK, Maki T, Mandeville ET, Koh SH, Hayakawa K, Arai K, et al. Dual effects of carbon monoxide on pericytes and neurogenesis in traumatic brain injury. Nat Med. (2016) 22:1335–41. doi: 10.1038/nm.4188

 7. Suliman HB, Zobi F, Piantadosi CA. Heme oxygenase-1/carbon monoxide system and embryonic stem cell differentiation and maturation into cardiomyocytes. Antioxid Redox Signal. (2016) 24:345–60. doi: 10.1089/ars.2015.6342

 8. Choi YK, Kim CK, Lee H, Jeoung D, Ha KS, Kwon YG, et al. Carbon monoxide promotes VEGF expression by increasing HIF-1alpha protein level via two distinct mechanisms, translational activation and stabilization of HIF-1alpha protein. J Biol Chem. (2010) 285:32116–25. doi: 10.1074/jbc.M110.131284

 9. Yang YC, Huang YT, Hsieh CW, Yang PM, Wung BS. Carbon monoxide induces heme oxygenase-1 to modulate STAT3 activation in endothelial cells via S-glutathionylation. PLoS ONE. (2014) 9:e100677. doi: 10.1371/journal.pone.0100677

 10. Kim JH, Kyung Choi Y, Lee KS, Cho DH, Baek YY, Lee DK, et al. Functional dissection of Nrf2-dependent phase II genes in vascular inflammation and endotoxic injury using Keap1 siRNA. Free Radic Biol Med. (2012) 53:629–40. doi: 10.1016/j.freeradbiomed.2012.04.019

 11. Baranano DE, Rao M, Ferris CD, Snyder SH. Biliverdin reductase: a major physiologic cytoprotectant. Proc Natl Acad Sci U S A. (2002) 99:16093–8. doi: 10.1073/pnas.252626999

 12. Mylroie H, Dumont O, Bauer A, Thornton CC, Mackey J, Calay D, et al. PKCepsilon-CREB-Nrf2 signalling induces HO-1 in the vascular endothelium and enhances resistance to inflammation and apoptosis. Cardiovasc Res. (2015) 106:509–19. doi: 10.1093/cvr/cvv131

 13. Ingi T, Cheng J, Ronnett GV. Carbon monoxide: an endogenous modulator of the nitric oxide-cyclic GMP signaling system. Neuron. (1996) 16:835–42. doi: 10.1016/S0896-6273(00)80103-8

 14. Griffith OW, Stuehr DJ. Nitric oxide synthases: properties and catalytic mechanism. Annual review of physiology. (1995) 57:707–36. doi: 10.1146/annurev.ph.57.030195.003423

 15. Brune B, Zhou J. Hypoxia-inducible factor-1alpha under the control of nitric oxide. Methods Enzymol. (2007) 435:463–78. doi: 10.1016/S0076-6879(07)35024-6

 16. Thom SR, Xu YA, Ischiropoulos H. Vascular endothelial cells generate peroxynitrite in response to carbon monoxide exposure. Chem Res Toxicol. (1997) 10:1023–31. doi: 10.1021/tx970041h

 17. Thorup C, Jones CL, Gross SS, Moore LC, Goligorsky MS. Carbon monoxide induces vasodilation and nitric oxide release but suppresses endothelial NOS. Am J Physiol. (1999) 277:F882–9. doi: 10.1152/ajprenal.1999.277.6.F882

 18. White KA, Marletta MA. Nitric oxide synthase is a cytochrome P-450 type hemoprotein. Biochemistry. (1992) 31:6627–31. doi: 10.1021/bi00144a001

 19. Rose JJ, Wang L, Xu Q, McTiernan CF, Shiva S, Tejero J, et al. Carbon monoxide poisoning: pathogenesis, management, and future directions of therapy. Am J Respir Crit Care Med. (2017) 195:596–606. doi: 10.1164/rccm.201606-1275CI

 20. Knowles RG, Moncada S. Nitric oxide synthases in mammals. Biochem J. (1994) 298:249–58. doi: 10.1042/bj2980249

 21. Kim YM, Bergonia H, Lancaster JR Jr. Nitrogen oxide-induced autoprotection in isolated rat hepatocytes. FEBS Lett. (1995) 374:228–32. doi: 10.1016/0014-5793(95)01115-U

 22. Foresti R, Motterlini R. The heme oxygenase pathway and its interaction with nitric oxide in the control of cellular homeostasis. Free Radic Res. (1999) 31:459–75. doi: 10.1080/10715769900301031

 23. Yang PM, Huang YT, Zhang YQ, Hsieh CW, Wung BS. Carbon monoxide releasing molecule induces endothelial nitric oxide synthase activation through a calcium and phosphatidylinositol 3-kinase/Akt mechanism. Vascul Pharmacol. (2016) 87:209–. doi: 10.1016/j.vph.2016.09.010

 24. Choi S, Kim J, Kim JH, Lee DK, Park W, Park M, et al. Carbon monoxide prevents TNF-alpha-induced eNOS downregulation by inhibiting NF-kappaB-responsive miR-155-5p biogenesis. Exp Mol Med. (2017) 49:e403. doi: 10.1038/emm.2017.193

 25. Foresti R, Hammad J, Clark JE, Johnson TR, Mann BE, Friebe A, et al. Vasoactive properties of CORM-3, a novel water-soluble carbon monoxide-releasing molecule. Br J Pharmacol. (2004) 142:453–60. doi: 10.1038/sj.bjp.0705825

 26. Fujimoto H, Ohno M, Ayabe S, Kobayashi H, Ishizaka N, Kimura H, et al. Carbon monoxide protects against cardiac ischemia–reperfusion injury in vivo via MAPK and Akt–eNOS pathways. Arterioscler Thromb Vasc Biol. (2004) 24:1848–53. doi: 10.1161/01.ATV.0000142364.85911.0e

 27. Hickey MJ, Granger DN, Kubes P. Inducible nitric oxide synthase (iNOS) and regulation of leucocyte/endothelial cell interactions: studies in iNOS-deficient mice. Acta Physiol Scand. (2001) 173:119–26. doi: 10.1046/j.1365-201X.2001.00892.x

 28. Tsoyi K, Ha YM, Kim YM, Lee YS, Kim HJ, Kim HJ, et al. Activation of PPAR-gamma by carbon monoxide from CORM-2 leads to the inhibition of iNOS but not COX-2 expression in LPS-stimulated macrophages. Inflammation. (2009) 32:364–71. doi: 10.1007/s10753-009-9144-0

 29. Jia L, Wang Y, Wang Y, Ma Y, Shen J, Fu Z, et al. Heme oxygenase-1 in macrophages drives septic cardiac dysfunction via suppressing lysosomal degradation of inducible nitric oxide synthase. Circ Res. (2018) 122:1532–44. doi: 10.1161/CIRCRESAHA.118.312910

 30. Sarady JK, Zuckerbraun BS, Bilban M, Wagner O, Usheva A, Liu F, et al. Carbon monoxide protection against endotoxic shock involves reciprocal effects on iNOS in the lung and liver. FASEB J. (2004) 18:854–6. doi: 10.1096/fj.03-0643fje

 31. Zuckerbraun BS, Billiar TR, Otterbein SL, Kim PK, Liu F, Choi AM, et al. Carbon monoxide protects against liver failure through nitric oxide-induced heme oxygenase 1. J Exp Med. (2003) 198:1707–16. doi: 10.1084/jem.20031003

 32. Meyer G, Andre L, Kleindienst A, Singh F, Tanguy S, Richard S, et al. Carbon monoxide increases inducible NOS expression that mediates CO-induced myocardial damage during ischemia-reperfusion. Am J Physiol Heart Circ Physiol. (2015) 308:H759–67. doi: 10.1152/ajpheart.00702.2014

 33. Capettini LS, Cortes SF, Gomes MA, Silva GA, Pesquero JL, Lopes MJ, et al. Neuronal nitric oxide synthase-derived hydrogen peroxide is a major endothelium-dependent relaxing factor. Am J Physiol Heart Circ Physiol. (2008) 295:H2503–11. doi: 10.1152/ajpheart.00731.2008

 34. Wilcox JN, Subramanian RR, Sundell CL, Tracey WR, Pollock JS, Harrison DG, et al. Expression of multiple isoforms of nitric oxide synthase in normal and atherosclerotic vessels. Arterioscler Thromb Vasc Biol. (1997) 17:2479–88. doi: 10.1161/01.ATV.17.11.2479

 35. Boulanger CM, Heymes C, Benessiano J, Geske RS, Levy BI, Vanhoutte PM. Neuronal nitric oxide synthase is expressed in rat vascular smooth muscle cells: activation by angiotensin II in hypertension. Circ Res. (1998) 83:1271–8. doi: 10.1161/01.RES.83.12.1271

 36. Xue L, Farrugia G, Miller SM, Ferris CD, Snyder SH, Szurszewski JH. Carbon monoxide and nitric oxide as coneurotransmitters in the enteric nervous system: evidence from genomic deletion of biosynthetic enzymes. Proc Natl Acad Sci U S A. (2000) 97:1851–5. doi: 10.1073/pnas.97.4.1851

 37. Piantadosi CA, Carraway MS, Babiker A, Suliman HB. Heme oxygenase-1 regulates cardiac mitochondrial biogenesis via Nrf2-mediated transcriptional control of nuclear respiratory factor-1. Circ Res. (2008) 103:1232–40. doi: 10.1161/01.RES.0000338597.71702.ad

 38. Otterbein LE, Foresti R, Motterlini R. Heme oxygenase-1 and carbon monoxide in the heart: the balancing act between danger signaling and pro-survival. Circ Res. (2016) 118:1940–59. doi: 10.1161/CIRCRESAHA.116.306588

 39. LeBleu VS, O'Connell JT, Gonzalez Herrera KN, Wikman H, Pantel K, Haigis MC, et al. PGC-1alpha mediates mitochondrial biogenesis and oxidative phosphorylation in cancer cells to promote metastasis. Nat Cell Biol. (2014) 16:992–1003; 1–15. doi: 10.1038/ncb3039

 40. O'Hagan KA, Cocchiglia S, Zhdanov AV, Tambuwala MM, Cummins EP, Monfared M, et al. PGC-1alpha is coupled to HIF-1alpha-dependent gene expression by increasing mitochondrial oxygen consumption in skeletal muscle cells. Proc Natl Acad Sci U S A. (2009) 106:2188–93. doi: 10.1073/pnas.0808801106

 41. Kaarniranta K, Kajdanek J, Morawiec J, Pawlowska E, Blasiak J. PGC-1alpha protects RPE cells of the aging retina against oxidative stress-induced degeneration through the regulation of senescence and mitochondrial quality control. The significance for AMD pathogenesis. Int J Mol Sci. (2018) 19:2317. doi: 10.3390/ijms19082317

 42. Choi YK, Park JH, Yun JA, Cha JH, Kim Y, Won MH, et al. Heme oxygenase metabolites improve astrocytic mitochondrial function via a Ca2+-dependent HIF-1alpha/ERRalpha circuit. PLoS ONE. (2018) 13:e0202039. doi: 10.1371/journal.pone.0202039

 43. Suliman HB, Carraway MS, Tatro LG, Piantadosi CA. A new activating role for CO in cardiac mitochondrial biogenesis. J Cell Sci. (2007) 120:299–308. doi: 10.1242/jcs.03318

 44. Arany Z, Foo SY, Ma Y, Ruas JL, Bommi-Reddy A, Girnun G, et al. HIF-independent regulation of VEGF and angiogenesis by the transcriptional coactivator PGC-1alpha. Nature. (2008) 451:1008–12. doi: 10.1038/nature06613

 45. Lee BS, Heo J, Kim YM, Shim SM, Pae HO, Chung HT. Carbon monoxide mediates heme oxygenase 1 induction via Nrf2 activation in hepatoma cells. Biochem Biophys Res Commun. (2006) 343:965–72. doi: 10.1016/j.bbrc.2006.03.058

 46. Uemura K, Adachi-Akahane S, Shintani-Ishida K, Yoshida K. Carbon monoxide protects cardiomyogenic cells against ischemic death through L-type Ca2+ channel inhibition. Biochem Biophys Res Commun. (2005) 334:661–8. doi: 10.1016/j.bbrc.2005.06.142

 47. Sandau KB, Fandrey J, Brune B. Accumulation of HIF-1alpha under the influence of nitric oxide. Blood. (2001) 97:1009–15. doi: 10.1182/blood.V97.4.1009

 48. Agani FH, Puchowicz M, Chavez JC, Pichiule P, LaManna J. Role of nitric oxide in the regulation of HIF-1alpha expression during hypoxia. Am J Physiol Cell Physiol. (2002) 283:C178–86. doi: 10.1152/ajpcell.00381.2001

 49. Coulet F, Nadaud S, Agrapart M, Soubrier F. Identification of hypoxia-response element in the human endothelial nitric-oxide synthase gene promoter. J Biol Chem. (2003) 278:46230–40. doi: 10.1074/jbc.M305420200

 50. Semenza GL. Targeting HIF-1 for cancer therapy. Nat Rev Cancer. (2003) 3:721–32. doi: 10.1038/nrc1187

 51. Lakkisto P, Kyto V, Forsten H, Siren JM, Segersvard H, Voipio-Pulkki LM, et al. Heme oxygenase-1 and carbon monoxide promote neovascularization after myocardial infarction by modulating the expression of HIF-1alpha, SDF-1alpha and VEGF-B. Eur J Pharmacol. (2010) 635:156–64. doi: 10.1016/j.ejphar.2010.02.050

 52. Lin HH, Chen YH, Chang PF, Lee YT, Yet SF, Chau LY. Heme oxygenase-1 promotes neovascularization in ischemic heart by coinduction of VEGF and SDF-1. J Mol Cell Cardiol. (2008) 45:44–55. doi: 10.1016/j.yjmcc.2008.04.011

 53. Wang J, Zhang D, Fu X, Yu L, Lu Z, Gao Y, et al. Carbon monoxide-releasing molecule-3 protects against ischemic stroke by suppressing neuroinflammation and alleviating blood-brain barrier disruption. J Neuroinflammation. (2018) 15:188. doi: 10.1186/s12974-018-1226-1

 54. Kanda T. Biology of the blood-nerve barrier and its alteration in immune mediated neuropathies. J Neurol Neurosurg Psychiatry. (2013) 84:208–12. doi: 10.1136/jnnp-2012-302312

 55. Motterlini R, Otterbein LE. The therapeutic potential of carbon monoxide. Nat Rev Drug Discov. (2010) 9:728–43. doi: 10.1038/nrd3228

 56. Thibeault S, Rautureau Y, Oubaha M, Faubert D, Wilkes BC, Delisle C, et al. S-nitrosylation of beta-catenin by eNOS-derived NO promotes VEGF-induced endothelial cell permeability. Mol Cell. (2010) 39:468–76. doi: 10.1016/j.molcel.2010.07.013

 57. Siddiqui MR, Komarova YA, Vogel SM, Gao X, Bonini MG, Rajasingh J, et al. Caveolin-1-eNOS signaling promotes p190RhoGAP-A nitration and endothelial permeability. J Cell Biol. (2011) 193:841–50. doi: 10.1083/jcb.201012129

 58. Choi YK, Por ED, Kwon YG, Kim YM. Regulation of ROS production and vascular function by carbon monoxide. Oxid Med Cell Longev. (2012) 2012:794237. doi: 10.1155/2012/794237

 59. Liu S, Agalliu D, Yu C, Fisher M. The role of pericytes in blood-brain barrier function and stroke. Curr Pharm Des. (2012) 18:3653–62. doi: 10.2174/138161212802002706

 60. Stec DE, Drummond HA, Vera T. Role of carbon monoxide in blood pressure regulation. Hypertension. (2008) 51:597–604. doi: 10.1161/HYPERTENSIONAHA.107.097154

 61. Jung SS, Moon JS, Xu JF, Ifedigbo E, Ryter SW, Choi AM, et al. Carbon monoxide negatively regulates NLRP3 inflammasome activation in macrophages. Am J Physiol Lung Cell Mol Physiol. (2015) 308:L1058–67. doi: 10.1152/ajplung.00400.2014

 62. Brozovich FV, Nicholson CJ, Degen CV, Gao YZ, Aggarwal M, Morgan KG. Mechanisms of vascular smooth muscle contraction and the basis for pharmacologic treatment of smooth muscle disorders. Pharmacol Rev. (2016) 68:476–532. doi: 10.1124/pr.115.010652

 63. Wang R, Wu L. The chemical modification of KCa channels by carbon monoxide in vascular smooth muscle cells. J Biol Chem. (1997) 272:8222–6. doi: 10.1074/jbc.272.13.8222

 64. Morita T, Perrella MA, Lee ME, Kourembanas S. Smooth muscle cell-derived carbon monoxide is a regulator of vascular cGMP. Proc Natl Acad Sci U S A. (1995) 92:1475–9. doi: 10.1073/pnas.92.5.1475

 65. Hou S, Heinemann SH, Hoshi T. Modulation of BKCa channel gating by endogenous signaling molecules. Physiology. (2009) 24:26–35. doi: 10.1152/physiol.00032.2008

 66. Wang R, Wu L, Wang Z. The direct effect of carbon monoxide on KCa channels in vascular smooth muscle cells. Pflugers Arch. (1997) 434:285–91. doi: 10.1007/s004240050398

 67. Park M, Choi S, Kim S, Kim J, Lee DK, Park W, et al. NF-kappaB-responsive miR-155 induces functional impairment of vascular smooth muscle cells by downregulating soluble guanylyl cyclase. Exp Mol Med. (2019) 51:1–12. doi: 10.1038/s12276-019-0212-8

 68. Imai T, Morita T, Shindo T, Nagai R, Yazaki Y, Kurihara H, et al. Vascular smooth muscle cell-directed overexpression of heme oxygenase-1 elevates blood pressure through attenuation of nitric oxide-induced vasodilation in mice. Circ Res. (2001) 89:55–62. doi: 10.1161/hh1301.092679

 69. Johnson FK, Johnson RA, Durante W, Jackson KE, Stevenson BK, Peyton KJ. Metabolic syndrome increases endogenous carbon monoxide production to promote hypertension and endothelial dysfunction in obese Zucker rats. Am J Physiol Regul Integr Comp Physiol. (2006) 290:R601–8. doi: 10.1152/ajpregu.00308.2005

 70. Suematsu M, Ishimura Y. The heme oxygenase-carbon monoxide system: a regulator of hepatobiliary function. Hepatology. (2000) 31:3–6. doi: 10.1002/hep.510310102

 71. Murray IR, Baily JE, Chen WCW, Dar A, Gonzalez ZN, Jensen AR, et al. Skeletal and cardiac muscle pericytes: Functions and therapeutic potential. Pharmacol Ther 171. (2017) 65–74. doi: 10.1016/j.pharmthera.2016.09.005

 72. Yamazaki T, Mukouyama YS. Tissue specific origin, development, and pathological perspectives of pericytes. Front Cardiovasc Med. (2018) 5:78. doi: 10.3389/fcvm.2018.00078

 73. Leveen P, Pekny M, Gebre-Medhin S, Swolin B, Larsson E, Betsholtz C. Mice deficient for PDGF B show renal, cardiovascular, hematological abnormalities. Genes Dev. (1994) 8:1875–87. doi: 10.1101/gad.8.16.1875

 74. Soriano P. Abnormal kidney development and hematological disorders in PDGF beta-receptor mutant mice. Genes Dev. (1994) 8:1888–96. doi: 10.1101/gad.8.16.1888

 75. Volz KS, Jacobs AH, Chen HI, Poduri A, McKay AS, Riordan DP, et al. Pericytes are progenitors for coronary artery smooth muscle. Elife. (2015) 4:e10036. doi: 10.7554/eLife.10036

 76. Sundberg C, Kowanetz M, Brown LF, Detmar M, Dvorak HF. Stable expression of angiopoietin-1 and other markers by cultured pericytes: phenotypic similarities to a subpopulation of cells in maturing vessels during later stages of angiogenesis in vivo. Lab Invest. (2002) 82:387–401. doi: 10.1038/labinvest.3780433

 77. Sagare AP, Bell RD, Zhao Z, Ma Q, Winkler EA, Ramanathan A, et al. Pericyte loss influences Alzheimer-like neurodegeneration in mice. Nat Commun. (2013) 4:2932. doi: 10.1038/ncomms3932

 78. Park DY, Lee J, Kim J, Kim K, Hong S, Han S, et al. Plastic roles of pericytes in the blood-retinal barrier. Nat Commun. (2017) 8:15296. doi: 10.1038/ncomms15296

 79. Hurtado-Alvarado G, Cabanas-Morales AM, Gomez-Gonzalez B. Pericytes: brain-immune interface modulators. Front Integr Neurosci. (2014) 7:80. doi: 10.3389/fnint.2013.00080

 80. Maki T, Maeda M, Uemura M, Lo EK, Terasaki Y, Liang AC, et al. Potential interactions between pericytes and oligodendrocyte precursor cells in perivascular regions of cerebral white matter. Neurosci Lett. (2015) 597:164–9. doi: 10.1016/j.neulet.2015.04.047

 81. Maki T, Choi YK, Miyamoto N, Shindo A, Liang AC, Ahn BJ, et al. A-Kinase anchor protein 12 is required for oligodendrocyte differentiation in adult white matter. Stem cells. (2018) 36:751–60. doi: 10.1002/stem.2771

 82. Bell RD, Winkler EA, Sagare AP, Singh I, LaRue B, Deane R, et al. Pericytes control key neurovascular functions and neuronal phenotype in the adult brain and during brain aging. Neuron. (2010) 68:409–27. doi: 10.1016/j.neuron.2010.09.043

 83. Durante W, Peyton KJ, Schafer AI. Platelet-derived growth factor stimulates heme oxygenase-1 gene expression and carbon monoxide production in vascular smooth muscle cells. Arterioscler Thromb Vasc Biol. (1999) 19:2666–72. doi: 10.1161/01.ATV.19.11.2666

 84. Romeo G, Liu WH, Asnaghi V, Kern TS, Lorenzi M. Activation of nuclear factor-kappaB induced by diabetes and high glucose regulates a proapoptotic program in retinal pericytes. Diabetes. (2002) 51:2241–8. doi: 10.2337/diabetes.51.7.2241

 85. Morgan MJ, Liu ZG. Crosstalk of reactive oxygen species and NF-kappaB signaling. Cell Res. (2011) 21:103–15. doi: 10.1038/cr.2010.178

 86. Kanu, Leffler CW. Roles of glia limitans astrocytes and carbon monoxide in adenosine diphosphate-induced pial arteriolar dilation in newborn pigs. Stroke. (2009) 40:930–5. doi: 10.1161/STROKEAHA.108.533786

 87. Girouard H, Bonev AD, Hannah RM, Meredith A, Aldrich RW, Nelson MT. Astrocytic endfoot Ca2+ and BK channels determine both arteriolar dilation and constriction. Proc Natl Acad Sci U S A. (2010) 107:3811–6. doi: 10.1073/pnas.0914722107

 88. Kim Y, Park J, Choi YK. The role of astrocytes in the central nervous system focused on BK channel and heme oxygenase metabolites: a review. Antioxidants. (2019) 8:121. doi: 10.3390/antiox8050121

 89. Jin K, Zhu Y, Sun Y, Mao XO, Xie L, Greenberg DA. Vascular endothelial growth factor (VEGF) stimulates neurogenesis in vitro and in vivo. Proc Natl Acad Sci U S A. (2002) 99:11946–50. doi: 10.1073/pnas.182296499

 90. Shim JW, Madsen JR. VEGF signaling in neurological disorders. Int J Mol Sci. (2018) 19:275. doi: 10.3390/ijms19010275

 91. Siner JM, Jiang G, Cohen ZI, Shan P, Zhang X, Lee CG, et al. VEGF-induced heme oxygenase-1 confers cytoprotection from lethal hyperoxia in vivo. FASEB J. (2007) 21:1422–32. doi: 10.1096/fj.06-6661com

 92. Queiroga CS, Alves RM, Conde SV, Alves PM, Vieira HL. Paracrine effect of carbon monoxide - astrocytes promote neuroprotection through purinergic signaling in mice. J Cell Sci. (2016) 129:3178–88. doi: 10.1242/jcs.187260

 93. Hettiarachchi NT, Boyle JP, Dallas ML, Al-Owais MM, Scragg JL, Peers C. Heme oxygenase-1 derived carbon monoxide suppresses Abeta1-42 toxicity in astrocytes. Cell Death Dis. (2017) 8:e2884. doi: 10.1038/cddis.2017.276

 94. Chung WS, Clarke LE, Wang GX, Stafford BK, Sher A, Chakraborty C, et al. Astrocytes mediate synapse elimination through MEGF10 and MERTK pathways. Nature. (2013) 504:394–400. doi: 10.1038/nature12776

 95. Lee SW, Kim WJ, Choi YK, Song HS, Son MJ, Gelman IH, et al. SSeCKS regulates angiogenesis and tight junction formation in blood-brain barrier. Nat Med. (2003) 9:900–6. doi: 10.1038/nm889

 96. Choi YK, Kim JH, Kim WJ, Lee HY, Park JA, Lee SW, et al. AKAP12 regulates human blood-retinal barrier formation by downregulation of hypoxia-inducible factor-1alpha. J Neurosci. (2007) 27:4472–81. doi: 10.1523/JNEUROSCI.5368-06.2007

 97. Mangan MSJ, Olhava EJ, Roush WR, Seidel HM, Glick GD, Latz E. Targeting the NLRP3 inflammasome in inflammatory diseases. Nat Rev Drug Discov. (2018) 17:688. doi: 10.1038/nrd.2018.149

 98. Swanson KV, Deng M, Ting JP. The NLRP3 inflammasome: molecular activation and regulation to therapeutics. Nat Rev Immunol. (2019) 19:477–89. doi: 10.1038/s41577-019-0165-0

 99. Lee DK, Kim JH, Kim J, Choi S, Park M, Park W, et al. REDD-1 aggravates endotoxin-induced inflammation via atypical NF-kappaB activation. FASEB J. (2018) 32:4585–99. doi: 10.1096/fj.201701436R

 100. Liu T, Zhang L, Joo D, Sun SC. NF-kappaB signaling in inflammation. Signal Transduct Target Ther. (2017) 2:17023. doi: 10.1038/sigtrans.2017.23

 101. Chin BY, Jiang G, Wegiel B, Wang HJ, Macdonald T, Zhang XC, et al. Hypoxia-inducible factor 1alpha stabilization by carbon monoxide results in cytoprotective preconditioning. Proc Natl Acad Sci U S A. (2007) 104:5109–14. doi: 10.1073/pnas.0609611104

 102. Zuckerbraun BS, Chin BY, Wegiel B, Billiar TR, Czsimadia E, Rao J, et al. Carbon monoxide reverses established pulmonary hypertension. J Exp Med. (2006) 203:2109–19. doi: 10.1084/jem.20052267

 103. Otterbein LE, Zuckerbraun BS, Haga M, Liu F, Song R, Usheva A, et al. Carbon monoxide suppresses arteriosclerotic lesions associated with chronic graft rejection and with balloon injury. Nat Med. (2003) 9:183–90. doi: 10.1038/nm817

 104. Brouard S, Otterbein LE, Anrather J, Tobiasch E, Bach FH, Choi AM, et al. Carbon monoxide generated by heme oxygenase 1 suppresses endothelial cell apoptosis. J Exp Med. (2000) 192:1015–26. doi: 10.1084/jem.192.7.1015 

 105. de Winther MP, Kanters E, Kraal G, Hofker MH. Nuclear factor kappaB signaling in atherogenesis. Arterioscler Thromb Vasc Biol. (2005) 25:904–14. doi: 10.1161/01.ATV.0000160340.72641.87

 106. Morita T, Mitsialis SA, Koike H, Liu Y, Kourembanas S. Carbon monoxide controls the proliferation of hypoxic vascular smooth muscle cells. J Biol Chem. (1997) 272:32804–9. doi: 10.1074/jbc.272.52.32804

 107. Dikalov SI, Nazarewicz RR, Bikineyeva A, Hilenski L, Lassegue B, Griendling KK, et al. Nox2-induced production of mitochondrial superoxide in angiotensin II-mediated endothelial oxidative stress and hypertension. Antioxid Redox Signal. (2014) 20:281–94. doi: 10.1089/ars.2012.4918

 108. Tang X, Luo YX, Chen HZ, Liu DP. Mitochondria, endothelial cell function, vascular diseases. Front Physiol. (2014) 5:175. doi: 10.3389/fphys.2014.00175

 109. Li Q, Youn JY, Cai H. Mechanisms and consequences of endothelial nitric oxide synthase dysfunction in hypertension. J Hypertens. (2015) 33:1128–36. doi: 10.1097/HJH.0000000000000587

 110. Mukherjee P, Cinelli MA, Kang S, Silverman RB. Development of nitric oxide synthase inhibitors for neurodegeneration and neuropathic pain. Chem Soc Rev. (2014) 43:6814–38. doi: 10.1039/C3CS60467E

 111. Ryter SW, Choi AM. Targeting heme oxygenase-1 and carbon monoxide for therapeutic modulation of inflammation. Transl Res. (2016) 167:7–34. doi: 10.1016/j.trsl.2015.06.011

 112. Ulbrich F, Hagmann C, Buerkle H, Romao CC, Schallner N, Goebel U, et al. The carbon monoxide releasing molecule ALF-186 mediates anti-inflammatory and neuroprotective effects via the soluble guanylate cyclase ss1 in rats' retinal ganglion cells after ischemia and reperfusion injury. J Neuroinflammation. (2017) 14:130. doi: 10.1186/s12974-017-0905-7

 113. Kornau HC, Schenker LT, Kennedy MB, Seeburg PH. Domain interaction between NMDA receptor subunits and the postsynaptic density protein PSD-95. Science. (1995) 269:1737–40. doi: 10.1126/science.7569905

 114. Brenman JE, Chao DS, Gee SH, McGee AW, Craven SE, Santillano DR, et al. Interaction of nitric oxide synthase with the postsynaptic density protein PSD-95 and alpha1-syntrophin mediated by PDZ domains. Cell. (1996) 84:757–67. doi: 10.1016/S0092-8674(00)81053-3

 115. Pae HO, Oh GS, Choi BM, Kim YM, Chung HT. A molecular cascade showing nitric oxide-heme oxygenase-1-vascular endothelial growth factor-interleukin-8 sequence in human endothelial cells. Endocrinology. (2005) 146:2229–38. doi: 10.1210/en.2004-1431

 116. Bussolati B, Ahmed A, Pemberton H, Landis RC, Di Carlo F, Haskard DO, et al. Bifunctional role for VEGF-induced heme oxygenase-1 in vivo: induction of angiogenesis and inhibition of leukocytic infiltration. Blood. (2004) 103:761–6. doi: 10.1182/blood-2003-06-1974

 117. Dulak J, Deshane J, Jozkowicz A, Agarwal A. Heme oxygenase-1 and carbon monoxide in vascular pathobiology: focus on angiogenesis. Circulation. (2008) 117:231–41. doi: 10.1161/CIRCULATIONAHA.107.698316 

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Choi and Kim. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/inline_1.gif





OPS/images/inline_2.gif





OPS/images/fcvm-08-649630-g003.gif
Endotholil cals o
Nartowing essels
Wonocrte Apopioss
Blood o e]e
co ( .
- - .
o co =
Fe i 00
,&'n':‘.ﬁi..
9 0
5 \/Ma:rcvw
ima A @& Y [
o
hery cnuaum o/
mooth muscl col | worsion
Smooth muscle cells = o Ly
- ] NFaB @ - o) 2, - -





OPS/images/fcvm-08-649630-g004.gif
tive factor Blood-neural barrier
s - . - T
ynaptic icit

Endothelial cells

— eNOS —
Jabametins
Barir formation < °° No = v-sm@

«_ Neurotrophic
factors

car

Neurotransmiter

Postsynaptic neuron Presynaptic neuron





OPS/images/inline_3.gif





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Regulation of Endothelial and Vascular Functions by Carbon Monoxide via Crosstalk With Nitric Oxide



		Introduction



		Pathophysiological Significance of CO in Endothelial Cells



		Effects of CO on NOS



		CO-eNOS Crosstalk



		CO-iNOS Crosstalk



		CO-nNOS Crosstalk









		Biological Function of CO in the Vasculature



		Mitochondria Biogenesis



		Angiogenesis



		Blood–Nerve Barrier













		Pathophysiological Significance of CO on Vascular Function



		EC-SMC Crosstalk



		EC-Pericyte Crosstalk



		EC-Astrocyte Crosstalk



		EC-Monocyte/Macrophage Crosstalk







		Role of CO in Vasculopathy



		CO in the Pathogenesis of Hypertension and Atherosclerosis



		CO in Stroke and Traumatic Brain Injury







		Summary and Future Perspectives



		Author Contributions



		Funding



		References

















OPS/images/cover.jpg
’ frontiers
in Cardiovascular Medicine

Regulation of Endothelial and
Vascular Functions by Carbon
Monoxide via Crosstalk With Nitric
Oxide





OPS/images/fcvm-08-649630-g001.gif
N

HOICO NOSINO === Cellular crosstalk with endothelial cells

A

CORM

H(f-! e

C.)

o LTCC «BR 1 co
AMPKa. Akt
i ! |
i NAMPT — SIRT1— FGC‘{‘ PI3K-AKt & MEK-Erk1/2
A . HIF-1o-Hsp90

HIF-1a
target genes

"4

TFAM —— = i

ERRa

VEGF
SDF-1a.
NAMPT

eNOS
iNOS.

o |

Hypoxia (054, ™.

=== | Mitochondria biogenesis

Angiogenesis
Neovascularization

Neurogenesis

5 | Vasculr tone
Vascular inflammation

Co Normoxia™,






OPS/images/fcvm-08-649630-g002.gif
MIRA55-5p ~—— NFxB

it
vy
see PRRA

smc

GTP  coMP

Vasorelaxation

\-/Cﬂnlmcnle phenotype









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Cardiovascular Medicine





