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Abstract

:

Tightly controlled inflammation is an indispensable mechanism in the maintenance of cellular and organismal homeostasis in living organisms. However, aberrant inflammation is detrimental and has been suggested as a key contributor to organ injury with different etiologies. Substance P (SP) is a neuropeptide with a robust effect on inflammation. The proinflammatory effects of SP are achieved by activating its functional receptors, namely the neurokinin 1 receptor (NK1R) receptor and mas-related G protein-coupled receptors X member 2 (MRGPRX2) and its murine homolog MRGPRB2. Upon activation, the receptors further signal to several cellular signaling pathways involved in the onset, development, and progression of inflammation. Therefore, excessive SP–NK1R or SP–MRGPRX2/B2 signals have been implicated in the pathogenesis of inflammation-associated organ injury. In this review, we summarize our current knowledge of SP and its receptors and the emerging roles of the SP–NK1R system and the SP–MRGPRX2/B2 system in inflammation and injury in multiple organs resulting from different pathologies. We also briefly discuss the prospect of developing a therapeutic strategy for inflammatory organ injury by disrupting the proinflammatory actions of SP via pharmacological intervention.
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1. Introduction


Inflammation is a natural process activated by the immune system when the host organism is facing threats from infections and organ injuries of different etiologies [1]. Indeed, inflammation with rapid onset and acute resolution is indispensable in reestablishing cellular and organismal homeostasis disturbed by harmful stimuli [2]. Thus, a proper, effective, and tightly organized host inflammatory response acts as a protective biological process that enables us to survive under detrimental conditions [3]. By contrast, aberrant, nonresolving, and chronic inflammation are the leading contributors to multiple systemic diseases [4,5]. Notably, uncontrolled inflammation has been linked to the pathogenesis of many types of organ injuries, such as an acute lung injury attributed to sepsis, acute pancreatitis, burn injury, infections, and cigarette smoking exposure, as well as acute liver injury resulting from multiple etiologies, including sepsis, SARS-CoV-2 infection, and ischemia–reperfusion injury [6,7,8,9,10,11,12].



Substance P (SP, with an amino acid sequence of Arg-Pro-Lys-Pro-Gln-Gln-Phe-Phe-Gly-Leu-Met.NH2) was first discovered in 1931 by Von Euler and Gaddum [13]. Thereafter, many investigations have led to our current understanding that SP functions as an important mediator involved in a wide array of biological processes, including pain signaling, inflammation regulation, host defense response, and wound healing processes [14,15,16,17]. After its release, SP binds to, and subsequently primes, its functional receptors on the surface of effector cells, through which SP signals to several cellular signaling pathways and, consequently, exerts its multifaceted (patho)physiological functions [18,19].



Of note, is the recognition that inflammation is of great importance in organ injury [4] and that SP shapes the progression of inflammation [15], which prompts the extensive investigation of the actions played by SP in inflammation-associated organ injuries. For example, SP has been shown to be detrimental to several diseases related to acute inflammation, including sepsis/endotoxemia, acute pancreatitis, and burn injuries [20,21,22]. Likewise, the actions played by SP in chronic inflammation-associated disorders, including rheumatoid arthritis, chronic pruritus, and cancers have also been widely investigated [23,24,25].



Although several efforts have been made to elucidate the potential relationship between SP and inflammatory organ injury, the exact mechanism through which SP affects the pathophysiology of inflammation-associated organ injuries is not yet fully understood. In this review, we aim to provide an overview of the universal features of SP and its receptors. We also intend to summarize the present-day knowledge on the roles and corresponding mechanisms of SP and its receptors in inflammation-associated organ injuries. Finally, we discuss the prospect of developing a therapeutic strategy for inflammatory organ injury by disrupting the system of SP and its receptors.




2. Overview of Substance P and Its Receptors


SP has been implied in diverse biological processes and pathological settings. SP is not able to cross cellular membranes; thus, the functions of SP are mediated by its receptors. Briefly, the coupling of SP and its receptors triggers the activation of several secondary messengers. Upon priming, these downstream effectors further signal to multiple cellular signaling pathways, and, as a consequence, SP exerts its multifaceted functions in living organisms.



2.1. Overview of Substance P


As illustrated in Figure 1, SP was originally isolated from tissue extracts of the equine intestine and brain tissues. Further, SP is able to induce muscle contractions and hypotension. More importantly, this atropine-resistant effect of SP is distinctive from that of choline and acetylcholine [13]. This substance was named SP because P stands for powder [13]. As elucidated, 30 years after its discovery, the nature of SP was first identified and it turned out that SP is a peptide. Significantly, SP was later found to be highly conserved among different mammalian species, with homologs in bovines, rodents, rabbits, and humans being gradually discovered. Excitingly, in 1971, SP was homogeneously purified. Subsequently, with the determination of the composition and sequence of amino acids comprising SP, it was found to be an undecapeptide, with a net positive charge at a physiological pH environment [26]. SP is probably the best-known member of the mammalian tachykinin neuropeptides family, which also comprises several structurally related neuropeptides, such as neurokinin A (NKA, with an amino acid sequence of His-Lys-Thr-Asp-Ser-Phe-Val-Gly-Leu-Met.NH2), neurokinin B (NKB, with an amino acid sequence of Asp-Met-His-Asp-Phe-Phe-Val-Gly-Leu-Met.NH2), neuropeptide K (NPK), and neuropeptide γ (NPγ) [27]. NPK and NPγ are two N-terminally extended forms of NKA, while NPγ lacks the residues 3–17 found in NPK.



SP is a cleavage product of the precursor peptide preprotachykinin A. In humans, this prepeptide is encoded by the TAC1 gene, which is also called the preprotachykinin-A (PPT-A) gene and is located on chromosome 7. The TAC1 gene consists of seven exons and six introns, which can be alternatively spliced into four distinctive mRNA variants: α-PPT-A mRNA, β-PPT-A mRNA, γ-PPT-A mRNA, and δ-PPT-A mRNA [27]. As a consequence, the TAC1 gene is capable of encoding NKA, neuropeptide K, and neuropeptide γ, in addition to SP [28]. Notably, the gene that encodes mouse SP is the Tac1 (Ppt-a) gene. In contrast to the TAC1 gene, the Tac1 gene is located on chromosome 6 and comprises eight exons and seven introns (Figure 2).



As a biologically active peptide, SP is almost ubiquitously distributed throughout the body [28]. Since SP is categorized as a neuropeptide, it is predominantly detected in the central and peripheral nervous systems. Importantly, in addition to the cells located in the nervous system, such as neurons, astrocytes, microglia, epithelial cells, and endothelial cells [29,30,31], various other cells, especially the immune cells, including T cells, leukocytes, monocytes, macrophages, dendritic cells, lymphocytes, and eosinophils, have also been shown to produce and release significant amounts of SP [30]. Moreover, SP has been observed in some stem cells, including dental pulp stem cells and umbilical cord blood stem cells [32,33]. The widespread bioavailability of SP suggests that it could be extensively involved in a diverse range of (patho)physiological processes.



The structure of SP is also associated with the potential effects of SP, whereby it comprises 11 amino acids and has an amidation at the C-terminus. The building blocks of SP consist of two positively charged and six nonpolar amino acid residues [26]. Previous research has shown that the N-terminal segment of SP is crucial for the binding of SP to its receptors [34,35]. Specifically, most positively charged residues (polar) are located on the N-terminus, whereas the C-terminus contains more hydrophobic residues (uncharged). This spatial distribution of these residues confers amphiphilic properties to SP and, thus, allows SP to interact with the lipid bilayer of cellular membranes.



The half-life of SP is quite short in tissues, ranging from seconds to minutes [17,36]. Once released, SP binds to its receptors and forms a ligand/receptor complex. This is followed by rapid cellular internalization of this complex into the corresponding effector cells. After exposure to an acidic intracellular environment, SP detaches from the complex and is degraded by proteolytic enzymes, including the endothelin-converting enzyme-1 [37]. Unbound SP also undergoes a degradation process by neprilysin (a cell-surface metalloendopeptidase) soon after exocytosis [15,38]. By contrast, plasma SP has a higher stability, and it has been reported that SP is stable for hours in plasma [39]. This suggests that, on one hand, SP can trigger a prompt effect, while on the other hand, it is necessary to improve its stability in solvents.



Several signaling pathways have been shown to participate in the endogenous generation of SP. Host-generated hydrogen sulfide has been demonstrated as an upstream mediator involved in the upregulation of SP biosynthesis. In a mouse model of polymicrobial sepsis, elevated hydrogen sulfide biosynthesis was found to increase the endogenous production of SP by enhancing the expression and activity of the transient receptor potential vanilloid type 1 [40]. In a rat model of chronic constriction injury, the activation of the Wnt/β-catenin signaling pathway induced by nociceptive input has been linked to the elevation of the generation and release of SP [41]. The nuclear factor kappa B (NF-κB) pathway also contributed to the biosynthesis of SP in several immune cells [42].




2.2. Overview of Substance P Receptors


As discussed above, SP is able to interact with cellular membranes in lipid bilayers, however, it is not capable of crossing these membranes. As a result, the receptors to SP play an indispensable role in mediating the multifaceted effects of SP. The best-known functional receptor type for SP is the neurokinin receptor [28,35,43]. Importantly, mas-related G protein-coupled receptors X member 2 (MRGPRX2) in humans and its murine homolog named MRGPRB2 have been recently identified as other significant receptors for SP [44]. All of these receptors belong to the class I family of the seven-transmembrane, G protein-coupled receptors (GPCRs), however, they also differ from each other. Specifically, these receptors not only possess a different affinity to SP, yet they also mediate the different actions played by SP.



2.2.1. Neurokinin Receptors


The neurokinin receptors family of SP comprises three members, which are the neurokinin 1 receptor (NK1R), neurokinin 2 receptor (NK2R), and neurokinin 3 receptor (NK3R) [28,35,43]. These neurokinin receptors are commonly located on the surface of the same cell and are simultaneously exposed to SP, however, NK1R has the highest affinity for SP, followed by NK2R, and NK3R. Therefore, NK1R is designated as an SP-preferring neurokinin receptor. Likewise, NK2R and NK3R are considered NKA-preferring neurokinin receptors and NKB-preferring neurokinin receptors due to their highest affinity being for NKA and NKB, respectively [28].



Apart from its highest affinity for SP, the widespread expression and similar bioavailability (both in the nervous system and other systems) of SP also lead to the recognition that NK1R is the major functional receptor of SP [43]. NK1R is encoded by the TACR1 gene in humans [27,43]. The TACR1 gene is located on chromosome two and has five exons and four introns, which allows the interruption of the protein-coding sequences (different isoforms of NK1R) to occur [27]. The mouse Tacr1 gene, consisting of nine exons and eight introns, and the mouse Tac1 gene are located on the same chromosome (chromosome six) [27].



As shown in Figure 3, the resting NK1R is localized in the lipid rafts of cellular membranes, of whom, the microarchitecture and the composition affect the activation effect of SP on NK1R [45,46]. Once primed by SP, NK1R rapidly undergoes an endocytosis process (by endosomes) together with SP. The phosphate groups hydrolyzed from NK1R lead to an acidic intracellular environment surrounding the SP–NK1R complex into the cytoplasm. The acidification of the SP–NK1R complex further leads to the dissociation of this complex. While SP undergoes a degradation process, NK1R recycles to the cell surface, resulting in the de/re-sensitization process of NK1R [37]. In addition, NK1R can proceed to a process of ubiquitination and degradation, if it is under prolonged stimulation by SP [47].



There are two naturally occurring isoforms of NK1R. These two isoforms differ from each other in several aspects [48]. Firstly, the lengths of the encoded polypeptides that these two isoforms comprise are different. Specifically, the full-length one (NK1R-F), consists of 407 amino acid residues, while the truncated one (NK1R-T) only comprises 311 amino acid residues, as it is lacking 96 residues in the C-terminus [43,49,50]. In addition, NK1R-F and NK1R-T are differently distributed in the body. While NK1R-F is highly expressed at certain sites of the brain, including the striatum, caudate nucleus, putamen, globus pallidus, nucleus accumbent, and hypothalamus, NK1R-T is widely distributed throughout the body. As NK1R-F is the major form of NK1R in the brain, the expression of NK1R-T in the brain is relatively low [51]. Moreover, although the SP binding domain is identical in both NK1R isoforms, NK1R-F possesses an apparently higher binding affinity to SP than NK1R-T (more than 10-fold) [50]. Furthermore, the different compositions of the C-terminus result in distinctive functional property differences between NK1R-F and NK1R-T, as evidenced by the different effects of SP on the activation of extracellular signal-regulated kinases, such as protein kinase C-δ and NF-κB in HEK293 cells [52,53]. Apart from these, the lack of important amino acid residues in the C-terminus has also been linked to the altered de/re-sensitization and internalization processes of NK1R [43]. With the discovery and development of several effective antagonists targeting NK1R (Figure 4), including SR140333 (C37H45Cl3N2O2), L703606 (C27H29IN2), CJ-12255 (C32H38N2O3), and CP-96345 (C28H32N2O), the way that NK1R mediates the biological functions of SP has been widely investigated.




2.2.2. Mas-Related G Protein-Coupled Receptors (MRGPRs)


MRGPRs refer to a family of CPCRs predominantly expressed in sensory neurons and extensively involved in relaying itchy and allergic signals [55,56]. Similarly, MRGPRs also belong to the class I family of GPCRs (δ-branch). Human MRGPRs comprise approximately 50 members and are further grouped into 9 subfamilies, which are categorized by their sequence similarities (MRGPRA-H and -X) [57]. Particularly, the subfamily X in the MRGPRs, designated as MRGPRXs, have been recognized as a group of primate-specific receptors (although not exclusively because their orthologs have been discovered in other species, including rodents) and have emerged as promising pharmacological targets in a broad range of diseases. There are four distinctive members in this subfamily, which are MRGPRX1, MRGPRX2, MRGPRX3, and MRGPRX4 [58].



Unlike the initial discoveries where the members of the MRGPRXs subfamily are only detected in dorsal root ganglia and trigeminal ganglia, recent evidence from several investigations has revealed that these receptors are also expressed in many other tissues [58]. MRGPRX2 shares the lowest degree of sequence identity and similarity with three other members in the MRGPRXs subfamily, however, it has the broadest distribution. MRGPRX2 and its murine ortholog MRGPRB2 have been detected in the skin, lungs, esophagus, and bladder, which contain mast cells. In addition to mast cells, MRGPRX2/B2 can be expressed by several other cell types, such as granulocytes, including blood basophils, eosinophils, and keratinocytes [59,60,61,62].



Of note, was the discovery that MRGPRX2/B2 is upregulated in inflammatory disorders and the recognition that MRGPRX2/B2 functions as a mast cell-specific receptor for SP (its affinity to SP is much lower than the canonical receptor of SP) have opened up a new era for MRGPRX2/B2 research [44,60]. MRGPRX2 consists of 330 amino acid residues and is encoded by the MRGPRX2 gene in humans. The gene is located on chromosome 11 and has 4 exons and 3 introns. In mice, MRGPRB2 is encoded by the Mrgprb2 gene, which is located on chromosome 7 and possesses 2 exons and 1 intron [58,60,63].



As illustrated in Figure 5, MRGCPRX2/B2 can be recognized and activated by a wide range of structurally and functionally diverse ligands. Specifically, these ligands either share little common sequence regularity, as peptide ligands or are categorized into different groups, ranging from small molecules to peptides/proteins. MRGPRX2/B2 behaves differently after its activation by different ligands [64]. On one hand, MRGPRX2/B2 rapidly undergoes an internalization and de/re-sensitization process once it is activated by balanced ligands (that induce both G-protein and β-arrestin signals, such as SP and a basic secretagogue named compound 48/80) [65,66]. On the other hand, primed MRGPRX2/B2 does not proceed to the internalization and de/re-sensitization process if it is activated by biased ligands (that only induce the G-protein signal, such as the angiogenic peptide-30/5C and icatibant) [67]. Moreover, in addition to the cellular surface of mast cells, MRGPRX2/B2 is present at the intracellular sites of mast cells [68]. These unique characteristics of MRGPRX2/B2 together distinguish it apart from other MRGPRXs.






3. Substance P and Its Receptors in Inflammation-Associated Organ Injury


The interplay between SP and its receptors results in the phosphorylation of several kinases, further leading to the activation or inactivation of many transcription factors, such as NF-κB, activator protein 1, and signal transducer and activator of transcription 6. As a result, the interaction of SP and NK1R or MRGPRX2/B2 can signal multiple pathways, including the mitogen-activated protein kinase (MAPK) pathway, the phosphoinositide 3-kinase (PI3K)-protein kinase B (PKB) pathway, and the NF-κB pathway in living organisms. Given that most of these pathways are extensively involved in the regulation of the generations of various cytokines and chemokines, as well as the recruitment and infiltration of immune cells, the SP–NK1R and SP–MRGPRX2/B2 systems are crucial to the modulation of inflammation progression and host defense response.



3.1. Emerging Roles of the SP–NK1R System in Inflammation-Associated Organ Injury


Emerging evidence has been highlighting the significant role of the SP–NK1R system in the pathogenesis of injury in multiple organs, including the lungs and liver, induced by inflammation under different conditions, such as sepsis, acute pancreatitis, and burn injuries [69].



3.1.1. Role of the SP–NK1R System in Sepsis-Related Multiple Organ Injury


Sepsis is a life-threatening organ dysfunction. Sepsis occurs as a consequence of the failure of the host’s defense response to control invading pathogens and their toxins, which prompts the subsequent dysregulation of the immune response. Sepsis develops in around 30 million individuals worldwide and its incidence continues to rise and is responsible for approximately one-fifth of global deaths every year [40,70]. As indicated by its definition, sepsis is characterized by aberrant systematic inflammation and associated organ injury in response to a local infection. Increasing investigations have been pointing to the multifaceted actions played by the SP–NK1R system in sepsis-related inflammatory organ injuries, including lung injury, liver injury, and kidney injury [69,71].



In a landmark study conducted to explore the expression pattern of SP in mice with sepsis and to investigate the potential role of SP in sepsis-associated inflammation and acute lung injury, sepsis was established in mice by cecal ligation and puncture (CLP) [72]. In this study, the levels of SP were higher in mice with sepsis compared with control mice (both in the plasma and lungs). To explore the impact of SP on lung injury in sepsis, it was induced in genetically deficient Tac1-knockout mice. Importantly, the deletion of the Tac1 gene significantly attenuated the severity of inflammation and structural damage in lung tissues. Moreover, following sepsis, mice lacking the Tac1 gene had a better prognosis than wildtype mice, as evidenced by the delayed onset of lethality and higher survival probability. In addition, the deficiency of the Tac1 gene was linked to a lower level of systematic production of chemokines, recruitment of neutrophils, and bacterial burden, which underlies the detrimental effects of SP on lung inflammation and injury in sepsis, as well as the overall outcome of septic mice [72]. To further explore whether NK1R was involved in the proinflammatory effects of SP in sepsis-associated inflammation and lung injury, two highly potent and selective antagonists of NK1R, namely SR140333, and L703606, were used in a subsequent study [69]. In this study, the blockage of NK1R provided protection to mice against sepsis-induced inflammation in the lungs as the treatment of SR140333 or L703606 both led to a significant reduction in the levels of the production of chemokines and adhesion molecules alongside the subsequent infiltration of neutrophils and the release of proinflammatory cytokines in the lungs. In addition, NK1R blocking mitigated lung structural damage following sepsis. These results led to the conclusion that the detrimental effects of SP in sepsis-induced inflammation and lung injury are mediated by NK1R, indicating that NK1R antagonists could probably be of therapeutic benefit for sepsis [73]. Thereafter, it was demonstrated that by activating NK1R, SP led to the activation of the protein kinase C-α, thus, consequently, NK-κB and AP-1 were primed. The activation of NK-κB and AP-1 further caused inflammation and injury in the lungs from sepsis [74]. Furthermore, a microarray study demonstrated, for the first time, that the expression profile of genes involved in inflammation and immunomodulation in lungs were altered in the Tac1 gene-deficient mice, in comparison to the wildtype mice, shedding a more extensive insight into the proinflammatory impacts of SP on sepsis-induced acute lung injury [75]. The protective effects of NK1R blockage on cardiovascular function impaired in sepsis have also been demonstrated. It is reported that the treatment with CJ-12255, a specific antagonist for NK1R, significantly improved the chances of survival, pulse distension, and cardiac output in mice with sepsis. On the other hand, the blockage of NK1R also reduced proinflammatory cytokine and chemokine production and bacterial load [74]. Similarly, genetic deletion of the Tacr1 gene has been shown to result in the improvement of cardiovascular function, the decrease of inflammation, and the mortality of mice with CLP-induced sepsis [76]. More recently, it was reported that the deficiency of the Tac1 gene protected mice against sepsis-induced damage in the liver sinusoid, which may also underlie the detrimental impacts of SP on liver injury in CLP-induced sepsis [77]. In addition to sepsis, SP was also increased in endotoxemia caused by LPS injection in mice and contributed to the endotoxemia-induced injury in multiple organs, including the lungs, liver, and kidneys [78,79].



SP was also reported to be upregulated in septic patients. In a clinical investigation that recruited 61 patients with sepsis, which occurred after major visceral surgery, and 23 control cases, the plasma SP in sepsis patients was significantly higher than in control individuals [80]. More importantly, a higher level of plasma SP in the final phase of sepsis was linked to a worse outcome for sepsis patients in this study, as the level of plasma SP in 24 nonsurvivors was higher than in patients who survived [80]. Moreover, the levels of plasma SP have been found to be positively associated with the levels of proinflammatory mediators, such as procalcitonin, C-reactive protein, and interleukin-6, in patients with sepsis [21]. More recently, on top of its increase in septic patients, the response of SP to infections also varied with the site of infection, as the levels of SP in patients with abdominal infections were significantly higher than in patients with urinary tract infections [21].



Not surprisingly, several studies have also shown that SP underwent a decline in sepsis and a higher level of SP is probably beneficial to sepsis. Dating back to 1996, a clinical study showed that the level of SP in the plasma collected from patients with sepsis was significantly lower than that collected from healthy controls [80]. As SP is capable of inducing hypotension [13] and the blood pressure of septic patients tended to decrease [70], it was assumed that the decrease in plasma SP in septic patients was probably led by a compensatory mechanism trying to increase the blood pressure back to normal levels [80]. A research group has sequentially conducted two clinical investigations with a larger patient population and concluded that the 30-day survival proportion of septic patients with higher levels of plasma SP was higher than in patients with lower levels of plasma SP [81,82]. Noteworthy, the lack of healthy controls in these studies has led to the cross-sectional nature of these studies. Similarly, it was reported that disrupting the actions played by SP via the genetic deletion of the Tacr1 gene led to less efficacy in the elimination of bacteria, a higher level of inflammatory response, and a worse outcome in mice with staphylococcal sepsis [83].




3.1.2. Roles of the SP–NK1R System in Acute Pancreatitis-Related Lung Injury


Acute pancreatitis, or acute inflammation of the pancreas, is a common pancreatic disorder and is characterized by a local and systemic inflammatory response [84]. The incidence of acute pancreatitis keeps increasing worldwide [85]. In addition to being a major cause of morbidity and mortality, acute pancreatitis is also a significant source of inflammatory organ dysfunction on a global scale [84,85]. The SP–NK1R system has been implicated in the pathogenesis of acute pancreatitis and associated inflammatory organ injury [69].



Back in 1997, it was reported that an intravascular injection of SP led to plasma extravasation in the pancreas by activating NK1R, suggesting that excessive SP–NK1R signaling could contribute to pancreatic injury [86]. The field has advanced significantly since a study that was conducted to explore the expression pattern and the potential role of the SP–NK1R system in acute pancreatitis [83]. In this study, acute pancreatitis was induced by intraperitoneal injection of caerulein. It was reported that caerulein injection significantly increased the expressions of SP and NK1R in the pancreas of wildtype mice [87]. Additionally, the pancreas tissue was severely damaged, as evidenced by higher levels of neutrophil infiltrating into the pancreas, acinar cell necrosis, and pancreatic edema in the pancreas tissues. Strikingly, the genetic deletion of the Tacr1 gene, disrupting the effects of SP, significantly mitigated caerulein-induced alterations in the pancreas. Similarly, mice with a deficiency in the Tacr1 gene were also protected against acute pancreatitis-related remote lung injuries, including neutrophils infiltration and elevated pulmonary microvascular permeability [87]. This research, for the first time, demonstrated an increased expression and proinflammatory effect of the SP–NK1R system in caerulein-induced acute pancreatitis and associated lung injury. To further elucidate the exact actions of SP in acute pancreatitis and associated lung injury, caerulein-induced acute pancreatitis was induced in wildtype mice and Tac1 gene-deficient mice [88]. Similar to the deletion of the Tacr1 gene, the deletion of the Tac1 gene was also shown to effectively mitigate caerulein-induced inflammatory injuries in the pancreas and lungs [88]. These findings prompted researchers to investigate whether it is possible to treat acute pancreatitis and associated lung injury by disrupting the SP–NK1R system with pharmacological interventions. To address this issue, CP-96345, a specific NK1R antagonist was used to explore the effects of pharmacological disruption to the SP–NK1R system for acute pancreatitis and associated lung injury in mice, as in their subsequent study [89]. The therapeutic effects of disrupting the SP–NK1R system were promising, as the treatment of CP-96345 effectively reduced the severity of caerulein-induced inflammatory injuries in the pancreas and lungs [89]. The proinflammatory effects of SP in acute pancreatitis and associated lung injury were further echoed by their subsequent research. In this study, the profile and role of neprilysin in acute pancreatitis and associated lung injury in mice were investigated [90]. It was reported that caerulein injection significantly inhibited the expression and activity of neprilysin. Since neprilysin catalyzes the degradation process of SP, the decline of neprilysin in its expression and activity resulting from the caerulein injection led to an obvious increase in SP production, which further caused inflammatory injuries to the pancreas and lungs in mice. In addition, inhibiting the activity of neprilysin, further, raised the production of SP and, consequently, exacerbated the inflammatory injuries in the pancreas and lungs [90].



A series of studies have been carried out to elucidate the underlying mechanisms through which the SP–NK1R system promotes caerulein-induced inflammatory injuries in the pancreas and lungs [91,92,93]. The excessive SP–NK1R signal enhanced the production and release of proinflammatory chemokines in multiple chemokine-secreting cells in the pancreas and lungs. As a result, caerulein-induced inflammatory injuries occur in the pancreas and lungs [91]. In addition to chemokines, the aberrant SP–NK1R system has been linked to a significant increase in the expressions of several adhesion molecules, which resulted in neutrophils accumulation and subsequent inflammatory injuries in the pancreas and lungs following caerulein injection [92]. Subsequently, the activation of several transcription factors, including STAT3, NF-κB, and AP-1 by the Src family kinases extracellular-signal-regulated kinase 1/2 (ERK1/2)/c-Jun NH(2)-terminal kinases pathway was found to participate in excessive SP–NK1R signal induced increase of adhesion molecules [93]. More recently, the SP–NK1R system was shown to activate the protein kinase C (PKC) α/MAPK pathway, which subsequently led to the increase of leukotriene B4 production and neutrophils reverse transendothelial cell migration. These alterations, ultimately, exaggerated the severity of acute pancreatitis and associated lung injury [94].



It is noteworthy that the protective effect of vitamin K3 in caerulein-induced acute pancreatitis and associated lung injury was partially attributed to its effect in inhibiting the NF-κB pathway and, consequently, decreased the production of SP and hydrogen sulfide [95]. Similarly, it has also been reported that the treatment of chaiqin chengqi decoction, a Chinese herbal formula commonly used to treat acute pancreatitis, protected mice against caerulein-induced inflammatory injury in the pancreas and lungs by inhibiting the SP–NK1R system [96]. The aforementioned beneficial effects of vitamin K3 and chaiqin chengqi decoction indirectly confirmed the proinflammatory actions of the SP–NK1R system in caerulein-induced acute pancreatitis and associated lung injury.




3.1.3. Roles of the SP–NK1R System in Burn Injury Associated Lung Injury


Burn injury is a common pathological condition and is related to substantial morbidity and mortality [97]. The upregulation of multiple proinflammatory mediators alongside the onset, development, and progression of burn injuries, further, gives rise to an aberrant inflammation at the site of a burn injury [98]. Therefore, severe burn injuries can result in various disorders, such as sepsis, skeletal muscle dysfunction, and cognitive sequelae [98,99,100]. Accumulative evidence indicates that the SP–NK1R system is an important contributor to burn injury-induced inflammation and subsequent remote lung injury [69].



In a mouse model of burn injury, the 8 s period of immersion of the skin (30% total body surface area) in 95 °C water caused a burn injury. This burn injury led to an increase in the transcriptional levels of the genes coding for SP, NK1R, and proinflammatory mediators, including cytokines and chemokines in the lungs [101]. In addition, the levels of SP were also upregulated in the lungs and the elevated SP–NK1R expression correlated with lung inflammation and injury in mice after the induction of a burn injury on the skin [101]. Notably, the blockage of NK1R by the administration of an NK1R antagonist (L703606) resulted in significant protection for mice against burn injury-induced inflammation and injury in the lungs [101]. To further investigate the exact impacts of endogenous SP on burn injury-induced distant lung injury, a burn injury was induced, as mentioned above, in wildtype mice and mice lacking the Tac1 gene [102]. The induction of a burn injury significantly upregulated the production of SP alongside the increase in the inflammatory response and structural injury in the lungs of wildtype mice [102]. While the genetic deletion of the Tac1 gene mitigated burn injury-induced lung inflammation and injury, the supplementation of exogenous SP to the genetically deficient Tac1-knockout mice restored these burn injury-induced alterations in the lungs [102]. Importantly, with the analysis of the expression pattern of lung NK1R in mice subjected to a burn injury, it was concluded that the endogenous SP also contributed to the elevation in the expression of lung NK1R in mice subjected to burn injuries [102]. These results conclusively showed that SP contributes to systemic inflammation and lung injury following a burn injury. These aforementioned findings shed light on the detrimental effects of the SP–NK1R system in burn injury-associated lung inflammatory injuries. To further explore the downstream signaling pathways that mediate the proinflammatory roles of the SP–NK1R system in burn injury-related remote lung injury, mice were treated with specific inhibitors of ERK1/2 (PD98059) and NF-κB (BAY 11-7082) and exposed to a burn injury [22]. It was found that the local skin burn injury upregulated the SP–NK1R system, which further signaled to the ERK1/2-NF-κB pathway, thereby increasing the production of cyclooxygenase-2 and prostaglandin E metabolite and, ultimately, leading to remote lung inflammation and injury. The disruption of the SP–NK1R system, either by the genetic deletion of the Tac1 gene or the blockage of NK1R, abolished burn injury-induced activation of the ERK1/2-NF-κB pathway and protected mice from lung inflammation and injury. In addition, the treatment of the antagonists of ERK1/2 and NF-κB attenuated inflammation and injury in the lungs caused by excessive SP–NK1R signaling in this model of burn injury [22]. Likewise, in mice with smoke inhalation and burn injury, treatment with CP-96345 protected mice against inflammation and injury in the lungs [103].





3.2. Emerging Roles of the SP–MRGPRX2/B2 System in Inflammation-Associated Organ Injury


More recently, the SP–MRGPRX2/B2 axis has been implicated in the activation of mast cells of different origins. It was shown that the activation of MRGPRX2 by SP further signaled to the ERK1/2 pathway, thereby resulting in an IgE-independent activation of human umbilical cord blood-derived mast cells, as evidenced by increased degranulation and prostaglandin D2 (PGD2) release [104]. Similarly, it was reported that SP, acting on MRGPRX2/B2, triggered the production of histamine, 5-hydroxytryptamine, cytokines, and chemokines and degranulation in mast cells by activating ERK1/2, JNK, p38 MAPK, and PKB, as well as PKC and phospholipase C γ1 (involved in the calcium ion signaling pathway) [105,106,107]. Aberrant activation of mast cells has been implicated in multiple inflammatory disorders. Thus, excessive SP–MRGPRX2/B2 signal-mediated aberrant activation of mast cells has been regarded as a significant contributor to many inflammatory diseases, especially allergic disorders.



Chronic urticaria, a common allergic disease that affects approximately 1% of the global population, is characterized by the presence of skin wheals (hives), angioedema (swelling), or both [108,109,110]. The pathogenesis of chronic urticaria is complex. However, it is widely believed that the skin mast cells are the predominant effector cells in chronic urticaria [111]. Mast cell activation, degranulation, and release of histamines, PGD2, and tryptase, are critical processes in chronic urticaria [111]. Excessive SP–MRGPRX2 signaling has been implicated in the pathogenesis of chronic urticaria by the activation of skin mast cells [112]. Several studies have shown that the circulating levels of SP in patients with chronic urticaria were significantly higher than in the controls [113,114,115]. It has also been reported that the expression of MRGPRX2 is upregulated in skin-derived mast cells of patients with severe chronic urticaria [68]. Notably, the skin mast cells are shown to be activated by the treatment of SP, as evidenced by the increased release of histamine and PGD2, in a dose-dependent manner. Importantly, the effects of SP on the activation of skin mast cells have been shown to be achieved by priming MRGPRX2 rather than NK1R [68]. Excessive SP–MRGPRX2/B2 signaling has also been linked to the pathogenesis of several other allergic disorders, such as atopic dermatitis, asthma, and pseudoallergic reactions, as well as other pathological conditions, such as incision-induced inflammatory pain [19,44,116,117,118,119].





4. Conclusions


As a natural response raised by the host immune system in the face of threats, inflammation plays a central role in maintaining host homeostasis. However, aberrant inflammation tends to cause organ injury, thus, it is also treated as a significant contributor to many diseases. SP, a neuropeptide acting via its specific receptors NK1R or MRGPRX2/B2, promotes inflammation in multiple pathological conditions. Evidence has emerged that excessive SP–NK1R or SP–MRGPRX2/B2 signals are implicated in the pathogenesis of many inflammatory disorders and associated organ injuries, such as sepsis-associated lung/liver/kidney injury, acute pancreatitis-associated lung injury, burn injury-associated lung injury, and chronic urticaria-related skin alterations (Figure 6). Accumulating evidence in this area has prompted attempts to develop novel therapeutic approaches targeting the SP–NK1R system or the SP–MRGPRX2/B2 system for inflammatory organ injury, via pharmacological intervention. Although the mechanism of proinflammatory profile of SP and its receptors is not yet fully understood, it is worth putting more effort to explore the exact mechanism through which SP and its receptors participate in inflammatory organ injuries and to translate this knowledge into clinical practice in order to develop novel therapeutic approaches for several major health problems.
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Figure 1. Historical timeline of substance P. 
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Figure 2. Overview of the characteristics of the corresponding gene encoding substance P (SP) in humans and mice. Different variants of the preprotachykinin-A (PPT-A) mRNA encode four different neuropeptides, including SP, neurokinin A (NKA), neuropeptide K (NPK), and neuropeptide γ (NPγ). 
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Figure 3. Overview of the characteristics of the corresponding gene encoding the neurokinin 1 receptor (NK1R) in humans and mice. The alternative splicing of the TACR1/Tacr1 gene leads to the presence of two variants of the TACR1/Tacr1 mRNA. These mRNA variants further translate to two NK1R isoforms, namely one full-length (with 407 amino acid residues) and one truncated (with 311 amino acid residues). 
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Figure 4. Three-dimensional structure of SR140333, L703606, CJ-12255, and CP-96345 (images were adapted from https://pubchem.ncbi.nlm.nih.gov/, accessed on 15 March 2023) [54]. 
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Figure 5. Overview of the characteristics of the corresponding gene encoding the mas-related G protein-coupled receptors member X2 (MRGPRX2)/B2 in humans and mice. MRGPRX2/B2 is a mast cell-specific receptor, with a broad range of ligands, including the balanced ligands (such a SP and compound 48/80) and the biased ligands (such as icatibant and angiogenic peptide 30/5C). 
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Figure 6. Schematic overview of the involvement of SP and its receptors in inflammatory organ injuries. Excessive SP–NK1R or SP–MRGPRX2/B2 signals lead to inflammatory organ injuries by promoting inflammation. This knowledge facilitates the development of novel treatments targeting the SP–NK1R system or the SP–MRGPRX2/B2 system for inflammatory organ injuries. 
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