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G protein-coupled receptor kinase 2 (GRK2), an important subtype of GRKs, specifically phosphorylates agonist-activated G protein-coupled receptors (GPCRs). Besides, current research confirms that it participates in multiple regulation of diverse cells via a non-phosphorylated pathway, including interacting with various non-receptor substrates and binding partners. Fibrosis is a common pathophysiological phenomenon in the repair process of many tissues due to various pathogenic factors such as inflammation, injury, drugs, etc. The characteristics of fibrosis are the activation of fibroblasts leading to myofibroblast proliferation and differentiation, subsequent aggerate excessive deposition of extracellular matrix (ECM). Then, a positive feedback loop is occurred between tissue stiffness caused by ECM and fibroblasts, ultimately resulting in distortion of organ architecture and function. At present, GRK2, which has been described as a multifunctional protein, regulates copious signaling pathways under pathophysiological conditions correlated with fibrotic diseases. Along with GRK2-mediated regulation, there are diverse effects on the growth and apoptosis of different cells, inflammatory response and deposition of ECM, which are essential in organ fibrosis progression. This review is to highlight the relationship between GRK2 and fibrotic diseases based on recent research. It is becoming more convincing that GRK2 could be considered as a potential therapeutic target in many fibrotic diseases.




Keywords: G protein-coupled receptor kinase 2 (GRK2), G protein-coupled receptors, fibrosis, phosphorylation, ECM - extracellular matrix



Introduction

G protein-coupled receptor kinase 2 (GRK2) is a ubiquitous member of G protein-coupled receptors (GPCRs) kinase family, which contains a group of seven serine/threonine protein kinases that is capable of specific recognition and phosphorylation of GPCRs (1). Apart from well-characterized mechanisms that GRKs mediate GPCRs desensitization (2), GRK2 also participates in the regulation of an enormous range of non-GPCRs substrates, even more becoming a vital integrative node in amount processes of signals transduction (3). Fibrosis is the final stage of a chronic inflammatory response, characterized by abnormal production of the extracellular matrix (ECM). Continuous progress can cause organ malfunction, and even failure, seriously threatening human health (4). Organ fibrosis is an illness progression caused by chronic inflammation and accumulation of fibrous tissue. To date, it is accounting for 45% of all-cause mortality world-wide (5). On the contrary, scientific discoveries have confirmed that early stage of fibrotic diseases is reversible, the effective measures contain removal or elimination of the causative agent. But it seems impossible to timely occurrence reversible and appropriately wound-healing, used to avoid complications (6, 7). Despite decades of research on fibrotic diseases, few effective and clinical anti-fibrotic drugs have been discovered yet (8, 9). Therefore, it is urgently to explore the pathological process and the underlying mechanism of fibrosis. Recently, anomalous GRK2 level and activity have been observed in various tissues during fibrosis pathophysiology such as hepatic fibrosis, myocardial fibrosis, pulmonary fibrosis, etc (10). In this review, we concisely summarize the advances of GRK2 in fibrosis, to better understand its mechanism and provide new potential therapeutic targets for fibrotic diseases.



Regulation of GRK2 Activity Under Pathophysiology Conditions

Tissue fibrosis is a pathologic process, in general, injury tissues are able to restore normal organ architecture and function (11). However, if there is a dysregulation between the inflammation, the proliferative or the remodeling stages under physiological conditions, the tissue injury signals will be triggered so that contribute to fibrosis, even resulting in organ dysfunction (12). GRKs are known as a serine/threonine protein kinases family, its catalytic activity towards receptors under physiological conditions would directly determine the regulation and desensitization of GPCRs signaling pathways, as well as its interaction with additional proteins (13). At present, GRKs are comprising seven isoforms (GRK1-7) in vertebrates. More importantly, GRK2 and 3 isoforms, the second subfamily named β-adrenergic receptor kinase subfamily, are ubiquitously expressed and generally localized to the cytosol and plasma membrane (14). Furthermore, recent studies have found that there are diverse changes in the expression and activity levels of GRK2 under pathophysiology conditions. Structurally, all GRKs comprise three main modular domains: the conserved central kinase domain (KD), the N-terminal (NT) region and a C-terminal region (CT) (15). Three domains of GRK2 are placed at the vertices of a triangle, which can transduce and modulate signaling events as a single molecule. Meanwhile, this structure would be beneficial to regulate the activity of GRK2 through dynamic interactions among different GRK2 domains themselves and with different intracellular, membrane proteins (16) (Figure 1). Thus, further understanding of the function of GRK2 that is regulated by phosphorylation or non-phosphorylation would be contributed to improving abnormal kinase activity or expression observed in pathological disorders (17).




Figure 1 | Functional domains and regulatory sites of GRK2. GRK2 contains multiple phosphorylation and non-phosphorylation sites. Phosphorylation sites of GRK2 by c-Src are Tyr-13 (N-terminal helix), Tyr-86 and Tyr-92 (RH domain). Protein kinase C (PKC) and protein kinase A (PKA) respectively phosphorylate GRK2 at Ser-29 and at Ser-685. GRK2 is phosphorylated on Ser-670 by extracellular-signal-regulated kinase 1/2 (ERK1/2) or cyclin-dependent protein kinase 2 (CDK2) down-regulates its activity. There is an interaction between caveolin and GRK2, which located in the PH domain (residues 567–584) and the N-terminal domain (residues 63–71).



Currently, c-Src regulates GRK2 function through phosphorylating the N-terminal (Tyr-13) and the RH domain (Tyr-86, Tyr-92). In vitro, GRK2 is directly phosphorylated by c-Src and then promotes tyrosine phosphorylation of agonist-stimulated β2-adrenergic receptor (β2-AR), which relies on the recruitment of c-Src by β-arrestins (18). In HEK293 cells treated with epidermal growth factor, PDEγ, as a connected protein, plays a vital role in the interaction between c-Src and GRK2 (19). For multi-protein complex, the interaction of GRK2 with Gαq is enlarged due to tyrosine phosphorylation, suggesting a direct effect on its catalytic activity and expression in cells (20). Moreover, the activity of GRK2 is down-regulated by PKC phosphorylation at Ser-29, and the underlying mechanism which seems not to involve in inhibiting its interaction with Gβγ (21). In addition, the phosphorylation of GRK2 by PKC promotes translocation of GRK2 to cell membrane, rather than regulating its catalytic activity in vivo, which is conducive to the phosphorylation of GRK2 to the receptor (22).

As for the CT domain, ERK1/2 or cyclin-dependent protein kinase 2 (CDK2) can phosphorylate the Ser-670 site of GRK2, which is the Gβγ binding domain of GRK2 as well. When GRK2 is phosphorylated at Ser-670, the binding of Gβγ with GRK2 is severely interrupted, thus its catalytic activity on receptor membrane substrate is reduced (23). Moreover, insulin signaling in aorta and liver is down-regulated due to the inhibition of GRK2 activity via ERK1/2 phosphorylation (24). In addition, the phosphorylation of GRK2 at Ser-685 by PKA contributes to aggerating calpain-dependent GRK2 proteolysis in vitro or enhancing the activity of GRK2 and ultimately resulting in β2-AR phosphorylation and desensitization (25, 26). On the other hand, phosphorylation of GRK2 by PKA has no impact on its activity, but it enhances the coupling of GRK2 to Gβγ subunit and subsequent translocation to the plasma membrane, thereby promoting membrane anchoring of GRK2 and phosphorylation of receptors (27).

Effectively, the activity of GRK2 is also regulated by several additional proteins through phosphorylation and non-phosphorylation, such as clathrin, caveolin, and RKIP. Other studies revealed that upregulation of RKIP level (a negative regulator of GRK2) leads to the reduction of GRK2, thereby weakening the down-regulation activity triggered by agonists and prolonging receptor signaling (28, 29). In recent years, two caveolin-binding motifs have been reported in GRK2 at positions 567–584 and at positions 63–71, respectively located in the PH domain and in the NH2-terminal domain. When bound to caveolin-1 or caveolin-3, GRK2-mediated phosphorylation will be inhibited, presumably basal activity of GRK2 is affected by caveolin (30, 31). Currently, it is reported that GRK2 bound to clathrin depended on the motif of residues 498-502, further study demonstrates that mutation of the clathrin-binding motif of GRK2 had no obvious effect on its kinase activity and the ability to interact with β2AR (32). In addition, Zhang et al. (33) has determined that GPCRs endocytosis caused by the interaction between clathrin and GRK2 relied on the status of receptor phosphorylation.



Relationship Between GRK2 and Fibrosis-Associated Pathways

Continuous research indicates that GRK2-mediated cellular signal transduction is closely associated with fibrotic diseases via kinase-dependent and independent manners (34, 35). Most studies have demonstrated that activated GRK2 could not only regulate the GPCRs-mediated singling pathway through desensitization of GPCRs, but also regulate non-GPCRs-mediated signaling pathway (36, 37). Subsequently, tyrosine kinases and various types of receptors are investigated as downstream targets of GRK2. Furthermore, it is also engaged in regulation of protein kinases, transcription factors and their regulatory proteins (Smad2/3, IκBα) (38). Increasing evidence suggests that GRK2, which exhibits the abnormal expression or activity, participates in the regulation of fibrosis-associated pathways, thus may as an essential role engages in the development of fibrotic diseases (Figure 2).




Figure 2 | GRK2 plays a diverse role in fibrosis-associated pathways. The phosphorylation of GRK2 by different kinases (PKA) also modifies kinase activity and substrate selection. GRK2 can regulate many downstream molecules and participates in the multiple signaling pathways. It not only activates PI3K/Akt, but also inhibits Akt/eNOS pathway to lower NO production. Activation of ERK1/2 pathway contributes to apoptosis. GRK2 promotes ERK1/2 phosphorylation, while ERK1/2 inhibits GRK2 phosphorylation. GRK2 and NF-κB can advance their activation through each other. Meanwhile, GRK2 inhibits Epac1/Rap1 pathway and inhibits the release of inflammatory cytokines. However, GRK2 promotes the phosphorylation of STAT1/3, which promotes the accumulation of inflammatory cytokines and contributes to the occurrence and development of fibrotic diseases.




Epac1/Rap1 Signaling Pathway

Exchange protein directly activated by cAMP 1 (Epac1), as a guanine nucleotide exchange factor, is responsible for activation of the Ras superfamily, Rap1 and Rap2 (39). Thereby regulating its downstream Akt, MAPKs, PKC and other signal pathways, and then involving in multiple diseases, including fibrosis (40). Studies have revealed that the increased expression of Epac1 promoted Rap1 and fibroblast cells activation, leading to collagen accumulation (41). Niels et al. (42) strongly indicates that the low nociceptor GRK2 is conducive to Epac1/Rap1, leading to PKCϵ and MEK/ERK-dependent signaling and prolonging hyperalgesia. Studies have been shown that GRK2 directly phosphorylates Epac1 at Ser-108 depends on its kinase activity, thereby inhibiting Epac1 translocation and occurring the downregulation level of activated Rap1 (43). Based on previous studies, we have reason to speculate that GRK2 with kinase activity, as a negative regulator that regulates the Epac1/Rap1 signaling pathway, may be a therapeutic target for fibrotic diseases (44).



AC/cAMP/PKA Pathway

It is now recognized that G-protein-adenylate cyclase (AC)-cAMP signal is one of the important transfer models in intracellular signal transduction, which plays a cascade amplification role in the transmission of external stimulus signals. cAMP, as an important second letter messenger, is produced by AC catalyze from ATP and the main function is to activate cAMP-dependent PKA. In acetaldehyde-treated primary hepatic stellate cells (HSCs), activation of AC/cAMP/PKA pathway contributes to HSCs activation and increasing the level of collagen I and III (45). Indeed, the further study investigates that the increased translocation of GRK2 by AC/cAMP/PKA, rather than phosphorylation, reducing the binding of GRK2 and ERK1/2 to inhibit ERK1/2 activation, which promotes PGE2-induced angiogenesis (46). At the same time, it has been found that VPAC2 receptor was phosphorylated by GRK2, accompanying with GRK2 phosphorylation at Ser-685 by PKA. Subsequently, the activated GRK2 could augment its mediated functional responses, including internalization and desensitization (47). Furthermore, GRK2 phosphorylates activated β-ARs to decouple G protein, decreasing the level of cAMP and then aggravates cardiac myocytes death. Recent study suggests inhibiting GRK2 in the cardiac fibroblasts (CF) could decrease fibrosis and fibrotic gene expression (48). These findings emphasize that a complex interaction exists among GRK2 and the AC/cAMP/PKA signaling pathway during the progression of fibrosis.



STAT1/3 Pathway

It is now recognized that the activation of STAT is associated with the gene expression of pro‐inflammatory and pro‐fibrosis (49). Upon activation, STAT3 is involved in fibrosis through enhancing ECM production (50). Likewise, activation of JAK2-STAT3 contributes to collagen synthesis, which is associated with the formation of the liver fibrosis or in high glucose-induced CF (51, 52). GRK2 has been identified to regulate a variety of pro‐inflammatory secretions. The high expression of nitric oxide synthase (iNOS) in microglial cells is caused by GRK2, which significantly enhances the phosphorylation levels of STAT1 and STAT3 through regulating the toll like receptor (53). The upregulation of iNOS could promote the secretion of inflammatory cytokines and development of many fibrous diseases (54). In addition, the nuclear translocation of phosphorylated STAT1 and STAT3 is restrained when GRK2 siRNA is transfected, in turn blocking the expression of iNOS (55). Therefore, these observations suggest a potential effect on GRK2-regulated the STAT1/3 pathway in various aspects of fibrosis progression.



PI3K/Akt Pathway

In general, PI3K/Akt acts as a usual transduction molecule in fibrotic diseases, is not only related to promote the production of collagen, but also to participate in the activation of myofibroblasts (56). Recent experiments have been shown that phosphorylation level of Akt is increased in liver fibrosis, which is regarding as a signal of eNOS expression, and resulting in production of NO (57). On the contrary, the inhibition of Akt/eNOS is confirmed by liver GRK2 in STZ-induced diabetic mice (58). They suggest that the direct binding between GRK2 and Akt could disrupt the latter membrane attachment (59). Liu et al. (60) has found that eNOS activation is down-regulated in endothelial diseases via the interaction of GRK2 with Akt, ultimately reduced NO production. However, another research suggests that stabilizing GRK2 kinase contributes to activating PI3K/Akt signaling pathway and promoting the development of gallbladder cancer (61). Moreover, it has been observed that the activation of the PI3K/Akt by IGF-1 could reverse the degradation of GRK2, leading to the enhancement of its stability and the upregulation of kinase levels (62). Besides this, emerging evidence have indicated that T cell cytokine secretion is due to the activation of PI3Kγ signaling, the direct protein-protein interaction between PI3Kγ and GRK2, which is depended on the Ser-197 site of PI3K molecule. GRK2 activity is essential to the transactivation of CXCR4 and TCR–CXCR4 complex formation, deriving the activation of PI3Kγ signaling to promote the secretion of IL-2 and IL-10 (63). These findings confirm that there is a mutual crosstalk relationship between GRK2 and PI3K, which related to membrane targeting, kinase activity and levels of GRK2.



ERK1/2 Pathway

It has been demonstrated that the proteasomal degradation of GRK2 could be interrupted through ERK phosphorylated it on Ser-670 (64). It is beneficial to enhance p-GRK2 level consists with p-ERK1/2 increased, which appears to enlarge myocardial infarction and fibrotic area, as well as collagen synthesis. When the ERK1/2 signaling is blocked in mice CFs, the expression of p-GRK2 is obviously reduced (65). Whereas other studies have demonstrated that the proliferation of CFs stimulated with arginine vasopressin (AVP) is obviously increased, which through V1AR-mediated GRK2/β-arrestin/ERK1/2 signaling (66). Simultaneously, another results suggest that silencing GRK2 could inhibit the continuous production of p-ERK1/2 induced by AVP then decreased caspase-3/7 activity and H9c2 cell survival (67, 68). Likewise, in A7r5 cells, inhibition of GRK2 can reduce AVP-mediated sustained phosphorylation of ERK1/2 and epidermal growth factor receptor activation, cell proliferation is also inhibited (69). Based on the previous studies, how GRK2 affect the phosphorylation of ERK1/2 in fibrotic disease is not fully understood.



P38 MAPK Pathway

P38 MAPK, as a classical subtypes of MAPKs, engaging in cell differentiation, mitogenesis, and apoptosis, etc. To date, secretion of inflammatory cytokines via p38 MAPK activation leads to fibrosis emerged (liver, renal, lung and heart) (70, 71). Zhao et al. (72) reveals that aggravated p-p38 expression appears to promote the polarization of M1 macrophages, and induced monocyte infiltration which is contributed to liver fibrosis. Furthermore, Liu et al. (73) has determined that p38 induced GRK2 phosphorylation at Ser-670 contributes to enhancing LPS-stimulated monocyte migration. However, it is reported that GRK2 upregulates the phosphorylation of p38 to increase antigen-induced mast cell degranulation and cytokines production (74). On the contrary, GRK2, as a negative regulator, appears to phosphorylate p38 at Thr-123 contributes to inhibiting p38-mediated signaling transduction (75). Consequently, there is a crosstalk mechanism between GRK2 and p38, especially in fibrosis, which has not been claimed obviously.



Nuclear Factor κB (NF-κB) Signaling Pathway

It is a well-known concept that NF-κB regulates a wide variety of biological responses and regulates inflammatory factor production, including interlukine-6 (IL-6), IL-1 and other cytokines. Both in hepatic and renal fibrosis, activation of NF-κB signaling pathway is involved in the activation of fibroblasts and accumulation of ECM (76, 77). Moreover, there is an obvious relationship between many other fibrotic diseases and the activation of NF-κB regulated by multiple molecules (78). Sonika et al. (79) suggests that GRK2 negatively regulates NF-κB1-p105-ERK pathway in primary macrophages stimulated by lipopolysaccharide. However, another study recognized that the activation of NF-κB is eliminated by inhibition of GRK2, diminishing the production of IL-6 in AVP-stimulated rat CFs (80). Similar results are confirmed that GRK2 is affecting the ability of NF-κB translocation to the nucleus in post-ischemic cells. It has been reported that the increased ability of NF-κB translocation to the nucleus contributes to tumor necrosis factor alpha (TNF-α) production and the activation of myofibroblasts (81). At present, the up-regulated translocation of NF-κB coursed by oxidative stress, resulting in GRK2 membranous translocation to increase the phosphorylation of dopamine D1 receptor (D1R) (82). According to the above research, there is a conflict effect of GRK2 in the activation of NF-κB pathway. Meanwhile, it’s necessary for us to require more studies to investigate the relationship between GRK2 and multiple signaling pathways in fibrotic diseases.




GRK2 and Fibrotic Disease

Under pathologic circumstances, the normal tissue repair response deviates from the homeostatic regulatory mechanisms and evolves into a diverse fibrotic process characterized by exaggerated deposition of ECM, which interrupts the normal organ architecture and ultimately becomes organ failure (83) (Figure 3). In general, fibroblasts are the principal resource of ECM. Additionally, many immune cells, such as macrophages, neutrophil, and thymus cells, participates in the development of organ fibrosis through secreting some pro-inflammatory or anti-inflammatory factors, including interferon-gamma (IFN-γ), matrix metalloproteinases (MMPs), IL-1β, IL-13, TNF-α, transforming growth factor-beta (TGF-β), etc (84) (Figure 4). At present, the treatment of fibrotic diseases is still a major difficulty. Accumulating evidence suggests the GRK2 signaling hub can influence different cells activation (85) and tissue fibrosis process, eventually leading to organic structure destruction and dysfunction (Table 1).




Figure 3 | Similar pathological features of organ fibrosis. Fibrosis is a wound-healing process that leads to disruption of tissue architecture, organ dysfunction and eventually organ failure, which involves liver, heart, kidneys and lungs. Under continuous injuries or stimulation, the normal tissue repair response evolves into a diverse fibrotic process, including activation of fibroblasts, production of inflammatory cytokines and exaggerated accumulation of extracellular matrix (ECM).






Figure 4 | The relationship between GRK2 and fibrotic diseases. Various factors contribute to fibrosis progression in different tissues such as liver, kidney, lung, cardiac. When occurring the continuous pathological stimulus, the activated inflammatory cells and myofibroblasts will lead to extracellular matrix (ECM) production, resulting in fibrosis. Macrophages and endothelial cells can secrete cytokines. The immune cells including monocytes and neutrophils will secrete pro-inflammation factors, leading to the reactive oxygen species (ROS) and inflammation, and assist in the activation of myofibroblast. Important features of fibrous processes that are common in these organs include overproduction of cytokines, such as IL-1β, etc. Many injuries and stimulation will lead to the change of GRK2, GRK2 is involved in the pathological mechanism leading to the occurrence of organ fibrosis via multiple ways.




Table 1 | Role of GRK2 in the development of multiple fibrotic diseases.




Liver Fibrosis

Liver fibrosis refers to the repeated destruction and regeneration of hepatocytes during the development of chronic liver disease, which leads to excessive deposition and abnormal distribution of ECM such as collagen, glycoproteins, and proteoglycans in the liver (98). This process also leads to the continuous activation of HSCs, which then leads to the formation of scar tissue in the liver and presents as abnormal wound healing. Activation of HSCs is considered to be a key step in the development of liver fibrosis (99). Upon stimulation of pro-fibrogenic factors, quiescent HSCs are activated to become myofibroblasts, which are characterized by enhanced proliferation and chemotaxis, and excessive ECM components production such as collagen I. Liver fibrosis may develop into cirrhosis, even ultimately leading to hepatocellular carcinoma (100). It’s urgent to find effective therapeutic targets for liver fibrosis because it contributes to increasing the incidence of morbidity in developed countries (101). In this regard, the researcher has reported that GRK2 is overexpressed in liver cirrhosis patients. Upregulation of GRK2 reduces migration activity of the polymorphonuclear neutrophils through activating IL-33/serum stimulation-2 (ST2 pathway), along with lower expression of membranous CXCR2 (91). Consistent with these findings, the increased expression of GRK2 has been found in cirrhotic patients and rats, accompanying with the aggravated interaction between the α1 adrenergic receptor and β-arrestin2 (92). Moreover, a porcine serum-induced liver fibrosis model in rats is used in our previous study, its pathological feature is more similar to humans in the pathogenesis of liver fibrosis. At the same time, we have found that the expression of GRK2 in liver tissue shows a downward trend with the extension of the modeling time, which is consistent with the expression tendency in rat HSCs. In addition, experiments also find lower GRK2 expression can promote the proliferation of HSCs and promote the occurrence of liver fibrosis (93). Adenosine is a purine nucleoside that acts on the adenosine A2A receptor (A2AR), as well as participating in collagen production. Furthermore, depletion of A2AR would ameliorate the fibrosis (94). Further investigation has suggested that IFN-γ disrupts the expression of AC, which is required for A2A to promote the production of collagen and exert anti-fibrotic effect. Meanwhile, TNF-α could enhance the activity of A2AR by impairing GRK2 and β-arrestin-mediated receptor desensitization. It suggested that GRK2 may also slow down the process of liver fibrosis by desensitizing A2AR in fibrotic tissue (95, 96). In the future research, we must pay more attention to potential role and mediated mechanisms of GRK2 in liver fibrosis.



Myocardial Fibrosis

In the healthy heart, it seems essential to maintain both structure and integrity of the organ by ECM (102). Conversely, cardiac stress leads to excessive production of ECM, which ultimately causes the occurrence of cardiac fibrosis (103). Components of ECM including collagen I and III, laminin, fibronectin and matrix metalloproteinases, which are mainly produced by CFs (104). CFs, the main effector cells, in the course of cardiac fibrosis may proliferate, migrate, and differentiate into myofibroblasts, which is characterized by increased amount of alpha-smooth muscle actin (α-SMA) (105). Generally speaking, cardiac fibrosis has been linked to morbidity and mortality. Due to heart failure may be caused by cardiac fibrosis, which affecting 1%~2% of the world’s population live, it is a major public health concern (106, 107). Even though the reports have demonstrated that reversibility is definite in cardiac fibrotic, the mechanisms responsible for cardiac fibrosis is still unclear (108).

GRK2 has turned out to be crucial in cardiac contractility (87). The expression of GRK2 in myocardial depends on its level in peripheral blood mononuclear cells, likewise upregulation of GRK2 was shown in hypertrophy and hypertension (86). Currently, depletion of GRK2 in fibroblasts reduces the expression of fibrotic gene and diminished fibrosis in a post-ischemia-reperfusion (I/R) mice model (109). Otherwise, elevated level of AVP, which is secreted in response to hypovolemic of cardiac stress, has been considered as a potential risk factor of cardiac fibrosis. AVP induces the proliferation of CFs via GRK2/β-arrestin/ERK1/2 signaling pathway, while AVP-induced CFs proliferation is eliminated after GRK2 is blocked (66). Accordingly, other studies show that the up-regulated expression of p-GRK2 consisted with the activation of the ERK1/2/Smad2/3 signaling pathway is conducive to the production of collagen I/III in myocardial fibrosis mice (65). Moreover, GRK2-Ct peptide transfection (GRK2-Ct, inhibitory peptide of GRK2 activation) or GRK2 shRNA-mediated gene silencing abolishes AVP-evoked p-ERK1/2 and suppresses the expression of MMP2 and α-SMA in CFs, which could also inhibit the proliferation of CFs. The results of this study suggest that the low expression level of GRK2 could inhibit myocardial fibrosis. The degree of fibrosis is attenuated in the GRK2flox/flox mice. However, knockdown of GRK2 significantly enhances carbachol-mediated activation of ERK1/2 in vitro (74). And researchers also have detected changes in GRK2 levels at different time points after I/R injury. Strikingly, they believe that the expression of GRK2 markedly diminished after myocardial I/R, Akt protein levels show a similar trend as GRK2 upon pre-conditioning. The data indicate that GRK2 phosphorylation at Ser-670 in ischemia or at Ser-685 in early reperfusion, which respectively aggravate proteasome- and calpain-mediated GRK2 degradation (110). Consistent with these findings, GRK2 is on a trajectory to become the most important target for cardiac fibrosis, and it is urgently to further explore the underlying mechanisms.



Renal Fibrosis

During the past decades of years, the mortality of chronic kidney disease (CKD) has increased rapidly and continues to increase at an annual rate of 1% per year, which makes this life-threatening disease a global burden (111). Renal fibrosis, which is a common pathological result of most patients with advanced CKD (112). It is initially triggered by various biophysiological damages or inflammatory cytokines as a protective response to kidney damage. However, this reaction will become a pathogenic factor when kidney damage is prolonged and overreacted, eventually giving rise of end-stage kidney disease. Likewise, continuous renal inflammation, including secretion of pro-fibrotic factors, chemokines and cytokines, which could prompt the fibrosis (113). Renal fibrosis is a complicated disorder characterized by the destruction of kidney parenchyma, composed by the abnormal accumulation of ECM and lower glomerular filtration rate (114).

GRK2 plays a canonical role in regulating angiotensin II type 1 receptor (AT1R) desensitization, which is important in modulating a multitude of function in the kidney such as renal blood flow, glomerular filtration (115). GRK2 knockout rat model has been used to investigate the effects of GRK2 in kidney diseases, continues studies investigate that severer kidney-specific damage was occurred in GRK2 knockdown mice. Glomerular formation is altered during the development of GRK2 targeted knockout mice, which may be the basis for kidney shrinkage and functional decline in adult shGRK2 mice. In addition, the production of reactive oxygen species and ECM is increased in the GRK2 knockdown mice, especially the level of collagen rises obviously. The underlying mechanism possibly contributes to activating AT1R signaling through GRK2 depletion, instead of the expression of renal AT1R, which altering the renal function in shGRK2 mice (88). Whereas there is no obviously hypoplasia effect on other organs, it is worth noting that the regulation of GRK2-mediated AT1R signaling in nephrogenesis. There is another research presented that the increased expression of cytoplasm GRK2 may modulate the internalization of EP1 and promote the proliferation of glomerular mesangial cells, leading to the deposition of ECM (89, 116). Numerous preclinical studies confirmed that damaged kidney function, as an indicator of death in patients with ischemic and non-ischemic etiologies advanced chronic heart failure, have strongly linked to heart disease (117). Advance of CKD in the chronic phase of heart failure consists with altered GRK2 expression and membrane translocation via GPCRs-Gβγ, which promotes renal inflammation and fibrosis (90). Mechanistically, disrupting Gβγ-GRK2 signaling seems to play a major role in renal protection. As mentioned before, we need to be aware of the urgency of finding an effective strategy for anti-renal fibrosis, which is related to alteration of GRK2.



Pulmonary Fibrosis

Pulmonary fibrosis caused by injury and infection is typically one of the chronic, prolonged pulmonary disease processes, along with excessive deposition of the ECM (118, 119). Moreover, multiple cytokines (including IFN-γ, TGF-β, IL-1β, TNF-α, IL-8 etc.) secreted by alveolar epithelial type cells, macrophages and other cells can promote the activation of fibroblasts, and also as an important risk for fibrosis (120). Roux et al. (121) has showed that IL-8, an important mediator of acute lung injury, could be elevated expression in rat and human alveolar epithelial type II cells. Furthermore, IL-8 inhibits β2AR agonist-stimulated alveolar epithelial fluid transport through the GRK2/PI3K signaling pathway. This effect appears to the aggravated acute lung injury, even resulting in pulmonary fibrosis and failure. Mak et al. (122) has used eight cases of normal lung tissues and nine lung tissues within by cystic fibrosis. The lung tissues are homogenized by centrifugation after grinding. In the cystic fibrosis tissues, there is a higher expression of GRK2 by Western blot. The level of GRK2 mRNA is detected by Northern blotting, and the same result is achieved. However, Chen et al. (97) suggests that nintedanib successfully down-regulates the expression of α-SMA, collagen-1, chemokine receptor 2 and very late antigen 4 in bleomycin-induced pulmonary fibrosis, as well as an upregulation of GRK2 activity in peripheral blood neutrophils. Previous effects lead to ameliorate the lung inflammation, fibrosis and neutrophil chemotaxis. Although GRK2 has been confirmed to be involved in the development of pulmonary fibrosis by regulating multiple signaling pathways, the exact role of GRK2 has not yet been clearly illustrated.




Conclusion and Prospect

Accumulated evidence has focused on the essential role of GRK2 subtype in fibrotic diseases. With further exploration of research, more and more functions and potential value of GRK2 have been discovered. The expression of GRK2 could be used as biomarker to detect cardiac damage and determine the appropriate timing for clinical interventions even when this damage was not clinically very evident. Recently, plenty of fibrotic related pathways were shown to associate closely with the abnormal expression and activity of GRK2, and specific regulation in different cellular processes.

Fibrotic disease is one of the most difficult clinical problems in the world, thus blocking the further progress of fibrosis is crucial. Several methods have been designed to block GRK2 expression including congenital gene knockout. The application of GRK2 siRNA or GRK2 adenovirus can reduce the expression of GRK2 at the gene level. In addition, small molecule inhibitors and various peptides of GRK2 also have been applied to decrease the expression or activity of GRK2. Emerging strategies targeting GRK2 functionality are being investigated. Some methods have been identified to be effective in cell lines even in an animal model. The incidence of fibrosis is increasing globally, so it is necessary to understand the underlying mechanism of GRK2 in the process and take effective measures in time. During decades of research and exploration, GRK2 presents multiple functions in cardiac contractility, cell proliferation, inflammation and metabolic homeostasis. Simultaneously, several experiments suggested that the increased GRK2 in CFs induces the deposition of ECM, others also demonstrate the up-regulated GRK2 promotes the secretion of inflammatory cytokines in macrophages, then inducing fibroblasts activation (123). However, the decreased GRK2 is shown in the development of pulmonary fibrosis, and there is another result indicates that desensitization of A2AR by GRK2 may contribute to down-regulating the process of liver fibrosis. The data present that there is a difference of level of GRK2 in different fibrotic diseases, both expression and activity. GRK2 expression and activity were mainly detected in amounts of animal models rather than in enough clinical studies. Therefore, whether in animals or in clinic, it is more urgent to specifically explore how to target GRK2 in the treatments of fibrotic diseases. Meanwhile, it seems more indispensable to soft control GRK2 expression and function under pathological conditions to “normal” physiological states so as to restore the dynamic balance of cellular processes and prevent the development of organ fibrosis.
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SHR means the spontaneously hypertensive rats; PHPS1 used to specifically inhibit SHP-2; shGRK2 mice are the GRK2 hemizygous mice.
ADRB?1, adrenergic receptor beta 1; HFD, high-fat diet; CREB, cAMP-response element binding protein; AVP, arginine vasopressin; CF, cardiac fibroblast; AMPK, AMP-activated protein
kinase; MMP2, matrix metallopeptidase 2; RAS, renin-angiotensin system; STZ, streptozocin; GMCs, glomerular mesangial cells; HSCs, hepatic stellate cells; ROCK, Rho-kinase inhibitors;
a-SMA, alpha-smooth muscle actin; ST2, serum stimulation-2.





