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Abstract

:

Endocannabinoid signaling plays crucial roles in human physiology in the function of multiple systems. The two cannabinoid receptors, CB1 and CB2, are cell membrane proteins that interact with both exogenous and endogenous bioactive lipid ligands, or endocannabinoids. Recent evidence has established that endocannabinoid signaling operates within the human kidney, as well as suggests the important role it plays in multiple renal pathologies. CB1, specifically, has been identified as the more prominent ECS receptor within the kidney, allowing us to place emphasis on this receptor. The activity of CB1 has been repeatedly shown to contribute to both diabetic and non-diabetic chronic kidney disease (CKD). Interestingly, recent reports of acute kidney injury (AKI) have been attributed to synthetic cannabinoid use. Therefore, the exploration of the ECS, its receptors, and its ligands can help provide better insight into new methods of treatment for a range of renal diseases. This review explores the endocannabinoid system, with a focus on its impacts within the healthy and diseased kidney.
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1. Introduction: Overview of Cannabinoid Signaling


The endocannabinoid system (ECS) is an important signaling pathway that involves the binding of lipid ligands, known as cannabinoids, to cannabinoid receptors, and it encompasses, as well, the metabolic enzymes of endocannabinoids. The signaling pathway consists of two main receptors, cannabinoid receptor 1 (CB1) and cannabinoid receptor 2 (CB2) and more specifically involves endogenous cannabinoid ligands, also known as endocannabinoids [1,2]. The ECS is found throughout multiple body systems and aids in a growing list of cellular functions and processes. Recent studies have highlighted the prominent role the ECS may play in renal health and function. Chronic kidney disease (CKD), including renal fibrosis and diabetic kidney disease, has been linked to cannabinoid signaling, specifically including CB1. CB2 has also been identified within the human kidney; however, recent findings indicate that CB2 activity within the kidney is complicated, contradictory, and not as well-characterized [3]. Thus, although CB2 is emerging as a target of study for renal disease, we will focus primarily on CB1 in this review.



The kidney is a vital player in human physiology and its homeostasis. It is involved in the processing and removal of metabolic byproducts and toxins, regulation of body fluid volumes, maintenance of electrolyte levels, and hormone production [4,5]. Damage to and disease of the kidney can present themselves through either an acute process, such as in acute kidney injury (AKI), or in a chronic process, such as in chronic kidney disease (CKD) [6,7,8]. CKD continues to increase in prevalence worldwide, along with some of its major contributors, such as diabetes, obesity, hypertension, and autoimmune diseases [9]. It is also one of the leading causes of global mortality, posing a great issue, especially in low—and middle—income regions that lack proper treatments and resources [9]. Incidents of AKI are also being reported at an increasing rate, as a result of synthetic drug abuse, creating a new facet to the problem of kidney disease [10].



Therefore, understanding the mechanisms that contribute to kidney disease, both chronic and acute, is vital to greater public health efforts. As the endocannabinoid system has recently been gaining attention in the context of kidney disease, it has the potential to unlock new therapies and avenues of study. In this review, we will explore the ECS, with an emphasis on CB1 and its ligands, in the context of renal health (Figure 1). We will then dive deeper into the role the ECS plays in CKD (both diabetic and non-diabetic) and AKI, as well as potential therapies and future directions for a better understanding of this pathway within renal function and health.



1.1. The Cannabinoid Receptors: An Emphasis on CB1


CB1 and CB2 are transmembrane G-protein coupled receptors (GPCRs) that aid in multiple cellular functions that influence cell survival and fate [2,11]. GPCRs, more generally, are eukaryotic-specific membrane receptors involved in the translation of external signals into cellular responses. Signals can include light, lipids, sugars, peptides, and proteins [12]. GPCRs are also the largest and most diverse classification of membrane receptors found within eukaryotes [13]. More specifically, cannabinoid receptors are class A GPCRs. Class A GPCRs are the largest subfamily of the GPCR family and are involved in a plethora of cellular signaling processes [12,13]. Such as other class A GPCRs, CB1 and CB2 both have a 7-transmembrane helices domain with a main binding site and an allosteric modulatory binding pocket [12]. Interestingly, recent crystal structures have indicated a complex binding-site network, which has implications for drug-discovery, specifically in regard to the use of phytocannabinoids, such as THC [14].



CB1 has been best characterized within the nervous system, as it is one of the most abundant GPCRs in the central nervous system (CNS). More specifically, CB1 is found in high levels within the hippocampus, neocortex, basal ganglia, cerebellum, the respiratory system, and brainstem [2,15]. The endocannabinoid system, more generally within the CNS, is an important regulator of synaptic function and can therefore regulate neural functions, such as cognition, motor control, appetite, pain, and behavior [16]. CB1 has been further studied and characterized within the reproductive tract, skeletal muscular system, gastrointestinal tract, blood vessels, heart, pancreas, adipose tissue, kidney, and liver (Figure 2) [2,17,18,19,20,21].



With a focus on the kidney, CB1 has been identified within in the glomeruli, afferent and efferent arterioles, proximal convoluted tubule, thick ascending limb, distal convoluted tubule, and the collecting duct (Figure 3) [22,23,24,25,26,27,28]. Regarding specific renal cell populations, CB1 expression is found within the podocytes, mesangial, endothelial cells, tubular cells, and intercalated cells within their respective regions of the nephron [22,23,24,25,26,27,28]. CB2 has recently been studied in the kidney, specifically in the context of renal fibrosis; however, its role in renal physiology is not as well-characterized, or as prominent, as its counterpart [3,29]. However, CB2 has been well-characterized as a key player in the immune system, as it is found within the thymus, gastrointestinal tract, spleen, bone marrow, and hematopoietic stem cells [2,20,30].




1.2. The Endocannabinoids of CB1


Endocannabinoids are fatty acid-derived ligands that are produced on command to influence the activity of the cannabinoid receptors [1,31]. Membrane phospholipids are metabolized in response to various stimuli, such as changes in intracellular calcium levels [15]. Anandamide, the first identified endocannabinoid, was identified by Devane et al. in 1992 [32]. However, Mechoulam et al. discovered 2-arachidonoylglycerol (2-AG) not long after in 1995 [33]. AEA is a partial agonist of CB1, and 2-AG is a full agonist that binds to both CB1 and CB2 [1,14,20,34,35]. Further, 2-AG is also recognized as the most abundant endocannabinoid [1,34]. These two ligands are major players in the endocannabinoid signaling pathway within several tissues [35] and, more specifically, have been found in high levels within the kidney. The kidney can be characterized by its higher-than-average level of AEA and its degrading enzyme, compared to other organs within the human body [23,36]. The relative levels of AEA and 2-AG, however, are specific to distinct kidney regions [23,36]. AEA is found in a higher concentration within the renal medulla compared to the cortex [23,36]. On the other hand, 2-AG has similar concentrations in the medulla and cortex and, interestingly, in similar levels to AEA within the cortex (Figure 4) [36].



AEA biosynthesis can be performed through multiple pathways; however, it is initiated by the creation of membrane-bound N-arachidonoyl phosphatidyl ethanolamine (NAPE) [31,37]. The formation of NAPE can be either calcium-dependent or independent [31]. NAPE then converts to create AEA, which can be performed through multiple processes as well [18]. However, the exact mechanism in which NAPE is synthesized within the kidney remains elusive [31]. Interestingly, the AEA-degrading enzymes, such as fatty acid amide hydrolase (FAAH) and cyclooxygenase-2 (COX-2), are found in high levels within the kidney [23,36,37,38,39]. Through western blots and immunostaining analysis performed by Ritter et al. in 2012, FAAH was found in higher levels within the renal cortex, whereas COX-2 was better enriched in the renal medulla (Figure 4) [36]. This opposed distribution of these two enzymes infers a dynamic relationship between the two. FAAH degrades AEA into arachidonic acid and ethanolamine, whereas COX-2 degrades AEA into N-ethanolamide analogs of prostaglandins, also known as prostamides [36,40]. Other enzymes responsible for AEA degradation are additionally found within the kidney, such as lipoxygenases and cytochrome P450s [31].



The biosynthesis of 2-AG is similar to that of AEA, as it can be performed through a variety of pathways as well. However, 2-AG synthesis is primarily performed by diacylglycerol lipase (DAGL) with the use of 2-arachidonoyl-phosphatidylinositol 4,5-biphosphate (PIP2) as the main precursor [18,41]. Furthermore, 2-AG is then primarily degraded into arachidonic acid and glycerol, which can be performed by multiple enzymes such as monoacylglycerol lipase (MAGL) and FAAH [41,42]. In the context of the kidney specifically, 2-AG metabolism has not been well-characterized; however, high levels of this endocannabinoid have been reported in cases of acute kidney injury (AKI) [43].




1.3. Cellular Processes of the ECS


The cannabinoid signaling pathway has been shown to be involved in multiple cell-signaling pathways that influence cell survival, differentiation, proliferation, and death [2,11,44]. It has been well-characterized that CB1 inhibits adenylyl cyclase activity, ultimately decreasing cyclic adenosine monophosphate (cAMP) levels [45,46]. This relationship between CB1 and adenylyl cyclase was first introduced, and heavily studied, through the use of mouse spleen cells and Δ9-THC [45,46]. However, there is now evidence that suggests that CB1 activates other important cellular pathways, such as the mitogen-activated protein kinase (MAPK) and the phosphoinositide 3-kinase/protein kinase B (PI3K/Akt) pathways (Figure 5) [11,47,48,49,50]. CB1, being a regulator of these cellular pathways, therefore has the potential to play a role in cell survival and fate. Within the context of the kidney, CB1 activates the MAPK signaling and promotes cisplatin-induced nephropathy, which will be discussed later in this review [50]. Interestingly, the activation of the PI3K/AKT pathway is associated with injury to podocytes, which are crucial for kidney function and health [51], although a formal link between CB1 and podocyte injury via PI3K/Akt activation has yet to be made [22,52,53]. The ECS has been associated with other cellular pathways that are involved in oxidative stress; however, these will not be discussed for the purposes of this review.





2. The ECS and Chronic Kidney Disease


2.1. Diabetic Kidney Disease


The function of endocannabinoids and their receptors have been linked to diabetic nephropathy, the leading cause of kidney disease in the United States and an initiator of end stage kidney disease [5,54,55]. Diabetic nephropathy can contribute to a decrease in the life expectancies of patients, and there are currently no fully effective treatments. Multiple studies have been aimed to better elucidate the roles of endocannabinoid signaling and its effects on diabetic nephropathy, highlighting the role endocannabinoid signaling plays in podocyte and renal proximal tubular cell (RPTC) physiology (Figure 1) [24,26,53].



Podocytes are highly specialized cells in the kidney that play important roles in glomerular filtration. Interestingly, CB1 has been identified within the podocytes, allowing the ECS to be a target for study [53]. It has been well-characterized that the ECS plays a major role in diabetes and metabolic diseases, which in turn brings focus to diabetic nephropathy [56,57,58,59]. In a 2014 study performed by Jourdan et al., high glucose levels were found to affect CB1 activation in podocytes, causing increased Cnr1 expression [54]. The overactivation of CB1 resulted in podocyte damage, due to both hyperglycemia and increased renin–angiotensin–aldosterone (RAAS) activity, causing diabetic nephropathy. The potential therapeutic benefits of blocking endocannabinoid signaling in podocytes and its effect on diabetic nephropathy was studied using JD5037, a peripheral CB1 antagonist. Peripheral CB1 antagonism prevented the deterioration of kidney function when applied to prediabetic mice and helped reverse already seen effects in mice exhibiting diabetic nephropathy. Peripheral CB1 antagonism in Zucker diabetic fatty (ZDF) rats, a popular type-2 diabetes model, prevented hyperglycemia, increased kidney weight, elevated plasma creatine, and increased blood urea nitrogen levels and lead to a reduction in GFR. Xanthine oxidase activity was normalized, and the activation of the RAAS was prevented. Peripheral CB1 antagonism also reversed already developed nephropathy in older mice, including polyuria and albuminuria [54]. Overall, this study helped to identify the potential pharmaceutical capabilities of CB1 antagonism in the prevention and treatment of diabetic kidney disease.



In addition to peripheral CB1 antagonism, a novel mouse model with a podocyte-specific deletion of CB1 was developed by Jourdan et al. in 2018 [60]. It has been previously shown that CB1 activation, specifically in the podocytes, contributes to podocyte injury caused by hyperglycemia and increased RAAS activity [54]. A previous in vivo model highlighted that the addition of high levels of glucose in cultured human podocyte cells created a significant increase in CB1 expression and led to podocyte injury [58]. The study performed by Jourdan et al. in 2014 did observe a Cnr1 knockdown model in the presence of high glucose levels to study CB1 blockade [54]. However, their more recent study used a Cnr1 deletion model, allowing them to explore the role of CB1 in the development of diabetic nephropathy in vivo. The mice with the podocyte-specific deletion of Cnr1 were with streptozotocin (STZ) to induce type-1 diabetic nephropathy and chronic hyperglycemia [60]. The knockout of podocyte-specific Cnr1 protected glomerular and podocyte function, while also shielding proximal tubular function against injury [60]. Knockout of Cnr1 also contributes to a decrease in oxidative stress and inflammation induced by diabetes as compared to controls [60]. Overall, CB1 has been identified as being a mechanistic component of podocyte injury specifically by influencing oxidative stress [53,60].



A specific characteristic of diabetic nephropathy is albuminuria, which results from the dysregulation of the glomerular filtration barrier (Figure 6) [61]. CB1 has previously been shown to influence albuminuria, as CB1 blockade was found to ameliorate albuminuria [57]. In 2018, Barutta et al. investigated how AM6545, a CB1 receptor antagonist, acted in conjunction with the treatment of perindopril, an ACE-inhibitor, for type 1 diabetic mice [59]. The goal was to see if the connection between ECS and RAS can be applied to a more effective therapy for albuminuria than ACE-inhibitors alone [59]. Once diabetes was established in their mouse models, albuminuria levels were observed with the inclusion of AM6545, perindopril, or the dual therapy of both. Both the AM6545 and perindopril treatments reduced albuminuria by 50%. However, the dual therapy resulted in an albuminuria level comparable to that of the non-diabetic mice, indicating a rescue early diabetic nephropathy. Additionally, a similar trend in podocyte development was observed in the reduction of nephrin and podocin. The single treatments of perindopril or AM6545 helped to rescue nephrin and podocin reduction in immunostaining; however, dual therapy fully rescued the reduction in diabetic mice. The researchers then looked at whether CB1 receptor interferes with retinoic acid (RA) signaling and found that exposure to RA resulted in an increase in nephrin mRNA level. However, treatment with a CB1 receptor agonist, ACEA, reverted this trend by lowering nephrin expression below the control. Additionally, the rescue of other factors such as monocyte infiltration, macrophage polarization towards M2, or an overabundant expression of inflammatory factors were observed in the dual therapy. This study highlights the therapeutic potential of dual therapies by inhibiting both CB1 and RAS to reverse nephropathy in diabetic mice.



Although widely accepted as a glomerular disease, recent studies suggest RPTCs play a role in diabetic kidney disease (DKD) when they are exposed to dysregulated nutrient and energy sensing in diseases such as diabetes and obesity [62,63]. Specifically, the activation of mTORC1, due to a nutrient overload, in the RPTCs was identified as a key driver of diabetic nephropathy [62]. CB1 has been characterized as being expressed within the proximal tubular cells of the human adult kidney and plays roles in RPTC function [24,26,39,64,65]. Interestingly, endocannabinoid signaling has been associated with proximal tubular hypertrophy, which is associated with diabetic nephropathy [64]. As shown by Hinden et al. in 2022 [63], endocannabinoid signaling plays a key role in regulating mTORC1 signaling in RPTCs in normal and disease states. Hyperglycemia, a known contributing factor of diabetic nephropathy was shown to stimulate endocannabinoid signaling and the subsequent activation of CB1. Therefore, the relationship between CB1 and mTORC1 was studied. CB1-deficient diabetic mice demonstrated a decrease in mTORC1 signaling and levels of GLUT2, preserving kidney function, inferring that CB1 activity stimulates mTORC1 activity, leading to DKD advancement in mice. However, non-diabetic mice that do not contain CB1 show increased mTORC1 signaling, due to increased amino acid transport [63]. CB1 activity has also been found to mediate obesity-induced renal lipotoxicity by downregulating AMPK signaling and increasing lipid accumulation in the RPTCs. CB1 antagonists may offer therapeutic benefits by preventing GLUT2 translocation to the apical membrane, causing enhanced glucose uptake and increasing AMPK phosphorylation [63]. Taken together, these studies have revealed crucial physiological changes associated with CB1 in podocytes and RPTCs in diabetes (Figure 6).




2.2. The ECS in Renal Fibrosis and Other Non-Diabetic CKDs


Chronic kidney disease can also be independent of diabetes. Kidney diseases such as fibrosis and proteinuria can be hereditary or caused by other issues that precede diabetes, such as pregnancy [66,67]. Interestingly, the endocannabinoid system has been linked to non-diabetic chronic kidney diseases (NDCKD) as well. Renal fibrosis is caused by the excessive accumulation of an extracellular matrix, and while it may additionally be a result of DKD, it can additionally originate from non-diabetic chronic injury. Interestingly, CB1 has recently emerged as a key player in its pathogenesis (Figure 7) [67]. In 2015, Lecru et al. aimed to better understand the underlying mechanisms of renal fibrosis [29]. In order to do so, they performed a microarray analysis to compare the gene expressions of fibrotic and normal kidneys. Diseased kidneys were studied using the unilateral ureteral obstruction (UUO) experimental model in mice to induce fibrosis. Surprisingly, the Cnr1 gene, the gene responsible for encoding CB1, was one of the most upregulated genes within the UUO model. This novel finding then lead to the exploration of CB1 expression within renal fibrosis and other diseases. The immunostaining of multiple renal biopsies revealed that CB1 expression increased in renal fibrosis, acute interstitial nephritis, IgA nephropathy, and diabetic nephropathy, indicating a relationship between CB1 expression and kidney function. When further studied in the context of renal fibrosis, CB1 expression was found to be increased in myofibroblasts, the main contributor of fibrosis. In the UUO model, global endocannabinoid levels, including AEA and 2-AG, increased, indicating a change in the overall endocannabinoid signaling system within the context of renal fibrosis. To further validate their findings, a genetic knockout (Cnr1−/−) and pharmacological blockade model were used and showed a decrease in fibrosis. Through these CB1 deficiency models, this study determined that CB1 is involved in the development of renal fibrosis [29].



More recent evidence suggests that CB1 agonism may be influencing renal fibrosis through Smad3 signaling [68]. Smad3 expression is a major mediator of renal fibrosis [69,70]. TGF-β1, a mediator of renal fibrosis, activates Smad3, which in turn regulates target genes for renal fibrosis [29,70,71]. More specifically, aspects of fibrosis such as collogen synthesis and the epithelial–mesenchymal transition are dependent on TGF-β1/Smad3 signaling [70]. The results from the Lecru et al. study [29] suggest that CB1 activity acts downstream of TGF-β1. Interestingly, CB1 is hypothesized to be a negative mediator of TGF-β1/Smad3 signaling in pulmonary fibrosis [72]. The study performed by Golosova et al. [68] highlighted that high doses of AEA led to an increase in Smad3 expression, however surprisingly did not affect TGF-β1 expression. Previous studies have indicated that CB1 antagonists, such as AM-251, acted upstream of Smad3 and p38 MAPK in EMT; however, it did not act through CB1 [73]. This finding indicates that CB1 may not play a role in EMT regarding renal fibrosis. It was also hypothesized that CB1 has the potential to act through an alternative pattern, independent of TGF-β1 [68]. Overall, these findings indicate a complicated role for CB1 signaling in renal fibrosis that needs further exploration.



It has been well characterized that the over-activation of the ECS is associated with obesity and obesity-related issues (Figure 7) [74,75]. As a result, the potential relationship between the ECS and obesity-induced CKD is of interest. A previous study treated obese Zucker rat models with CB1 antagonists, which led to the attenuation of proteinuria and improved creatinine clearance, as well as a reduction in renal hypertrophy [75]. This connection between renal injury and CB1 activity highlights the role ECS plays in obesity-induced CKD. While less is known about it than obesity-associated glomerulopathy, renal tubule injury is another facet of obesity-induced CKD that is a potential therapeutic target [76]. A study, performed by Udi et al. in 2017 [65], aimed to focus on RPTCs within the context of obesity-induced CKD, as the RPTCs are particularly sensitive to lipid accumulation. It has been previously shown that the ECS is a key player in obesity; it has been shown to be involved in RPTC function as well, highlighting a possible relationship between endocannabinoid signaling and obesity-related renal pathologies [64,74,75]. Using RPTC-specific CB1-null mice, CB1 deletion was determined to reduce obesity-induced lipid accumulation in the kidney, inferring CB1 plays a role in the development of renal lipotoxicity. This result was then associated with the regulation of the LKB1/AMPK/ACC signaling pathway by the CB1R-coupled Gai/o-PKA axis [65]. Further studies indicated that CB1 helps to regulate the expression of adiponectin, an enzyme involved in glucose regulation and fatty acid degradation [77]. Adiponectin is also regulated by induced NOS (iNOS), another pathway involved in renal dysfunction, which allowed researchers to explore the connection between CB1 signaling and iNOS activity. The association of these two signaling pathways led to the establishment of a CB1/iNOS hybrid antagonist as a possible treatment for obesity-induced CKD [77].



Another NDCKD that has been studied in the context of the ECS is obstructive sleep apnea (OSA)-induced chronic kidney disease (Figure 7). The renal issues associated with OSA are mainly caused by intermittent hypoxia, more specifically [78]. Chronic intermittent hypoxia (CIH) has previously been shown to activate CB1 within bone, triggering metabolic bone disorders, indicating a relationship between CB1 and CIH [79]. It was hypothesized that this disease is due to mitochondrial dysfunctions that cause organ damage and might be able to be regulated by endocannabinoids. CIH is one of the main symptoms of OSA and affects kidney mitochondria. Therefore, patients with untreated OSA can result in CKD [80]. CB1 has been shown to affect mitochondrial function in kidneys and is shown to be very active in human kidney disease [24]. Zhao et al. in 2021 [81] therefore looked at three mitochondrial regulators as well as CB1 expression in the OSA-CIH rat model after the treatment of the CB1 antagonist, rimonabant (Ri). Through the analysis of renal tissue under electron microscopy (EM) and western blot analysis, no morphological abnormalities were found in the control group; however, the CIH group had swelling and a narrow tubule lumen. Tubular epithelial cells were also damaged, and a slightly inflammation was seen within the glomeruli. With the rimonabant treatment, swelling and tubular damage decreased. The CIH group indicated severe structural damage in renal tubular epithelial cell mitochondria, as well as the presence of mitochondria fragments. After rimonabant treatment, the damage to the mitochondria, as well as the presence of mitochondrial fragments, diminished, suggesting that the antagonist helped combat some of the structural damage in the renal mitochondria due to the CIH. Western blotting showed that CB1 expression in the renal tissues of the CIH group was increased, and after treatment with the antagonist, CB1 levels decreased, subsequently decreasing renal injury. Overall, it was concluded that CIH caused by OSA could induce endocannabinoid signaling, which then correlates to renal disease.





3. The ECS and Acute Kidney Injury


Renal ischemia-reperfusion (IR) has been known to contribute to AKI development. IR is caused by the impairment and rescue of blood flow to the kidney, commonly associated with injuries associated with partial nephrectomy (PN), transplant, infarction, and sepsis [82,83]. The endocannabinoid system (ECS) has been studied in its relationship with the IR across organs [84]. In the case of IR, the involvement of ECS has been observed in rodent models. For example, it has been observed that renal clamping causes changes in the levels of AEA [85] or 2-AG [43,86]. Additionally, the expression of CB1 and CB2 have also been found to be changed [85,87]. In Rothner et al., 2023 [88], the researchers studied the systemic endocannabinoid (eCB) levels caused by surgical renal IR. The study looked at 16 patients undergoing on-clamp PN and studied several levels of several factors important to the ECS system before renal ischemia, after 10 min of ischemia, and after 10 min from blood reperfusion. The study found that levels of 2-AG and kidney dysfunction biomarkers positively correlated with each other. The study showed that the levels of BUN, glucose, and sCr were elevated after reperfusion. The study did not detect significant changes in the CBs, CB-like molecules, or arachidonic acid (AA) in all patients. The study also showed that there was a significant increase in N-acylethanolamines in non-obese patients, however not in obese patients who already had higher levels of N-acylethanolamines.



Another issue that currently involves AKI is the inclusion of cisplatin-induced AKI (CIAKI). Cisplatin is a well-established chemotherapeutic agent that can result in AKI in its patients [89,90,91]. This chemotherapeutic drug induces tumor necrosis factor-α (TNF-α), which in turn stimulates cytokine and chemokine expression within the kidney to cause injury [92]. Although this drug is widely used to treat a plethora of cancers, a treatment to reduce the incidences of AKI under its use remains unknown. A study by Mukhopadhyay et al., 2010 [50], aimed to begin exploring a possible connection between CIAKI and the role CB1 plays in oxidative stress and inflammation. In this study, the researchers investigated the effect of pharmacological and genetic inhibition of CB1 receptors on a murine nephropathy model. First, they detected AEA and 2-AG in the mouse kidney and found that cisplatin increased the tissue levels of AEA. Additionally, it was found that with the treatment of AM-281 and SR141716, two CB1 antagonists, renal dysfunction was attenuated. A similar trend was additionally observed in CB1−/− mice. In addition, the researchers looked at histopathological damages and cell death and found that both the pharmacological and genetic inhibition of CB1 helped attenuate the renal damage, as well as reducing cell death in murine kidneys. The researchers further investigated additional factors of stress, such as p38 and JNK MAPK activation or interrelated oxidative/nitrosative stress and found that both the genetic deletion and pharmacological inhibition of CB1 helped mitigate these markers of renal dysfunction. Taken together, these results suggested that CB1 inhibitors could serve as a powerful pharmacotherapy treatment to reduce the nephrotoxicity effects of cisplatin.



Synthetic cannabinoids (SCs) are increasingly known as an abusive drug in young adults. Initially developed in the 1960s for studies on the pharmacology of cannabinoid receptors, SCs are non-polar agonists of the two endocannabinoid receptors, CB1 and CB2 [93,94]. However, not much has been known about their specific pharmacology [95]. SCs have recently become a popular type of drug abuse in young adults, particularly due to the similarities in their effects to cannabis [96]. Additionally, SCs are easily accessible with a low cost and distributed under names such as “Spice” or “K2”. In addition, they are easily consumed, either by smoking, insufflating, or ingesting. The most common renal pathology for renal problems due to SCs are acute kidney injury (AKI), accounting for less than 1% of all cases [97,98,99]. SCs have been known for their ability to reduce inotropic effects, leading to a blood flow reduction to the kidney. SC use can also be associated with cannabinoid hyperemesis syndrome, a condition observed in long-term users who experience symptoms such as vomiting, abdominal discomfort, or nausea [100].



In a case study presented by Acharya et al., 2023 [101], a 16-year-old male was admitted to the Pediatric Department at the University of Florida with symptoms of right flank pain, loss of appetite, constipation, and vomiting. He had no family history of renal disease/disorder; however, he did admit to smoking cannabis and SCs for approximately a year prior to this event and as recently as 2 days before admission. A biopsy of his kidney indicated evidence of severe acute interstitial nephritis. The biopsy showed interstitial inflammation at the cortico–medullary junction and the presence of many eosinophils. This study suggests that the mechanism in which AIN is manifested in the case of SC-use is through antigen processing and presentation and the activation of T-cells.



However, due to their illegal nature, it is difficult to determine the exact constituents of SCs, and therefore, it is difficult to determine the exact cause of AIN. In a previous 2013 case report by Kazory and Aiyer [102], the renal biopsy of a 22-year-old man who used SC regularly revealed acute tubular necrosis with flattened epithelium and focal tubular atrophy. Additionally, immunofluorescence staining revealed the loss of casts, vacuolization, mitosis, and brush border and found the presence of unclear vessels. This study proposed that the direct effect of SC may cause toxic tubular injury to the kidneys of these patients. The study also observed three notable points. First, the reported cases are predominantly male (20 out of 21 cases), with the most common symptoms being nausea, vomiting, and abdominal pain. Second, the most common finding in a renal biopsy is tubular injury (10 out of 12 cases). Third, 25% of patients needed replacement therapy (5 out of 21). The study concluded that SC abuse can result in renal complications that lead to SC-associated AKI.



In addition, several other reports have recorded the nephrotoxicity of SCs. In D’Errico et al., 2022, a broad literature survey was conducted from 21 studies, 14 case reports, and 7 case series, in which they found a broad range of symptoms of SC consumption. Histological findings revealed several kidney dysfunctions, such as acute tubular injury, acute tubulointerstitial nephritis, acute interstitial nephritis, acute tubular necrosis with peritubular medullary capillaritis, and acute glomerular disease [103]. For example, four cases of AKI, linked to SC abuse in Alabama, experienced symptoms such as vomiting, abdominal pain, and nausea after SC usage, and three developed severe AKI, for which their renal biopsy showed acute tubular necrosis (ATN) [104]. However, all patients recovered with appropriate care without the need for a kidney replacement. The Center for Disease Control and Prevention (CDC) also reported multiple cases of AKI as an unanticipated complication from SC abuse, with 16 patients hospitalized in 2012 alone. Biopsies revealed several findings, such as ATN, acute interstitial nephritis, and corticosteroids [105]. While AKI is not a common manifestation of SC abuse, with an approximately 4% incidence rate in a study of 277 cases in 2016, it does present a risk factor for the development of CKD [101,106].




4. Therapeutic Potential


As seen thus far, ECS is involved in multiple renal pathologies. As a result, it is being highlighted as a possible therapeutic target. Diseases, such as renal fibrosis and diabetic kidney disease, are worsened by the activation of CB1. Therefore, CB1 antagonists are being explored as therapies for these pathologies. Many studies have investigated both chemical inhibition and genetic manipulation; however, chemical inhibition specifically has pharmaceutical potential. Rimonabant, a well-known CB1 antagonist has been shown to attenuate renal diseases such as CIH-induced kidney disease and renal fibrosis [29,81]. This antagonist was sold on the market in the past, as it was used to achieve weight-loss and was being tested as a cardiovascular drug [107,108]. However, due to the inhibitory effects of the drug in the CNS, rimonabant began to show psychiatric side effects of anxiety and depression [109,110]. Rimonabant was shown to have higher blood–brain barrier penetrance, causing it to have CNS-related side effects [111,112]. As a result, efforts have been made to create CB1 antagonists that possess the ability to inhibit CB1 activity without penetrating the blood–brain barrier. Second and third generation antagonists were thus developed.



Second-generation antagonists have been developed over the past decade and are peripherally restricted [113]. This suggests that these antagonists affect peripheral CB1 receptors and not the CNS. Multiple second-generation CB1 antagonists have already been and are currently being developed [113]. Many second-generation antagonists are being formulated to treat metabolic issues such as obesity, diabetes, etc., without impairing CNS function [113,114,115]. The most notable antagonists used within the context of kidney disease, more specifically, are AM6545 and JD5037. AM6545 has previously been shown to possess the same therapeutic benefits as rimonabant, without CNS-related adverse effects [116,117]. This antagonist was also proven to help treat TGFβ1-mediated renal inflammation and fibrosis, as well as albuminuria and nephrin loss in diabetic kidney disease [117,118]. JD5037 is another peripherally restricted CB1 antagonist that has therapeutic potential within the liver and pancreas [119,120]. In kidney disease, JD5037 has been shown to improve diabetic nephropathy, by improving podocyte function and led to the production of a hybrid/third-generation CB1 antagonist, MRI-1867, which has been shown to improve obesity-induced CKD [54,77].



Third-generation antagonists are also peripherally restricted; however, these antagonists are aiming to be dual-target antagonists. As mentioned previously, in the Udi et al., 2020, study [77], a CB1/iNOS antagonist was developed to treat obesity-induced CKD. Prior to this hybrid antagonist, iNOS inhibitors lacked oral bioavailability, and there was no effective therapy for fibrosis approved for use [77]. In 2016, Cinar et al. developed MRI-1867, a hybrid CB1/iNOS antagonist that was shown to alleviate liver fibrosis [121]. In their study, Udi et al. [77] showed that not only was MRI-1867 effective in treating obesity-induced CKD, it was more effective than the monotherapy of a peripherally restricted CB1 antagonist, JD5037, as it simultaneously inhibited two major mediators. This drug therefore highlights the beneficial potential of formulating CB1 antagonists that have additional targets, such as AMPK [113]. Interestingly, a recent study examined the effects of JD5037 in combination with metformin, an AMPK activator, in pulmonary hypertension and discovered that the conjunction of these two drugs together proved to be more effective than the monotherapies, highlighting the potential for a CB1/AMPK dual-target drug [122]. A very current issue that has the potential to benefit from a CB1/iNOS hybrid antagonist is the development of the long-term effects of COVID-19, or long “COVID” [123]. Acute kidney injury, which is influenced by both CB1 and iNOS activity, is a common complication of COVID-19. The development of a single medication that can inhibit both CB1 and iNOS activity can be a desirable therapy for COVID-19 and the accompanying AKI, as well as other CB1 and iNOS-associated complications such as lung injury [123].



Other exogenous cannabinoids have also been known to treat renal disease, such as nephrotoxicity-induced symptoms due to cisplatin. Studies have shown that cannabinoids can exert anti-inflammatory properties via the CB1 and CB2 in the immune cells and central nervous system, yet there existed certain limitations, such as the development of psychoactive effects [124,125], and some recent reviews have comprehensively covered the role of CB2 in immune cells [126,127,128]. In recent years, cannabidiol (CBD) has emerged as a powerful alternative, as its low affinity for CB1 and CB2 receptors does not cause psychoactive effects. However, it has also been known to exert antioxidant, immunomodulatory, and anti-inflammatory effects [129,130]. CBD has been recognized as acting as a CB1 antagonist; however, recent evidence suggests CBD may be a negative allosteric modulator [131]. In Pan et al., 2009, researchers studied the effects of CBD using a cisplatin-induced nephropathy mouse model [132]. They found that CBD helped attenuate many renal dysfunctions from cisplatin-induced nephrotoxicity in mice. For example, dose-dependent treatment with CBD reduced levels of Creatinine and BUN level in mice administered with cisplatin. Additionally, histological examination showed a reduction in the renal tubular damage in cisplatin-treated mice. A TUNEL assay marking apoptotic cells also showed a marked decrease in CBD treatment. CBD was additionally found to reduce cisplatin-induced inflammation, marked by an attenuated level of both TNF-α and IL1β compared to cisplatin-administered mice alone. They additionally found that CBD reduced ROS formation and caused an increased expression of RENOX (NOX4) and NOX1, two superoxide-generating enzymes.




5. Conclusions


Recent studies have identified CB1 as a potential target of exploration regarding kidney health and function. As highlighted in this review, the activity of CB1 and its endogenous ligands have been identified as key players in multiple renal pathologies, including chronic and acute diseases. From this review, we can appreciate the very vast role endocannabinoid signaling plays in nephropathies. CB1 activity has been characterized as a mediator of renal fibrosis through the activation of myofibroblasts. Diabetic kidney diseases, involving changes in both the glomerular and proximal tubular cell populations, are associated with the activation of CB1 [133]. Renal ischemia-reperfusion has additionally been shown to be associated with changes in endocannabinoid levels, introducing another facet of ECS involvement. However, we can also highlight that by the inhibition of CB1 we can expand possible therapies for nephropathies, such as cisplatin-induced AKI, amongst other adverse diseases. Interestingly, several studies show that CB2 activation can additionally be protective in several kidney diseases [134,135,136,137,138,139,140,141,142]. It is also increasingly important to recognize the role cannabinoid signaling plays in kidney disease, as well as overall health, as synthetic cannabinoids continue to exist out on the market, introducing a new public health threat. Another facet to the field of cannabinoid research are the limitations of applying insights from animal models to humans. For example, animal models of DKD do differ from the human system, and clinical data taken from patients and pharmacological agents that target CB receptors may have very different effects, including side effects such as the adverse psychotic effects. Overall, the research aiming to investigate the ECS, specifically in the context of the kidney, is opening new avenues of study and discussion to help us better our understanding of renal function.
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Figure 1. The ECS is involved in both CKD and AKI. A schematic showing the involvement of the ECS in the kidney and the relationship between the nephropathies that will be discussed in this review. Both acute kidney injury (AKI) and chronic kidney disease (CKD) will be investigated. CKD is further divided into diabetic and non-diabetic chronic kidney disease and is associated with several conditions discussed throughout this review. Other abbreviations: renal proximal tubular cell (RPTC) and obstructive sleep apnea (OSA). Created with BioRender.com. 






Figure 1. The ECS is involved in both CKD and AKI. A schematic showing the involvement of the ECS in the kidney and the relationship between the nephropathies that will be discussed in this review. Both acute kidney injury (AKI) and chronic kidney disease (CKD) will be investigated. CKD is further divided into diabetic and non-diabetic chronic kidney disease and is associated with several conditions discussed throughout this review. Other abbreviations: renal proximal tubular cell (RPTC) and obstructive sleep apnea (OSA). Created with BioRender.com.



[image: Cells 12 01419 g001]







[image: Cells 12 01419 g002 550] 





Figure 2. CB1 in the human body. Diagram highlighting the body systems in which CB1 is located and active within the human body. Organs and systems in which CB1 has been studied include the CNS, heart, blood vessels, skeletal muscle, gastrointestinal, liver, pancreas, adipose tissue, renal, and reproductive systems. Created with BioRender.com. 
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Figure 3. CB1 expression in the human nephron. CB1 is expressed within the glomerulus, efferent and afferent arterioles, proximal and distal convoluted tubules, the thick ascending limb, and the collecting duct. CB1 expression is indicated by purple hue. Created with BioRender.com. 
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Figure 4. Diagram of CB1 ligands and their degradative enzymes in the kidney. The endocannabinoids, AEA and 2-AG are found in varying levels within the renal cortex and renal medulla. Their degradative enzymes are found in an opposing relative amount within the cortex and medulla as well. Created with BioRender.com. 
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Figure 5. CB1 activity and involvement in cellular pathways. Simplified diagram of cannabinoid receptor 1 (CB1) and some of the cellular pathways in which it plays a role. CB1 is a G-protein coupled receptor that inhibits the activity of adenylyl cyclase and the subsequent cyclic AMP (cAMP) cascade, and it regulates both the mitogen-activated protein kinase (MAPK) and phosphoinositide 3-kinase/protein kinase B (PI3K/AKT) pathways. All three pathways play a role in cell fate and survival. Created with BioRender.com. 
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Figure 6. CB1 activity and associations in DKD. Endocannabinoid activity plays roles in podocytes and renal proximal tubule cell (RPTC) physiology. Created with BioRender.com. 
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Figure 7. The ECS and associations in NDCKD. Kidney diseases including renal fibrosis, obesity-induced CKD, and obstructive sleep apnea (OSA)-induced CKD are associated with activity alterations in the ECS. Created with BioRender.com. 
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