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Rho-associated coiled-coil-containing protein kinase (ROCK) is a serine/threonine kinase with essential roles in cytoskeletal functions. Substantial evidence implicates ROCK as a critical regulator in the inception and progression of diabetic nephropathy through a mechanism involving mesangial fibrosis, podocyte apoptosis, and endothelial inflammation. Despite these experimental observations, human data is lacking. Here we show that the phosphorylated form of myosin phosphatase targeting subunit 1 (MYPT1), a ROCK substrate, was increased in both the glomerular and tubulointerstitial areas in patients with histologically confirmed diabetic nephropathy. We also conducted a retrospective pilot analysis of data from patients with diabetes to assess the renoprotective effects of fasudil, an ATP-competitive ROCK inhibitor licensed in Japan for the prevention of vasospasm following subarachnoid hemorrhage. Fifteen subjects (male, n = 8; female, n = 7; age 65.7 ± 14.7 years; body height, 161.1 ± 12.6 cm; body weight, 57.6 ± 13.7 kg; body mass index, 22.4 ± 3.7 kg/m2) were enrolled to evaluate blood pressure and the renal outcome after fasudil treatment. Of note, proteinuria was significantly reduced at the end of the fasudil treatment without affecting the blood pressure or estimated glomerular filtration rate. Taken together, these findings suggest that the administration of fasudil could be associated with a better renal outcome by inhibiting the ROCK activity in patients with diabetes.
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INTRODUCTION
Diabetic nephropathy is a major health concern that imposes a significant risk for end-stage renal disease. A series of clinical trials demonstrated significant improvement in renal outcomes of patients with diabetic nephropathy after long-term treatment with sodium glucose co-transporter 2 inhibitors (Wanner et al., 2016), mineralocorticoid receptor antagonists (Lytvyn et al., 2019), endothelin receptor antagonists (Cahn et al., 2019), or Janus kinase-signal transducer and activator of transcription (JAK-STAT) inhibitors (Brosius et al., 2016). In addition, experimental studies revealed the protective actions of SIRT3 (Srivastava et al., 2018; Srivastava et al., 2021a), fibroblast growth factor receptor 1 (Li et al., 2020), and glucocorticoid receptor in endothelium (Li et al., 2020; Srivastava et al., 2021b), as well as N-acetyl-seryl-aspartyl-lysyl-proline, an antifibrotic peptide (Kanasaki et al., 2014; Srivastava et al., 2020; Srivastava et al., 2021b). However, the progression of diabetic nephropathy is still associated with high mortality and morbidity rates, even when patients receive the current standard of care (de Zeeuw and Heerspink, 2016; Waijer et al., 2020; Heerspink et al., 2021). Thus, the elucidation of novel, clinically translatable targets is required.
Rho-associated coiled-coil-containing protein kinase (ROCK) is a serine/threonine kinase that was originally identified as RhoA interacting protein. A wide range of cellular programs (e.g., cytoskeletal remodeling, cellular migration) are unleashed by ROCK activation via phosphorylation of myosin phosphatase target subunit 1 (MYPT1) (Fujisawa et al., 1996; Uehata et al., 1997). Experimental studies have demonstrated that the phosphorylated form of MYPT1 is increased in the renal cortex of both type 1 and type 2 diabetes rodent models (Peng et al., 2008; Matoba et al., 2013), indicating that ROCK activity is enhanced in the diabetic kidney, regardless of the type of diabetes. We and others have reported that ROCK induces mesangial expansion (Matoba et al., 2014), podocyte apoptosis (Matoba et al., 2013), and endothelial injury (Shimokawa, 2002; Takeda et al., 2019) by producing inflammatory cytokines, adhesion molecules, and oxidative stress. Besides, ROCK plays a key role in the process of vascular smooth muscle contraction and therefore the pathogenesis of vascular spasm (Masumoto et al., 2002; Wickman et al., 2003).
Fasudil hydrochloride is the clinically-approved ROCK inhibitor for the short-term treatment of cerebral vasospasm as an IV regimen. It has been licensed in Japan since 1995, and several thousand patients with subarachnoid hemorrhage have been treated with fasudil for this indication without major safety concerns (Suzuki et al., 2008; Zhao et al., 2011). In addition, clinical trials for other applications—most frequently for cardiovascular disease including cardiac vasospasm and pulmonary hypertension—have been performed (Vicari et al., 2005). Initial insights linking ROCK to diabetic nephropathy were gleaned from studies that assessed the effect of fasudil on streptozotocin-injected type 1 diabetic rats (Gojo et al., 2007). In this model, the pharmacological inhibition of ROCK was effective for the prevention of albuminuria and glomerular sclerosis via the attenuation of oxidative stress. More recently, we provided the inaugural evidence implicating ROCK as a core component of the transcriptional circuitry that governs inflammation and hypoxic reactions in type 2 diabetic db/db mice (Matoba et al., 2013; Nagai et al., 2019). These findings indicate that ROCK may be involved in the major pathogenesis of diabetic renal damage and a promising therapeutic target to prevent the progression of diabetic nephropathy. However, the renal ROCK activity in humans has never been explored and the renoprotective effects of ROCK inhibition has not been investigated in patients with diabetes.
In the present study, we assessed the activity of ROCK in the kidneys of patients with diabetic nephropathy and conducted a retrospective observational study in patients with diabetes to evaluate the acute clinical effects of intravenously administered ROCK inhibitor on the renal outcome.
METHODS
Histology. Formalin-fixed paraffin-embedded human specimens were obtained from the ProteoGenex and stored at 4°C until use. Human sample collection was performed under approval of the Ethical Committee. In total, 8 postmortem kidney slices were examined, including 4 control kidney slices from healthy donors and 4 from patients with diabetic nephropathy. The patients’ age at the time of death, sex, body mass index, postmortem interval, pathological diagnosis, cause of death, and comorbidities are described in Supplemental Table S1. Diabetic nephropathy was histologically confirmed by hematoxylin and eosin staining. Criteria for diabetic nephropathy included glomerular hypertrophy, diffuse mesangial and focal nodular glomerulosclerosis.
For immunofluorescence of glomeruli and tubulointerstitium, 4-μm-thick paraffin-embedded sections were deparaffinized and subjected to antigen retrieval by heating in citrate buffer for 40 min. Endogenous peroxidase activity was blocked by the treatment with 3% hydrogen peroxide for 5 min. Sections were incubated overnight at 4°C with anti-phospho-MYPT1 Thr853 (p-MYPT1) antibody (1:50 dilution, Thermo Fisher Scientific, Catalog No. PA5-38299, Lot No. SG2414321A). After incubation with biotinylated antibody (BioGenex Laboratories, Catalog No. HK595-50K, Lot No. HK5950618A) for 15 min, the sections were finally developed with Super Sensitive DAB (BioGenex Laboratories, Catalog No. B-HK542XAK). Image acquisition was performed using an EVOS M5000 Imaging System (Thermo Fisher Scientific) and analyzed using the ImageJ software program (NIH). The analyzer was blinded to the identity of each section. In glomeruli, the positive area was determined as the ratio of the p-MYPT1 stained area to the glomerular tuft area in 20 randomly selected glomeruli cut at their vascular pole. The tubulointerstital p-MYPT1-positive area was quantified in randomly selected 10 non-overlapping fields to determine the percentage of the positively stained area to the total tissue area. A negative control image stained with rabbit immunoglobulin fraction (Dako, Catalog No. X0903, Lot No. 20059712) is shown in Supplemental Figure S1A. Representative images of H&E-stained glomeruli are presented in Supplemental Figure S1B. The expansion of glomerular surface area, traced in 10 randomly selected non-overlapping fields, was not statistically significant in these patients.
Patients. The use of human data was approved by the Ethics committee of the Jikei University School of Medicine (No. 30–271, 9292) and the research conformed to the Declaration of Helsinki. The medical records of patients with diabetes who visited Jikei University Hospital, Jikei University Katsushika Medical Center, Jikei University Daisan Hospital, and Jikei University Kashiwa Hospital, between January 2016 and October 2018 were retrospectively reviewed. Diabetes was defined as the use of diabetes medication during this period. Among 23,241 subjects with diabetes, 15 patients were treated with fasudil for the prevention of vasospasm after cerebral hemorrhage. From a total of 15 patients, 12 patients were treated with insulin, the remaining 3 received oral treatment. We excluded patients whose records were missing data from urinalysis pre- or post-treatment of fasudil from the analysis of proteinuria. A urine dipstick analysis was used to detect proteinuria. Proteinuria 15 mg/dl and 30 mg/dl was graded as +1 and +2, respectively.
Statistical analyses. Data are represented as the means, and error bars depict the s.e.m. (n as indicated in the figure legends). The measurements were taken from distinct samples. Statistical evaluations of two groups were performed using a two-tailed Student’s t-test, with the exception of the urinary dipstick test data, which were compared using the Mann-Whitney U test. p values of <0.05 were considered to indicate statistical significance.
RESULTS
Renal ROCK Activity is Elevated in Patients With Diabetic Nephropathy
To gain insights into the potential role of ROCK in the human diabetic kidney, we first assessed the renal activity using an antibody that detects MYPT1 phosphorylated at Thr853, a ROCK target. As shown in Figure 1A, high levels of phosphorylated MYPT1 were visualized in the glomerular area obtained from patients with histologically proven diabetic nephropathy in comparison to kidney tissue of healthy donors. In addition, the tubulointerstitial area that was positive for p-MYPT1 was significantly increased in patients with diabetic nephropathy (Figure 1B). These immunohistochemical analyses provided evidence suggesting increased renal ROCK activity in human diabetic nephropathy.
[image: Figure 1]FIGURE 1 | Activated ROCK signaling in patients with diabetic nephropathy (A) Representative images of p-MYPT1 staining in the glomeruli of healthy donors and patients with diabetic nephropathy (DN). The glomerular-positive area was calculated as the ratio of the p-MYPT1-positive area to the glomerular tuft area. The scale bar on the top left presents 50 μm p-MYPT1, phosphorylated form of MYPT1. (B) Representative images of tubulointerstitum stained with an antibody against p-MYPT1 (n = 4). The percentage of the p-MYPT1-positive area in the kidneys was evaluated. The scale bar on the top left presents 100 μm *p < 0.05. Data represent the mean ± s.e.m.https://www.frontiersin.org/about/author-guidelines.
Fasudil Does Not Affect Blood Pressure in Patients With Diabetes
As the above results suggested that ROCK activity was increased in the human diabetic kidney, we next sought to test whether a ROCK inhibitor could ameliorate renal dysfunction in patients with diabetes. We performed a retrospective pilot study from a cohort of 15 patients with diabetes (male, n = 8; female, n = 7; age 65.7 ± 14.7 years; body height, 161.1 ± 12.6 cm; body weight, 57.6 ± 13.7 kg; body mass index, 22.4 ± 3.7 kg/m2) who administered fasudil for the prevention of vasospasm following subarachnoid hemorrhage, focusing on the association between ROCK inhibition and the renal outcomes. The baseline characteristics of patients are listed in Table 1. In this analysis, diabetes was defined by the use of glucose-lowering medications.
TABLE 1 | The baseline characteristics of patients with diabetes treated with fasudil. LDL-C, low destiny lipoprotein cholesterol; HDL-C, high lipoprotein cholesterol TG, triglyceride; ARB, angiotensin II receptor blocker; αGI, α-glucosidase inhibitor, DPP-4, dipeptidyl peptidase IV.
[image: Table 1]Fasudil [30 mg, intravenous, twice daily (the maximum dose licensed for the treatment of subarachnoid hemorrhage in Japan)] was administered for an average of 12.9 ± 1.6 days. All patients tolerated the fasudil infusion well without any obvious side effects. As shown in Figures 2A,B, neither systolic nor diastolic blood pressure were significantly changed by fasudil treatment.
[image: Figure 2]FIGURE 2 | Effects of fasudil on blood pressure levels. Systolic (A) and diastolic (B) blood pressure (BP) before and after treatment with fasudil(n = 15). Data represent the mean ± s e.m.
Decreased Proteinuria in Patients Treated With Fasudil
We finally evaluated the renal outcomes by assessing estimated glomerular filtration rate (eGFR), serum creatinine levels, and proteinuria before and after the treatment of fasudil in patients with diabetes. As shown in Figures 3A,B, a biochemical analysis revealed no significant changes in eGFR or serum creatinine levels. While physiological and biochemical examinations revealed no difference in blood pressure, eGFR, or serum creatinine levels from before to after fasudil treatment, we observed a significant reduction in proteinuria among patients with diabetes who received fasudil (Figure 3C). These data indicate that the pharmacological inhibition of ROCK could mitigate proteinuria in patients with diabetes.
[image: Figure 3]FIGURE 3 | The renal outcomes in patients with diabetes treated with fasudil. (A) The estimated glomerular filtration rate (eGFR) before and after treatment with fasudil (n = 15). (B) Serum Cr levels before and after treatment with fasudil (n = 11). (C) The urinary protein levels evaluated by a dipstick test before and after treatment with fasudil (n = 6) *p < 0.05. Data represent the mean ± s.e.m. Cr, creatinine. (D) A schematic summary of key observations. In patients with diabetes, renal ROCK activity is elevated. Fasudil attenuates ROCK activity and proteinuria.
DISCUSSION
Given the well-documented roles of ROCK as a pathogenic regulator of the onset and progression of diabetic nephropathy in rodents, we sought to discern whether patients with diabetic nephropathy exhibit heightened ROCK signaling. Using histological approaches, we detected elevated ROCK signaling in a broad area of renal tissue in the context of diabetes. This report is the first demonstration that renal ROCK is activated in patients with diabetes, which is in agreement with observations seen in the diabetic mouse kidney (Peng et al., 2008; Matoba et al., 2013). It is hypothesized that activated ROCK signaling contributes to the infiltration of macrophages into the glomeruli, the induction of fibrotic mediators (e.g., connective tissue growth factor, plasminogen activator inhibitor 1), and the production of reactive oxygen species in the diabetic kidney, which eventually leads to glomerular sclerosis (Kikuchi et al., 2007; Komers, 2011). We have extended these observations and shown that glomerular ROCK instigates the activation of transcriptional networks involving nuclear factor κB (NF-κB) and hypoxia-inducible factor 1α (HIF-1α) by accelerating the nuclear translocation and by inhibiting proteasome-dependent degradation, respectively (Matoba et al., 2013; Matoba et al., 2014). Collectively, these studies highlight the importance of the activated ROCK axis in facilitating glomerular damage in patients with diabetes.
It is noteworthy that the phosphorylated form of MYPT1 is strongly detected not only in glomeruli but also in the tubulointerstitial area. Previous studies revealed that ROCK is a key effector of tubulointerstitial fibrosis. For example, histological changes, collagen production, and extracellular matrix accumulation were attenuated by fasudil treatment in animal models of unilateral ureteral obstruction (Baba et al., 2015). However, the role of tubulointerstitial ROCK in diabetes remains to be elucidated. When the known pathological roles for ROCK in inflammation and fibrosis are taken into account, the observed tubular ROCK activation will subsequently impact on the downstream cellular cascades that induce tubulointerstitial damage in diabetes.
To date, two ROCK isoforms have been identified, ROCK1 (also known as Rho-kinase β/ROKβ) and ROCK2 (also referred to as Rho-kinase α/ROKα). These isoforms share 65% overall identity in amino acid sequence but are assumed to have distinct mechanisms of activation (Matoba et al., 2020): ROCK1 is activated by the cleavage of caspse-3, on the other hand, granzyme B is required for the activation of ROCK2. Recently, the unique functions of ROCK isoforms are beginning to be demonstrated. ROCK1 is reported to be involved in the mitochondrial biogenesis in podocytes (Wang et al., 2012) and in endothelial-to-mesenchymal transition (Peng et al., 2016), whereas mesangial ROCK2 is crucial for the cellular damage induced by transforming growth factor β (TGF-β) (Nagai et al., 2019). However, the distinctive and shared functions of ROCK isoforms are not completely understood. For future directions, it would be of interest to reveal isoform-specific roles in the development of diabetic nephropathy using cell-restricted gene manipulation approaches. Such delineation will pave the way for the development of ROCK isoform-specific inhibitors.
As stated above, we demonstrate that urinary protein excretion was decreased in patients treated with a ROCK inhibitor. Given that there were no significant changes in the blood pressure levels after fasudil treatment, this renoprotective effect seems to be independent of the systemic hemodynamics. Cell-based experiments revealed direct effect of ROCK inhibition on fibrotic reactions by attenuating renal inflammation and oxidative stress. This is concordant with previous observations obtained from experimental studies where better renal outcomes (e.g., histological improvement and mitigation in albuminuria) were demonstrated without affecting blood pressure levels (Matoba et al., 2013). Importantly, however, these findings are somewhat surprising in light of previous work showing a slight drop in blood pressure as a safety concern (Vicari et al., 2005). A number of considerations may account for the disparity in these findings. For instance, the incidence of hypotension in fasudil-treated subjects was only 0.4% in a multicenter post-marketing surveillance study (Suzuki et al., 2008). The phenotypic difference between humans and other animals should be also considered. Future studies aimed at elucidating the safety of fasudil in larger number of patients with diabetes, will hence prove beneficial.
The ROCK research field has been greatly expanded by the development of specific ROCK inhibitors (i.e., fasudil, hydroxy fasudil, and Y27632) (Ishizaki et al., 2000). These ATP-competitive small molecule inhibitors are widely used for basic research. Among these, fasudil is the only drug that is currently clinically available as an IV regimen. A large body of literature has shown the effectiveness of fasudil for the treatment of cerebral vasospasm. Based on the experimental and clinical evidence, fasudil is approved only for clinical use in the treatment of patients who have suffered subarachnoid hemorrhage. We therefore do note that all patients treated with fasudil in this study had subarachnoid hemorrhage, which might have affected the renal outcome by limiting their physical activity. In addition, blood glucose levels showed a decreasing trend after the treatment that will be explained by intensive diabetes care during hospitalization or the direct effect of fasudil. The major limitation of this study is the study population. The number of patients enrolled was too small to facilitate a proteinuria subgroup analysis (e.g., sex differences in the renoprotective effects of fasudil), although it was difficult to recruit subjects with these specific conditions. In addition, proteinuria determined by urinary dipstick may not fully represent an improvement in diabetic nephropathy. Although urinary albumin levels were not available in this retrospective study, the renoprotective effects of fasudil should be evaluated by analyzing the urinary albumin to creatinine ratio and in a large-scale prospective randomized study. To this end, future efforts are needed to develop an oral form of ROCK inhibitor that can be applied over longer periods. In addition, evaluation of renal histology will be of significant value to researchers and clinicians.
In conclusion, the current study identified elevated renal ROCK activity in patients with diabetic nephropathy. The patients with diabetes described in the present study tolerated fasudil well and proteinuria was attenuated without affecting their blood pressure levels. When considered alongside previous reports showing the roles of activated ROCK in renal inflammation and fibrosis, targeting this machinery may be a feasible approach for the treatment of diabetic nephropathy in humans.
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