Name of journal: World Journal of Diabetes

ESPS Manuscript NO: 4205

Columns: REVIEW
Effects of glucagon-like peptide-1 receptor agonists on renal function 
Filippatos TD et al. GLP-1 receptor agonists and renal function

Theodosios D Filippatos, Moses S Elisaf
Theodosios D Filippatos, Moses S Elisaf, Department of Internal Medicine, School of Medicine, University of Ioannina, Ioannina 45110, Greece
Author contributions: Filippatos TD wrote the mini review, Elisaf MS edited and supervised the manuscript.

Correspondence to: Moses S Elisaf MD, FRSH, FASA, FISA, Professor, Department of Internal Medicine, School of Medicine, University of Ioannina, Staurou Niarchou Avenue, 45110 Ioannina, Greece. egepi@cc.uoi.gr
Telephone: +30-26510-07509         Fax: +30-26510-07016
Received: June 20, 2013                  Revised: July 25, 2013
Accepted: August 16, 2013

Published online: 
Abstract
Glucagon-like peptide 1 (GLP-1) receptor agonists result in greater improvements in glycemic control than placebo and promote weight loss with minimal hypoglycemia in patients with type 2 diabetes mellitus. A number of case reports show an association of GLP-1 receptor agonists, mainly exenatide, with the development of acute kidney injury. The present review aims to present the available data regarding the effects of GLP-1 receptor agonists on renal function, their use in subjects with chronic renal failure and their possible association with acute kidney injury. Based on the current evidence, exenatide is eliminated by renal mechanisms and should not be given in patients with severe renal impairment or end stage renal disease. Liraglutide is not eliminated by renal or hepatic mechanisms, but it should be used with caution since there are only limited data in patients with renal or hepatic impairment. There is evidence from animal studies that GLP-1 receptor agonists, exert protective role in diabetic nephropathy with mechanisms that seem to be independent of their glucose-lowering effect. Additionally, there is evidence that GLP-1 receptor agonists influence water and electrolyte balance. These effects may represent new ways to improve or even prevent diabetic nephropathy. 

© 2013 Baishideng. All rights reserved.
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Core tip: Glucagon-like peptide 1 (GLP-1) receptor agonists improve glycemic control in patients with type 2 diabetes mellitus. A number of case reports show an association of GLP-1 receptor agonists, mainly exenatide, with the development of acute kidney injury. Exenatide is eliminated by renal mechanisms, but liraglutide is not eliminated by renal or hepatic mechanisms. GLP-1 receptor agonists exert protective role in animal models of diabetic nephropathy. The effects of these drugs may represent new ways to improve or even prevent diabetic nephropathy, but their exact mechanism of action need to be elucidated. 
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INTRODUCTION
Increased glucose states are associated with many cardiovascular and renal complications
 ADDIN EN.CITE 

[1-5]
. Furthermore, the incidence of type 2 diabetes mellitus (T2DM) is increasing dramatically and is associated with high morbidity and mortality rates
 ADDIN EN.CITE 
[6, 7]
. Various drug therapies are used in the treatment of T2DM and its complications
 ADDIN EN.CITE 

[8, 9]
. Recent evidence has demonstrated the beneficial effects of glucagon-like peptide-1 (GLP-1)-associated drugs in the treatment of T2DM10[]
.
GLP-1 is an incretin hormone secreted by the small intestine in response to nutrient ingestion and degraded by the enzyme dipeptidyl peptidase-IV (DPP-IV). GLP-1 acts through the GLP-1 receptor, which is a G-coupled protein receptor expressed in the gastrointestinal tract, but also in the nervous system, heart, vascular smooth muscles, proximal tubules and glomerulus of the kidney11-13


[ ADDIN EN.CITE ]
. GLP-1 increases insulin secretion from pancreatic β-cells and reduces glucagon release from α-cells through induction of adenylate cyclase and cyclic adenosine monophosphate (cAMP) production14


[ ADDIN EN.CITE , 15]
. GLP-1 also decreases gastric motility and emptying and increases the feeling of satiety16


[ ADDIN EN.CITE , 17]
. GLP-1 has been associated with modulation of cardiovascular risk factors and atherosclerosis-related mechanisms, as well as with cardiomyocyte and neuronal cell protection14


[ ADDIN EN.CITE , 18, 19]
. 

GLP-1 receptor agonists extend the effects of endogenous GLP-1 by resisting enzymatic degradation20[]
. The GLP-1 receptor agonist exendin-4 is a 39–amino acid peptide that was originally isolated from the salivary secretions of the Gila monster lizard
 ADDIN EN.CITE 
[21]
. It shares approximately 53% homology with the mammalian GLP-1, binds to the mammalian receptor and activates it for synthesis of GLP-1. A synthetic version of exendin-4, exenatide, is currently used for the treatment of T2DM. The extended activity of liraglutide, the second GLP-1 receptor agonist used  for the treatment of T2DM, is due to structural modifications of the human GLP-1 peptide aiming to increase its circulating time20[]
.
The administration of GLP-1 receptor agonists results in greater improvements in glycemic control than placebo when administered as monotherapy or in combination with one or two oral antidiabetic drugs in patients with T2DM. Moreover, these drugs promote weight loss with minimal hypoglycemia and seem to exert a number of other pleiotropic effects on cardiovascular complications of T2DM and diabetic nephropathy
 ADDIN EN.CITE 
[22-25]
. However, there are concerns regarding the long-term consequences of incretin-associated therapies, which are focused on the lack of evidence on long-term cardiovascular effects and issues raised regarding possible side effects, such as the development of acute pancreatitis, chronic pancreatitis, pancreatic cancer and thyroid cancer
 ADDIN EN.CITE 
[26-30]
. Furthermore, there are a number of reports associating the use of these drugs with the development of acute kidney injury
 ADDIN EN.CITE 
[31, 32]
.
The present review aims to present the available data regarding the effects of GLP-1 receptor agonists on renal function, their use in subjects with chronic renal failure and their possible association with acute kidney injury.

     A PubMed/Scopus search was performed up to June 2013 using combinations of “glucagon-like peptide-1 receptor agonists” with the following keywords: exendin-4, exenatide, liraglutide, glucagon-like peptide-1, renal function, renal impairment, acute kidney injury, diabetic nephropathy, electrolytes, sodium, potassium, adverse effects. Randomised controlled trials, original papers, review articles and case reports are included in the present review. References of these articles were scrutinised for relevant articles.

EXENATIDE 

Effects of renal impairment on the metabolism of exenatide
Exenatide is eliminated primarily via the kidneys33[]
. Studies in pigs have shown that exenatide is cleared by glomerular filtration34[]
.  

In an open-label study, 31 subjects (one with T2DM) were given exenatide 5 or 10 μg subcutaneously and divided in normal renal function group (Cockcroft–Gault creatinine clearance > 80 mL/min, n = 8), mild renal impairment group (51–80 mL/min, n = 8), moderate renal impairment group (31–50 mL/min, n = 7) or end-stage renal disease (ESRD) requiring hemodialysis group (n = 8)
 ADDIN EN.CITE 
[35]
. Mean exenatide clearance was substantially reduced in subjects with ESRD (0.9 L/h) compared with the control group (3.4 L/h). Mean half-life of exenatide was 1.5 h in subjects with normal renal function, 2.1 h in patients with mild renal impairment, 3.2 h in patients with moderate renal impairment and 6 h in ESRD patients. The most common treatment-emergent adverse events were vomiting, nausea and headache. Although exenatide clearance was decreased by 13% in the mild renal impairment group compared with subjects with normal renal function, the tolerability of exenatide 10 μg was acceptable and, consequently, this reduction in clearance did not seem clinically relevant. Exenatide clearance was decreased by 36% in patients with moderate renal impairment, but these patients also tolerated well both exenatide doses of 5 and 10 μg. Patients with ESRD had significantly reduced clearance of exenatide by 84% and did not tolerate well the 5 μg exenatide dose. Hence, no dosage adjustment of exenatide is required for patients with mild to moderate renal impairment, but the recommended starting dosage of 5 μg exenatide may not be suitable for patients with ESRD or severe renal impairment (creatinine clearance <30 mL/min)
 ADDIN EN.CITE 
[35]
.

Interestingly, a placebo-controlled, crossover study randomized elderly patients (≥ 75 years, n = 15) or controls (≥ 45 to ≤ 65 years, n = 15) with T2DM to single subcutaneous doses of exenatide 5 μg, exenatide 10 μg or placebo before a standardized breakfast over three consecutive days36[]
. Although the dose-normalized plasma maximum concentration and exposure of exenatide were greater in elderly patients, no statistically significant between-age group differences were observed. These results imply that exenatide dose adjustments should be based on renal function rather than age in elderly T2DM patients36[]
.

Exenatide-induced acute kidney injury

There are a number of case reports associating exenatide with the development of acute kidney injury
 ADDIN EN.CITE 
[37-39]
. The US Food and Drug Administration (FDA) reported that between April 2005 and October 2008 there were 78 cases of altered kidney function (62 cases of acute renal failure and 16 cases of renal insufficiency) with exenatide32[]
. Also, there was incomplete recovery of kidney function in many patients. Some of these cases occurred in patients with pre-existing kidney disease. Ninety-five percent of the patients who experienced deterioration of kidney function had at least one risk factor for developing kidney problems, such as use of nephrotoxic medications, cardiac insufficiency or hypertension; these factors could have independently increased the risk for renal dysfunction32[]
. 

In most reports the acute kidney injury seems to be due to exenatide-induced prerenal acute failure. Main side effects of exenatide administration are nausea and vomiting, which result in decreased fluid intake and a significant loss of fluids40[]
. The resulting volume contraction may lead to acute renal failure. Effects of GLP-1 such as natriuresis and a possible decrease in renal perfusion may also play a role in the loss of fluids and impairment of renal function
 ADDIN EN.CITE 
[41, 42]
. The exenatide-induced volume contraction is mainly seen in patients who receive drugs that inhibit the renin-angiotensin system and aldosterone formation, an important homeostatic mechanism in states associated with volume depletion43[]
. Furthermore, uremia per se is associated with nausea and may lead to a vicious circle of renal function deterioration44[]
. In agreement with the above mechanisms, Weise et al45[]
 reported that four patients with nausea and vomiting experienced deterioration of kidney function following treatment with exenatide. There was incomplete recovery of kidney function in three patients. A kidney biopsy, which was performed in one patient, revealed ischemic glomeruli with moderate to severe interstitial fibrosis and early diabetic nephropathy45[]
. 

It should also be mentioned that other mechanisms of exenatide-induced acute kidney injury have been reported. For example, a 58-year-old man with poorly controlled T2DM was prescribed exenatide 5 μg twice daily as an alternative to treatment with insulin and experienced a deterioration in his kidney function46[]
. Treatment with exenatide was initially associated with significant loss of weight (from 83 kg to 77 kg). However, after two months an increase in serum creatinine concentration [from 1.36 mg/dL (120 μmol/L) to 1.91 mg/dL (169 μmol/L)] was observed, despite the fact that the patient was systemically well, euvolemic and normotensive. He did not take any non-steroidal anti-inflammatory drugs or other non-prescribed medications. One month later, the serum creatinine concentration had increased to 2.36 mg/dL (209 μmol/L) and exenatide was stopped. There was further deterioration in his kidney function over the next month [(creatinine concentration 4.19 mg/dL (370 μmol/)] and treatment with indapamide, candesartan and amlodipine was stopped. His urine contained red and white blood cells. An ultrasound examination revealed two normal kidneys. There was no evidence of a skin rash and the full blood count was normal. A kidney biopsy revealed active, moderately severe diffuse tubulointerstitial nephritis. The inflammatory infiltrate included many eosinophils, implying a drug-induced reaction. There was active tubular damage with desquamation of epithelium. He was treated with prednisolone 50 mg daily and an improvement in kidney function was observed within a few days. Prednisolone was gradually reduced over the next few weeks to a daily dose of 10 mg with a further improvement in kidney function [creatinine concentration 1.98 mg/dL (175 μmol/L)]46[]
. 

Similarly, in 2010, Bhatti et al47[]
 reported that two patients had experienced deterioration in kidney function following treatment with exenatide. One patient had no clinical evidence of dehydration and no response to rehydration was seen. This patient had hematuria and proteinuria and interstitial nephritis was suspected; however, a kidney biopsy was not performed. The patient was treated with prednisolone and there was incomplete recovery of kidney function. The other patient had clinical evidence of dehydration and there was improvement in kidney function following rehydration47[]
. 

Based on the above evidence FDA proposed that exenatide should not be used in patients with severe renal impairment (creatinine clearance < 30 mL/min) or ESRD and caution should be applied when initiating or increasing doses of exenatide from 5 μg to 10 μg in patients with moderate renal impairment (creatinine clearance 30 to 50 mL/min)32[]
. Furthermore, the once weekly exenatide, which was recently approved by the FDA, is not recommended in patients with severe renal impairment or ESRD and caution is warranted in patients with renal transplantation or moderate renal impairment48[]
.

However, it should be mentioned that the reported cases of altered renal function with exenatide represent a small percentage of the total number of patients who have used the drug (more than 6.6 million prescriptions)32[]
. Furthermore, recent analyses do not associate exenatide use and acute kidney injury. In a pooled analysis of 19 completed, randomized, controlled clinical trials of exenatide twice daily (5 μg or 10 μg) 5594 intent-to-treat patients who were followed for 12-52 weeks were included49[]
. Transient, mild- to-moderate nausea was the most frequent adverse event with exenatide (36.9% vs 8.3% in the pooled comparator). Renal impairment-related adverse events, including acute renal failure, were low (1.6 per 100 person-years for both groups) and no significant difference was observed between groups (95%CI: 0.98-0.96)49[]
. Additionally, a retrospective cohort study of a large medical and pharmacy claims database including data for 491539 patients was recently published
 ADDIN EN.CITE 
[50]
. The unadjusted incidence rates of acute kidney injury were higher in patients with T2DM (1.13 cases/100 patient-years) compared with the subjects without T2DM (0.34 cases/100 patient-years). The unadjusted incidence rates of acute kidney injury were similar between exenatide users (0.94 cases/100 patient-years) and the other T2DM patients (1.02 cases/100 patient-years). Moreover, the adjusted risk of acute kidney injury did not differ between patients who received exenatide and T2DM patients who received other agents (HR = 0.77, 95%CI: 0.42–1.41, P = 0.40). Similar results were observed when analysis was restricted to the patients with at least one risk factor for acute kidney injury (exenatide user: HR = 0.52, 95%CI: 0.45-1.50), P = 0.40]. Finally, when Kaplan–Meier curves of time to acute kidney injury were used, no significant differences between the groups receiving exenatide or other drugs were observed
 ADDIN EN.CITE 
[50]
.

Effects of exenatide on renal function
Effects on diabetic nephropathy: Diabetic nephropathy is histologically characterized by the accumulation of extracellular matrix proteins in the glomerular mesangium51[]
. It has been shown that these processes are mediated by the transforming growth factor-beta 1 (TGF-β1), which is expressed in renal tissues of patients with diabetic nephropathy
 ADDIN EN.CITE 
[52-54]
. The TGF-β1 is a major fibrogenic growth factor in the pathogenesis of glomerulosclerosis and interstitial fibrosis, since it induces collagen and matrix synthesis and the expression of connective tissue growth factor, mRNA and proteins
 ADDIN EN.CITE 
[55]
. Hence, TGF-β1 is a useful marker of the fibrotic response56[]
. 
Treatment with exendin-4 improves the renal interstitial fibrosis in culture and animal models of diabetic nephropathy. The administration of exendin-4 in human mesangial cells decreased the mRNA and protein levels of TGF-β1 and connective tissue growth factor, effects that were mainly dependent on the activation of adenylate cyclase
 ADDIN EN.CITE 
[57]
. In a mouse model of diabetes (male db/db mice) the administration of 1 nmol/kg exendin-4 for 8 wk resulted in improvement of intraperitoneal glucose tolerance test compared with the control group (P < 0.05)
 ADDIN EN.CITE 
[58]
. Fasting blood glucose, glycated hemoglobin (HbA1c) and creatinine concentrations did not significantly differ among db/db mice, whereas urinary albumin excretion was significantly decreased in a dose-dependent manner with exendin-4 compared with control db/db mice (P < 0.005). Renal histology studies showed that treatment with exendin-4 resulted in a significant reduction of glomerular hypertrophy, mesangial matrix expansion, TGF-β1 expression, type IV collagen accumulation and associated glomerular lipid accumulation. Furthermore, fewer infiltrating inflammatory and apoptotic cells together with an increase in the renal immunoreactivity of peroxisome proliferator-activated receptor alpha and GLP-1 receptor-positive cells were observed in the glomeruli of db/db mice treated with exendin-4 compared with control group
 ADDIN EN.CITE 
[58]
. The administration of exendin-4 (10 μg/kg per day) in a streptozotocin-induced rat model of type 1 diabetes did not significantly alter blood pressure or body weight, but resulted in improvement of albuminuria, glomerular hyperfiltration, glomerular hypertrophy and mesangial matrix expansion. A reduction in protein levels of intercellular adhesion molecule-1 and type IV collagen  together with a decrease in macrophage infiltration, oxidative stress and nuclear factor-κB activation were also observed in the kidney tissue of diabetic rats
 ADDIN EN.CITE 
[59]
.

Furthermore, there are other possible mechanisms that GLP-1 receptor agonists improve diabetic nephropathy. Exendin-4 in vitro improved endothelium-dependent relaxation and restored renal blood flow in spontaneously hypertensive rat renal arteries and increased nitric oxide production in spontaneously hypertensive rat aortic endothelial cells
 ADDIN EN.CITE 
[60]
. Furthermore, ex vivo exendin-4 administration improved endothelial function of renal arteries from hypertensive patients. It seems that GLP-1 receptor agonists improve endothelial function by restoring nitric oxide bioavailability
 ADDIN EN.CITE 
[60]
.

Other authors have shown that the protective action of GLP-1 in glomerular endothelial cells is partly mediated via its own receptor by the activation of protein kinase A
 ADDIN EN.CITE 
[61]
. It was also proposed that the presence of T2DM induces the activation of protein kinase Cβ isoform, which results in a reduction of GLP-1 receptor expression and an increase of its degradation through ubiquitination and/or enhancement of angiotensin II-mediated mechanisms
 ADDIN EN.CITE 
[61]
. Specifically, mice overexpressing protein kinase Cβ2 in endothelial cells (EC-PKCβ2Tg) had decreased GLP-1 receptor expression and enhanced angiotensin II-mediated effects. Although diabetes and hyperglycemia blunted via PKCβ activation the protective actions of GLP-1, treatment with exendin-4 in vivo was still partially effective to reduce glomerular pathology of both diabetic wild type and EC-PKCβ2Tg mice
 ADDIN EN.CITE 
[61]
. In this context, exendin-4 has been described to exert anti-hypertensive effects through the attenuation of angiotensin II-effects. A study showed that treatment with exendin-4 for 12 weeks inhibited the development of hypertension in db/db mice with increased intra-renal angiotensin II concentration
 ADDIN EN.CITE 
[62]
. Furthermore, exendin-4 attenuated the delay of urinary sodium excretion and the elevation of blood pressure induced by a high-salt load in db/db mice. Exendin-4 also prevented angiotensin II-induced hypertension in angiotensin II-infused non-diabetic mice
 ADDIN EN.CITE 
[62]
. Of note, a 2-hour infusion of GLP-1 in 12 healthy young males was associated with a significant reduction of angiotensin II levels with no parallel change in the concentration of renin and aldosterone or the urinary excretion of angiotensinogen63[]
.

There is also evidence of a beneficial role of the combination of GLP-1 receptor agonists with angiotensin converting enzyme inhibitors. A peptide analogue with exenatide (AC3174 1.7 pmol/kg/min) was given for 4 weeks via subcutaneous infusion in Dahl salt-sensitive (DSS) rats
 ADDIN EN.CITE 
[64]
. The administration of AC3174, captopril or AC3174 plus captopril improved renal function (P < 0.05), but the combination of AC3174 with captopril produced the most effective improvement in renal morphology (reduction of extensive sclerosis) in these high salt diet rats. The combination of AC3174 with captopril also reduced the deleterious effects of high salt on posterior wall thickness and left ventricular mass (P < 0.05). It should be mentioned that the administration of GLP-1 did not result in improvement of cardiovascular parameters and survival, implying that GLP-1 receptor agonists are more potent peptides or have at least partly different mechanism of action
 ADDIN EN.CITE 
[64]
. 

The effects of exenatide on diabetic nephropathy were examined in 31 patients with T2DM and microalbuminuria, who randomly received exenatide (n = 13) or glimepiride treatment (n = 18) for 16 wk65[]
. Exenatide resulted in a significant reduction of body mass index (BMI) by 5.95% (from 24.9 to 23.3 kg/m2), whereas glimepiride treatment did not significantly alter BMI levels (-0.25%, from 24.8 to 24.7 kg/m2). Similar reductions of fasting plasma glucose and HbA1c were observed between the two groups. Exenatide resulted in a significant reduction of 24 hour urinary albumin and urinary TGF-β1 (all P < 0.01), whereas these variables did not significantly change with glimepiride. Additionally, the excretion of urinary type IV collagen was significantly decreased with exenatide (-25.3%) compared with glimepiride (-1.6%, P < 0.005)65[]
.  

Interestingly, a study showed that exenatide exerts protective effects on liver injury induced by renal ischemia reperfusion in diabetes
 ADDIN EN.CITE 
[66]
. Specifically, a previous treatment with exenatide for 14 d in T2DM rats with induced renal ischemia for 30 min followed by reperfusion for 24 h significantly normalized serum creatinine phosphokinase activity, liver function enzymes and antioxidant enzymes such as glutathione, superoxide dismutase, catalase and glutathione peroxidase (all P < 0.01)
 ADDIN EN.CITE 
[66]
.

Overall, GLP-1 receptor agonists seem to improve the histologic changes and markers of diabetic nephropathy. These effects seem promising for the treatment of T2DM patients. However, it should be mentioned that most of the evidence is based on animal studies and the extrapolation of these observations to human physiology should be done with caution. 
Effects on water and electrolyte balance: Excreted sodium is re-absorbed by 60–70% in the proximal nephron, mainly by the Na+/H+ exchanger isoform 3 (NHE3)67[]
. GLP-1 receptors are expressed in the proximal tubule
 ADDIN EN.CITE 
[68]
. There is evidence from animal studies that GLP-1 modulates sodium homeostasis in the kidney via the GLP-1 receptor in proximal tubular cells. Specifically, GLP-1 administration in porcine proximal tubular kidney cells led to an inhibition of sodium re-absorption after 3 h of incubation. In contrast, the use of a DPP-IV inhibitor in combination with exendin-4 or GLP-1 did not alter significantly glucose and sodium uptake and transport
 ADDIN EN.CITE 
[68]
. 

It was also demonstrated that GLP-1 can stimulate renal excretion of sodium in rats and humans, most likely by affecting NHE3 activity
 ADDIN EN.CITE 
[41, 69, 70]
. The administration of GLP-1 in rats (1 μg/kg per minutes intravenously for 60 min) increased urine flow, fractional excretion of sodium, potassium and bicarbonate and was accompanied by increases in renal plasma flow and glomerular filtration rate
 ADDIN EN.CITE 
[71]
. GLP-1 receptor-mRNA expression was restricted to glomerulus and proximal convoluted tubule. It was also shown that GLP-1 significantly reduced NHE3-mediated bicarbonate reabsorption in rat renal proximal tubule, through a protein kinase A-dependent mechanism
 ADDIN EN.CITE 
[71]
.

Another study reported that parenteral administration of exendin-4 in wild-type mice induced diuresis and natriuresis
 ADDIN EN.CITE 
[72]
. These effects were associated with increases in glomerular filtration rate, fractional urinary fluid and Na+ excretion. Furthermore, these effects were associated with renal membrane expression of the NHE3, a site for cAMP-dependent protein kinase A. These effects were abolished in mice lacking the GLP-1 receptor and were independent of adenylate cyclase 6. Of interest, the administration of parenteral DPP-IV inhibitor alogliptin in these wild-type mice induced diuresis and natriuresis, which were independent of the presence of the GLP-1 receptor or alterations in the phosphorylated NHE3. These results may imply mechanistic differences between exendin-4 and DPP-IV inhibition in the induction of diuresis and natriuresis under normal states. Notably, the administration of exendin-4 in diabetic db/db mice resulted in a reduction of renal fluid and Na+ reabsorption, whereas these effects were not observed when diabetic db/db mice were given alogliptin. These results imply significant differences between exendin-4 and DPP-IV inhibition in a T2DM mice model, since GLP-1 receptor-mediated natriuretic mechanisms were preserved, whereas DPP-IV inhibitor-dependent mechanisms were abolished
 ADDIN EN.CITE 
[72]
.

A recent study described a role of exenatide as a proximal diuretic and renal vasodilator73[]
. Exenatide infusion (1 nmol/h iv) in hydropenic male Wistar and Wistar-Froemter rats increased single-nephron glomerular filtration rate by 33%-50%, reduced proximal tubular reabsorption by 20%-40%, doubled early distal flow rate and increased urine flow rate six-fold without altering the efficiency of glomerulotubular balance, tubuloglomerular feedback responsiveness or the tonic influence of tubuloglomerular feedback73[]
. 
A recent randomized, double-blinded, single-day, crossover trial showed that the infusion of GLP-1 for two h in 12 healthy young males increased renal sodium clearance by 40% (P = 0.007) and decreased angiotensin II levels by 19% (P = 0.003), whereas no change in renin, aldosterone or the urinary excretion of angiotensinogen was observed63[]
. The infusion of GLP-1 did not significantly alter the GFR (assessed with 51Cr-EDTA), renal plasma flow (assessed with 123I-hippuran) or blood pressure levels, but induced a small transient increase in heart rate63[]
. In another study the urinary sodium/creatinine ratio was significantly increased (+12.4 mmol/mmol, 95%CI: 4.6-20.2, P < 0.05) compared with placebo two h after a single 10 µg subcutaneous injection of exenatide in eight healthy male volunteers
 ADDIN EN.CITE 
[74]
. Furthermore, exenatide administration was associated with a significant increase of heart rate (+8.2 beats/min, 95%CI: 4.2-12.2, P < 0.01) and cardiac output (+1.2 L/min, 95%CI: 0.42-20.3, P < 0.05), whereas a reduction in total peripheral resistance (P < 0.05) was observed. These effects were not linked with any change in blood pressure levels
 ADDIN EN.CITE 
[74]
. Therefore, exenatide has both vasodilator and natriuretic properties. Although the effects of short-time administration of exenatide were not associated with significant changes in blood pressure levels, they may be related with the reduction in blood pressure that was observed in clinical studies examining the use of GLP-1 receptor agonists in patients with T2DM
 ADDIN EN.CITE 
[75, 76]
.

Furthermore, a possible role of exenatide in the human osmoregulation system has been proposed. A study (article in Russian, so no more details than the abstract could be used) showed that water load of 0.7% of body water caused significant increase in urine excretion in 55 subjects (38 patients with T2DM)77[]
, but the rise of diuresis was depended on the increase in solute-free water clearance when exenatide 10 μg was administered with the water load77[]
.
Finally, there is evidence of a possible role of exenatide in the normalization of potassium balance via renal mechanisms. The administration of exenatide (0.015-0.5 nmol/100 gr body weight) to Wistar rats with normal serum concentration of glucose and potassium increased renal excretion of potassium from 7 ± 1 to 16 ± 1 μmol/h/100 gr body weight (P < 0.05)78[]
. Moreover, exenatide enhanced excretion of potassium in Wistar rats with hyperkalemia produced by intraperitoneal injection of 1.25% KCl solution; specifically, during the first post-injection hour, potassium excretion was increased from 47 ± 9 μmol/h/100 gr body weight with potassium load alone to 97±11 μmol/h/100 gr body weight with exenatide (P < 0.05)78[]
.

LIRAGLUTIDE
Effects of renal impairment on liraglutide metabolism

Liraglutide shares a 97% structural homology with human GLP-1, has a longer half-life than the native hormone and undergoes a generalized proteolysis without elimination via the kidneys
 ADDIN EN.CITE 
[33, 79-81]
. A study in seven healthy males who received radio-labelled liraglutide showed that liraglutide is metabolized by DPP-IV and neutral endopeptidase, similarly with the native GLP-1 but at a much slower rate. Furthermore, the results of this study showed that liraglutide is mainly degraded within the body since no intact liraglutide was excreted in urine and feces
 ADDIN EN.CITE 
[82]
. 

Renal impairment does not alter significantly the pharmacokinetic profile of liraglutide33[]
. In a study a single dose of liraglutide 0.75 mg subcutaneously was given in 30 subjects, 24 with varying degrees of renal impairment and six with normal renal function83[]
. The regression analysis of log[Area Under the Curve (AUC)] of liraglutide for subjects with normal renal function and mild-to-severe renal impairment did not show any significant effect of reduced creatinine clearance on the pharmacokinetics of liraglutide. Furthermore, the AUC ratio of the subject with the lowest and the subject with the highest creatinine clearance was not significant (0.88, 95%CI: 0.58-1.34, P = NS). It should be mentioned that the between-group comparisons of the AUC of liraglutide did not show equivalence, since the estimated ratio of AUC(severe)/AUC(healthy) was 0.73 (90% 0.57-0.94) and the ratio of AUC(continuous ambulatory peritoneal dialysis)/AUC(healthy) was 0.74 (90%CI: 0.56-0.97). However, no association was found between the degree of renal impairment and the risk of adverse events83[]
. Based on this study, liraglutide can be used safely in patients with varying degrees of renal impairment. 

A meta-analysis of the 6 LEAD (Liraglutide Effect and Action in Diabetes) studies analysed data from patients with T2DM administered once-daily liraglutide (1.2 or 1.8 mg) or placebo as either monotherapy or in combination with oral antidiabetic drugs for 26 wk. The patients were grouped as having normal renal function (Cockcroft-Gault creatinine clearance >89 mL/min), mild renal impairment (60 mL/min ≤ creatinine clearance ≤ 89 mL/min) and moderate or severe renal impairment (creatinine clearance <60 mL/min)
 ADDIN EN.CITE 
[84]
. Liraglutide administration was well tolerated in patients with mild renal impairment since no significant differences in the rates of nausea, renal injury or minor hypoglycemia were observed compared with placebo. No significant effect of mild renal impairment on HbA1c reduction was observed. However, a trend towards increased nausea was observed with liraglutide in the small number of patients with moderate or severe renal impairment. Overall, this meta-analysis showed that mild renal impairment (determined by the Cockcroft-Gault equation) did not have a significant effect on the efficacy and safety of liraglutide
 ADDIN EN.CITE 
[84]
.

However, the long-term data regarding the use of liraglutide in patients with moderate-to-severe renal impairment is limited. Hence, the summary of product characteristics of liraglutide proposes no dose adjustment for patients with mild renal impairment (creatinine clearance 60-90 mL/min), but does not recommend the use of the drug in patients with moderate and severe renal impairment including patients with ESRD85[]
. 

A randomised, placebo-controlled, double-blinded trial aiming to test safety and efficacy of treatment with liraglutide in patients with T2DM and dialysis-dependent ESRD was recently announced86[]
. In this trial 20 patients with T2DM and ESRD and 20 matched patients with T2DM and normal kidney function will receive liraglutide for 12 wk (9 visits) in an individually titrated dose of 0.6, 1.2 or 1.8 mg/d or placebo. The primary endpoint is dose-corrected plasma trough liraglutide concentration at the final trial visit aiming to determine potential accumulation in the ESRD group. Glycemic control, β-cell response, cardiovascular parameters, various biomarkers and adverse events will also be assessed86[]
.

Liraglutide-induced acute kidney injury

A case report described a 53-year-old Caucasian woman who had started one month earlier subcutaneous liraglutide 1.8 mg/d for uncontrolled T2DM and was admitted with serum creatinine concentration of 22.8 mg/dL and blood urea nitrogen of 150 mg/dL87[]
. She had lost 8.9 kg in the previous month after severe and progressively worsening gastrointestinal symptoms for several weeks, leading to dehydration. Other potential causes of renal failure and adverse drug reactions due to other drugs such as ciprofloxacin and quinapril were ruled out by laboratory investigation and renal biopsy. Renal biopsy showed that liraglutide was a likely cause of acute kidney injury through the development of acute tubular necrosis. The patient was treated with discontinuation of liraglutide, volume repletion, and hemodialysis87[]
. 
Another case report described a 56-year-old man with T2DM who started liraglutide aiming to a gradual reduction of insulin because of hypoglycemic episodes88[]
. Three months later the patient reported that his early morning glucose levels were elevated and he had nocturia. Laboratory results revealed an increase in his creatinine concentration [from 1.1 mg/dL (101 μmol/L) to 1.56 (138 μmol/L)]. Liraglutide, ramipril, indapamide and metformin were stopped and insulin was restarted. His renal function was completely recovered a few weeks later. Similarly, a 65-year-old man receiving liraglutide had polyuria and polydipsia. His HbA1c was 12.9% and his urine dipstick showed glycosuria. Laboratory results revealed an increase in his serum creatinine [1.8 mg/dL (159 μmol/L)]. Liraglutide was discontinued and insulin was initiated. Serum creatinine levels returned to normal [1.2 mg/dL (109 μmol/L)] after five weeks of withholding liraglutide. After two months of initiation of insulin his HbA1c dropped by 1.9%. The most likely mechanism for the renal impairment in these patients is volume depletion causing renal impairment88[]
.

Overall, despite these case reports, liraglutide seems to be a safe drug in terms of kidney function. However, clinicians should be cautious in patients receiving liraglutide and have uncontrolled T2DM with polyuria and polydipsia or have symptoms that predispose to volume depletion (for example vomiting). 

Effects of liraglutide on renal function

A recent study in mice showed that GLP-1 receptors are localized and expressed in cardiac atria89[]
. Furthermore, it was shown that GLP-1 receptor activation is associated with the secretion of atrial natriuretic peptide (ANP) and a reduction of blood pressure. Specifically, liraglutide did not induce ANP secretion and did not result in vasorelaxation or blood pressure reduction in Glp1r(-/-) or Nppa(-/-) mice. Moreover, refeeding was associated with an increase in ANP levels in wild-type mice, whereas this effect was not observed in Glp1r(-/-) mice. On the other hand, liraglutide administration increased urine sodium excretion in wild-type mice, whereas this effect was abolished in Nppa(-/-) mice. These findings suggest a gut-heart axis that regulates blood pressure, which is both GLP-1 receptor-dependent and ANP-dependent. Furthermore, it was shown that liraglutide leaded to relaxation of aortic rings through a GLP-1 receptor-dependent, indirect ANP-dependent and endothelium-independent manner, since a conditioned medium from liraglutide-treated hearts resulted in relaxation of aortic rings but did not directly increase the amount of cyclic guanosine monophosphate (cGMP, associated with the function of ANP) or relax pre-constricted aortic rings. There is evidence that the Rap guanine nucleotide exchange factor Epac2 (also known as Rapgef4, an exchange protein activated by cAMP) may mediate the association of GLP-1 receptor activation and ANP secretion, since cardiomyocyte GLP-1 receptor activation induced the translocation of the Epac2 to the membrane, whereas Epac2 deficiency did not induce ANP secretion through GLP-1 receptor stimulation89[]
.

A study showed that liraglutide inhibits oxidative stress and albuminuria in streptozotocin-induced type 1 diabetes mellitus rats through a protein kinase A-mediated inhibition of renal NADPH oxidases
 ADDIN EN.CITE 
[90]
. Specifically, diabetic rats were randomly treated with liraglutide (0.3 mg/kg 12 h subcutaneously) for 4 wk. The administration of liraglutide normalized the increased urinary albumin excretion and oxidative stress markers, as well as the expression of NADPH oxidase components, TGF-β1 and fibronectin in renal tissues, without affecting plasma glucose levels or body weight of streptozotocin-induced diabetic rats. Additionally, the authors conducted in vitro experiments which showed that incubation of cultured renal mesangial cells with liraglutide for 48 h inhibited NADPH-dependent superoxide production in a dose-dependent manner, an effect that was abolished by a protein kinase A inhibitor and an adenylate cyclase inhibitor
 ADDIN EN.CITE 
[90]
.

Another study evaluated the effects of liraglutide on tumour necrosis factor-α-induced injury of the human umbilical vein endothelial cells and showed that the drug inhibits protein kinase A, NADPH oxidase and nuclear factor-κB signaling and upregulates protective antioxidative enzymes. Consequently, liraglutide exerts significant anti-oxidative and anti-inflammatory effects on endothelial cells
 ADDIN EN.CITE 
[91]
. If these protective effects are also evident in renal cells remains to be established.
CONCLUSION
Chronic kidney disease is a common complication of T2DM resulting in a progressive deterioration of renal function92[]
. However, many of the antidiabetic drugs are contraindicated or require dosage adjustments in patients with renal impairment. Based on the current evidence, exenatide should not be given in patients with severe renal impairment or ESRD because the drug is eliminated by renal mechanisms. Liraglutide, although it is not eliminated by renal or hepatic mechanisms, should be used with caution since there are only limited data in patients with renal or hepatic impairment
 ADDIN EN.CITE 
[80, 81, 93]
.
Furthermore, current evidence shows that these drugs exert protective role in diabetic nephropathy with mechanisms that many times are independent of their glucose-lowering effect. GLP-1 receptor agonists have also been shown to influence water and electrolyte balance. Although most of these effects have been demonstrated in culture or animal models and their mechanism of action need to be better elucidated, they may represent new ways to improve or even prevent diabetic nephropathy. It should be mentioned that animal studies should be interpreted with caution, since a number of drugs evaluated in rodents with induced diabetes were ineffective in clinical trials (for example the advanced glycation endproduct inhibitors).
REFERENCES

1 Inzucchi SE, Bergenstal RM, Buse JB, Diamant M, Ferrannini E, Nauck M, Peters AL, Tsapas A, Wender R, Matthews DR. Management of hyperglycemia in type 2 diabetes: a patient-centered approach: position statement of the American Diabetes Association (ADA) and the European Association for the Study of Diabetes (EASD). Diabetes Care 2012; 35: 1364-1379 [PMID: 22517736 DOI: 10.2337/dc12-0413]

2 Standards of medical care in diabetes--2013. Diabetes Care 2013; 36 Suppl 1: S11-S66 [PMID: 23264422 DOI: 10.2337/dc13-S011]

3 Moutzouri E, Tsimihodimos V, Rizos E, Elisaf M. Prediabetes: to treat or not to treat? Eur J Pharmacol 2011; 672: 9-19 [PMID: 22020287 DOI: 10.1016/j.ejphar.2011.10.007]

4 Filippatos TD, Rizos EC, Tsimihodimos V, Gazi IF, Tselepis AD, Elisaf MS. Small high-density lipoprotein (HDL) subclasses are increased with decreased activity of HDL-associated phospholipase A₂ in subjects with prediabetes. Lipids 2013; 48: 547-555 [PMID: 23546765 DOI: 10.1007/s11745-013-3787-1]

5 Filippatos T, Rizos E, Gazi I, Lagos K, Agouridis A, Mikhailidis D, Elisaf M. Differences in metabolic parameters and cardiovascular risk between American Diabetes Association and World Health Organization definition of impaired fasting glucose in European Caucasian subjects: a cross-sectional study. Arch Med Sci 2013Accepted for publication

6 Economic costs of diabetes in the U.S. in 2012. Diabetes Care 2013; 36: 1033-1046 [PMID: 23468086 DOI: 10.2337/dc12-2625]

7 Estimating the Population Prevalence of Diagnosed and Undiagnosed Diabetes. Diabetes Care 2013; [PMID: 23656982 DOI: 10.2337/dc12-2543]

8 Sheikh-Ali M, Raheja P, Borja-Hart N. Medical management and strategies to prevent coronary artery disease in patients with type 2 diabetes mellitus. Postgrad Med 2013; 125: 17-33 [PMID: 23391668 DOI: 10.3810/pgm.2013.01.2621]

9 Ussher JR, Sutendra G, Jaswal JS. The impact of current and novel anti-diabetic therapies on cardiovascular risk. Future Cardiol 2012; 8: 895-912 [PMID: 23176691 DOI: 10.2217/fca.12.68]

10 Simsek S, de Galan BE. Cardiovascular protective properties of incretin-based therapies in type 2 diabetes. Curr Opin Lipidol 2012; 23: 540-547 [PMID: 23160401 DOI: 10.1097/MOL.0b013e3283590b8f]

11 Ban K, Noyan-Ashraf MH, Hoefer J, Bolz SS, Drucker DJ, Husain M. Cardioprotective and vasodilatory actions of glucagon-like peptide 1 receptor are mediated through both glucagon-like peptide 1 receptor-dependent and -independent pathways. Circulation 2008; 117: 2340-2350 [PMID: 18427132 DOI: 10.1161/CIRCULATIONAHA.107.739938]

12 Nyström T, Gutniak MK, Zhang Q, Zhang F, Holst JJ, Ahrén B, Sjöholm A. Effects of glucagon-like peptide-1 on endothelial function in type 2 diabetes patients with stable coronary artery disease. Am J Physiol Endocrinol Metab 2004; 287: E1209-E1215 [PMID: 15353407 DOI: 10.1152/ajpendo.00237.2004]

13 Bullock BP, Heller RS, Habener JF. Tissue distribution of messenger ribonucleic acid encoding the rat glucagon-like peptide-1 receptor. Endocrinology 1996; 137: 2968-2978 [PMID: 8770921 DOI: 10.1210/en.137.7.2968]

14 Burgmaier M, Heinrich C, Marx N. Cardiovascular effects of GLP-1 and GLP-1-based therapies: implications for the cardiovascular continuum in diabetes? Diabet Med 2013; 30: 289-299 [PMID: 22804451 DOI: 10.1111/j.1464-5491.2012.03746.x]

15 Geelhoed-Duijvestijn PH. Incretins: a new treatment option for type 2 diabetes? Neth J Med 2007; 65: 60-64 [PMID: 17379930]

16 Näslund E, Gutniak M, Skogar S, Rössner S, Hellström PM. Glucagon-like peptide 1 increases the period of postprandial satiety and slows gastric emptying in obese men. Am J Clin Nutr 1998; 68: 525-530 [PMID: 9734726]

17 Marathe CS, Rayner CK, Jones KL, Horowitz M. Effects of GLP-1 and incretin-based therapies on gastrointestinal motor function. Exp Diabetes Res 2011; 2011: 279530 [PMID: 21747825 DOI: 10.1155/2011/279530]

18 Salcedo I, Tweedie D, Li Y, Greig NH. Neuroprotective and neurotrophic actions of glucagon-like peptide-1: an emerging opportunity to treat neurodegenerative and cerebrovascular disorders. Br J Pharmacol 2012; 166: 1586-1599 [PMID: 22519295 DOI: 10.1111/j.1476-5381.2012.01971.x]

19 Ravassa S, Zudaire A, Díez J. GLP-1 and cardioprotection: from bench to bedside. Cardiovasc Res 2012; 94: 316-323 [PMID: 22419668 DOI: 10.1093/cvr/cvs123]

20 Neumiller JJ. Clinical pharmacology of incretin therapies for type 2 diabetes mellitus: implications for treatment. Clin Ther 2011; 33: 528-576 [PMID: 21665041 DOI: 10.1016/j.clinthera.2011.04.024]

21 Wheeler MB, Lu M, Dillon JS, Leng XH, Chen C, Boyd AE. Functional expression of the rat glucagon-like peptide-I receptor, evidence for coupling to both adenylyl cyclase and phospholipase-C. Endocrinology 1993; 133: 57-62 [PMID: 8391428 DOI: 10.1210/en.133.1.57]

22 Nauck MA. A Critical Analysis of the Clinical Use of Incretin-Based Therapies: The benefits by far outweigh the potential risks. Diabetes Care 2013; 36: 2126-2132 [PMID: 23645884 DOI: 10.2337/dc12-2504]

23 Aroda VR, Henry RR, Han J, Huang W, DeYoung MB, Darsow T, Hoogwerf BJ. Efficacy of GLP-1 receptor agonists and DPP-4 inhibitors: meta-analysis and systematic review. Clin Ther 2012; 34: 1247-1258.e22 [PMID: 22608780 DOI: 10.1016/j.clinthera.2012.04.013]

24 Lind M. Incretin therapy and its effect on body weight in patients with diabetes. Prim Care Diabetes 2012; 6: 187-191 [PMID: 22613745 DOI: 10.1016/j.pcd.2012.04.006]

25 Monami M, Dicembrini I, Marchionni N, Rotella CM, Mannucci E. Effects of glucagon-like peptide-1 receptor agonists on body weight: a meta-analysis. Exp Diabetes Res 2012; 2012: 672658 [PMID: 22675341 DOI: 10.1155/2012/672658]

26 Butler PC, Elashoff M, Elashoff R, Gale EA. A Critical Analysis of the Clinical Use of Incretin-Based Therapies: Are the GLP-1 therapies safe? Diabetes Care 2013; 36: 2118-2125 [PMID: 23645885 DOI: 10.2337/dc12-2713]

27 Goggins M. GLP-1 receptor agonist effects on normal and neoplastic pancreata. Diabetes 2012; 61: 989-990 [PMID: 22517654 DOI: 10.2337/db12-0233]

28 Samson SL, Garber A. GLP-1R agonist therapy for diabetes: benefits and potential risks. Curr Opin Endocrinol Diabetes Obes 2013; 20: 87-97 [PMID: 23403741 DOI: 10.1097/MED.0b013e32835edb32]

29 Chiu WY, Shih SR, Tseng CH. A review on the association between glucagon-like peptide-1 receptor agonists and thyroid cancer. Exp Diabetes Res 2012; 2012: 924168 [PMID: 22693487 DOI: 10.1155/2012/924168]

30 Sun F, Yu K, Wu S, Zhang Y, Yang Z, Shi L, Ji L, Zhan S. Cardiovascular safety and glycemic control of glucagon-like peptide-1 receptor agonists for type 2 diabetes mellitus: a pairwise and network meta-analysis. Diabetes Res Clin Pract 2012; 98: 386-395 [PMID: 23020934 DOI: 10.1016/j.diabres.2012.09.004]

31 Aroda VR, Ratner R. The safety and tolerability of GLP-1 receptor agonists in the treatment of type 2 diabetes: a review. Diabetes Metab Res Rev 2011; 27: 528-542 [PMID: 21484979 DOI: 10.1002/dmrr.1202]

32 Information for Healthcare Professionals: Reports of Altered Kidney Function in patients using Exenatide (Marketed as Byetta). www.fda.gov/Drugs/DrugSafety/PostmarketDrugSafetyInformationforPatientsandProviders/DrugSafetyInformationforHeathcareProfessionals/ucm188656.htm
33 Brown DX, Evans M. Choosing between GLP-1 Receptor Agonists and DPP-4 Inhibitors: A Pharmacological Perspective. J Nutr Metab 2012; 2012: 381713 [PMID: 23125920 DOI: 10.1155/2012/381713]

34 Simonsen L, Holst JJ, Deacon CF. Exendin-4, but not glucagon-like peptide-1, is cleared exclusively by glomerular filtration in anaesthetised pigs. Diabetologia 2006; 49: 706-712 [PMID: 16447056 DOI: 10.1007/s00125-005-0128-9]

35 Linnebjerg H, Kothare PA, Park S, Mace K, Reddy S, Mitchell M, Lins R. Effect of renal impairment on the pharmacokinetics of exenatide. Br J Clin Pharmacol 2007; 64: 317-327 [PMID: 17425627 DOI: 10.1111/j.1365-2125.2007.02890.x]

36 Linnebjerg H, Kothare PA, Seger M, Wolka AM, Mitchell MI. Exenatide - pharmacokinetics, pharmacodynamics, safety and tolerability in patients ≥ 75 years of age with Type 2 diabetes. Int J Clin Pharmacol Ther 2011; 49: 99-108 [PMID: 21255526]

37 Johansen OE, Whitfield R. Exenatide may aggravate moderate diabetic renal impairment: a case report. Br J Clin Pharmacol 2008; 66: 568-569 [PMID: 18537959 DOI: 10.1111/j.1365-2125.2008.03221.x]

38 Ferrer-Garcia JC, Martinez-Chanza N, Tolosa-Torréns M, Sánchez-Juan C. Exenatide and renal failure. Diabet Med 2010; 27: 728-729 [PMID: 20546299 DOI: 10.1111/j.1464-5491.2010.03009.x]

39 López-Ruiz A, del Peso-Gilsanz C, Meoro-Avilés A, Soriano-Palao J, Andreu A, Cabezuelo J, Arias JL. Acute renal failure when exenatide is co-administered with diuretics and angiotensin II blockers. Pharm World Sci 2010; 32: 559-561 [PMID: 20686848 DOI: 10.1007/s11096-010-9423-8]

40 Scott LJ. Exenatide extended-release: a review of its use in type 2 diabetes mellitus. Drugs 2012; 72: 1679-1707 [PMID: 22867046 DOI: 10.2165/11209750-000000000-00000]

41 Gutzwiller JP, Tschopp S, Bock A, Zehnder CE, Huber AR, Kreyenbuehl M, Gutmann H, Drewe J, Henzen C, Goeke B, Beglinger C. Glucagon-like peptide 1 induces natriuresis in healthy subjects and in insulin-resistant obese men. J Clin Endocrinol Metab 2004; 89: 3055-3061 [PMID: 15181098 DOI: 10.1210/jc.2003-031403]

42 Gutzwiller JP, Hruz P, Huber AR, Hamel C, Zehnder C, Drewe J, Gutmann H, Stanga Z, Vogel D, Beglinger C. Glucagon-like peptide-1 is involved in sodium and water homeostasis in humans. Digestion 2006; 73: 142-150 [PMID: 16809911 DOI: 10.1159/000094334]

43 Kei A, Liberopoulos E, Siamopoulos K, Elisaf M. A patient with exenatide-associated acute-on-chronic renal failure requiring hemodialysis. Cardiovascular Continuum 2011; 2: 14-16

44 Kang JY. The gastrointestinal tract in uremia. Dig Dis Sci 1993; 38: 257-268 [PMID: 8425438 DOI: 10.1007/BF01307542]

45 Weise WJ, Sivanandy MS, Block CA, Comi RJ. Exenatide-associated ischemic renal failure. Diabetes Care 2009; 32: e22-e23 [PMID: 19171732 DOI: 10.2337/dc08-1309]

46 Nandakoban H, Furlong TJ, Flack JR. Acute tubulointerstitial nephritis following treatment with exenatide. Diabet Med 2013; 30: 123-125 [PMID: 22762797 DOI: 10.1111/j.1464-5491.2012.03738.x]

47 Bhatti R, Flynn MD, Illahi M, Carnegie AM. Exenatide associated renal failure. Practical Diabetes International 2010; 27: 232-234 [doi: 10.1002/pdi.1493]

48 Lowes R, Barclay L. FDA Approvals: Once-Weekly Exenatide for Type 2 Diabetes. http: //www.medscape.org/viewarticle/757963

49 Macconell L, Brown C, Gurney K, Han J. Safety and tolerability of exenatide twice daily in patients with type 2 diabetes: integrated analysis of 5594 patients from 19 placebo-controlled and comparator-controlled clinical trials. Diabetes Metab Syndr Obes 2012; 5: 29-41 [PMID: 22375098 DOI: 10.2147/DMSO.S28387]

50 Pendergrass M, Fenton C, Haffner SM, Chen W. Exenatide and sitagliptin are not associated with increased risk of acute renal failure: a retrospective claims analysis. Diabetes Obes Metab 2012; 14: 596-600 [PMID: 22268550 DOI: 10.1111/j.1463-1326.2012.01567.x]

51 Qian Y, Feldman E, Pennathur S, Kretzler M, Brosius FC. From Fibrosis to Sclerosis: Mechanisms of Glomerulosclerosis in Diabetic Nephropathy. Diabetes 2008; 57: 1439-1445 [doi: 10.2337/db08-0061]

52 Sharma K, Ziyadeh FN. Hyperglycemia and diabetic kidney disease. The case for transforming growth factor-beta as a key mediator. Diabetes 1995; 44: 1139-1146 [PMID: 7556948 DOI: 10.2337/diabetes.44.10.1139]

53 Border WA, Yamamoto T, Noble NA. Transforming growth factor beta in diabetic nephropathy. Diabetes Metab Rev 1996; 12: 309-339 [PMID: 9013074]

54 Yamamoto T, Noble NA, Cohen AH, Nast CC, Hishida A, Gold LI, Border WA. Expression of transforming growth factor-beta isoforms in human glomerular diseases. Kidney Int 1996; 49: 461-469 [PMID: 8821830 DOI: 10.1038/ki.1996.65]

55 Chen Y, Blom IE, Sa S, Goldschmeding R, Abraham DJ, Leask A. CTGF expression in mesangial cells: involvement of SMADs, MAP kinase, and PKC. Kidney Int 2002; 62: 1149-1159 [PMID: 12234285 DOI: 10.1111/j.1523-1755.2002.kid567.x]

56 Denton CP, Abraham DJ. Transforming growth factor-beta and connective tissue growth factor: key cytokines in scleroderma pathogenesis. Curr Opin Rheumatol 2001; 13: 505-511 [PMID: 11698729 DOI: 10.1097/00002281-200111000-00010]

57 Li W, Cui M, Wei Y, Kong X, Tang L, Xu D. Inhibition of the expression of TGF-β1 and CTGF in human mesangial cells by exendin-4, a glucagon-like peptide-1 receptor agonist. Cell Physiol Biochem 2012; 30: 749-757 [PMID: 22890152 DOI: 10.1159/000341454]

58 Park CW, Kim HW, Ko SH, Lim JH, Ryu GR, Chung HW, Han SW, Shin SJ, Bang BK, Breyer MD, Chang YS. Long-term treatment of glucagon-like peptide-1 analog exendin-4 ameliorates diabetic nephropathy through improving metabolic anomalies in db/db mice. J Am Soc Nephrol 2007; 18: 1227-1238 [PMID: 17360951 DOI: 10.1681/ASN.2006070778]

59 Kodera R, Shikata K, Kataoka HU, Takatsuka T, Miyamoto S, Sasaki M, Kajitani N, Nishishita S, Sarai K, Hirota D, Sato C, Ogawa D, Makino H. Glucagon-like peptide-1 receptor agonist ameliorates renal injury through its anti-inflammatory action without lowering blood glucose level in a rat model of type 1 diabetes. Diabetologia 2011; 54: 965-978 [PMID: 21253697 DOI: 10.1007/s00125-010-2028-x]

60 Liu L, Liu J, Wong WT, Tian XY, Lau CW, Wang YX, Xu G, Pu Y, Zhu Z, Xu A, Lam KS, Chen ZY, Ng CF, Yao X, Huang Y. Dipeptidyl peptidase 4 inhibitor sitagliptin protects endothelial function in hypertension through a glucagon-like peptide 1-dependent mechanism. Hypertension 2012; 60: 833-841 [PMID: 22868389 DOI: 10.1161/HYPERTENSIONAHA.112.195115]

61 Mima A, Hiraoka-Yamomoto J, Li Q, Kitada M, Li C, Geraldes P, Matsumoto M, Mizutani K, Park K, Cahill C, Nishikawa S, Rask-Madsen C, King GL. Protective effects of GLP-1 on glomerular endothelium and its inhibition by PKCβ activation in diabetes. Diabetes 2012; 61: 2967-2979 [PMID: 22826029 DOI: 10.2337/db11-1824]

62 Hirata K, Kume S, Araki S, Sakaguchi M, Chin-Kanasaki M, Isshiki K, Sugimoto T, Nishiyama A, Koya D, Haneda M, Kashiwagi A, Uzu T. Exendin-4 has an anti-hypertensive effect in salt-sensitive mice model. Biochem Biophys Res Commun 2009; 380: 44-49 [PMID: 19150338 DOI: 10.1016/j.bbrc.2009.01.003]

63 Skov J, Dejgaard A, Frøkiær J, Holst JJ, Jonassen T, Rittig S, Christiansen JS. Glucagon-like peptide-1 (GLP-1): effect on kidney hemodynamics and renin-angiotensin-aldosterone system in healthy men. J Clin Endocrinol Metab 2013; 98: E664-E671 [PMID: 23463656 DOI: 10.1210/jc.2012-3855]

64 Liu Q, Adams L, Broyde A, Fernandez R, Baron AD, Parkes DG. The exenatide analogue AC3174 attenuates hypertension, insulin resistance, and renal dysfunction in Dahl salt-sensitive rats. Cardiovasc Diabetol 2010; 9: 32 [PMID: 20678234 DOI: 10.1186/1475-2840-9-32]

65 Zhang H, Zhang X, Hu C, Lu W. Exenatide reduces urinary transforming growth factor-β1 and type IV collagen excretion in patients with type 2 diabetes and microalbuminuria. Kidney Blood Press Res 2012; 35: 483-488 [PMID: 22687869 DOI: 10.1159/000337929]

66 Vaghasiya JD, Sheth NR, Bhalodia YS, Jivani NP. Exaggerated liver injury induced by renal ischemia reperfusion in diabetes: effect of exenatide. Saudi J Gastroenterol ; 16: 174-180 [PMID: 20616412 DOI: 10.4103/1319-3767.65187]

67 Greger R. Physiology of renal sodium transport. Am J Med Sci 2000; 319: 51-62 [PMID: 10653444 DOI: 10.1097/00000441-200001000-00005]

68 Schlatter P, Beglinger C, Drewe J, Gutmann H. Glucagon-like peptide 1 receptor expression in primary porcine proximal tubular cells. Regul Pept 2007; 141: 120-128 [PMID: 17276524 DOI: 10.1016/j.regpep.2006.12.016]

69 Moreno C, Mistry M, Roman RJ. Renal effects of glucagon-like peptide in rats. Eur J Pharmacol 2002; 434: 163-167 [PMID: 11779579 DOI: 10.1016/S0014-2999(01)01542-4]

70 Carraro-Lacroix LR, Malnic G, Girardi AC. Regulation of Na+/H+ exchanger NHE3 by glucagon-like peptide 1 receptor agonist exendin-4 in renal proximal tubule cells. Am J Physiol Renal Physiol 2009; 297: F1647-F1655 [PMID: 19776173 DOI: 10.1152/ajprenal.00082.2009]

71 Crajoinas RO, Oricchio FT, Pessoa TD, Pacheco BP, Lessa LM, Malnic G, Girardi AC. Mechanisms mediating the diuretic and natriuretic actions of the incretin hormone glucagon-like peptide-1. Am J Physiol Renal Physiol 2011; 301: F355-F363 [PMID: 21593184 DOI: 10.1152/ajprenal.00729.2010]

72 Rieg T, Gerasimova M, Murray F, Masuda T, Tang T, Rose M, Drucker DJ, Vallon V. Natriuretic effect by exendin-4, but not the DPP-4 inhibitor alogliptin, is mediated via the GLP-1 receptor and preserved in obese type 2 diabetic mice. Am J Physiol Renal Physiol 2012; 303: F963-F971 [PMID: 22832924 DOI: 10.1152/ajprenal.00259.2012]

73 Thomson SC, Kashkouli A, Singh P. Glucagon-like peptide-1 receptor stimulation increases GFR and suppresses proximal reabsorption in the rat. Am J Physiol Renal Physiol 2013; 304: F137-F144 [PMID: 23019232 DOI: 10.1152/ajprenal.00064.2012]

74 Mendis B, Simpson E, MacDonald I, Mansell P. Investigation of the haemodynamic effects of exenatide in healthy male subjects. Br J Clin Pharmacol 2012; 74: 437-444 [PMID: 22320349 DOI: 10.1111/j.1365-2125.2012.04214.x]

75 Effects of glucagon-like peptide-1 receptor agonists on cardiovascular risk: a meta-analysis of randomized clinical trials. Diabetes Obes Metab 2013; [PMID: 23829656 DOI: 10.1111/dom.12175]

76 Wang B, Zhong J, Lin H, Zhao Z, Yan Z, He H, Ni Y, Liu D, Zhu Z. Blood pressure-lowering effects of GLP-1 receptor agonists exenatide and liraglutide: a meta-analysis of clinical trials. Diabetes Obes Metab 2013; 15: 737-749 [PMID: 23433305 DOI: 10.1111/dom.12085]

77 Shakhmatova EI, Shutskaia ZhV, Vladimirova ME, Gorelov AI, Gorbunov AI, Natochin IuV. [Exenatide stimulated solute-free water excretion by human kidney]. Ross Fiziol Zh Im I M Sechenova 2012; 98: 1021-1029 [PMID: 23155627]

78 Marina AS, Kutina AV, Natochin YV. Exenatide enhances kaliuresis under conditions of hyperkalemia. Bull Exp Biol Med 2011; 152: 177-179 [PMID: 22808453 DOI: 10.1007/s10517-011-1481-y]

79 Russell-Jones D. The safety and tolerability of GLP-1 receptor agonists in the treatment of type-2 diabetes. Int J Clin Pract 2010; 64: 1402-1414 [PMID: 20716148 DOI: 10.1111/j.1742-1241.2010.02465.x]

80 Garber A, Henry R, Ratner R, Garcia-Hernandez PA, Rodriguez-Pattzi H, Olvera-Alvarez I, Hale PM, Zdravkovic M, Bode B. Liraglutide versus glimepiride monotherapy for type 2 diabetes (LEAD-3 Mono): a randomised, 52-week, phase III, double-blind, parallel-treatment trial. Lancet 2009; 373: 473-481 [PMID: 18819705 DOI: 10.1016/S0140-6736(08)61246-5]

81 Buse JB, Rosenstock J, Sesti G, Schmidt WE, Montanya E, Brett JH, Zychma M, Blonde L. Liraglutide once a day versus exenatide twice a day for type 2 diabetes: a 26-week randomised, parallel-group, multinational, open-label trial (LEAD-6). Lancet 2009; 374: 39-47 [PMID: 19515413 DOI: 10.1016/S0140-6736(09)60659-0]

82 Malm-Erjefält M, Bjørnsdottir I, Vanggaard J, Helleberg H, Larsen U, Oosterhuis B, van Lier JJ, Zdravkovic M, Olsen AK. Metabolism and excretion of the once-daily human glucagon-like peptide-1 analog liraglutide in healthy male subjects and its in vitro degradation by dipeptidyl peptidase IV and neutral endopeptidase. Drug Metab Dispos 2010; 38: 1944-1953 [PMID: 20709939 DOI: 10.1124/dmd.110.034066]

83 Jacobsen LV, Hindsberger C, Robson R, Zdravkovic M. Effect of renal impairment on the pharmacokinetics of the GLP-1 analogue liraglutide. Br J Clin Pharmacol 2009; 68: 898-905 [PMID: 20002084 DOI: 10.1111/j.1365-2125.2009.03536.x]

84 Davidson JA, Brett J, Falahati A, Scott D. Mild renal impairment and the efficacy and safety of liraglutide. Endocr Pract ; 17: 345-355 [PMID: 21700561 DOI: 10.4158/EP10215.RA]

85 EMA. Summary of product characteristics: liraglutide. http: //www.ema.europa.eu/docs/en_GB/document_library/EPAR_-_Product_Information/human/001026/WC500050017.pdf
86 Idorn T, Knop FK, Jørgensen M, Jensen T, Resuli M, Hansen PM, Christensen KB, Holst JJ, Hornum M, Feldt-Rasmussen B. Safety and efficacy of liraglutide in patients with type 2 diabetes and end-stage renal disease: protocol for an investigator-initiated prospective, randomised, placebo-controlled, double-blinded, parallel intervention study. BMJ Open 2013; 3: [PMID: 23624993 DOI: 10.1136/bmjopen-2013-002764]

87 Kaakeh Y, Kanjee S, Boone K, Sutton J. Liraglutide-induced acute kidney injury. Pharmacotherapy 2012; 32: e7-11 [PMID: 22392833 DOI: 10.1002/PHAR.1014]

88 Narayana SK, Talab SK, Elrishi MA. Liraglutide-induced acute kidney injury. Practical Diabetes 2012; 29: 380-382 [doi: 10.1002/pdi.1727]

89 Kim M, Platt MJ, Shibasaki T, Quaggin SE, Backx PH, Seino S, Simpson JA, Drucker DJ. GLP-1 receptor activation and Epac2 link atrial natriuretic peptide secretion to control of blood pressure. Nat Med 2013; 19: 567-575 [PMID: 23542788 DOI: 10.1038/nm.3128]

90 Hendarto H, Inoguchi T, Maeda Y, Ikeda N, Zheng J, Takei R, Yokomizo H, Hirata E, Sonoda N, Takayanagi R. GLP-1 analog liraglutide protects against oxidative stress and albuminuria in streptozotocin-induced diabetic rats via protein kinase A-mediated inhibition of renal NAD(P)H oxidases. Metabolism 2012; 61: 1422-1434 [PMID: 22554832 DOI: 10.1016/j.metabol.2012.03.002]

91 Shiraki A, Oyama J, Komoda H, Asaka M, Komatsu A, Sakuma M, Kodama K, Sakamoto Y, Kotooka N, Hirase T, Node K. The glucagon-like peptide 1 analog liraglutide reduces TNF-α-induced oxidative stress and inflammation in endothelial cells. Atherosclerosis 2012; 221: 375-382 [PMID: 22284365 DOI: 10.1016/j.atherosclerosis.2011.12.039]

92 Levey AS, Coresh J, Balk E, Kausz AT, Levin A, Steffes MW, Hogg RJ, Perrone RD, Lau J, Eknoyan G. National Kidney Foundation practice guidelines for chronic kidney disease: evaluation, classification, and stratification. Ann Intern Med 2003; 139: 137-147 [PMID: 12859163 DOI: 10.7326/0003-4819-139-2-200307150-00013]

93 Germino FW. Noninsulin treatment of type 2 diabetes mellitus in geriatric patients: a review. Clin Ther 2011; 33: 1868-1882 [PMID: 22136979 DOI: 10.1016/j.clinthera.2011.10.020]

P-Reviewers Bellomo G, Christiansen J, Friedman EA         S-Editor Wen LL             L-Editor                  E-Editor



	Table 1 Studies of the effects of exenatide on renal function 

	Author
	Study details
	Main findings

	Li et al57


[ ADDIN EN.CITE ]

	Administration of exendin-4 in human mesangial cells.
	Exendin-4 decreased mRNA and protein levels of TGF-β1 and connective tissue growth factor. These effects that were mainly dependent on the activation of adenylate cyclase57


[ ADDIN EN.CITE ]
.

	Carraro-Lacroix et al70


[ ADDIN EN.CITE ]

	Investigation of the role of exendin-4 in modulating the activity of Na+/H+ exchanger NHE3 in LLC-PK(1) cells.
	GLP-1 receptor agonists modulate sodium homeostasis most likely by affecting NHE3 activity.

	Liu et al60


[ ADDIN EN.CITE ]

	In vitro administration of exendin-4 in spontaneously hypertensive rat renal arteries and aortic endothelial cells. Additionally, ex vivo exendin-4 administration in renal arteries from hypertensive patients.
	In vitro exendin-4 improved endothelium-dependent relaxation and restored renal blood flow in spontaneously hypertensive rat renal arteries and increased nitric oxide production in spontaneously hypertensive rat aortic endothelial cells60


[ ADDIN EN.CITE ]
. Ex vivo exendin-4 administration improved endothelial function of renal arteries from hypertensive patients.

	Park et al58


[ ADDIN EN.CITE ]

	Administration of exendin-4 for 8 weeks in a mouse model of diabetes (male db/db mice).
	Exendin-4 improved intraperitoneal glucose tolerance test and decreased urinary albumin excretion in a dose-dependent manner. It also reduced glomerular hypertrophy, mesangial matrix expansion, TGF-β1 expression and type IV collagen accumulation, whereas it increased the renal immunoreactivity of peroxisome proliferator-activated receptor alpha and GLP-1 receptor-positive cells in the glomeruli of db/db mice.

	Kodera et al59


[ ADDIN EN.CITE ]


	Administration of exendin-4 in a streptozotocin-induced rat model of type 1 diabetes.
	Exendin-4 improved albuminuria, glomerular hyperfiltration, glomerular hypertrophy and mesangial matrix expansion, reduced macrophage infiltration and protein levels of intercellular adhesion molecule-1 and type IV collagen and decreased oxidative stress and nuclear factor-κB activation in kidney tissue of the diabetic rats.



	Mima et al61


[ ADDIN EN.CITE ]

	Mice overexpressing protein kinase Cβ2 (results in a reduction of GLP-1 receptor expression) in endothelial cells (EC-PKCβ2Tg).
	In vivo treatment with exendin-4 was partially effective to reduce glomerular pathology of both diabetic wild type and EC-PKCβ2Tg mice.

	Hirata et al62


[ ADDIN EN.CITE ]

	Exendin-4 for 12 weeks in db/db mice (they have increased intra-renal angiotensin II concentration) and in angiotensin II-infused non-diabetic mice.
	Exendin-4 inhibited the development of hypertension in db/db mice. Exendin-4 attenuated the delay of the urinary sodium excretion and elevation of blood pressure induced by a high-salt load. Exendin-4 prevented hypertension in angiotensin II-infused non-diabetic mice.

	Liu et al64


[ ADDIN EN.CITE ]
 
	A peptide analogue with exenatide (AC3174) was given for 4 wk via subcutaneous infusion in Dahl salt-sensitive rats.
	The combination of AC3174 with captopril produced the most effective improvement in renal morphology (reduction of extensive sclerosis) in high salt diet rats compared with monotherapy. The combination of AC3174 with captopril also reduced the deleterious effects of high salt on posterior wall thickness and left ventricular mass.

	Vaghasiya et al66


[ ADDIN EN.CITE ]


	Exenatide treatment (14 d) in T2DM rats with induced renal ischemia for 30 min followed by reperfusion for 24 h.
	Exenatide treatment normalized serum creatinine phosphokinase activity, liver function enzymes and antioxidant enzymes such as glutathione, superoxide dismutase, catalase and glutathione peroxidase (all P < 0.01).



	Rieg et al72


[ ADDIN EN.CITE ]

	Parenteral exendin-4 in wild-type mice and in mice lacking GLP-1 receptor. Additionally, administration of exendin-4 in diabetic db/db mice.
	Parenteral exendin-4 in wild-type mice induced diuresis and natriuresis. These effects were associated with renal membrane expression of the Na+/H+ exchanger isoform 3 (NHE3), a site for cAMP-dependent protein kinase A. These effects were abolished in mice lacking the GLP-1 receptor. The administration of exendin-4 in diabetic db/db mice resulted in a reduction of renal fluid and Na+ reabsorption.

	Thomson et al73[]
 


	Exenatide infusion in hydropenic male Wistar and Wistar-Froemter rats. 


	Exenatide infusion increased single-nephron glomerular filtration rate, early distal flow rate and urine flow rate and reduced proximal tubular reabsorption. These effects were observed without altering the efficiency of glomerulotubular balance, tubuloglomerular feedback responsiveness or the tonic influence of tubuloglomerular feedback. 

	Marina et al78[]


	Exenatide administration in Wistar rats with normal serum concentration of glucose and potassium and in Wistar rats with hyperkalemia produced by intraperitoneal injection of 1.25% KCl solution.
	Exenatide increased renal excretion of potassium in Wistar rats with normal serum concentration of glucose and potassium. Exenatide enhanced excretion of potassium in Wistar rats with hyperkalemia.



	Simonsen et al34[]

	Exendin-4 administration in anesthetised pigs (n = 9).
	Exenatide is solely cleared by glomerular filtration.

	Linnebjerg et al35


[ ADDIN EN.CITE ]

	Exenatide administration in 31 subjects (one with T2DM).
	No dosage adjustment of exenatide is required for patients with mild to moderate renal impairment. In contrast, even the recommended starting dosage of 5 μg may not be suitable for patients with ESRD or severe renal impairment (creatinine clearance < 30 mL/min).

	Linnebjerg et al36[]

	Placebo-controlled, crossover study of elderly patients (≥ 75 years, n = 15) or controls (≥ 45 to ≤ 65 years, n = 15) with T2DM who received single subcutaneous doses of exenatide before a standardized breakfast.
	Exenatide dose adjustments should be based on renal function rather than age in elderly T2DM patients.

	Zhang et al65[]
  


	31 patients with T2DM and microalbuminuria randomly received exenatide (n = 13) or glimepiride (n = 18) for 16 weeks.
	Similar reductions of fasting plasma glucose and HbA1c were observed between the two groups. Exenatide reduced body mass index (-5.95%), urinary type IV collagen and 24-hour urinary albumin and urinary TGF-β1 (all P < 0.01).

	Mendis et al74


[ ADDIN EN.CITE ]

	Double-blind, randomized, crossover study of a single 10 µg subcutaneous injection of exenatide in healthy male volunteers (n = 8).
	Exenatide significantly increased after 2 h the urinary sodium/creatinine ratio compared with placebo (P < 0.05). Exenatide administration was also associated with a significant increase of heart rate (+8.2 beats/min) and cardiac output, whereas a reduction in total peripheral resistance was observed (all P < 0.05). No change in blood pressure levels was observed.

	US FDA32[]

	Case reports of exenatide-induced acute kidney injury.
	78 cases of altered kidney function (62 cases of acute renal failure and 16 cases of renal insufficiency) were reported with exenatide between April 2005 and October 2008.

	Macconell et al49[]

	Pooled analysis of 19 randomized, controlled trials of exenatide twice daily (5 μg and 10 μg) with 5594 intent-to-treat patients followed for 12-52 weeks.
	The incidence of renal impairment-related adverse events, including acute renal failure, was low (1.6 per 100 person-years for both groups) with no significant difference between groups (95%CI: −0.98-0.96). The most frequent adverse event with exenatide was transient, mild-to-moderate nausea (36.9% vs 8.3% in the pooled comparator). 

	Pendergrass et al50


[ ADDIN EN.CITE ]

	Retrospective cohort of a large medical and pharmacy claims database including 491,539 patients.
	The adjusted risk for acute kidney injury among the patients with T2DM was not different between patients who received exenatide compared with patients who received other agents (hazard ratio 0.77, 95%CI: 0.42–1.41, P = 0.40). Kaplan–Meier curves of time to acute kidney injury showed no significant differences between exenatide and other drugs.

	TGF-β1: Transforming growth factor beta 1; GLP-1: Glucagon-like peptide 1; T2DM: Type 2 diabetes mellitus; ESRD: End-stage renal disease; FDA: Food and drug administration.


	Table 2 Studies of the effects of liraglutide on renal function 

	Author
	Study details
	Main findings

	Kim et al89[]


	Liraglutide administration in Glp1r(-/-), Nppa(-/-) or wild type mice. 
	Liraglutide leaded to relaxation of aortic rings through a GLP-1 receptor-dependent but endothelium-independent manner. Liraglutide did not induce ANP secretion and did not result in vasorelaxation or blood pressure reduction in Glp1r(-/-) or Nppa(-/-) mice. Refeeding was associated with an increase in ANP levels in wild-type mice, whereas this effect was not observed in Glp1r(-/-) mice. Liraglutide administration led to increase of urine sodium excretion in wild-type, whereas this effect was abolished in Nppa(-/-) mice. These findings suggest a gut-heart axis, which is both GLP-1 receptor-dependent and ANP-dependent and regulates blood pressure.



	Hendarto et al
 ADDIN EN.CITE 
[90]

	Liraglutide administration in streptozotocin-induced type 1 diabetes rats. Additionally, incubation of cultured renal mesangial cells with liraglutide for 48 h.
	Liraglutide administration in streptozotocin-induced diabetic rats normalized the increased urinary albumin excretion and oxidative stress markers, as well as the expression of NADPH oxidase components, TGF-β1 and fibronectin in renal tissues. The incubation of cultured renal mesangial cells with liraglutide inhibited NADPH-dependent superoxide production in a dose-dependent manner, an effect that was abolished by a protein kinase A inhibitor and an adenylate cyclase inhibitor.

	Malm-Erjefalt et al
 ADDIN EN.CITE 
[82]

	Administration of radio-labelled liraglutide in seven healthy males.
	Liraglutide is metabolized by DPP-IV similarly with the native GLP-1, but at a much slower rate. No intact liraglutide was excreted in urine and feces.

	Jacobsen et al83[]

	A single dose of liraglutide 0.75 mg was given subcutaneously in 30 subjects (24 with varying degrees of renal impairment and six with normal renal function). 
	No significant effect of reduced creatinine clearance on the pharmacokinetics of liraglutide was observed. No association was found between the degree of renal impairment and the risk of adverse events. 



	Davidson et al
 ADDIN EN.CITE 
[84]


	A meta-analysis of the 6 LEAD (Liraglutide Effect and Action in Diabetes) studies which analysed data from patients with T2DM administered once-daily liraglutide (1.2 or 1.8 mg) or placebo as either monotherapy or in combination with oral antidiabetic drugs for 26 wk.
	Mild renal impairment (determined by the Cockcroft-Gault equation) had no significant effect on the efficacy and safety of liraglutide. No significant differences in the rates of nausea, renal injury or minor hypoglycemia were observed between liraglutide and placebo in patients with mild renal impairment. No significant effect of mild renal impairment on HbA1c reduction was observed. However, a trend towards increased nausea was observed with liraglutide in the small number of patients with moderate or severe renal impairment.



	GLP-1: Glucagon-like peptide 1; ANP: Atrial natriuretic peptide; TGF-β1: Transforming growth factor beta 1; DPP-IV: Dipeptidyl peptidase IV; T2DM: Type 2 diabetes mellitus; HbA1c: Glycated haemoglobin.
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