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Hypotheses: Metformin can be safely used and improve glycaemic control in patients on renal replacement therapy.

Background: Metformin is a first line therapy in the treatment of type 2 diabetes. It was discovered in 1957 and has been in use since the 1960s. Its blood glucose- lowering effect is mainly due to decreased hepatic gluconeogenesis. It inhibits complex 1 of the mitochondrial respiratory chain and its mechanism of action remains elusive. Metformin came to prominence when the UKPDS study showed metformin use in the newly diagnosed overweight patient reduced mortality 1


( ADDIN EN.CITE )
. A systematic review of 29 trials in overweight and obese patients with diabetes found that metformin decreased all-cause mortality and myocardial infarction compared to other diabetes treatments; sulfonylureas, thiazolidinediones, meglitinides, glucosidase inhibitors, insulin, diet, or placebo 2()
. Metformin may also decrease mortality among patients with diabetes when used as a means of secondary prevention in patients with known atherosclerosis 3


( ADDIN EN.CITE )
. 

In Australia, type 2 diabetes is the major cause of renal failure.  Of new patients starting dialysis in Australia in 2011, 35% had diabetes as the primary cause of their renal failure, with more patients having diabetes as a co- morbidity 4()
.  Patients on dialysis are at very high risk of cardiovascular disease and could benefit long term from the effects of metformin. However, metformin is not used in the setting of renal impairment due to concerns regarding toxicity. Metformin product information states that metformin is contraindicated if creatinine clearance is less than 60 mL/min. Cohort studies in clinical practice have shown that metformin can be used safely patients with stage 3 nephropathy (GFR 30-60 ml/min/1.73m2) 
 ADDIN EN.CITE 
(5)
. Current clinical guidelines recommend prescribing metformin to patients with GFR 30-60ml/min with dose reduction 6()
. There are observational data reporting safe use of metformin in patients with GFR<30ml/min, but metformin use has not been studied systematically in patients with diabetes and end stage renal failure.  

The feared toxicity of metformin use is lactic acidosis. The concern has largely arisen due to deaths from lactic acidosis associated with other biguanides, phenformin and buformin, which were consequently withdrawn from the market. There is debate as to the degree of risk of lactic acidosis that is attributable to metformin. A recent meta-analysis concluded there was no evidence that metformin is associated with an increased risk of lactic acidosis, or with increased lactic acid concentration, when compared to other anti-hyperglycaemia treatments 7()
. However lactic acidosis can occur with very high dose metformin concentrations as demonstrated in animal models and in overdose or suicide attempts 8


( ADDIN EN.CITE )
. The concentrations of metformin associated with lactic acidosis have been of the order of 50mg/L, while concentrations seen in clinical studies have been consistently < 2.5mg/L showing that metformin has a wide therapeutic index 8


( ADDIN EN.CITE )
. 
Metformin is entirely renally cleared. Pooled data from several pharmacokinetic studies of metformin demonstrate that the renal clearance of metformin decreases approximately in proportion to decreasing renal function down to the lowest level of renal function measured (about 20ml/min)8


( ADDIN EN.CITE )
. Dose reductions of metformin can therefore be made as the renal function declines to maintain metformin plasma concentrations that are likely to be safe and effective.

There are fundamental differences between haemodialysis and peritoneal dialysis in drug clearance.  Haemodialysis is episodic while peritoneal dialysis is continuous.  In addition to drug factors, sources of variability in drug clearance by haemodialysis include the choice of filter and the haemodialysis prescription. Sources of variability in drug clearance by peritoneal dialysis include: the dialysis prescription and the residual renal function. Metformin is a small molecule that is not protein bound. These properties make it dialysable 9()
. The main factor limiting metformin dialysis is its large apparent volume of distribution (approximately 3L/kg). Metformin elimination has been studied in two chronically haemodialysed diabetic patients inadvertently maintained on metformin therapy and in two chronically haemodialysed non-diabetic patients who took a single dose of metformin before a dialysis session, results of which confirm haemodialysis efficiently removes metformin 10()
. Haemodialysis has also been effectively used in the clearance of metformin post overdose. Metformin has not been studied in peritoneal dialysis.

Pharmacokinetic/pharmacodynamic (PKPD) modelling is used to predict efficacy and safety of drug treatment in humans. PKPD modeling describes drug doses, concentrations and responses using pharmacokinetic and pharmacodynamic data from clinical studies. This allows integrating of study data with existing knowledge in mathematical models of disease. This allows exploration of what if questions and identification of issues not observed in the study. Developing a PKPD model for metformin in the setting of dialysis will allow simulation studies of larger populations with different metformin dosing, different dialysis regimens and different patient characteristics. This will be used to establish treatment protocols for subsequent studies. 

My PhD program comprises several principal components at present which I am completing part-time. Over the course of the last 12 months ethics approval has been granted for all the clinical studies. A manuscript is underway addressing the potential use of metformin in the setting of chronic renal impairment. The scholarship funds are paid to me, and support my university tuition fees and have funded time for me to work on assay development, recruit and study patients and present the preliminary findings.

Current Components:

(1) Development of an Ultra Performance Liquid Chromatography UPLC) - Mass Spectrometry (MS) assay for the quantification of metformin in plasma, urine and dialysate fluid

The assay development and validation process is almost complete; the final stages of development have been delayed due to technical problems with the instrument itself.

The MS and UPLC conditions have been optimised to measure metformin in plasma. Deuterated metformin (Metformin-D6) was used as internal standard. Standards were prepared in plasma and water over the range of 0.25- 10 mg/L, with the standard curve being linear over the range of 0.25-5 mg/L. The usual plasma metformin peak concentration in patients on therapeutic doses of metformin is 1.0-1.6 mg/L. The assay intra-day variability and inter-day variability, measured as the CV, are <7% and <12%, respectively. The assay accuracy, bias and precision are being analysed at present. The assay will also be validated in the setting of end stage renal failure via comparison of spiked standard curves from blank plasma from 5 patients on dialysis. Validation of the assay is also continuing in different matrices including urine and dialysate fluid, with validation in the renal failure population.

(2) Metformin in haemodialysis patients- A pharmacokinetic study with short term safety and efficacy  outcomes 
Recruitment for this pilot study is almost complete. Five patients with T2DM on chronic haemodialysis have completed the protocol. 500 mg metformin was given orally post dialysis for three weeks (1.5g weekly, about 10% of the usual dose). Samples for measurement of metformin concentration were taken hourly for 4 hours (expected Tmax) after the first dose and last dose (expected steady state). Through the course of the study frequent samples were additionally collected pre and post and during dialysis for measurement of metformin concentration. Lactate and bicarbonate concentrations were measured at baseline, at the expected metformin Tmax, and weekly during therapy. Capillary glucose was measured every 5 minutes via a subcutaneous continuous glucose monitoring system (CGMS) for 48 hours prior to the administration of metformin and in the final week of metformin therapy. Based on the pre-dose CGMS results patients had their insulin reduced at the commencement of metformin therapy (mean total insulin dose reduction of 7%) to reduce the risk of hypoglycaemia.

The metformin concentrations will be analysed following completion of the assay validation. The pharmacodynamic data of lactate and bicarbonate concentrations and change in glucose from the first five patients were recently presented at the Australasian Society of Clinical and Experimental Pharmacologists and Toxicologists (ASCEPT) annual scientific meeting (Abstract # 479, ASCEPT 2013 ASM, Melbourne).Dose reduced metformin was well tolerated in haemodialysis patients with type 2 diabetes. Short term safety data shows a rise in lactate concentrations (not reaching 5 mmol/L, the threshold for possible lactic acidosis) but no fall in bicarbonate (in fact bicarbonate concentrations rose) to suggest an associated acidosis. A decrease in blood glucose was seen with the dose reduced metformin. Conclusion, metformin dosing based on predicted metformin clearance in dialysis may allow for safe and effective use in patients on haemodialysis. 
(3) Metformin in peritoneal dialysis patients- A pharmacokinetic study with short term safety and efficacy  outcomes 
Ethics approval has been finalised and recruitment for this study has commenced. In this pilot study patients will be studied prior to, during and after the administration of 250mg of metformin a day for 4 weeks (reaching steady state). Metformin plasma concentrations will be measured with matched metformin concentrations in dialysate fluid and urine (when produced) to give additional information in regards to dialysis clearance. The primary outcome will be metformin area under the concentration curve (AUC), with secondary pharmacokinetic parameters of peak and trough concentration at steady state. Metformin toxicity will be assessed by change in plasma lactate concentration, bicarbonate and pH from baseline and assessment of other clinical adverse drug effects. Metformin effect will be assessed by change in insulin sensitivity by the Homeostasis Model Assessment (HOMA), change in blood glucose AUC measured by continuous glucose monitoring, and change in insulin dose.

(4) Establishment of a normal reference range for lactate concentrations for patients receiving dialysis

Lactate concentrations are often used in the evaluation and risk stratification of a patient who presents unwell or septic as lactate is a hypoxia biomarker. Renal replacement therapy with either haemodialysis or peritoneal dialysis is associated with a state of oxidative stress and chronic cellular hypoxia, however it is not well established what usual concentrations of lactate are in patients receiving dialysis. This information is important in the analysis of lactate concentrations during metformin treatment during our trials.

Pre dialysis lactate concentrations have been measured in 63 patients on chronic haemodialysis. Repeat lactate concentrations 2-3 months later have been measured in 63% of these patients to assess inter-individual variation in lactate concentration. These results are currently being analysed to establish a local normal range for lactate concentrations on haemodialysis and the study is being performed in peritoneal dialysis patient too.

(5) Development of pharmacokinetic/pharmacodynamic (PKPD) models of metformin in renal replacement therapy.

A collaboration has been established with the Population PKPD modelling group at the Centre for Medicine Use and Safety at Monash University. Working with this group and using the data from firstly my haemodialysis study, and then the peritoneal dialysis study, non-linear mixed effect modelling will be used to develop population PKPD models for metformin in haemodialysis and peritoneal dialysis using NONMEM, a nonlinear mixed effects modelling tool used in population pharmacokinetic/pharmacodynamic analysis. There are existing disease models describing diabetes and renal disease. These models will be integrated to predict the effects of various metformin dosing regimens in patients on renal replacement therapy and used to plan further trials in this area and optimal dosing schedules.
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