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Haemodialysis-induced hypoglycaemia 
and glycaemic disarrays
Masanori Abe and Kamyar Kalantar-Zadeh

Abstract | In patients with diabetes receiving chronic haemodialysis, both very high and low glucose levels 
are associated with poor outcomes, including mortality. Conditions that are associated with an increased risk 
of hypoglycaemia in these patients include decreased gluconeogenesis in the remnant kidneys, deranged 
metabolic pathways, inadequate nutrition, decreased insulin clearance, glucose loss to the dialysate and 
diffusion of glucose into erythrocytes during haemodialysis. Haemodialysis-induced hypoglycaemia is common 
during treatments with glucose-free dialysate, which engenders a catabolic status similar to fasting; this state 
can also occur with 5.55 mmol/l glucose-containing dialysate. Haemodialysis-induced hypoglycaemia occurs 
more frequently in patients with diabetes than in those without. Insulin therapy and oral hypoglycaemic agents 
should, therefore, be used with caution in patients on dialysis. Several hours after completion of haemodialysis 
treatment a paradoxical rebound hyperglycaemia may occur via a similar mechanism as the Somogyi effect, 
together with insulin resistance. Appropriate glycaemic control tailored for patients on haemodialysis is needed 
to avoid haemodialysis-induced hypoglycaemia and other glycaemic disarrays. In this Review we summarize the 
pathophysiology and current management of glycaemic disarrays in patients on haemodialysis.

Abe, M. & Kalantar-Zadeh, K. Nat. Rev. Nephrol. 11, 302–313 (2015); published online 7 April 2015; corrected online 27 April 2015; 
doi:10.1038/nrneph.2015.38

Introduction
Type 2 diabetes mellitus (T2DM) is one of the leading 
causes of chronic kidney disease (CKD) and end-stage 
renal disease (ESRD) in developed and developing 
countries.1 In the USA, New Zealand, Japan and some 
other Asian countries, T2DM accounts for nearly 50% 
of patients on incident dialysis.2,3 The disease has been 
described as a condition of dysglycaemia, which occurs 
mostly in the form of hyperglycaemia. However, two 
other components of dysglycaemia—hypoglycaemia and 
glucose variability—are now also considered to be clini-
cally relevant as they each contribute to the overall risk 
of adverse diabetes-related outcomes.4 Hypoglycaemic 
events can be exceptionally serious, even life-threatening, 
and can make glycaemic control of diabetic patients chal-
lenging. Hence, whereas hyperglycaemia was tradition-
ally the main focus of attention, contemporary medicine 
considers the occurrence of hypoglycaemia an even more 
substantial challenge in the management of T2DM.

Optimum glycaemic control of diabetic patients with 
CKD is a topic of considerable uncertainty and confu-
sion.5 In diabetic patients with ESRD receiving chronic 
haemodialysis, several large observational studies have 
highlighted the risks associated with low haemoglo-
bin A1c (HbA1c) levels. Data from these studies suggest 
that not only hyperglycaemia, but also low glucose levels 
(<5.55 mmol/l) are associated with increased mortality 

risk.6–8 Maintaining consistent glycaemic control is dif-
ficult in patients with ESRD because the disease causes 
many changes in glucose metabolism, insulin resistance, 
secretion and degradation, whereas haemodialysis treat-
ment results in changes to drug metabolism. Moreover, 
wide daily intrapatient variability in nutritional intake, 
adherence to antidiabetic agents and cognitive func-
tion linked with the dialysis schedule is not uncommon. 
In this Review, we discuss the pathophysiology and 
management of haemodialysis-induced hypoglycaemia 
and hyperglycaemia in patients with diabetes.

Haemodialysis-induced hypoglycaemia
Hypoglycaemia occurs not infrequently in patients 
with ESRD, especially during haemodialysis sessions, 
and is particularly common in those with diabetes mel-
litus.9–11 Factors that are associated with an increased 
risk of haemodialysis-induced hypoglycaemia include 
use of glucose-free dialysate, glucose loss during dialy-
sis, decreased renal gluconeogenesis and alterations in 
metabolic pathways (Figure 1).

Inclusion of glucose in dialysate
Use of glucose-containing and glucose-free dialysates in 
patients with diabetes has changed considerably over time 
(Box 1). In the USA dialysates that contain 5.55 mmol/l 
glucose are currently the most commonly used, whereas 
11.10 mmol/l glucose-containing dialysates seem to have 
fallen out of favour.12 Similarly in the majority of European 
countries, the most frequently used glucose concentration 
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is 5.55 mmol/l. In some European countries, however, 
glucose-free dialysate is used, mainly because of concerns 
regarding potential bacterial and fungal contamination as 
well as economic considerations.13 In Japan, dialysates that 
contain 5.55 mmol/l glucose are most commonly used, 
but use of 6.94 mmol/l glucose and 8.33 mmol/l glucose 
dialysates is increasing.

When a glucose-free dialysate is used asymptomatic 
hypoglycaemia (defined as serum glucose <4 mmol/l) 
occurs in approximately 40% of patients with or without 
diabetes.10 Data on dysglycaemia in patients dialysed using 
5.55 mmol/l glucose solution are inconsistent. In one study 
no episodes of haemodialysis-induced hypoglycaemia 
were reported in 21 nondiabetic patients, whereas one 
of 18 diabetic patients developed hypoglycaemia.10,14 A 
crossover study that included 20 diabetic patients showed 
that more patients had hypoglycaemic episodes when 
dialysed using a dialysate with 5.55 mmol/l glucose than 
when a dialysate with 11.10 mmol/l glucose was used.11 A 

Key points

■■ In patients with diabetes undergoing haemodialysis, both extremely high and 
low glycaemic levels are associated with increased morbidity and shortened 
survival owing to vascular and diabetic complications and malnutrition

■■ Factors that are associated with an increased risk of hypoglycaemia in patients 
on haemodialysis include decreased renal gluconeogenesis, deranged 
metabolic pathways (including altered metabolism of medications) and 
decreased insulin clearance

■■ Glucose loss to the dialysate and diffusion of glucose into erythrocytes during 
haemodialysis are also associated with haemodialysis-induced hypoglycaemia

■■ Inclusion of glucose in the dialysate is important to prevent haemodialysis-
induced hypoglycaemia; use of glucose-free or low-glucose dialysates should be 
avoided in patients with diabetes

■■ After the completion of a haemodialysis session, a paradoxical hyperglycaemia 
may ensue via a mechanism similar to the Somogyi effect, together with insulin 
resistance and insulin removal by the dialyzer

■■ Appropriate glycaemic control tailored for diabetic patients is required to avoid 
haemodialysis-induced hypoglycaemia and other glycaemic disarrays

subsequent study reported hypoglycaemia in only one of 
21 diabetic and none of 21 nondiabetic patients treated 
with a 5 mmol/l glucose-containing dialysate, whereas 
hypoglycaemia occurred in five of 20 diabetic and five 
of 20 nondiabetic patients treated with glucose-free 
dialysate.15 We found that a 5.55 mmol/l glucose-contain-
ing dialysate was preferable to a glucose-free dialysate for 
preventing acute haemodialysis-induced hypoglycaemia 
and maintaining good glycaemic control in 31 diabetic 
and 18 nondiabetic patients.16 In both groups hypoglycae-
mic episodes occurred more frequently with the glucose-
free dialysate than with the glucose-containing dialysate 
despite a fairly low blood flow rate (200 ml/min) and a 
constant 500 ml/min dialysate flow rate consistent with 
the typical dialysis treatment setup in Japan.16

Haemodialysis treatment using 5.55 mmol/l glucose-
containing dialysate is currently considered stand-
ard procedure in many dialysis clinics. Typically, if the 
plasma glucose level exceeds 5.55 mmol/l during a 
haemodialysis session using this dialysate, glucose is 
expected to diffuse from the blood to the dialysate across 
the concentration gradient. However, in many patients 
the glucose level at the post-dialyser site decreases to 
<5.55 mmol/l owing to the counter-current passage 
of plasma through the dialyser.16 If the plasma glucose 
level at the pre-dialyser site exceeds 8.33 mmol/l, plasma 
glucose levels at the post-dialyser site should not decrease 
below 5.55 mmol/l; however, in the case of a mean plasma 
glucose level of 6.94 ± 0.83 mmol/l at the pre-dialyser 
site, glucose levels might decrease to 5.33 ± 0.22 mmol/l 
at the post-dialyser site.16

Takahashi et al. demonstrated that in nondiabetic vol-
unteers undergoing haemodialysis using 5.55 mmol/l glu-
cose-containing dialysate, plasma glucose levels decreased 
from 6.57 mmol/l at the pre-dialyser site to 5.47 mmol/l 
at the post-dialyser site (a differential of almost 
1.11 mmol/l).17 Furthermore, plasma glucose concentra-
tions at the post-dialyser site after 2 h (5.29 mmol/l) and 
4 h (5.1 mmol/l) of dialysis treatment were significantly 
lower than the glucose concentrations of the dialysate at 
2 h (5.83 mmol/l) and at 4 h (5.76 mmol/l). The research-
ers speculated that these decreases in blood glucose levels 
might be caused by the diffusion of plasma glucose into 
erythrocytes; changes in the cytoplasmic pH of erythro-
cytes during haemodialysis result in accelerated anaerobic 
metabolism and increased glucose consumption. Use of 
glucose-free or low-glucose dialysate is, therefore, associ-
ated with a greater risk of developing hypoglycaemia than 
is use of high-glucose (≥5.55 mmol/l) dialysate. According 
to this rationale, dialysis fluids that contain 11.10 mmol/l 
glucose are less likely to be associated with hypoglycaemic 
episodes than are those that contain 5.55 mmol/l glucose.11

Metabolic effects of glucose-free dialysate
Signif icant  increases  in the plasma levels  of 
β‑hydroxybutyrate and acetoacetate are more likely to 
occur after haemodialysis with a glucose-free dialysate 
than with a glucose-containing dialysate.18 This finding 
suggests that when a glucose-free dialysate is used, 
the body tries to maintain an adequate blood glucose 
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gluconeogenesis

Decrease in insulin
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regulatory hormones
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Figure 1 | Factors associated with hypoglycaemia and hyperglycaemia in patients 
with end-stage renal disease.
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concentration by changing to a more catabolic state of 
gluconeogenesis and glycogenolysis. Such a mechanism 
explains why levels of lactate and pyruvate—substances 
important for gluconeogenesis—are decreased under 
such circumstances.

Energy is provided for gluconeogenesis by the substan-
tial increases in levels of β‑hydroxybutyrate and aceto
acetate that occur secondary to fatty acid oxidation.19 
Several studies that investigated the association between 
these metabolic effects and glucose-free dialysates have 
shown that patients enter a catabolic state similar to the 
fasting state.20 During a glucose-free dialysis session, 
15–30 g of glucose is removed from the patient and this 
loss can result in clinically manifest or undiagnosed hypo-
glycaemia.10,14,20–23 The drop in glucose concentration is 
counteracted by endogenous glucose production, which 
occurs through gluconeogenesis and glycogenolysis. 
Patients without diabetes can usually tolerate this cata-
bolic state, whereas those with malnutrition or a weak-
ened physical state often cannot and are at increased risk 
of hypoglycaemia. Diabetic patients on dialysis, par-
ticularly those who are receiving long-acting insulin or 
oral hypoglycaemic agents, are at particularly high risk 
of hypoglycaemia.

Frequently recurring episodes of hypoglycaemia in 
diabetic patients result in decreased neurohumoral 
responses to low blood glucose levels and diminished 
clinical manifestations of hypoglycaemia.24 A single 
episode of hypoglycaemia can cause a generalized reduc-
tion of the neuroendocrine and symptomatic response to 
subsequent episodes even in nondiabetic individuals.25 
In animals, long-term maintenance of hypoglycaemia 
increases the capacity of brain cells for glucose uptake, 
and a similar mechanism could explain the asympto-
matic nature of hypoglycaemia in some patients with 

diabetes.26 Frequent recurrence of hypoglycaemic epi-
sodes—despite their asymptomatic nature—might 
increase the risk of progressive cognitive impairment in 
patients with diabetes.27–29

Use of glucose-containing dialysate reduces anaero-
bic metabolism during haemodialysis and interrupts 
the vicious cycle that eventually leads to hypoglycaemia 
in the short-term and neurological deficits in the long-
term.27–29 Although not yet unequivocally proven, it can 
be argued that using a standard physiological concentra-
tion of glucose (at least 5 mmol/l) in the dialysate will 
minimize these metabolic effects. Clinicians who treat 
nondiabetic patients on haemodialysis must be careful 
when using glucose-free dialysate because silent hypo-
glycaemia can occur; the glucose content of the haemo-
dialysis solution is a major consideration in treatment. 
The addition of glucose to dialysate might help to main-
tain energy balance by decreasing the risk of hypoglycae-
mia and to limit oxidative stress by maintaining normal 
activity of the hexose monophosphate cycle in erythro-
cytes, which delivers free radical scavengers but does not 
reduce the negative effect of haemodialysis treatment on 
protein metabolism.22,23,30,31 Moreover, increasing extra-
cellular osmolality by augmenting the dialysate sodium 
concentration decreases fluid loss to the intracellular 
compartment, leading to a reduced risk of dialysis-
associated hypotension.10,14,32 When glucose is added 
to the dialysate, the resulting increase in extracellular 
osmolality can be expected to have a similar effect.

Hyperinsulinaemia
Hyperinsulinemia owing to dialysis with 11.10 mmol/l 
glucose-containing dialysate might induce the production 
of pro-inflammatory cytokines and promote insulin resist-
ance.13 As hyperglycaemia is associated with increased 
levels of proinflammatory cytokines, it seems logical to 
suspect that exposure of patients to such dialysate may 
be a causative factor in the inflammation associated with 
ESRD. However, additional research is needed to substan-
tiate this hypothesis and to investigate the potential effects 
of hyperinsulinaemia on patient survival.

Decreased renal gluconeogenesis
Endogenous production of glucose by glycogenolysis 
and gluconeogenesis maintains plasma glucose levels 
during the fasting state.33–35 The kidney has sufficient 
gluconeogenic enzyme and glucose‑6-phosphate activ-
ity to generate substantial amounts of glucose via endo
genous production; renal glucose production is thought 
to principally occur though gluconeogenesis rather than 
glycogenolysis.36 The kidney contributes to approxi-
mately 40% of gluconeogenesis and accounts for up to 
20% of all glucose production.37 In normal kidneys, the 
poorly perfused, relatively hypoxic medulla is the site of 
considerable glycolysis, whereas the cortex is the pre-
ferred site for gluconeogenesis. Decreased nephron mass 
and kidney dysfunction lead, therefore, to a reduction in 
renal gluconeogenesis.38,39

Various stimuli, including fasting, hypoglycaemia and 
diabetes, can alter renal gluconeogenesis. Patients with 

Box 1 | The history of glucose-containing dialysate

Early in the history of haemodialysis, inclusion of glucose in the dialysate was 
important to ensure effective osmotic ultrafiltration, which was the main method 
of volume removal by the 1960s. At this time, the major osmoles were sodium 
and glucose, and the glucose concentration of the dialysate was as high as 
99.9 mmol/l.12 Later, when ultrafiltration by hydrostatic pressure or reverse 
osmosis was found to be more effective than osmotic ultrafiltration, the glucose 
concentration of dialysate was markedly decreased and many dialysis units 
eventually switched to using glucose-free dialysates. Initially concerns were raised 
that use of glucose-free dialysates might result in hypoglycaemia, along with an 
increased likelihood of a catabolic state and greater loss of amino acids. On the 
other hand, some argued that inclusion of any glucose in the dialysate might 
increase the risks of hypertriglyceridaemia and dialysate contamination as well 
as increase manufacturing costs.138 Hence, until the early 1990s, glucose was 
not included in dialysate fluid in many parts of the world. Opinion changed again, 
however, when high blood flow rates against the continuous flow of glucose-
free dialysate through the dialyser were found to result in rapid loss of serum 
glucose across semi-permeable dialysis membranes, leading in turn to frequent 
episodes of moderate to severe hypoglycaemia.9–11,17,139–141 This haemodialysis-
induced hypoglycaemia was thought to pose additional risks of adverse outcomes, 
particularly in asymptomatic patients and/or those who sleep during haemodialysis 
sessions, as their hypoglycaemia might go unnoticed. Consequently, dialysates 
containing 5.55 mmol/l and 11.1 mmol/l glucose were approved for manufacture 
and became commercially available in most countries. A trend now exists to replace 
11.1 mmol/l glucose dialysate fluids with 5.55 mmol/l glucose dialysates and to 
reconsider the use of glucose-free dialysates despite the known risks.
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T2DM and normal kidney function show an increase in 
glucose production of up to 300%, which is usually con-
tributed equally by hepatic and renal beds.40,41 Renal gluco-
neogenesis contributes to maintenance of normal glucose 
levels in the fasting state; hypoglycaemia promotes renal 
gluconeogenesis by increasing the renal uptake of circu-
lating gluconeogenic substrates.35 In patients on dialysis, 
however, the role of gluconeogenesis in the maintenance of 
glucose homeostasis might diminish as a result of thinning 
of the renal cortex. Such a reduction in gluconeogenesis 
might explain why hypoglycaemic episodes tend to be 
prolonged in patients on dialysis.

A spontaneous resolution of hyperglycaemia and treat-
ment-independent normalization of HbA1c levels, known 
as ‘burnt-out diabetes’, is commonly observed in diabetic 
patients on dialysis (Figure 2).42–45 In a 2007 study, up to 
one-third of 23,618 diabetic patients receiving dialysis 
had normal HbA1c levels (<6%), many of these patients 
likely had burnt-out diabetes.7 Frequent hypoglycaemic 
episodes may result in the discontinuation of insulin 
and oral antidiabetic agents in patients on dialysis.7,44,45 
Moreover, patients who lack viable kidney tissue may 
inherently be more prone to hypoglycaemic episodes, 
potentially explaining the occurrence of ‘burnt-out 
diabetes’ in patients with ESRD.

Effects of antidiabetic agents and other therapies
Patients with impaired kidney function are prone to 
hypoglycaemia owing to a delay in the metabolism and 
excretion of insulin, which is partly degraded in the 
kidney, and of oral hypoglycaemic agents. Two reports 
have suggested that most emergency cases of severe 
hypoglycaemia in patients with substantially impaired 
kidney function occur in those who have received 
sulphonylureas or insulin therapy.46,47 Dose adjustments 
of antidiabetic agents are, therefore, recommended in 
patients with CKD (Table 1).48–55

Metformin is contraindicated in patients with ESRD 
and in patients with CKD who have a glomerular filtra-
tion rate (GFR) <30 ml/min/1.73 m2.56 Among the oral 
hypoglycaemic agents, sulphonylureas stimulate insulin 
secretion and tend to induce prolonged hypoglycaemia. 
Some of these medications are contraindicated or should 
be used sparingly in patients on dialysis.

The meglitinides repaglinide, mitiglinide and nategli-
nide are rapid, short-acting insulinotropic sulphonylurea 
receptor ligands. As use of repaglinide or mitiglinide is 
rarely accompanied by hypoglycaemia, these agents are 
attractive therapeutic options for patients on dialysis. 
However, mitiglinide is not currently marketed world-
wide. In contrast to the other meglitinides, nateglinide 
is contraindicated in patients on dialysis. Nateglinide 
metabolites have insulin secretion properties and the 
prolonged half-life of this agent in patients with advanced 
CKD can result in hypoglycaemic episodes.49

As the thiazolidinediones pioglitazone and rosigli-
tazone are completely metabolized by the liver no dose 
adjustments are needed for patients on dialysis. Use of 
these agents is, however, generally avoided in patients 
with CKD owing to adverse effects including refractory 

fluid retention, hypertension and increased fracture 
risk.55,57 Thiazolidinediones are contraindicated for 
patients on dialysis in Japan as they can increase fluid 
retention and have been associated with heart failure.49

Use of α‑glucosidase inhibitors is rarely accompa-
nied by hypoglycaemia and in Japan these agents are 
administered to patients on dialysis without dose adjust-
ment with careful administration.49,58 Our group found 
that treatment with voglibose was effective and safe 
in patients on haemodialysis.58 Nevertheless, Kidney 
Disease Outcomes Quality Initiative (KDOQI) guide-
lines recommend that acarbose and miglitol should be 
avoided in patients on dialysis because plasma levels of 
these agents can increase in patients with CKD and such 
accumulation in patients with serum creatinine levels 
>176.8 μmol/l could potentially lead to liver failure.50,52

Dipeptidyl peptidase 4 (DPP‑4) inhibitors offer poten-
tial advantages for patients with CKD as they are associ-
ated with a low risk of hypoglycaemia. Efficacy and safety 
of these agents has been reported in patients undergoing 
haemodialysis.59–61 All of the currently available DPP‑4 
inhibitors can be used in patients with CKD, but sita
gliptin, saxagliptin, and alogliptin require dose adjust-
ment based on GFR. Linagliptin does not require dose 
adjustment based on kidney function. Sodium-glucose 
cotransporter 2 inhibitors are now available but should 
not be used in patients on dialysis because their effi-
cacy is dependent on GFR and they are ineffective in 
anuric patients.

Intensive insulin therapy can help to achieve target HbA1c 
levels but also increases the risk of severe hypoglycaemia in 
diabetic patients.62,63 Total insulin requirements decrease 
by 25% when GFR falls below 50 ml/min/1.73 m2 and by 
a further 50% when it falls below 10 ml/min/1.73 m2.51,64,65 
Upon initiation of dialysis, peripheral insulin resistance 
may improve, further reducing insulin requirements.66 
As clearance and catabolism of insulin decreases, the 
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Figure 2 | HbA1c levels and mortality in patients on dialysis. 
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metabolic effects of short-acting and long-acting insulin 
preparations persist for longer periods and the potential 
for symptomatic hypoglycaemia increases. Moreover, rapid 
glycaemic control through intensive insulin therapy may 
worsen retinopathy and neuropathy.63 To prevent hypogly-
caemia, education in self-monitoring of blood glucose level 
should be provided to patients in addition to appropriate 
hypoglycaemia management.67

Some medications, including the β‑blocker propranolol, 
salicylates and disopyramide, are common causes of hypo-
glycaemia. Additional precipitating events include alcohol 

consumption, sepsis, chronic malnutrition, acute caloric 
deprivation, gastroparesis, concomitant liver disease and 
congestive heart failure.68,69 The risk of hypoglycaemia is 
increased in diabetic patients on dialysis who are receiv-
ing β‑blockers as these agents impair gluconeogenesis and 
mask symptoms of hypoglycaemia.

Hyperglycaemia and other glucose disarrays
Anuric patients with ESRD cannot excrete excess plasma 
glucose in their urine and are therefore characterized by 
postprandial hyperglycaemia. Factors that are associated 
with haemodialysis-associated hyperglycaemia and other 
glucose disarrays in patients with ESRD include insulin 
resistance, removal of insulin by haemodialysis and 
secretion of counter-regulatory hormones (Figure 3).

Insulin resistance
Patients with ESRD often show insulin resistance, as 
evidenced by a lowered sensitivity to the hypoglycaemic 
effect of exogenous insulin.70 Hepatic glucose produc-
tion is, however, not increased and is in fact normally 
suppressed by insulin in patients with ESRD, suggesting 
that insulin resistance occurs in a peripheral site in these 
patients. As <2% of the glucose load is disposed of in 
adipose tissue, the most likely main site of insulin resist-
ance is muscle tissue.71 In patients with ESRD, insulin 
resistance is associated with degradation of muscle 
proteins via the ubiquitin-proteasome system.72,73

Accumulation of uraemic toxins may cause or contrib-
ute to insulin resistance in patients with ESRD; leptin, 
IL‑6, TNF, indoxyl sulphate and advanced glycation 
end products are associated with insulin resistance.74–78 
Moreover, the uraemic toxin pseudouridine, which 
accumulates in the circulation of patients with renal 
failure, has been reported to impair insulin-mediated 
glucose utilization in muscle.79 Patients with ESRD show 
increased serum levels of the gluconeogenic hormones 
glucagon and parathyroid hormone as well as resistance 
to the anabolic hormones insulin, growth hormone and 
insulin-like growth factor‑1.72 Vitamin D deficiency, 
obesity, metabolic acidaemia and inflammation also 
contribute to insulin resistance in advanced CKD.

Poor physical fitness might also contribute to insulin 
resistance in patients with ESRD.80 Improvements in tissue 
oxygen supply and exercise tolerance have been shown 
to normalize hyperglycaemia and glucose intolerance 
in patients with erythropoietin-corrected anaemia.81–83 
Treatment with intravenous 1,25-dihydroxyvitamin D3 and 
correction of metabolic acidosis also restores insulin resist-
ance in patients on dialysis.68 Insulin resistance and glucose 
intolerance may be caused by malnutrition or protein–
energy wasting (PEW). Both malnutrition and chronic 
inflammation have been reported in patients on mainten
ance haemodialysis.84–87 Moreover a link between inflam-
mation, malnutrition and atherosclerosis has enabled the 
identification of malnutrition–inflammation complex syn-
drome (MICS), which is associated with poor outcomes.88 
Increased insulin resistance and hyperinsulinaemia might 
cause accelerated atherosclerosis in patients with uraemia 
and could potentially contribute to the pathogenesis of 

Table 1 | Dose adjustments for antidiabetic agents in patients with CKD49–53

Class Drug(s) Dose adjustment(s)

Insulin — Reduce dose as GFR decreases

GLP-1 receptor 
agonists

Exenatide No dose reduction if GFR ≥50 ml/min/1.73 m2

Use with caution if GFR 30–50 ml/min/1.73 m2

Contraindicated if GFR <30 ml/min/1.73 m2

Liraglutide No dose reduction necessary

Biguanides Metformin No dose reduction if GFR ≥45 ml/min/1.73 m2

Use with caution if GFR 30–44 ml/min/1.73 m2

Contraindicated if GFR <30 ml/min/1.73 m2

Sulphonylureas Glipizide No dose reduction necessary

Glimepiride Initiate conservatively at 1 mg daily if GFR <60 ml/
min/1.73 m2

Glyburide Contraindicated if GFR <60 ml/min/1.73 m2

Meglitinides Repaglinide No dose reduction if GFR ≥30 ml/min/1.73 m2

Initiate at 0.5 mg with meals if GFR <30 ml/min/ 
1.73 m2

Nateglinide Initiate at 60 mg with meals if GFR 30–59 ml/ 
min/1.73 m2

Contraindicated if GFR <30 ml/min/1.73 m2

Mitiglinide* Use with caution if GFR <60 ml/min/1.73 m2

Thiazolidinediones Rosiglitazone No dose reduction necessary

Pioglitazone No dose reduction necessary 
15–30 mg daily has been used in patients on dialysis

α-Glucosidase 
inhibitors

Acarbose‡ Use with caution if GFR 30–59 ml/min/1.73 m2

Contraindicated if GFR <30 ml/min/1.73 m2

Miglitol‡ Use with caution if GFR 25–59 ml/min/1.73 m2

Contraindicated if GFR <25 ml/min/1.73 m2

Voglibose*‡ No dose reduction if GFR ≥30 ml/min/1.73 m2

Use with caution if GFR <30 ml/min/1.73 m2

DPP-4 inhibitors Sitagliptin 100 mg daily if GFR ≥50 ml/min/1.73 m2

50 mg daily if GFR 30–49 ml/min/1.73 m2

25 mg daily if GFR <30 ml/min/1.73 m2

Saxagliptin 5 mg daily if GFR ≥50 ml/min/1.73 m2

2.5 mg daily if GFR <50 ml/min/1.73 m2

Vildagliptin* Use with caution if GFR <60 ml/min/1.73 m2

Linagliptin No dose reduction necessary

Alogliptin 25 mg daily if GFR ≥50 ml/min/1.73 m2

12.5 mg daily if GFR 30–49 ml/min/1.73 m2

6.25 mg daily if GFR <30 ml/min/1.73 m2

SGLT2 inhibitors Canagliflozin 100–300 mg if GFR ≥60 ml/min/1.73 m2

100 mg if GFR 45–59 ml/min/1.73 m2

Contraindicated if GFR <45 ml/min/1.73 m2

Dapagliflozin Contraindicated if GFR <60 ml/min/1.73 m2

*Not available in the USA. ‡Available in Japan for patients on dialysis. Abbreviations: CKD, chronic kidney 
disease; DPP-4; dipeptidyl peptidase 4; GFR, glomerular filtration rate; GLP-1, glucagon-like peptide-1; 
SGLT2, sodium–glucose cotransporter 2.
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hypertension.89 Insulin resistance (measured using the 
homeostasis model assessment) is also an independent 
predictor of cardiovascular mortality in patients on haemo
dialysis.90 Inflammation is, therefore, a common factor in 
insulin resistance, MICS and atherosclerosis. 

Increased levels of C‑reactive protein are often observed 
in patients receiving haemodialysis and reflect increases in 
the release of proinflammatory cytokines such as TNF and 
IL‑6. These cytokines promote cardiovascular disease 
by contributing to endothelial dysfunction, oxidative 
stress, insulin resistance and stimulation of adhesion 
molecules.91–93 Furthermore, adipocytokines such as 
TNF and leptin can induce insulin resistance.78 Diabetic 
patients with MICS receiving haemodialysis show reduced 
responses to erythropoietin and increased resistance to 
insulin.94 These findings may explain the poor outcomes 
observed in these patients and demonstrate the impor-
tance of diagnosis and therapeutic management of MICS. 
Although insulin resistance leads to hyperglycaemia in 
patients with T2DM, insulin resistance in dialysis patients 
with PEW or MICS tends to result in hypoglycaemia.42

Anabolic strategies such as treatment with recombi-
nant growth hormone95,96 and/or androgens97,98 as well 
as exercise,99,100 either alone or in combination with 
nutritional supplementation, improve protein stores and 
represent potential additional approaches for the treat-
ment of PEW.101 Agents that might reduce inflammation 
in patients on haemodialysis include nutritional antioxi-
dants, long-chain omega‑3 fatty acids, cholecalciferol,102 
statins, angiotensin-converting-enzyme inhibitors and 
peroxisome proliferator-activated receptor‑γ agonists. 
Pentoxifylline103 and the TNF receptor and IL‑1 receptor 
antagonist etanercept104,105 also have anti-inflammatory 

properties. However, no large randomized clinical trials 
have tested the efficacy of anti-inflammatory therapies as 
nutritional interventions to reduce mortality and mor-
bidity in diabetic patients on dialysis. Several pharmaco-
logic agents may stimulate appetite, including anabolic 
agents, megestrol acetate, dronabinol, melatonin and 
ghrelin.106 Although most of these agents have not been 
studied systematically in patients on haemodialysis, small 
uncontrolled studies have shown that megestrol acetate 
can stimulate appetite and induce small increases in 
weight and serum albumin levels in this population.101 
Large-scale prospective studies of these agents are needed.

Moreover, evidence of a link between levels of FGF23 
and inflammation in CKD has been reported,107 suggest-
ing that regulation of FGF23 might prevent inflammation 
and hence insulin resistance in this setting. As treatments 
for insulin resistance do not currently exist,  the optimal 
frequency, duration, dose and modality of dialysis treat-
ment as well as the use of biocompatible membranes and 
ultrapure dialysate should be carefully considered to reduce 
the risks of PEW and MICS. Moreover, the nutritional 
status of the patient should be frequently re-evaluated to 
reduce the risks of inflammation and insulin resistance.

Insulin removal by haemodialysis
Plasma insulin can be removed by diffusion and/or con-
vection mechanisms owing to its small size (molecular 
weight 6.2 kDa) and protein-binding rate of 1%. As such, 
plasma insulin removal could occur due to the concen-
tration gradient in haemodialysis. A study that used a 
cuprophane membrane dialyser as a low-flux membrane 
reported that some insulin crossed the membrane during 
haemodialysis,108 indicating that insulin might be dialyzed 
in the presence of an especially high gradient. Moreover, 
we have shown that plasma insulin levels are lower at the 
post-dialyser site than at the pre-dialyser site and that 
insulin clearance is dependent on the membrane type.109,110 
Clearance of biologically active immunoreactive insulin 
from plasma was greatest when a polysulfone membrane 
was used and lowest with a polyester–polymer alloy.111 
Although the removal mechanism (diffusion, convection 
or adsorption) remains to be elucidated, we found that 
adsorption largely accounts for clearance of plasma insulin 
during haemodialysis; this mechanism seems to involve 
electrostatic interactions between the membranes and 
insulin as well as hydrophobic interactions.112

As the low molecular weight of glucose enables it 
to rapidly transmigrate across the membrane during 
haemodialysis treatment, the main determinant of 
plasma glucose levels after a haemodialysis session is 
the glucose concentration of the dialysate. Changes in 
plasma insulin levels during haemodialysis, however, are 
not solely due to insulin removal by the dialyser, but also 
insulin secretion from pancreatic β‑cells. This secretion 
is determined by dialysis-induced changes in plasma 
glucose levels and the ability of the β‑cells to respond to 
these changes. In patients who lack endogenous insulin 
secretion, such as those with insulin-dependent dia-
betes, the rate of reduction in insulin levels is signifi-
cantly higher when a polysulphone membrane is used 
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Figure 3 | Mechanisms of haemodialysis-induced hypoglycaemia and haemodialysis-
associated hyperglycaemia in patients with diabetes. During haemodialysis, plasma 
glucose diffuses across the concentration gradient from the blood to the dialysate. 
In addition, the plasma glucose level at the postdialyser site decreases to less than 
the glucose concentration of the dialysate, possibly as a result of diffusion of plasma 
glucose into erythrocytes. Use of glucose-free dialysate is, therefore, associated with 
an increased likelihood of haemodialysis-induced hypoglycaemia. A decrease in 
endogenous insulin secretion in response to the decrease in plasma glucose level 
together with adsorption of insulin by the dialyser results in a decrease in plasma 
insulin level during haemodialysis. Counter-regulatory hormones are secreted in 
response to the hypoglycaemic state resulting from the haemodialysis session. 
The combination of a relative and absolute lack of insulin after haemodialysis, the 
counter-regulatory hormone response and the postprandial state leads to 
haemodialysis-associated hyperglycaemia.
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for haemodialysis than when a cellulose triacetate or 
polyester–polymer alloy membrane is used.112

As C‑peptide levels reflect endogenous insulin secre-
tion from pancreatic β‑cells, plasma insulin removal 
during haemodialysis is particularly important in dia-
betic patients with low C‑peptide levels, especially those 
with reduced β‑cell function.110 These patients have an 
increased risk of hyperglycaemia after haemodialysis 
treatment, as their β‑cells are unable to maintain insulin 
levels after haemodialysis. High doses of exogenous 
insulin or antidiabetic agents might be needed to achieve 
good glycaemic control in these patients because surplus 
insulin is removed by haemodialysis, particularly if a 
polysulphone dialyser is used.

Counter-regulatory hormones
The plasma glucose levels of individuals who tend toward 
a hypoglycaemic state are maintained by lowered insulin 
secretion and increased secretion of counter-regulatory 
hormones such as glucagons, adrenocorticotropic hor
mone and cortisol.113 Physiological changes in pancreatic 
α-cells and β‑cells, such as a decrease in insulin secretion 
from β‑cells and an increase in glucagon secretion from 
α‑cells, are thought to be induced, and auditory evoked 
potentials to deteriorate, when blood glucose levels 
decrease to ≤3.89 mmol/l.27,114 During haemodialysis, 

levels of growth hormones decrease and patients show 
considerably higher than normal glucagon levels.14,18,108 
The lack of reciprocal changes in glucagon levels relative 
to changes in plasma insulin and glucose concentration 
suggests impairment of the feedback system, possi-
bly related to the chronic elevation of glucagons.18,115 
A time lag may exist between the decrease in glucose 
levels and the secretion of counter-regulatory hormones, 
(Figure 4), the hormones may be lost from the body as a 
result of dialysis or a failure to secrete the hormones might 
occur. Capacity for glycogenolysis and gluconeogenesis 
might also be decreased in patients on haemodialysis.

Changes in blood glucose levels in patients with dia-
betes owing to the effects of the dialysate occur even 
after the dialysis session.10,11,14–16,116 We found that when 
a 5.55 mmol/l glucose-containing dialysate was used for 
haemodialysis, the intradialytic decrease in the blood 
glucose level was greater in insulin-treated patients 
who had higher pre-dialysis blood glucose levels than 
in patients not treated with insulin who had lower 
pre-dialysis blood glucose levels.16 In diabetic patients 
with good glycaemic control (that is those with low 
pre-dialysis blood glucose levels), blood glucose levels 
tends to decrease, although not significantly, after dialy-
sis sessions. We have observed that in diabetic patients 
with poor glycaemic control (that is, those with high 
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Figure 4 | Haemodialysis-associated hyperglycaemia in a 70-year-old man undergoing continuous glucose monitoring. 
The patient had been undergoing haemodialysis for 5 years. His haemoglobin A1c and glycated albumin levels were 6.4% 
and 23.4%, respectively. a | A non-haemodialysis day with fairly stable blood glucose levels. b | During haemodialysis, the 
patient’s blood glucose level gradually decreased toward the dialysate glucose concentration of 5.55 mmol/l. A further 
decrease below the dialysate glucose concentration occurred after haemodialysis; the patient was asymptomatic at this 
time. His plasma cortisol levels increased from 292.43 nmol/l before dialysis to 391.75 nmol/l post-dialysis, whereas his 
plasma glucagon levels decreased from 156 ng/l before haemodialysis to 106 ng/l after the haemodialysis session. Plasma 
insulin level was 273.63 pmol/l before haemodialysis and decreased during the session to 70.84 pmol/l after dialysis as a 
result of adsorption by the dialyser. Pre-haemodialysis, post-haemodialysis and before dinner adrenaline levels were 
114.64 pmol/l, 294.79 pmol/l and 141.93 pmol/l, and noradrenaline levels were 1087.62 pmol/l, 2470.80 pmol/l and 
1188.11 pmol/l, respectively. Before dinner, the insulin level was 65.28 pmol/l and plasma cortisol was 513.14 nmol/l. The 
serum glucagon level was increased before dinner (197 ng/l) and the blood glucose level dramatically elevated immediately 
following the meal. This phenomenon is called haemodialysis-associated hyperglycaemia.
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pre-dialysis blood glucose levels) blood glucose levels 
rapidly and markedly decrease during haemodialysis ses-
sions because of the large difference in the glucose levels 
of the blood and dialysate. Hyperglycaemia can occur 
after the haemodialysis session, after lunch or in the 
evening of the day of haemodialysis as a result an absolute 
or relative deficiency of plasma insulin owing to haemo
dialysis (Figure 3).113 Hyperglycaemia in the evening 
might result from a substantial reduction in plasma 
insulin levels owing to haemodialysis and stimulation of 
counter-regulatory hormone secretion in response to the 
rapid decrease in plasma glucose levels that occurs during 
haemodialysis. This phenomenon, known as haemo
dialysis-associated hyperglycaemia (Figure 5), is similar 
to the Somogyi effect or rebound hyperglycaemia that 
occurs in response to prolonged hypoglycaemia.

Importantly, haemodialysis-induced hypoglycae-
mia occurs during or immediately after haemodialysis, 
whereas haemodialysis-associated hyperglycaemia often 
occurs late in the evening after the treatment has been 
completed. As hyperglycaemia may be hidden, both 
continuous glucose monitoring and self-monitoring of 
blood glucose on the day of haemodialysis may be useful 
to detect haemodialysis-induced hypoglycaemia, and 
haemodialysis-associated hyperglycaemia, respectively.

In general, blood glucose levels in diabetic patients with 
good glycaemic control do not decrease during dialysis, 
so these patients do not usually develop hyperglycaemia 
after dialysis. Therefore, to maintain good glycaemic 
control in diabetic patients on haemodialysis, hypoglycae-
mia during the treatment session should be avoided using 
a glucose-containing dialysate, which prevents the secre-
tion of counter-regulatory hormones, and by decreasing 
pre-dialysis blood glucose levels so as to minimize fluc-
tuation during haemodialysis (Box 2). We have found 
that plasma insulin levels are higher in patients with 
poor glycaemic control than in those with good control,113 
indicating that the former group has more prominent 
insulin resistance. In this group, administration of an 

additional insulin injection after haemodialysis seemed 
to be useful (in the absence of hypoglycaemia or tendency 
for hypoglycaemia) because of the absolute or relative 
deficiency of plasma insulin in the circulation and the 
insulin-resistant status of the patients.

Glycaemic control indices and targets
Haemoglobin A1c

HbA1c level has long been used as an indicator of glycae-
mic control in clinical practice and in studies of patients 
with diabetes on dialysis.6–8,117–123 A US study that included 
23,618 diabetic patients on haemodialysis showed 
that HbA1c levels were associated with mortality.7 Patients 
with HbA1c levels >10% had significantly higher adjusted 
risks of all-cause (hazard ratio [HR] 1.41) and cardiovas-
cular mortality (HR 1.73) than those with HbA1c levels of 
5–6%. A German study that investigated the impact of gly-
caemic control on cardiac and vascular outcomes in 1,255 
diabetic patients on haemodialysis showed that those with 
HbA1c levels of 6–8% or >8% had a higher risk of sudden 
death during 4 years of follow-up than those with HbA1c 
levels <6%.124 By contrast, the risks of myocardial infarction 
and all-cause mortality did not differ between the groups.

The US Dialysis Outcomes and Practice Pattern Study 
showed a U‑shaped association between HbA1c levels 
and mortality risk in 9,201 diabetic patients receiving 
haemodialysis; HbA1c levels <6% and ≥9% were associ
ated with increased risk of death.125 Similarly, a cohort 
study with 6 years of follow-up reported that HbA1c levels 
<6% and >8% were associated with increased mortality 
in diabetic patients on haemodialysis,8 whereas a large 
database analysis showed that extremes of glycaemia 
(HbA1c levels <6.5% and >11%) were associated with 
increased risk of death in diabetic patients on chronic 
haemodialysis.126 A 2014 meta-analysis also reported that 
not only high levels of HbA1c (≥8.5%) but also very low 
HbA1c levels (≤5.4%) were associated with an increased 
risk of death.119 Together, these data suggest that not only 
high HbA1c levels, but also low HbA1c levels related to 
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malnutrition or anaemia are associated with increased 
mortality in patients on haemodialysis. Good glycaemic 
control targeting a moderate HbA1c range together with 
avoidance of malnutrition, anaemia and hypoglycaemia 
may, therefore, improve survival in patients on haemo-
dialysis. KDOQI and Kidney Disease: Improving Global 
Outcomes clinical practice guidelines recommend that 
the HbA1c target should be increased to >7% in patients 
with comorbidities and/or limited life expectancy, and in 
those at risk of hypoglycaemia, including patients with 
advanced CKD and those receiving dialysis.127

Glycated albumin
The lifespan of red blood cells is decreased from 
~120 days to ~60 days in patients on dialysis and blood 
loss and haemorrhage may occur during the treat-
ment session. In addition, anaemia and erythropoiesis-
stimulating agents can increase the proportion of young 
erythrocytes in the blood leading to a decrease in HbA1c 
levels, which can lead to a diagnosis of hyperglycaemia 
being missed. Patients on dialysis, therefore, tend to have 
low HbA1c levels, which may result in underestimation of 
glycaemic control. This phenomenon may a mechanism 
of ‘burnt-out diabetes’, as described earlier. By contrast, 
levels of glycated albumin are not significantly associated 
with the lifespan of red blood cells, haemoglobin levels, 

or dose of erythropoiesis-stimulating agent in diabetic 
patients undergoing haemodialysis.128–130 Levels of gly-
cated albumin might, therefore, be a better indicator of 
glycaemic control than levels of HbA1c in these patients. 
Several studies have shown positive associations between 
levels of glycated albumin and all-cause or cardiovascu-
lar mortality in diabetic patients on haemodialysis.130–135 
Notably, no significant associations between average 
HbA1c levels and mortality were reported.

The management of diabetic patients on haemo
dialysis 2012 proposed by the Japanese Society for Dialysis 
Therapy, recommends glycated albumin levels <20% as a 
target for glycaemic control in patients without a history of 
cardiovascular events. For those with a history of cardio
vascular events and hypoglycaemic episodes, glycated 
albumin levels <24% are recommended.136 It is important 
to note, however, that data on the frequency of measure-
ment of glycated albumin levels are not widely available 
and outcome studies in patients on dialysis are limited.137 
An American Diabetes Association consensus confer-
ence reported that glycated albumin is less affected by 
low GFR, anaemia or other confounding conditions than 
are HbA1c and other glycaemic biomarkers,52 and con-
cluded that glycated albumin levels are, therefore, super
ior to HbA1c levels with regard to monitoring glycaemic 
control in patients with CKD and ESRD on haemodialysis. 
European treatment guidelines for diabetic patients on 
dialysis do not discuss glycated albumin levels. As current 
recommendations for the treatment of diabetes in dialysis 
patients are based on long-term studies of HbA1c levels, 
further clinical studies are needed to evaluate the efficacy 
of targeting glycated albumin levels in this population.

Conclusions
In diabetic patients undergoing maintenance haemo
dialysis, glycaemic control correlates closely with mor-
bidity and mortality. Extremely high and low glycaemic 
levels are associated with increased morbidity and mor-
tality owing to vascular and diabetic complications as well 
as malnutrition. In patients with ESRD and particularly 
those with diabetes, glycaemic status should be closely 
monitored by frequent, careful measurement of glucose 
levels, particularly during and after each haemodialy-
sis session. The prevention of haemodialysis-induced 
hypoglycaemia and the management of haemodialysis-
associated hyperglycaemia are particularly important to 
reduce morbidity and mortality in this population.

Box 2 | Glycaemic control of diabetic patients on haemodialysis

Dialysate
■■ Use of glucose-free dialysate increases the risk of hypoglycaemia so should 

be avoided
■■ Hypoglycaemia might occur during haemodialysis treatment with 5.55 mmol/l 

glucose-containing dialysate
■■ No clear consensus exists on the use of hyperglycaemic dialysate (11.1 mmol/l 

glucose)

Antidiabetic medications
■■ Metformin is contraindicated
■■ Caution should be exercised when using sulphonylureas and meglitinide
■■ Insulin dose reduction may be required due to reduced renal insulin clearance

Insulin resistance
■■ Insulin resistance accompanied by PEW or MICS can lead to hypoglycaemia
■■ Evaluation of nutritional status is important to prevent PEW and MICS
■■ Optimal frequency, duration and dose of dialysis should be carefully considered 

to reduce the risks of PEW and MICS

Haemodialysis-induced hyperglycaemia
■■ Self-monitoring of blood glucose levels may help to detect hidden hyperglycaemia 

after haemodialysis treatment
■■ Removal of plasma insulin by the dialyser can lead to hyperglycaemia in diabetic 

patients with reduced β‑cell function
■■ The occurrence of hypoglycaemia during haemodialysis induces secretion 

of counter-regulatory hormones, which can lead to hyperglycaemia after the 
treatment session

■■ Blood glucose levels should be decreased to <11.1 mmol/l before haemodialysis 
to minimize fluctuations during the treatment session

Assessment of glycaemic control
■■ Both low and high HbA1c levels are associated with increased mortality in 

patients with end-stage renal disease
■■ HbA1c levels may not reflect precise glycaemic control in patients on dialysis
■■ Glycated albumin may more accurately reflect glycaemic control than HbA1c 

levels in patients on haemodialysis
Abbreviations: HbA1c, haemoglobin A1c; MICS, malnutrition–inflammation complex syndrome; 
PEW, protein–energy wasting.

Review criteria

We searched MEDLINE and PubMed for original articles and 
reviews focusing on haemodialysis-induced hypoglycaemia 
and hyperglycaemia that were published between January 
1970 and January 2014. The search terms used were 
“antidiabetic agent”, “diabetes mellitus”, “end-stage renal 
disease”, “gluconeogenesis”, “glucose concentration 
in dialysate”, “haemodialysis”, “hypoglycaemia”, 
“hyperglycaemia”, “insulin” and “insulin resistance”. All 
papers identified were full-text papers written in English. 
We also searched the reference sections of the papers 
identified for relevant articles.

REVIEWS

© 2015 Macmillan Publishers Limited. All rights reserved



NATURE REVIEWS | NEPHROLOGY 	 VOLUME 11  |  MAY 2015  |  311

1.	 Collins, A. J. et al. Excerpts from the US Renal 
Data System Annual Data Report. Am. J. Kidney 
Dis. 55, S1–S420 (2010).

2.	 United States Renal Data System. 2014 Annual 
Data Report: epidemiology of kidney disease in 
the United States. usrds.org [online] http:// 
www.usrds.org/adr.aspx (2014).

3.	 Nakai, S. et al. Overview of regular dialysis 
treatment in Japan (as of 31 December 2011). 
Ther. Apher. Dial. 17, 567–611 (2013).

4.	 Monnier, L., Wojtusciszyn, A., Colette, C. & 
Owens, D. The contribution of glucose variability 
to asymptomatic hypoglycemia in patients with 
type 2 diabetes. Diabetes Technol. Ther. 13, 
813–818 (2011).

5.	 Slinin, Y. et al. Management of hyperglycemia, 
dyslipidemia, and albuminuria in patients with 
diabetes and CKD: a systematic review for a 
KDOQI clinical practice guideline. Am. J. Kidney 
Dis. 60, 747–769 (2012).

6.	 Williams, M. E., Lacson, E. Jr, Teng, M., 
Ofsthun, N. & Lazarus, J. M. Hemodialyzed  
type I and type II diabetic patients in the US: 
characteristics, glycemic control, and survival. 
Kidney Int. 70, 1503–1509 (2006).

7.	 Kalantar-Zadeh, K. et al. A1C and survival in 
maintenance hemodialysis patients. Diabetes 
Care 30, 1049–1055 (2007).

8.	 Ricks, J. et al. Glycemic control and cardiovascular 
mortality in hemodialysis patients with diabetes: 
a 6‑year cohort study. Diabetes 61, 708–715 
(2012).

9.	 Akmal, M. Hemodialysis in diabetic patients. 
Am. J. Kidney Dis. 38, S195–S199 (2001).

10.	 Jackson, M. A. et al. Hemodialysis-induced 
hypoglycemia in diabetic patients. Clin. Nephrol. 
54, 30–34 (2000).

11.	 Simic-Ogrizovic, S. et al. The influence of 
different glucose concentrations in hemodialysis 
solutions on metabolism and blood pressure 
stability in diabetic patients. Int. J. Artif. Organs 
24, 863–869 (2001).

12.	 Sharma, R. & Rosner, M. H. Glucose in the 
dialysate: historical perspective and possible 
implications? Hemodial. Int. 12, 221–226 
(2008).

13.	 Raimann, J. G. et al. Metabolic effects of 
dialyzate glucose in chronic hemodialysis: 
results from a prospective, randomized 
crossover trial. Nephrol. Dial. Transplant. 27, 
1559–1568 (2012).

14.	 Jackson, M. A. et al. Occult hypoglycemia caused 
by hemodialysis. Clin. Nephrol. 51, 242–247 
(1999).

15.	 Burmeister, J. E., Scapini, A., 
da Rosa Miltersteiner, D., da Costa, M. G. & 
Campos, B. M. Glucose-added dialysis fluid 
prevents asymptomatic hypoglycemia in regular 
haemodialysis. Nephrol. Dial. Transplant. 22, 
1184–1189 (2007).

16.	 Abe, M., Kaizu, K. & Matsumoto, K. Plasma 
insulin is removed by hemodialysis: evaluation 
of the relation between plasma insulin and 
glucose by using a dialysate with or without 
glucose. Ther. Apher. Dial. 11, 280–287 (2007).

17.	 Takahashi, A. et al. The mechanism of 
hypoglycemia caused by hemodialysis. Clin. 
Nephrol. 62, 362–368 (2004).

18.	 Wathen, R. L., Keshaviah, P., Hommeyer, P., 
Cadwell, K. & Comty, C. M. The metabolic effects 
of hemodialysis with and without glucose in the 
dialysate. Am. J. Clin. Nutr. 31, 1870–1875 
(1978).

19.	 Borah, M. et al. Nitrogen balance during 
intermittent dialysis therapy of uremia. Kidney 
Int. 14, 491–500 (1978).

20.	 Ward, R. A., Shirlow, M. J., Hayes, J. M., 
Chapman, G. V. & Farrell, P. C. Protein catabolism 

during hemodialysis. Am. J. Clin. Nutr. 32,  
2443–2449 (1979).

21.	 Ward, R. A., Wathen, R. L., Williams, T. E. & 
Harding, G. B. Hemodialysate composition and 
intradialytic metabolic, acid-base and potassium 
changes. Kidney Int. 32, 129–135 (1987).

22.	 Gutierrez, A., Bergstrom, J. & Alvestrand, A. 
Hemodialysis-associated protein catabolism 
with and without glucose in the dialysate fluid. 
Kidney Int. 46, 814–822 (1994).

23.	 Skutches, C. L. & Sigler, M. H. Plasma glucose 
turnover and oxidation during hemodialysis: 
nutritional effect of dialysis fluid. Am. J. Clin. Nutr. 
65, 128–135 (1997).

24.	 Amiel, S. A., Sherwin, R. S., Simonson, D. C. 
& Tamborlane, W. V. Effect of intensive 
insulin therapy on glycemic thresholds for 
counterregulatory hormone release. Diabetes 
37, 901–907 (1988).

25.	 Heller, S. R. & Cryer, P. E. Reduced 
neuroendocrine and symptomatic responses 
to subsequent hypoglycemia after 1 episode of 
hypoglycemia in non-diabetic humans. Diabetes 
40, 223–226 (1991).

26.	 McCall, A. L. et al. Chronic hypoglycemia 
increases brain glucose transport. Am. J. Physiol. 
251, E442–E447 (1986).

27.	 DeFeo, P. et al. Modest decrements in plasma 
glucose concentration cause early impairment in 
cognitive function and later activation of glucose 
counterregulation in the absence of hypoglycemic 
symptoms in normal man. J. Clin. Invest. 82,  
436–444 (1988).

28.	 Heller, S. R. & Macdonald, I. A. Physiological 
disturbances in hypoglycemia: effect on 
subjective awareness. Clin. Sci. 81, 1–9 (1991).

29.	 Maran, A., Lomas, J., Macdonald, I. A. & 
Amiel, S. A. Lack of preservation of higher brain 
function during hypoglycemia in patients with 
intensively treated IDDM. Diabetologia 38, 
1412–1418 (1995).

30.	 Bober, J. et al. Influence of glucose in dialyzing 
fluid on purine concentrations in hemodialyzed 
patients with chronic renal failure. Nephron Clin. 
Pract. 95, c31–c36 (2003).

31.	 Bober, J. et al. Does glucose present in the 
dialysate limit oxidative stress in patients 
undergoing regular hemodialysis? Blood Purif. 
23, 219–225 (2005).

32.	 Henrich, W. L., Woodard, T. D. & McPhaul, J. J. Jr. 
The chronic efficacy and safety of high sodium 
dialysate: Double-blind, crossover study. Am. J. 
Kidney Dis. 2, 349–353 (1982).

33.	 Boden, G. Gluconeogenesis and glycogenolysis 
in health and diabetes. J. Investig. Med. 52,  
375–378 (2004).

34.	 Gerich, J. E. Physiology of glucose homeostasis. 
Diabetes Obes. Metabol. 2, 345–350 (2000).

35.	 Mather, A. & Pollock, C. Glucose handling by 
the kidney. Kidney Int. 79, S1–S6 (2011).

36.	 Gerich, J. E., Meyer, C., Woerle, H. J. & 
Stumvoll, M. Renal gluconeogenesis: its 
importance in human glucose homeostasis. 
Diabetes Care 24, 382–391 (2001).

37.	 Meyer, C. et al. Renal substrate exchange and 
gluconeogenesis in normal postabsorptive 
humans. Am. J. Physiol. 282, E428–E434 (2002).

38.	 Peitzman, S. J. & Agarwal, B. N. Spontaneous 
hypoglycemia in end-stage renal failure. Nephron 
19, 131–139 (1977).

39.	 Arem, R. Hypoglycemia associated with renal 
failure. Endocrinol. Metab. Clin. North Am. 18, 
103–121 (1989).

40.	 Meyer, C., Woerle, H. J., Dostou, J. M., 
Welle, S. L. & Gerich, J. E. Abnormal renal, 
hepatic, and muscle glucose metabolism 
following glucose ingestion in type 2 diabetes. 
Am. J. Physiol. 287, E1049–E1056 (2004).

41.	 Stumvoll, M. et al. Human kidney and liver 
gluconeogenesis: evidence for organ substrate 
selectivity. Am. J. Physiol. 274, E817–E826 
(1998).

42.	 Rhee, C. M. et al. Updates on the management 
of diabetes in dialysis patients. Semin. Dial. 27, 
135–145 (2014).

43.	 Kalantar-Zadeh, K. et al. Burnt-out diabetes: 
impact of chronic kidney disease progression 
on the natural course of diabetes mellitus. 
J. Ren. Nutr. 19, 33–37 (2009).

44.	 Kovesdy, C. P., Park, J. C. & Kalantar-Zadeh, K. 
Glycemic control and burnt-out diabetes in 
ESRD. Semin. Dial. 23, 148–156 (2010).

45.	 Park, J., Lertdumrongluk, P., Molnar, M. Z., 
Kovesdy, C. P. & Kalantar-Zadeh, K. Glycemic 
control in diabetic dialysis patients and the 
burnt-out diabetes phenomenon. Curr. Diab. Rep. 
12, 432–439 (2012).

46.	 Haneda, M. & Morikawa, A. Which hypoglycemic 
agents to use in type 2 diabetic subjects with 
CKD and how? Nephrol. Dial. Transplant. 24, 
338–341 (2009).

47.	 Holstein, A., Plaschke, A., Hammer, C. & 
Egberts, E. H. Characteristics and time course 
of severe glimepiride- versus glibenclamide-
induced hypoglycemia. Eur. J. Clin. Pharmacol. 
59, 91–97 (2003).

48.	 Yale, J. F. Oral antihyperglycemic agents and 
renal disease: new agents, new concepts. J. Am. 
Soc. Nephrol. 16, 7–10 (2005).

49.	 Abe, M., Okada, K. & Soma, M. Antidiabetic 
agents in patients with chronic kidney disease 
and end-stage renal disease on dialysis: 
metabolism and clinical practice. Curr. Drug 
Metab. 12, 57–69 (2011).

50.	 Kidney Disease Outcomes Quality Initiative 
(KDOQI). Clinical practice guidelines and clinical 
practice recommendations for diabetes and 
chronic kidney disease. Am. J. Kidney Dis. 49, 
S62–S73 (2007).

51.	 Snyder, R. W. & Berns, J. S. Use of insulin and 
oral hypoglycemic medications in patients with 
diabetes mellitus and advanced kidney disease. 
Semin. Dial. 17, 365–370 (2004).

52.	 Tuttle, K. R. et al. Diabetic kidney disease: 
a report from an ADA Consensus Conference. 
Am. J. Kidney Dis. 64, 510–533 (2014).

53.	 Schernthaner, G., Ritz, E. & Schernthaner, G. H. 
Strict glycaemic control in diabetic patients with 
CKD or ESRD: beneficial or deadly? Nephrol. Dial. 
Transplant. 25, 2044–2047 (2010).

54.	 Flynn, C. & Bakris, G. L. Noninsulin glucose-
lowering agents for the treatment of patients on 
dialysis. Nat. Rev. Nephrol. 9, 147–153 (2013).

55.	 National Kidney Foundation. KDOQI clinical 
practice guideline for diabetes and CKD: 2012 
update. Am. J. Kidney Dis. 60, 850–886 (2012).

56.	 Kalantar-Zadeh, K., Uppot, R. N. & 
Lewandrowski, K. B. Case 23–2013. 
A 54‑year‑old woman with abdominal pain, 
vomiting, and confusion. N. Engl. J. Med. 369, 
374–382 (2013).

57.	 Grey, A. B. Skeletal toxicity of thiazolidinediones. 
Ann. Intern. Med. 148, 563 (2008).

58.	 Abe, M., Kikuchi, F., Kaizu, K. & Matsumoto, K. 
Combination therapy of pioglitazone with 
voglibose improves glycemic control safely and 
rapidly in Japanese type 2-diabetic patients on 
hemodialysis. Clin. Nephrol. 68, 287–294 (2007).

59.	 Ito, M. et al. The dipeptidyl peptidase‑4 (DPP‑4) 
inhibitor vildagliptin improves glycemic control 
in type 2 diabetic patients undergoing 
hemodialysis. Endocr. J. 58, 979–987 (2011).

60.	 Kume, S. et al. Efficacy and tolerability of 
vildagliptin in type 2 diabetic patients on 
hemodialysis. J. Diabetes Investig. 3, 298–301 
(2012).

REVIEWS

© 2015 Macmillan Publishers Limited. All rights reserved

http://www.usrds.org/adr.aspx
http://www.usrds.org/adr.aspx


312  |  MAY 2015  |  VOLUME 11� www.nature.com/nrneph

61.	 Fujii, Y. et al. The dipeptidyl peptidase‑4 inhibitor 
alogliptin improves glycemic control in type 2 
diabetic patients undergoing hemodialysis. 
Expert Opin. Pharmacother. 14, 259–267 (2013).

62.	 The Diabetes Control and Complication Trial 
(DCCT) Research Group. The effect of intensive 
treatment of diabetes on the development and 
progression of long-term complications in 
insulin-dependent diabetes mellitus. N. Engl. J. 
Med. 329, 977–986 (1993).

63.	 The Diabetes Control and Complication Trial 
(DCCT) Research Group. The early worsening 
of diabetic retinopathy in the Diabetes Control 
and Complication Trial. Arch. Ophthalmol. 116, 
874–886 (1998).

64.	 Charpentier, G., Riveline, J. P. & Varroud-Vial, M. 
Management of drugs affecting blood glucose 
in diabetic patients with renal failure. Diabetes 
Metab. 26, 73–85 (2000).

65.	 Reilly, J. B. & Berns, J. S. Selection and dosing 
of medications for management of diabetes in 
patients with advanced kidney disease. Semin. 
Dial. 23, 163–168 (2010).

66.	 McCaleb, M. L., Izzo, M. S. & Lockwood, D. H. 
Characterization and partial purification of a 
factor from uremic human serum that induces 
insulin resistance. J. Clin. Invest. 75, 391–396 
(1985).

67.	 Ohkubo, Y. et al. Intensive insulin therapy 
prevents the progression of diabetic 
microvascular complications in Japanese 
patients with non‑insulin‑dependent diabetes 
mellitus: a randomized prospective 6‑year study. 
Diabetes Res. Clin. Pract. 28, 103–117 (1995).

68.	 Mak, R. H. Impact of end-stage renal disease 
and dialysis on glycemic control. Semin. Dial. 13, 
4–8 (2000).

69.	 Abe, M. et al. Disopyramide-induced 
hypoglycemia in a non-diabetic patient with 
hemodialysis: a case report and review of the 
literature. Clin. Nephrol. 76, 401–406 (2011).

70.	 Mak, R. H. Renal disease, insulin resistance and 
glucose intolerance. Diabetes Rev. 2, 19–28 
(1994).

71.	 DeFronzo, R. A. et al. Insulin resistance in 
uremia. J. Clin. Invest. 67, 563–568 (1981).

72.	 Siew, E. D. & Ikizler, T. A. Insulin resistance and 
protein energy metabolism in patients with 
advanced chronic kidney disease. Semin. Dial. 
23, 378–382 (2010).

73.	 Kim, J. C., Kalantar-Zadeh, K. & Kopple, J. D. 
Frailty and protein-energy wasting in elderly 
patients with end-stage kidney disease. J. Am. 
Soc. Nephrol. 24, 337–351 (2013).

74.	 Duranton, F. et al. Normal and pathologic 
concentrations of uremic toxins. J. Am. Soc. 
Nephrol. 23, 1258–1270 (2012).

75.	 Vanholder, R., Van Laecke, S. & Glorieux, G. 
What is new in uremic toxicity? Pediatr. Nephrol. 
23, 1211–1221 (2008).

76.	 Evenepoel, P., Meijers, B. K., Bammens, B. R. 
& Verbeke, K. Uremic toxins originating from 
colonic microbial metabolism. Kidney Int. Suppl. 
114, S12–S19 (2009).

77.	 Guarnieri, G. & Barazzoni, R. Fighting protein-
energy wasting in chronic kidney disease: 
a challenge of complexity. J. Ren. Nutr. 21, 2–6 
(2011).

78.	 Zoccali, C. et al. Adiponectin, metabolic risk 
factors, and cardiovascular events among 
patients with end-stage renal disease. J. Am. 
Soc. Nephrol. 13, 134–141 (2002).

79.	 Dzúric, R., Spustová, V. & Lajdová, I. Inhibition of 
glucose utilization is isolated rat soleus muscle 
by pseudouridine: Implications for renal failure. 
Nephron 65, 108–110 (1993).

80.	 Eidmak, I. et al. Insulin resistance and 
hyperinsulinemia in mild to moderate 

progressive chronic renal failure and its 
association with aerobic work capacity. 
Diabetologia 38, 565–572 (1995).

81.	 Goldberg, A., Hagberg, J., Delmez, J., 
Haynes, M. E. & Harter, H. R. The metabolic 
effects of exercise training in hemodialysis 
patients. Kidney Int. 18, 754–761 (1980).

82.	 Mak, R. H. Correction of anemia by 
erythropoietin reverses insulin resistance and 
hyperinsulinemia in uremia. Am. J. Physiol. 270, 
F839‑F844 (1996).

83.	 Abe, M., Okada, K., Soma, M. & Matsumoto, K. 
Relationship between insulin resistance and 
erythropoietin responsiveness in hemodialysis 
patients. Clin. Nephrol. 75, 49–58 (2011).

84.	 Fouque, D. et al. A proposed nomenclature and 
diagnostic criteria for protein-energy wasting in 
acute and chronic kidney disease. Kidney Int. 73, 
391–398 (2007).

85.	 Stenvinkel, P., Heimburger, O., Lindholm, B., 
Kaysen, G. A. & Bergström, J. Are there two 
types of malnutrition in chronic renal failure? 
Evidence for relationship between malnutrition, 
inflammation and atherosclerosis (MIA 
syndrome). Nephrol. Dial. Transplant. 15,  
953–960 (2000).

86.	 Kalantar-Zadeh, K., Block, G., McAllister, C. J., 
Humphreys, M. H. & Kopple, J. D. Appetite and 
inflammation, nutrition, anemia, and clinical 
outcome in hemodialysis patients. Am. J. Clin. 
Nutr. 80, 299–307 (2004).

87.	 Filho, R. P., Lindholm, B. & Stenvinkel, P. The 
malnutrition, inflammation, and atherosclerosis 
(MIA) syndrome—the heart of the matter. 
Nephrol. Dial. Transplant. 17, 28–31 (2002).

88.	 Kalantar-Zadeh, K., Ikizler, A., Block, G., 
Avram, M. M. & Kopple, J. D. Malnutrition-
inflammation complex syndrome in dialysis 
patients: causes and consequences. Am. J. 
Kidney Dis. 42, 864–881 (2003).

89.	 Shoji, T. et al. Additive impacts of diabetes 
and renal failure on carotid atherosclerosis. 
Atherosclerosis 153, 257–258 (2000).

90.	 Shinohara, K. et al. Insulin resistance as 
an independent predictor of cardiovascular 
mortality in patients with end-stage renal 
disease. J. Am. Soc. Nephrol. 13, 1894–1900 
(2002).

91.	 Stenvinkel, P. et al. IL‑10, IL‑6, and TNF-α: 
central factors in the altered cytokine network 
of uremia—the good, the bad, and the ugly. 
Kidney Int. 67, 1216–1233 (2005).

92.	 Sande, F. M., Kooman, J. P. & Leunissen, K. M. 
The predictive value of C‑reactive protein in end-
stage renal disease: is it clinically significant? 
Blood Purif. 24, 335–341 (2006).

93.	 Zimmermann, J., Herrlinger, S., Pruy, A., 
Metzger, T. & Wanner, C. Inflammation enhances 
cardiovascular risk and mortality in hemodialysis 
patients. Kidney Int. 55, 648–658 (1999).

94.	 Abe, M. et al. Relationship between 
erythropoietin responsiveness, insulin 
resistance, and malnutrition‑inflammation‑ 
atherosclerosis (MIA) syndrome in hemodialysis 
patients with diabetes. Int. J. Artif. Organs 34, 
16–25 (2011).

95.	 Kopple, J. D. et al. OPPORTUNITY™: a large-scale 
randomized clinical trial of growth hormone in 
hemodialysis patients. Nephrol. Dial. Transplant. 
26, 4095–4103 (2011).

96.	 Guebre-Egziabher, F. et al. Short-term 
administration of a combination of recombinant 
growth hormone and insulin-like growth factor‑1 
induces anabolism in maintenance 
hemodialysis. J. Clin. Endocrinol. Metab. 94, 
2299–2305 (2009).

97.	 Macdonald, J. H. et al. Nandrolone decanoate 
as anabolic therapy in chronic kidney disease: 

a randomized phase II dose-finding study. 
Nephron Clin. Pract. 106, c125–c135 (2007).

98.	 Johansen, K. L., Mulligan, K. & Schambelan, M. 
Anabolic effects of nandrolone decanoate in 
patients receiving dialysis: a randomized 
controlled trial. JAMA 281, 1275–1281 (1999).

99.	 Dong, J. et al. The effect of resistance exercise 
to augment long-term benefits of intradialytic 
oral nutritional supplementation in chronic 
hemodialysis patients. J. Ren. Nutr. 21, 149–159 
(2011).

100.	Pupim, L. B., Flakoll, P. J., Levenhagen, D. K. 
& Ikizler, T. A. Exercise augments the acute 
anabolic effects of intradialytic parenteral 
nutrition in chronic hemodialysis patients. Am. J. 
Physiol. Endocrinol. Metab. 286, E589–E597 
(2004).

101.	Ikizler, T. A. et al. Prevention and treatment of 
protein energy wasting in chronic kidney disease 
patients: a consensus statement by the 
International Society of Renal Nutrition and 
Metabolism. Kidney Int. 84, 1096–1107 (2013).

102.	Stubbs, J. R., Idiculla, A., Slusser, J., Menard, R. 
& Quarles, L. D. Cholecalciferol supplementation 
alters calcitriol-responsive monocyte proteins 
and decreases inflammatory cytokines in ESRD. 
J. Am. Soc. Nephrol. 21, 353–361 (2010).

103.	Perkins, R. M. et al. Effect of pentoxifylline 
on GFR decline in CKD: a pilot, double-blind, 
randomized, placebo-controlled trial. Am. J. 
Kidney Dis. 53, 606–616 (2009).

104.	Don, B. R. et al. The effect of etanercept on 
suppression of the systemic inflammatory 
response in chronic hemodialysis patients. 
Clin. Nephrol. 73, 431–438 (2010).

105.	Hung, A. M., Ellis, C. D., Shintani, A., Booker, C. 
& Ikizler, T. A. IL‑1β receptor antagonist reduces 
inflammation in hemodialysis patients. J. Am. 
Soc. Nephrol. 22, 437–442 (2011).

106.	Ikizler, T. A. A patient with CKD and poor 
nutritional status. J. Am. Soc. Nephrol. 8,  
2174–2182 (2013).

107.	Munoz Mendoza, J. et al. Fibroblast growth factor 
23 and inflammation in CKD. Clin. J. Am. Soc. 
Nephrol. 7, 1155–1162 (2012).

108.	Avram, M. M., Lipner, H. I., Sadiqali, R., Iancu, M. 
& Gan, A. C. Metabolic changes in diabetic 
uremic patients on hemodialysis. Trans. Am. Soc. 
Artif. Int. Organs 22, 412–419 (1976).

109.	Abe, M., Kikuchi, F., Kaizu, K. & Matsumoto, K. 
The influence of hemodialysis membranes on 
the plasma insulin level of diabetic patients 
on maintenance hemodialysis. Clin. Nephrol. 69, 
354–360 (2008).

110.	Abe, M. et al. Comparison of the effects of 
polysulfone and polyester-polymer alloy dialyzers 
on glycemic control in diabetic patients 
undergoing hemodialysis. Clin. Nephrol. 71, 
514–520 (2009).

111.	Abe, M., Okada, K. & Matsumoto, K. Plasma 
insulin and C‑peptide concentrations in diabetic 
patients undergoing hemodialysis: comparison 
with five types of high-flux dialyzer membranes. 
Diabetes Res. Clin. Pract. 82, e17–e19 (2008).

112.	Abe, M. et al. Characterization of insulin 
adsorption behavior of dialyzer membranes used 
in hemodialysis. Artif. Organs 35, 398–403 
(2011).

113.	Abe, M., Kaizu, K. & Matsumoto, K. Evaluation 
of the hemodialysis-induced changes in plasma 
glucose and insulin concentrations in diabetic 
patients: comparison between the hemodialysis 
and non-hemodialysis days. Ther. Apher. Dial. 11, 
288–295 (2007).

114.	Heller, S. R. & Cryer, P. E. Hypoinsulinaemia 
is not critical to glucose recovery from 
hypoglycemia in humans. Am. J. Physiol. 261, 
E41–E48 (1991).

REVIEWS

© 2015 Macmillan Publishers Limited. All rights reserved



NATURE REVIEWS | NEPHROLOGY 	 VOLUME 11  |  MAY 2015  |  313

115.	Ganda, O. P., Aoki, T. T., Soeldner, J. S., 
Morrison, R. S. & Cahill, G. F. Jr. Hormone-fuel 
concentrations in anephric subjects. Effect of 
hemodialysis. J. Clin. Invest. 57, 1403–1411 
(1976).

116.	Sangill, M. & Pedersen, E. B. The effect of 
glucose added the dialysis fluid on blood 
pressure, blood glucose, and quality of life 
in hemodialysis patients: a placebo-controlled 
crossover study. Am. J. Kidney Dis. 47, 636–643 
(2006).

117.	Duong, U. et al. Glycemic control and survival 
in peritoneal dialysis patients with diabetes 
mellitus. Clin. J. Am. Soc. Nephrol. 6, 1041–1048 
(2011).

118.	Molnar, M. Z. et al. Association of pretransplant 
glycemic control with posttransplant outcomes 
in diabetic kidney transplant recipients. Diabetes 
Care 34, 2536–2541 (2011).

119.	Hill, C. J. et al. Glycated hemoglobin and risk 
of death in diabetic patients treated with 
hemodialysis: a meta-analysis. Am. J. Kidney Dis. 
63, 84–94 (2014).

120.	Morioka, T. et al. Glycemic control is a predictor 
of survival for diabetic patients on hemodialysis. 
Diabetes Care 24, 909–913 (2001).

121.	Oomichi, T. et al. Impact of glycemic control on 
survival of diabetic patients on chronic regular 
hemodialysis: a 7‑year observational study. 
Diabetes Care 29, 1496–1500 (2006).

122.	Hayashino, Y. et al. Diabetes, glycaemic control 
and mortality risk in patients on haemodialysis: 
the Japan Dialysis Outcomes and Practice 
Pattern Study. Diabetologia 50, 1170–1177 
(2007).

123.	Kim, Y. et al. Correlates of low hemoglobin A1c 
in maintenance hemodialysis patients. Int. Urol. 
Nephrol. 45, 1079–1090 (2013).

124.	Drechsler, C., Krane, V., Ritz, E., März, W. & 
Wanner, C. Glycemic control and cardiovascular 
events in diabetic hemodialysis patients. 
Circulation 120, 2421–2428 (2009).

125.	Ramirez, S. P. et al. Hemoglobin A1c levels and 
mortality in diabetic hemodialysis population: 

findings from the Dialysis Outcomes and 
Practice Patterns Study (DOPPS). Diabetes Care 
35, 2527–2532 (2012).

126.	Williams, M. E., Lacson, E. Jr, Wang, W., 
Lazarus, J. M. & Hakim, R. Glycemic control and 
extended hemodialysis survival in patients with 
diabetes mellirtus: comparative results of 
traditional and time-dependent Cox model 
analysis. Clin. J. Am. Soc. Nephrol. 5, 1595–1601 
(2010).

127.	Kidney Disease: Improving Global Outcomes 
(KDIGO) CKD Work Group. KDIGO 2012 clinical 
practice guideline for the evaluation and 
management of chronic kidney disease. Kidney 
Int. Suppl. 3, 1–150 (2013).

128.	Inaba, M. et al. Glycated albumin is a better 
glycemic indicator than glycated hemoglobin 
values in hemodialysis patients with diabetes: 
effect of anemia and erythropoietin injection. 
J. Am. Soc. Nephrol. 18, 896–903 (2007).

129.	Abe, M. & Matsumoto, K. Glycated hemoglobin 
or glycated albumin for assessment of 
glycemic control in dialysis patients with 
diabetes? Nat. Clin. Pract. Nephrol. 4, 482–483 
(2008).

130.	Peacock, T. P. et al. Comparison of glycated 
albumin and hemoglobin A1c levels in diabetic 
subjects on hemodialysis. Kidney Int. 73,  
1062–1068 (2008).

131.	Nakao, T. et al. Influence of erythropoietin 
treatment on hemoglobin A1c levels in patients 
with chronic renal failure on hemodialysis. Intern. 
Med. 37, 826–830 (1998).

132.	Fukuoka, K. et al. Glycated albumin levels 
predict long–term survival in diabetic patients 
undergoing haemodialysis. Nephrology (Carlton) 
13, 278–283 (2008).

133.	Okada, T. et al. Association between markers of 
glycemic control, cardiovascular complications 
and survival in type 2 diabetic patients with  
end-stage renal disease. Intern. Med. 46,  
807–814 (2007).

134.	Inaba, M. et al. Impact of atherosclerosis on the 
relationship of glycemic control and mortality in 

diabetic patients on hemodialysis. Clin. Nephrol. 
78, 273–280 (2012).

135.	Isshiki, K. et al. Glycated albumin predicts the 
risk of mortality in type 2 diabetic patients on 
hemodialysis: evaluation of a target level for 
improving survival. Ther. Apher. Dial. 18,  
434–442 (2014).

136.	The Japanese Society for Dialysis Therapy 
[online], http://www.jsdt.or.jp/jsdt/1637.html 
(2013).

137.	Mehrota, R., Kalantar-Zadeh, K. & Adler, S. 
Assessment of glycemic control in dialysis 
patients with diabetes: glycosylated hemoglobin 
or glycated albumin? Clin. J. Am. Soc. Nephrol. 6, 
1520–1522 (2011).

138.	Parsons, F. M. & Stewart, W. K. in Replacement 
of Renal Function by Dialysis 2nd edn (eds 
Drukker, W., Parsons, F. M. & Maher, J.F.).  
148–170 (Nijhoff Publishers, 1983).

139.	Sam, R. et al. Composition and clinical use of 
hemodialysates. Hemodial. Int. 10, 15–28 
(2006).

140.	Haviv, Y. S., Sharkia, M. & Safadi, R. Hypoglycemia 
in patients with renal failure. Ren. Fail. 22,  
219–223 (2000).

141.	Loipl, J., Scmekal, B. & Biesenbach, G. Long-
term impact of chronic hemodialysis on glycemic 
control and serum lipids in insulin-treated 
type 2-diabetic patients. Ren. Fail. 27, 305–308 
(2005).

Acknowledgements
K.K.Z.’s work is supported by research grants from the 
NIH/NIDDK (K24-DK091419 and R01-DK078106) 
and philanthropic grants from Harold Simmons, Louis 
Chang, and AVEO. The authors appreciate invaluable 
advice on this manuscript given by K. Kaizu (Abe Clinic 
and Nihon University School of Medicine, Japan).

Author contributions
M.A. researched the data for the article. Both authors  
contributed substantially to discussions of the 
content, wrote the article and reviewed and edited the 
manuscript before submission.

REVIEWS

© 2015 Macmillan Publishers Limited. All rights reserved

http://www.jsdt.or.jp/jsdt/1637.html


NATURE REVIEWS | NEPHROLOGY 	 VOLUME 11  |  MAY 2015  |  i

ERRATUM

Haemodialysis-induced hypoglycaemia and glycaemic disarrays
Masanori Abe and Kamyar Kalantar-Zadeh

Nat. Rev. Nephrol. advance online publication 7 April 2015; doi:10.1038/nrneph.2015.38

In the PDF and html versions of this article originally published online, the author 
contributions were missing. This error has been corrected in print and online.

REVIEWS

© 2015 Macmillan Publishers Limited. All rights reserved


	Haemodialysis-induced hypoglycaemia and glycaemic disarrays
	Introduction
	Haemodialysis-induced hypoglycaemia
	Inclusion of glucose in dialysate
	Metabolic effects of glucose-free dialysate
	Hyperinsulinaemia
	Decreased renal gluconeogenesis
	Effects of antidiabetic agents and other therapies

	Hyperglycaemia and other glucose disarrays
	Insulin resistance
	Insulin removal by haemodialysis
	Counter-regulatory hormones

	Glycaemic control indices and targets
	Haemoglobin A1c
	Glycated albumin

	Conclusions
	Review criteria
	Acknowledgements
	References




