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The kidney’s role in systemic metabolism—still much to learn

Ian H. de Boer1,2,3 and Kristina M. Utzschneider3,4

1Division of Nephrology, Department of Medicine, University of Washington, Seattle, WA, USA, 2Kidney Research Institute, Seattle, WA, USA,
3VA Puget Sound Health Care System and University of Washington, Seattle, WA, USA and 4Division of Metabolism, Endocrinology and

Nutrition, Department of Medicine, University of Washington, Seattle, WA, USA

Correspondence and offprint requests to: Ian H. de Boer; E-mail: IDeBoer@Nephrology.washington.edu

The kidneys have long been known to play an important role in
the metabolism of carbohydrates, proteins, lipids and other nu-
trients [1–3]. Proximal tubular cells generate glucose through
gluconeogenesis, clear insulin from the circulation, perform
critical steps of the urea cycle and regulate the metabolism of
fat-soluble vitamins such as A and D. In chronic kidney disease
(CKD), disruption of these functions may contribute to hypo-
glycemia, cachexia and cardiovascular diseases.

Insulin resistance, i.e. reduced sensitivity to the actions of in-
sulin, has been extensively investigated as a mechanism through
which CKD disrupts homeostasis and increases risks of morbid-
ity and mortality [4]. Total body insulin-mediated glucose dis-
posal measured using hyperinsulinemic-euglycemic clamp
techniques, the gold standard measure of insulin sensitivity, is
reduced in people with CKD compared with those with normal
glomerular filtration rate (GFR) [5–8]. This insulin resistance is
driven at least in part by impaired intracellular signaling after
binding of insulin to its receptor in skeletal muscle, and obesity
and physical inactivity each can contribute to this problem
[8, 9]. Insulin resistance may promote cardiovascular diseases
directly or through closely related processes such as endothelial
dysfunction.

In health, pancreatic beta cells compensate for insulin resist-
ance by secreting more insulin, thereby helping to maintain
euglycemia. Insulin secretion is most accurately measured after
administration of intravenous or oral glucose using plasma con-
centrations of C-peptide, which is co-secreted with insulin, but
it is more commonly estimated as the plasma insulin response
to glucose. Among people with normal glucose tolerance, there
is a hyperbolic relationship between insulin sensitivity and the
early insulin response to glucose, such that the insulin response
increases as insulin sensitivity decreases due to adiposity, phys-
ical inactivity or other factors (Figure 1) [10]. Based on this rela-
tionship, the product of insulin sensitivity and the early insulin
response has been utilized as a measure of beta-cell function
and is termed the disposition index [11, 12]. Decreased insulin
clearance commonly accompanies insulin resistance and can
also increase circulating insulin concentrations, which may help
compensate for insulin resistance [13]. When compensation for
insulin resistance fails, glucose intolerance and ultimately type 2
diabetes mellitus ensues.

Is pancreatic beta-cell function affected by CKD? Certainly,
the functions of many organs and endocrine systems are im-
paired in CKD. Moreover, recent work using the 5/6 nephrec-
tomy mouse model and isolated pancreatic islet cells
demonstrated that urea reduces the insulin response to glucose
by increasing islet cell oxidative stress, O-GlcNAcylation and
suppressing phosphofructokinase 1 [14]. The question is, there-
fore, plausible, and the answer may have important implications
for the understanding of impaired systemic metabolism in CKD.

In this context, Guthoff et al. investigated the insulin re-
sponse to glucose among 107 nondiabetic dialysis patients on a
German kidney transplant waiting list, compared with control
participants from the Tuebingen Family Study of people with-
out diabetes but at increased risk of developing type 2 diabetes
[15]. Matching control participants on age, gender and body
mass index (BMI), insulin sensitivity measures were signifi-
cantly lower among dialysis patients, as expected. Evaluating in-
sulin response, the homeostasis model of assessment beta-cell
score (HOMA-B, which is calculated from fasting glucose and
insulin concentrations) was higher among dialysis patients
(suggesting increased insulin response), and circulating concen-
trations of C-peptide were higher during an oral glucose toler-
ance test (OGTT). The insulinogenic index, a more accurate
measure of the early insulin response to glucose obtained during
the OGTT, was increased, though not significantly. Evaluating
insulin response in the context of prevailing insulin sensitivity,
the disposition index did not significantly differ.

In a second analysis, control subjects were matched to the
dialysis patients on plasma glucose obtained 2h after a 75-g glu-
cose load (a measure of glucose tolerance obtained during an
OGTT), in addition to age, gender and BMI. Because insulin
sensitivity and insulin response are the determinants of glucose
tolerance, it is a truism that populations with reduced insulin
sensitivity must have increased insulin response when matched
on glucose tolerance. As expected, therefore, the insulin resist-
ant dialysis patients had greater insulin response to glucose in
this analysis.

Guthoff et al. conclude that insulin secretion is appropriately
increased in end-stage renal disease (ESRD) to compensate for
insulin resistance. This conclusion is supported by the higher
insulin and C-peptide concentrations and the similar
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disposition index observed when comparing dialysis patients
with controls matched on age, gender and BMI. However, there
are important caveats to this conclusion.

First, the kidneys are important in the clearance of both insu-
lin and C-peptide, making interpretations of insulin secretion
based on measured circulating concentrations difficult. Insulin
secretion is generally calculated using deconvolution of C-pep-
tide kinetics [16]. This process relies on known values for renal
clearance of C-peptide in normal individuals, which will be
markedly diminished in the setting of ESRD. Thus, while con-
clusions regarding insulin responses that are based solely on cir-
culating insulin concentrations may be valid, conclusions
regarding insulin secretion that rely on C-peptide levels are
problematic in this patient population. Second, HOMA-B is a
poor measure of insulin secretion because it is obtained in the
fasting state, in which it is difficult to disentangle insulin secre-
tion and insulin resistance. Estimates of insulin resistance based
on fasting measurement are biased in CKD, perhaps due in part
to differences in insulin clearance [17], and this bias is likely to
extend to HOMA-B. The OGTT-based insulinogenic index is a
much better test of beta-cell function and was non-significantly
higher in ESRD.

Third, the analysis matching participants on 2-h OGTT glu-
cose cannot be used to assess insulin response in the ESRD
population, as it simply demonstrates the known paradigm that
insulin secretion and insulin sensitivity together determine glu-
cose tolerance. Most importantly, the populations studied may
have introduced a selection bias. Dialysis patients on the kidney
transplant waiting list, studied here, are well known to be
healthier than those who are not listed for transplant. On the
other hand, control subjects were drawn from a population se-
lected for increased risk of type 2 diabetes, a disease defined by
impaired beta-cell function. The comparison of dialysis patients

who were healthier than average with control participants who
may have had an increased prevalence of beta-cell dysfunction
may have obscured defects in insulin secretion in ESRD.

The study by Guthoff et al. is notable in part because there is
currently a scarcity of data addressing insulin secretion in CKD.
In early studies of ESRD patients, DeFronzo et al. found a large
range of insulin response in response to insulin resistance [18].
In a study comparing participants with Stages 3–5 predialysis
CKD versus controls with normal estimated GFR (eGFR), we
found that insulin response to intravenous or oral glucose was
not reduced with CKD, but it also did not significantly increase
to compensate for insulin resistance; as a result, glucose intoler-
ance was common in the CKD participants, albeit not signifi-
cantly more so than the control subjects [8]. Like the study by
Guthoff et al., our study was inconclusive as to the association
of CKD with insulin secretion.

Beta-cell failure is the proximate cause of type 2 diabetes
mellitus, and one would expect that populations with impaired
beta-cell function would go on to develop diabetes over time. At
least three community-based cohort studies have tested the hy-
pothesis that CKD is a risk factor for incident diabetes. In two
cohort studies, lower eGFR or higher serum cystatin C concen-
tration were associated with increased risk of developing type 2
diabetes [19, 20]. In the third study, eGFR <60 mL/min/1.73
m2 was associated with insulin resistance but also increased in-
sulin response (measured by OGTT), and no difference in risk
of incident diabetes [21].

In summary, the published literature available today does
not provide a clear picture of pancreatic function in CKD.
Additional well-designed human studies could determine
whether there are clinically important defects in beta-cell func-
tion that could be targeted to improve glucose homeostasis in
CKD. In addition to beta-cell function, little is known about
pancreatic alpha-cell function in CKD. Moreover, insulin secre-
tion has implications for other metabolic pathways, e.g. protein
and lipid metabolism. Further investigation in this area is likely
to help understanding of the complex metabolic abnormalities
present in CKD and perhaps offer new strategies for reducing
morbidity and mortality in the high-risk CKD population.
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FIGURE 1: Hyperbolic relationship between beta-cell insulin re-
sponse and insulin sensitivity. Among people with normal glucose
tolerance, decreased insulin sensitivity (i.e. insulin resistance) is
accompanied by an augmented insulin response that serves to main-
tain euglycemia. When insulin response is insufficient to compensate
for prevailing insulin resistance, glucose tolerance and ultimately
type 2 diabetes ensue. Adapted from Kahn et al. [10].
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disease on glucose metabolism—a matched cohort analysis.
Nephrol Dial Transplant 2017; 32: 670–676)
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