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INTRODUCTION

O
besity, hyperglycemia, insulin resistance, and
hyperinsulinemia are established risk factors for

the development of diabetic kidney disease.1 It is less
clear, however, whether hyperinsulinemia may
directly (i.e., independent of factors driving hyper-
insulinemia) impair kidney function.

Animal studies suggest that hyperinsulinemia could
contribute to glomerular hyperfiltration through a va-
riety of mechanisms, including vasodilation of the
afferent arteriole by increased nitric oxide levels, and
attenuated tubuloglomerular feedback activity, which
may result from increased proximal tubular sodium
reabsorption.2 Studies in healthy individuals show that
insulin infusion increases kidney perfusion but not
filtration. In people with insulin resistance and/or type
1 diabetes, insulin infusion resulted in the opposite
effect, showing reductions in both filtration and
perfusion, although the published data are inconsistent
(Supplementary Table S1).

Considering that people with type 2 diabetes (T2D)
are at high risk for hyperfiltration given the concurrent
tubular hyperglycemia and have relatively severe in-
sulin resistance, it is surprising that none of these
studies investigated the effects of insulin infusion on
kidney hemodynamic function in this population. In
this report, we interrogate the acute effects of insulin
infusion on gold standard–measured kidney hemody-
namic function in people with T2D and preserved
kidney function.

RESULTS
Study participants (n ¼ 44) were predominantly over-
weight men aged 63 � 7 years with well-controlled and
metformin-treated T2D. Participants with hypertension
were receiving blood pressure control medication
(Table 1). During the clamp, glucose concentration was
lowered to, on average, 6.1 mmol/l, and average insulin
concentrations increased from 65 � 45 to 549 � 136
pmol/l. Systemic hemodynamic parameters were not
affected by insulin infusion (Table 1).

Fasting glomerular filtration rate (GFR) and renal
perfusion (RPF) were 113 � 19 ml/min and 672 � 138
ml/min, respectively (Figure 1). During the euglycemic-
hyperinsulinemic clamp, GFR decreased to 109 � 22
ml/min (�4 ml/min; P ¼ 0.005) and RPF to 555 � 141
ml/min (�117 ml/min; P < 0.001).

The reductions in GFR and RPF were accompanied
by several changes in kidney hemodynamic function
(Figure 1). Renal vascular resistance (þ33%) was
increased, accompanied by increased estimated afferent
(þ35%) and efferent (þ15%) arteriolar resistances.
Kidney International Reports (2023) 8, 916–920
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Table 1. Participant characteristics (n ¼ 44)
Clinical characteristics

Age, yr 63 � 7

Male, n (%) 34 (77)

Current smoker, n (%) 4 (9)

BMI, kg/m2 31.1 � 3.9

HbA1c, % 7.4 � 0.6

HbA1c, mmol/mol 57 � 7

Diabetes duration, yr 10.2 � 5.8

Sodium excretion, mmol/24 h 176.0 � 58.9

Glucose excretion, mmol/24 h 16.8 � 33.2

Medication

Metformin dose, mg 1500 (1000–2000)

Statin use, n (%) 30 (70)

Anticoagulant medication use, n (%) 6 (14)

RAS inhibitor use, n (%) 32 (74)

Clamp characteristics Fasting HE clamp

Glucose concentration, mmol/l 9.0 � 1.5 6.1 � 0.5

Insulin concentration, pmol/l 65 � 45 549 � 136

Insulin sensitivity, M value - 3.9 � 2.3

SBP, mm Hg 135 � 13 145 � 16

DBP, mm Hg 83 � 6 84 � 8

MAP, mm Hg 100 � 7 105 � 9

Heart rate, beats/min 67 � 11 62 � 9

BMI, body mass index; DBP, diastolic blood pressure; HbA1c, glycated hemoglobin; HE clamp, hyperinsulinemic-euglycemic clamp; M value, insulin sensitivity defined as glucose
infusion rate in mg/min; MAP, mean arterial pressure; RAS, renin-angiotensin system; SBP, systolic blood pressure.
Values are expressed as mean � SD, n (%), or median (IQR).
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Filtration fraction (þ29%) was increased, whereas
estimated glomerular pressure remained unaltered
(Figure 1). Fractional sodium excretion (þ71%)
increased during insulin infusion.
DISCUSSION
Although the strong link between hyperglycemia and
diabetic kidney disease is well established, it is unclear
whether elevated insulin concentrations are directly
responsible for kidney damage or whether they merely
reflect the underlying pathologic processes of obesity,
hyperglycemia, and insulin resistance that negatively
affect kidney function.1 Given the nitric oxide–
mediated vasodilatory actions of insulin, it has been
proposed that hyperinsulinemia might play a direct
role in the pathogenesis of glomerular hyperfiltration, a
key driver of diabetic kidney disease.2,3 Insulin infu-
sion studies might overcome some of these difficulties
in delineating the role of hyperinsulinemia on kidney
hemodynamic function. In this report, we document
that insulin infusion decreased both GFR and RPF by
increasing preglomerular vascular resistance in people
with T2D and preserved kidney function.

Experimental data revealed that insulin infusion
increased GFR and RPF by causing kidney vasodilation
in healthy animals, whereas the opposite effect, kidney
vasoconstriction, occurred in diabetic animals
Kidney International Reports (2023) 8, 916–920
(Supplementary Table S2). In humans, 7 studies
investigated the effects of insulin infusion on kidney
hemodynamic function in healthy individuals, of
which 4 reported GFR and 5 RPF outcomes. None of the
4 studies reported a change in GFR. In contrast, 4 of the
5 studies showed an increase in RPF versus 1 study that
showed no change in RPF. In people with type 1 dia-
betes, 3 studies reported both decreased GFR and RPF,
1 reported an increase in RPF but not GFR, and 1
documented no change in either GFR or RPF
(Supplementary Table S1). These studies suggest that
kidney hemodynamic function is affected by hyper-
insulinemia in a direction that depends on the charac-
teristics of the individuals studied.

It is well known that the vascular actions of insulin
are reduced in obese, insulin-resistant individuals.4 As
such, Ter Maaten et al.S8 showed reduced kidney
vasodilatory action of insulin in insulin-resistant but
otherwise healthy individuals compared with more
insulin-sensitive participants (Supplementary
Table S1). In support of this observation, most
studies in people with recently diagnosed type 1 dia-
betes, who are also characterized by a degree of insulin
resistance,5 found that insulin infusion decreased,
rather than increased, GFR and RPF (Supplementary
Table S1).

To our knowledge, our study is the first in people
with T2D to detail the acute effects of insulin infusion
917
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Figure 1. Effect of insulin on kidney hemodynamics in people with T2D and normal kidney function. Mean � SD values are depicted above
individual data dots and illustrated by diamonds and triangles, respectively. Arteriolar resistances and glomerular pressure were estimated by
Gomez equations. HE clamp, hyperinsulinemic-euglycemic clamp.
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on kidney hemodynamic function during a
euglycemic-hyperinsulinemic clamp in the fasted state.
It is important to note that our measurements in the
fasted state are physiologically different from post-
prandial measurements, such as those investigated by
Ruggenenti et al.S10 (Supplementary Table S1). This
paper showed that the effects of preprandial insulin on
postprandial GFR depend on the type of insulin and the
timing before the meal. It has been postulated that
postprandial hyperinsulinemia could increase GFR.
Kidney vasodilation due to meal ingredients, especially
proteins, has also been mentioned to drive this
response.6

We observed a reduction in GFR and RPF, which
may result from increased preglomerular resistance
(Figure 1). Although our population exhibited pre-
served kidney function, the average diabetes duration
exceeded 10 years, which increases the likelihood of
hyperfiltration at the single nephron level. Because
insulin can induce both vasodilation and vasocon-
striction, it is possible that in individuals with diabetes
918
or those who are insulin resistant, the vasoconstrictive
properties of insulin outweigh the vasodilatory prop-
erties, thereby causing kidney vasoconstriction while
maintaining glomerular pressure. Protection against
high glomerular pressure might even be a beneficial
response that associates with preservation of kidney
function.7

Another mechanism involved relates to kidney so-
dium handling. In our study, we observed higher
fractional sodium excretion during insulin infusion.
Although insulin is known to have a direct effect on
sodium transporters in all segments of the nephron,
including the proximal tubule, thick ascending limb,
distal tubule, and collecting duct, and has been re-
ported to induce sodium retention in a number of
studies, the true effect of insulin on kidney sodium
handling is complex, and surprisingly, human data are
limited.8 Factors such as the presence of tubular hy-
perglycemia and differences in regulation of sodium-
glucose cotransporter systems affect tubular sodium
handling. If insulin increases sodium excretion by
Kidney International Reports (2023) 8, 916–920
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reducing reabsorption proximal to the macula densa, it
would activate tubuloglomerular feedback, causing
kidney hemodynamic changes similar to what we
observed.

Our study has limitations worth discussing. We did
not investigate the effects of long-term insulin infu-
sion, which could provide different findings. However,
in a recent paper, it was shown that 3-month treatment
with insulin glargine reduced both GFR and RPF owing
to a rise in preglomerular resistance.9 In addition, our
participants were predominantly male, were receiving
metformin monotherapy, and had preserved kidney
function, which limits extrapolation to other
populations.

In conclusion, in people with T2D and preserved
kidney function, acute insulin infusion lowered GFR
and RPF and influenced kidney hemodynamic function
to attenuate glomerular hypertension. These data
challenge the proposed direct role of hyperinsulinemia
in the development of diabetic kidney disease and
warrants further study.
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