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Significance of this study

What is already known about this subject?
►► Insulin regulates renal glucose production and uti-
lization; this action is resistant in type 2 diabetes. 
Whether insulin also controls urinary glucose excre-
tion is not known.

What are the new findings?
►► Exogenous insulin infusion under clamped hypergly-
cemic conditions enhances glycosuria; this effect is 
lost in patients with diabetes.

►► As insulin-induced glycosuria is paralleled by en-
hanced sodium excretion, inhibition of sodium-
glucose cotransporters (SGLT) is a potential 
mechanism.

►► Resistance to this renal tubular action of insulin 
might contribute to the hyperglycemia and sodium 
retention of type 2 diabetes.

How might these results change the focus of 
research or clinical practice?

►► Results demonstrated an insulin effect on urinary 
glucose excretion and point to a possible interfer-
ence with the renal glucose transport through the 
SGLT system. Thus, new studies must investigate 
the molecular basis of this insulin action and the 
possible therapeutic interactions between insulin 
and SGLT2 inhibitors.

Abstract
Introduction  Insulin regulates renal glucose production 
and utilization; both these fluxes are increased in type 
2 diabetes (T2D). Whether insulin also controls urinary 
glucose excretion is not known.
Methods  We applied the pancreatic clamp technique in 
12 healthy subjects and 13 T2D subjects. Each participant 
received a somatostatin infusion and a variable glucose 
infusion to achieve (within 1 hour) and maintain glycemia 
at 22 mmol/L for 3 hours; next, a constant insulin infusion 
(240 pmol/min/kg) was added for another 3 hours. Urine 
was collected separately in each period for glucose and 
creatinine determination.
Results  During saline, glucose excretion was lower in T2D 
than controls in absolute terms (0.49 (0.32) vs 0.69 (0.18) 
mmol/min, median (IQR), p=0.01) and as a fraction of 
filtered glucose (16.2 (6.4) vs 19.9 (7.5)%, p<0.001). With 
insulin, whole-body glucose disposal rose more in controls 
than T2D (183 (48) vs 101 (48) µmol/kgFFM/min, p<0.0003). 
Insulin stimulated absolute and fractional glucose 
excretion in controls (p<0.01) but not in T2D. Sodium 
excretion paralleled glucose excretion. In the pooled data, 
fractional glucose excretion was directly related to whole-
body glucose disposal and to fractional sodium excretion 
(r=0.52 and 0.54, both p<0.01). In another group of 
healthy controls, empagliflozin was administered before 
starting the pancreatic clamp to block sodium-glucose 
cotransporter 2 (SGLT2). Under these conditions, insulin 
still enhanced both glucose and sodium excretion.
Conclusions  Acute exogenous insulin infusion jointly 
stimulates renal glucose and sodium excretion, indicating 
that the effect may be mediated by SGLTs. This action is 
resistant in patients with diabetes, accounting for their 
increased retention of glucose and sodium, and is not 
abolished by partial SGLT2 inhibition by empagliflozin.

Introduction
The kidneys partake of glucose metabolism 
both by releasing glucose into the circula-
tion (via gluconeogenesis, principally in the 
cortex) and by taking up glucose for energy 
production and glycogen storage (predom-
inantly in the medulla).1–3 Together, the 
kidneys account for ~15% of whole-body 
glucose disposal (WBGD); both de novo 
production and utilization of glucose are 
regulated by insulin.4 5 The bulk of renal 

energy expenditure takes place in the prox-
imal tubules, which are charged with the 
reabsorption of, among other solutes, ~200 g 
of glucose and over 600 g of sodium (Na+) 
daily delivered through glomerular filtration. 
Active reabsorptive processes are energized 
by the Na+-K+-ATPase (Na-K pump) located 
in the basolateral membrane, the foldings 
of which are closely surrounded by mito-
chondria.6 Sodium-glucose cotransporters 
(SGLT) on the luminal surface of tubular 
cells—SGLT2 in the S1 and S2 segments, 
SGLT1 in the S3 segment—execute reab-
sorption along the sodium gradient created 
by the Na-K pump. Normally, this process 
takes place mostly through SGLT2 (with a 
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1:1 sodium:glucose stoichiometry).7 For sodium, prox-
imal tubular reabsorption is only 4.4% of the filtered 
load, and its energy cost is ~0.4 mol/day of adenosine 
triphosphate (ATP) (200 g/day, or 12% of whole kidney 
ATP consumption).8 Several other sodium transporters, 
located along the entire nephron, as well as paracellular 
ion diffusion ensure that, under normal circumstances, 
urinary sodium excretion eventually balances out sodium 
intake.9 In contrast, as there are no other major glucose 
transporters downstream to the proximal tubule, virtu-
ally all filtered glucose is reabsorbed proximally until 
the glucose transport maximum is exceeded. Coupling 
of sodium and glucose transport therefore is incomplete 
and topographically confined.

Whereas the actions of insulin on renal glucose 
metabolism have been rather extensively investigated 
in humans,1–5 little is known about the effects of insulin 
on renal glucose handling.10 An early study in humans 
suggested an inhibitory influence of insulin on glucose 
reabsorption.11 In that study, glycemia was raised—by 
primed intravenous glucose infusions— to 500–800 mg/
dL (28–44 mmol/L) for three consecutive 20 min periods 
for the measurement of glucose transport maximum 
(TmG), after which insulin was infused at 2 U/min (~7 
nmol/min/m2 of body surface area, presumably yielding 
plasma insulin concentrations >20 000 pmol/L12) for 
another 20 min. Under these conditions, a 10% reduc-
tion in TmG was recorded in 12 patients with insulin-
treated diabetes. This observation, however, has not been 
followed up on either in animal models or in humans. 
The present study was therefore designed to determine 
the physiological effect of insulin on renal glucose reab-
sorption in normal subjects and in patients with type 2 
diabetes (T2D) under steady-state conditions of plasma 
glucose and insulin concentrations (with the use of the 
pancreatic clamp technique). The concomitant effects 
on sodium and potassium excretion were also measured. 
Since SGLT2 inhibition effectively reduces glucose reab-
sorption, in a separate series of experiments in healthy 
subjects we tested whether any effect of insulin on renal 
glucose handling was mediated through SGLT; this was 
done by applying physiological hyperinsulinemia on the 
background of acute, partial SGLT2 blockade (using the 
highly selective SGLT2 inhibitor, empagliflozin13).

Methods
Subjects
The study was carried out at two centers, University of 
Pisa, Italy, and University of Campinas, Brazil. Thirteen 
patients with T2D under lifestyle treatment or stable 
doses of oral hypoglycemic drugs were recruited from the 
outpatient clinics; inclusion criteria were HbA1c 6.5%–
10.0%, and not on treatment with insulin, thiazolidine-
diones or SGLT2 inhibitors. All glucose-lowering drugs 
were stopped 48 hours before the study. Twenty healthy 
subjects volunteered to serve as a control group. Inclusion 
criteria for all participants were: ages 18–60 years, body 

mass index <40 kg/m2 stable during 3 months before 
screening, estimated glomerular filtration rate (eGFR) 
≥60 mL/min/1.73 m2, absence of clinical evidence of 
cancer, chronic inflammatory diseases, major organ 
(liver, kidney, heart, pulmonary) failure or previous 
bariatric surgery. Excluding diabetes, all subjects were in 
good health as assessed by screening laboratory measure-
ments, ECG, medical history, and physical examination. 
All participants were on a free diet, and none was taking 
drugs that would alter renal Na handling. Anthropo-
metric and metabolic characteristics of the study partici-
pants are described in online supplementary table 1.

Study design
All experiments were carried out in the metabolic unit 
with the use of the pancreatic clamp technique. In the 
main protocol, after an overnight (10–12 hours) fast an 
indwelling catheter was placed in an antecubital vein 
for the infusion of test substances; another catheter was 
placed retrograde at the hand dorsum for blood drawing 
while the hand was heated at 55°C to allow arterializa-
tion of venous blood. From time −60 min until the end 
(+360 min), somatostatin was infused at a rate of 400 
µg/hour to paralyze endogenous insulin secretion. 
Simultaneously, a glucose infusion was initiated at a rate 
calculated to raise plasma glucose concentrations to ~22 
mmol/L in ~60 min (equilibration period); thereafter, 
the glucose infusion was frequently adjusted to clamp 
glycemia at this plateau for the following 6 hours using 
an ad hoc developed algorithm.14 After a control period 
of 3 hours (saline period, 0–180 min) an infusion of 
regular insulin was started with a priming dose of 960 
pmol/min/m2 for 6 min followed by a continuous infu-
sion rate of 240 pmol/min/m2 (insulin period, 180–360 
min). This protocol was completed by all patients with 
T2D and 12 controls (online supplementary table 1). In 
another healthy volunteer, the main protocol was applied 
by inverting the order of saline and insulin infusion.

Empagliflozin protocol (Empa)
In seven healthy volunteers (with anthropometric and 
biochemical characteristics similar to those of the main 
control group, data not shown), the pancreatic clamp 
was modified as follows: (A) empagliflozin (25 mg orally) 
was administered at time −120 min, thereby allowing for a 
baseline empagliflozin period between −120 and −60 min, 
and (B) plasma glucose concentrations were clamped at 
10 mmol/L instead of 22 mmol/L. The saline and insulin 
periods were the same as in the main protocol.

Blood and urine sampling
Plasma glucose was measured at 10 min intervals; samples 
for insulin, sodium and potassium measurements were 
collected every hour throughout the study period. Accu-
rate urine collection was performed separately during 
the Empa (−120 to −60 min), equilibration (−60 to 0 
min), saline (0–180 min), and insulin (180–360 min) 
periods by spontaneous micturition. Overall fluid balance 
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([saline+glucose solutions]−[urine output+blood draw]) 
averaged 23±603 mL in the control and 24±916 mL in the 
T2D subjects of the main protocol.

Measurements
Fat-free mass (FFM) was evaluated using a Body Compo-
sition Analyzer Model TB-300 (Tanita, Japan). Bedside 
plasma glucose concentrations were measured by the 
glucose oxidase technique (on a YSI 2300 Stat Plus 
Glucose Analyzer, OH, or Beckman Glucose Analyzers, 
Fullerton, CA). Urine glucose concentrations were deter-
mined (using Beckman Glucose Analyzers), plasma 
insulin was measured by an electrochemiluminescence 
assay (COBAS e411, Roche, Indianapolis, USA), plasma 
and urine creatinine were measured by colorimetry by 
the modified Jaffe method (Beckman Glucose Analyzers). 
Plasma and urinary sodium and potassium were assayed 
by conductivity using an ion-selective electrode method 
(Beckman Glucose Analyzers).

Calculations
Areas under time-concentration curves (AUC) were 
calculated by the trapezium rule over the saline (60–180 
min) and insulin (240–360) periods; mean concentra-
tions were then calculated by dividing AUCs by the corre-
sponding time intervals. During the clamp, the exogenous 
glucose infusion rate (GIR) was corrected for the plasma 
glucose changes by assuming a glucose distribution space 
of 200 mL/kg body weight. Given the very high-target 
glucose concentrations, endogenous glucose production 
was assumed to be completely suppressed throughout the 
clamp.15 Whole-body tissue glucose disposal was obtained 
as the difference between GIR and urinary glucose excre-
tion over corresponding time intervals. Urine flow rate 
was obtained as the ratio of urine volume to time interval 
of collection. Urinary solute excretion rate was obtained 
as the product of urine flow rate and urine solute concen-
tration. Solute filtration rate was obtained as the product 
of creatinine clearance (in mL/min) and plasma solute 
concentration. Solute reabsorption was calculated as the 
difference between filtered load and urinary excretion; 
fractional solute excretion was calculated as the ratio of 
urinary excretion to filtered load.

Fluid balance was calculated as follows: ([intravenous 
glucose+oral water+intravenous saline]−[diuresis+in-
sensible water loss]), separately for the initial hour, the 
3-hour saline infusion and the 3-hour insulin infusion 
period. Insensible water loss was estimated as 0.5 mL/
min/kg.16

Statistics
Data are represented as mean±SD or median (IQR) for 
normally or non-normally distributed variables, respec-
tively. Group differences between controls and T2D 
subjects were tested by the unpaired t-test or the Mann-
Whitney test. Within each group, comparison of saline 
and insulin periods was performed using Wilcoxon 
signed-rank test. Paired data were also analyzed across 

group and period using two-way analysis of variance for 
repeated measures with rank transformation. Simple 
and multiple regressions were carried out by standard 
methods. Statistical analyses were performed using Statis-
tical Analysis System for Windows V.9.4 (SAS Institute). A 
p≤0.05 was considered statistically significant.

Results
Main protocol
Plasma glucose concentrations were raised to ~22 mmol/L 
within 1 hour and clamped at that level for the following 
6 hours, similarly during saline and insulin infusion and 
in T2D and controls. Plasma insulin concentrations were 
maintained at basal levels during saline infusion, and 
were raised ~12-fold during insulin infusion, with no 
differences between the two groups (online supplemen-
tary figure 1). During insulin infusion, WBGD rose from 
36 (16) to 183 (48) in controls and from 27 (11) to 101 
(48) µmol/min/kgFFM (p=0.0003 for the interaction of 
group and insulin) in T2D subjects (online supplemen-
tary figure 2), thereby quantifying the insulin resistance 
of the latter group (online supplementary table 2).

During hyperglycemia and saline infusion, urinary 
glucose excretion was lower in T2D than control subjects, 
both in absolute terms and as a fraction of the filtered 
glucose load (p<0.01 and p=0.006, respectively). During 
matched hyperglycemia and insulin infusion, urine 
output and creatinine clearance increased in both groups, 
whereas urinary glucose excretion increased in controls 
but not in T2D subjects, both in absolute (table 1) and 
fractional terms (figure 1).

In combined data analysis across group and saline/
insulin infusion, glucose excretion was significantly lower 
in T2D than control subjects, and in T2D subjects it failed 
to increase with insulin. In the pooled data from both 
groups, insulin-induced fractional glucose excretion and 
WBGD were directly related to one another (figure 2A).

Plasma Na+ concentrations were stable in both study 
groups throughout the protocol table 1 (online supple-
mentary table 2). During hyperglycemia and saline 
infusion, urinary Na+ excretion was lower in T2D than 
control subjects in absolute terms (p<0.05), and trended 
to be lower also as a fraction of the filtered Na+ load 
(p=0.07). During matched hyperglycemia and insulin 
infusion, Na+ excretion tended to rise in controls but not 
in the T2D group; across group and infusion, Na+ excre-
tion was consistently higher in controls than T2D subjects 
(table  1). In the pooled data from both groups, Na+ 
excretion was directly associated with glucose excretion 
(figure  2B). Furthermore, the insulin-induced changes 
in Na+ excretion and fractional Na+ excretion were 
well correlated with the corresponding insulin-induced 
changes in glucose excretion (online supplementary 
figure 3). With high insulin, plasma K+ concentrations 
decreased significantly in both groups (online supple-
mentary table 2) as did urinary K+ excretion, in absolute 
terms as well as a fraction of the filtered load (table 1).
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Table 1  Effect of insulin on the renal handling of glucose and Na+ in controls and patients with type 2 diabetes (T2D)*

Controls T2D ANOVA

Saline Insulin Saline Insulin P value† P value‡ P value§

Urine flow (mL/min) 6.5 (3.6) 7.1 (3.0) 6.1 (2.8) 8.1 (4.8)** ns 0.0012 ns

Creatinine clearance (mL/min) 163 (62) 165 (61) 148 (28) 168 (32)¶ ns 0.0014 ns

Glucose filtration rate (mmol/min) 3.68 (1.51) 3.55 (1.26) 3.20 (0.64) 3.61 (0.65)¶ ns – 0.0352

Glucose reabsorption (mmol/min) 2.84 (1.25) 2.64 (0.90) 2.63 (0.68) 2.94 (0.60) ns ns 0.002

Glucose excretion rate (mmol/min) 0.69 (0.18) 0.83 (0.41)¶ 0.49 (0.32) 0.53 (0.30) 0.0071 – 0.0128

Fractional glucose excretion (%) 19.9 (7.5) 25.4 (6.7)** 16.2 (6.4) 16.1 (6.4) 0.0003 – 0.0064

Na+ filtration rate (mEq/min) 22.4 (11.5) 22.6 (9.9) 19.4 (4.7) 22.0 (4.0)¶ ns – 0.03

Na+ excretion rate (mEq/min) 0.26 (0.14) 0.36 (0.26) 0.17 (0.12) 0.18 (0.07) 0.0082 – (0.058)

Fractional Na+ excretion (%) 1.12 (0.70) 1.66 (1.31) 0.88 (0.66) 0.85 (0.24) 0.0091 ns ns

K+ filtration rate (mEq/min) 0.81 (0.35) 0.71 (0.28)†† 0.72 (0.15) 0.74 (0.15) ns 0.01 ns

K+ excretion rate (mEq/min) 0.08 (0.06) 0.04 (0.03)** 0.06 (0.04) 0.05 (0.01)†† ns 0.006 ns

Fractional K+ excretion (%) 8.4 (6.7) 5.2 (2.0)†† 9.1 (7.4) 6.6 (1.5)†† ns 0.005 ns

*Entries are median (IQR).
†Group effect;
‡Period effect;
§Interaction (group×period) by repeated measures ANOVA.
¶P<0.001;
**P<0.01;
††P<0.05 for the paired comparison between saline and insulin by Wilcoxon signed-rank test in each group.
ANOVA, analysis of variance; ns, not significant.

Figure 1  Fractional glucose excretion during saline (0–180 
min) and insulin periods (180–360 min) in control subjects 
(blue bars) and patients with type 2 diabetes (red bars) 
receiving the main protocol. Plots represent median and IQR. 
T2D, type 2 diabetes.

Empagliflozin protocol
In the seven healthy participants who received 25 mg 
of empagliflozin at time −120 min, plasma glucose at 
time 0 was unchanged but plasma insulin had dropped 
significantly. During the subsequent 6 hours of pancre-
atic clamp (plasma glucose=9.9±0.5 mmol/L), plasma 
insulin averaged 28 (17) pmol/L with saline infusion 
and 649 (318) pmol/L with exogenous insulin infu-
sion (similar to the main protocol). WBGD rose from 

13.8 (1.6) to 68.0 (20.0) µmol/min/kgFFM in the tran-
sition from saline to insulin infusion (p=0.02) (online 
supplementary table 3). Under fasting conditions, 
empagliflozin raised both glucose and Na+ excretion, 
in absolute as well as fractional terms. During hypergly-
cemia and insulin infusion, both glucose and Na+ excre-
tion were higher than at matched hyperglycemia and 
saline infusion, and K+ excretion was markedly reduced 
(table 2).

In a multivariate regression model including plasma 
glucose and insulin concentrations (as continuous vari-
ables) as well as SGLT2 inhibition (as a nominal variable) 
from all 19 healthy participants, both absolute glucose 
excretion and fractional glucose excretion were inde-
pendently related to insulin levels (partial r’s of 0.33 
and 0.42, p=0.05 and p<0.02, respectively). The model 
predicts an increase in glucose excretion of 125 µmol/
min—and an increase in fractional excretion from 
20% to 25%—as plasma insulin is raised from 20 to 400 
pmol/L.

As a time control, in one of the healthy subjects partic-
ipating in the main protocol the study was repeated by 
omitting the exogenous insulin infusion during the 
180–360 min time period. Despite a slight increase in 
endogenous plasma insulin concentrations during the 
latter time period, urinary glucose excretion fell (from 
0.94 to 0.84 mmol/min) as did fractional glucose excre-
tion (from 23.9% to 19.7%); in the standard protocol in 
this subject, glucose excretion had risen from 0.72 to 0.99 
mmol/min and fractional glucose excretion from 17.3% 
to 23.8%.
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Table 2  Effect of insulin on the renal handling of glucose, Na+ and K+ in healthy subjects during SGLT2 inhibition*

Baseline Empa P value† Saline Insulin P value‡

Glucose filtration rate (mmol/min) 0.69 (0.10) 0.99 (0.33) ns 1.55 (0.45) 1.54 (0.63) ns

Glucose excretion rate (µmol/min) 0.2 (0.3) 146 (89) 0.04 581 (212) 588 (294) 0.03

Fractional glucose excretion (%) 0.03 (0.04) 20.2 (7.0) 0.04 35.8 (6.7) 37.3 (7.2) 0.05

Na+ filtration rate (mEq/min) 24.6 (4.6) 27.0 (9.6) ns 22.5 (5.8) 23.1 (5.8) 0.04

Na+ excretion rate (mEq/min) 0.06 (0.01) 0.21 (0.07) 0.04 0.19 (0.12) 0.22 (0.18) 0.05

Fractional Na+ excretion (%) 0.27 (0.05) 0.80 (0.20) 0.04 0.90 (0.42) 0.90 (0.70) ns

K+ filtration rate (mEq/min) 0.83 (0.08) 1.08 (0.56) ns 0.77 (0.30) 0.55 (0.19) 0.02

K+ excretion rate (mEq/min) 0.09 (0.06) 0.11 (0.03) ns 0.07 (0.02) 0.03 (0.01) 0.03

Fractional K+ excretion (%) 10.8 (6.28) 8.5 (5.28) ns 9.5 (5.1) 4.0 (2.1) 0.03

*Entries are median (IQR).
†For empa period versus baseline.
‡For the paired comparison between saline and insulin (Wilcoxon signed-rank test).
ns, not significant; SGLT2, sodium-glucose cotransporter 2.

Figure 2  Association between fractional glucose excretion 
and whole-body glucose uptake (A) and fractional sodium 
excretion (B) in control subjects (filled circles) and patients 
with type 2 diabetes (filled squares) combined.

In another healthy volunteer, the main protocol was 
applied by inverting the order of saline and insulin 
infusions. As plasma insulin dropped from 471 to 267 
pmol/L during the second half of the clamp (180–360 
min), glucose excretion decreased from 0.96 to 0.74 
mmol/min while fractional glucose excretion remained 
constant (from 24.0% to 24.2%).

Overall fluid balance during the 8 hours of the exper-
iment was positive in both control and T2D participants 
in the main protocol (+807 (981) and 1104 (738) mL, 
respectively, p=ns), whereas it was neutral in the empagli-
flozin experiment (−24 (721) mL). The change in fluid 
balance between the insulin and saline periods was larger 
in the healthy controls (+1194 [1,294] mL) than in the 
patients with T2D (+367 [740] mL, p=0.003), and was 
positive in the empagliflozin experiment (+547 (655) 
mL) (online supplementary table 4).

Discussion
The main finding of the present study is that under hyper-
glycemic conditions physiological hyperinsulinemia stim-
ulates urinary glucose excretion in proportion to insulin 
sensitivity. Because the insulin-induced increment in 
glycosuria was paralleled by an increase in sodium excre-
tion, the SGLT cotransporters are one potential target of 
this action of insulin. Because inhibition of SGLT2 with 
empagliflozin did not fully prevent the glycosuric effect 
of insulin, it is possible that insulin may inhibit SGLT1. 
However, since inhibition of SGLTs by empagliflozin is 
incomplete (averaging 30%–40% in humans13), insulin 
may only partially inhibit SGLT2 (or both SGLT2 and 
SGLT1). In either case, this cotransport system is insulin 
resistant in T2D. These conclusions require qualification.

First, we tested the effect of insulin under hypergly-
cemic conditions to ensure complete urine collection 
and sufficient glycosuria to allow accurate measurement 
of effects in vivo. In anesthetized, instrumented animals, 
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single-nephron micropuncture can detect much smaller 
effects.17 Second, our study design, by allowing enough 
time for stabilization of glucose and insulin concentra-
tions, created steady-state conditions of substrate and 
stimulus; hence, the results may quantitatively differ 
from those pertaining to time-varying combinations of 
glycemia and insulinemia, that is, during feeding. Third, 
chronic rather than acute hyperinsulinemia—as prevails 
in insulin-resistant states and obese T2D—may alter the 
size of the observed effect. Finally, it is possible that supra-
physiological insulin levels—as used in the early study11—
may overcome the insulin resistance of sodium-glucose 
cotransport of patients with T2D.

Several lines of established evidence cohere with the 
physiological mechanism here revealed. With regard 
to the population sample we included in this study, the 
current results confirm that glucose reabsorption is 
inherently increased in T2D, as originally reported by 
Farber and colleagues in 1951,11 and later documented 
by DeFronzo et al,18 with the use of ascending glucose 
infusions. Thus, in our group of relatively well-controlled 
patients with T2D—comparable to those in the above-
mentioned studies—fractional glucose excretion was 
~20% lower than in healthy controls. Not previously 
reported is the concomitant reduction in sodium excre-
tion (figure 2B), which likely subtends the characteristic 
volume sensitivity of the blood pressure of patients with 
diabetes.19 Several explanations for the increased glucose 
reabsorption in T2D have been invoked. In human 
embryonic kidney (HEK) cells, chronic incubation with 
high glucose concentrations increased plasma membrane 
expression of SGLT2 in a protein kinase A-dependent 
way.20 In human-cultured proximal tubular cells, phar-
macological insulin concentrations (1250 µUI/mL), but 
not glucose, increased SGLT2 expression and protein.21 
In HEK cells, insulin enhanced SGLT2, but not SGLT1, 
glucose transport, possibly by stimulating the transloca-
tion of SGLT2 from an intracellular pool to the S1 and 
S2 brush border membrane.22 Renal tubular expression 
of SGLT2 has been reported to be increased in diabetic 
Akita mice,23 in diabetic rats,24 25 in human exfoliated 
proximal tubular epithelial cells isolated from fresh 
urine in four patients with diabetes,26 and in formalin-
fixed paraffin-embedded (FFPE) tissue specimens from 
patients with diabetic nephropathy (but not from db/
db mice).27 In contrast, using FFPE biopsy specimens 
from patients with T2D and preserved renal function, 
Norton et al28 and Solini et al29 did not find any increase 
in SGLT2 expression. On the other hand, the expression 
of the insulin receptor and the levels of tyrosine phos-
phorylated receptor are reduced in insulin-resistant rat 
models30 and in renal biopsy specimens from patients 
with diabetes.31 Notably, in the latter study downregula-
tion of insulin receptor levels was prominent in proximal 
tubules. Moreover, a target of renal insulin signaling, 
namely the gluconeogenic enzyme phosphoenolpyru-
vate carboxykinase, which is localized to compartments 
near the apical membrane of proximal tubules, showed 

increased expression and activity. Thus, it is still possible 
that in T2D modulation of renal glucose-sodium reab-
sorption involves changes in the expression of the cotrans-
porters (perhaps as a function of the clinical phenotype, 
ie, age, duration of disease, glycemic control, and so on). 
However, the present in vivo findings and the bulk of 
experimental evidence converge on the conclusion that 
the constitutively higher glucose reabsorption of patients 
with T2D is a functional manifestation of renal insulin 
resistance.

With regard to the effect of insulin, strong support 
is provided by the early studies of DeFronzo et al32 
using single-nephron micropuncture in the dog, which 
showed that physiological hyperinsulinemia inhibits 
proximal tubular sodium reabsorption. In those exper-
iments, the overall antinatriuretic effect of insulin was 
therefore ascribed to segments distal to the proximal 
tubule. Subsequent studies applying the euglycemic 
insulin clamp in healthy subjects33 34 confirmed these 
findings. Likewise, O’Hare et al35 found a reduction 
in sodium excretion during high-dose insulin clamp 
in healthy subjects but not in obese non-diabetic 
individuals.35

It must be emphasized that, despite efforts to maintain 
fluid balance the pancreatic clamp protocol was associated 
with an expansion of the extracellular fluid volume—as 
documented by a positive fluid balance (online supple-
mentary table 4)—a drop in plasma Na+ from its normal 
levels (138–140 mEq/L), and an increase in urine output 
and eGFR (table  2). These hemodynamic changes can 
by themselves lead to an increased loss of both Na+ and 
glucose through the urine,36 and mask insulin-induced 
antinatriuresis. Furthermore, we estimated that the change 
in fluid balance between the insulin and saline periods was 
more positive in the controls than in the patients with T2D, 
mostly because of the higher exogenous GIR in the former 
than the latter. In consequence, the higher insulin-induced 
urinary excretion of solutes in controls than patients 
would not involve a hormonal effect on proximal tubule 
cotransporters. While this purely hemodynamic mecha-
nism is apparently confirmed by our data (showing higher 
glucose/Na losses with insulin in controls but not T2D), it 
does not necessarily follow that the absolute and the frac-
tional excretion of glucose or sodium should be selectively 
increased in insulin-sensitive subjects (table 1). At any rate, 
we cannot exclude that this mechanism may be responsible, 
in all or in part, for the observed effect of insulin under the 
experimental conditions of our study.

Also important is to consider that sodium-glucose cotrans-
port on the luminal side of the proximal renal tubule is 
driven by the Na-K pump at the basolateral membrane.37 
As insulin generally stimulates Na-K pump activity, sodium-
glucose cotransport should be enhanced rather than 
reduced under hyperinsulinemic conditions. The situation, 
however, is more complex as the Na-K pump powers the 
activity of other sodium transporters (eg, sodium-hydrogen 
exchangers (NHE3), sodium-phosphate cotransporters, 
and so on9), which are also subject to multiple influences 
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Figure 3  Scheme putting the study findings into context. 
In the presence of acute hyperglycemia, volume expansion 
per se can increase glucose and sodium excretion (blue 
dotted line). The effect of added hyperinsulinemia is to inhibit 
SGLT-mediated glucose and sodium reabsorption (red dotted 
line). Also indicated are the stimulatory action of insulin on 
the sodium-hydrogen cotransporter (NHE3) and a possible 
inhibitory action of prolonged insulin exposure on the Na+K+ 
pump. See text for further explanation. GLUT, glucose 
transporter; SGLT, sodium-glucose cotransporters.

(eg, fluid drag38). Moreover, in diabetic rodents raised,39 40 
decreased,41–43 or unchanged44 levels of Na-K pump activity 
have been described. Most of these studies were carried 
out in streptozotocin models of diabetes, but, to our knowl-
edge, only one study used insulin-resistant rats.39 Insulin 
receptors are richly expressed in renal tubules, both on 
the basolateral and brush border membrane.30 In the 
work of Mikaelian et al,42 the reduction in Na-K pump 
activity was associated with a reduction of insulin binding 
to its receptor. A study using cultured human tubular cells 
showed a glucose effect to reduce Na-K pump activity and 
membrane protein.45 In cultured proximal tubular cells of 
rats a short exposure to insulin raised46 47 and a longer (24 
hours) exposure reduced Na-K pump activity.48 Another 
study also demonstrated a dual time-dependent insulin 
action on Na-K pump activity, rising in the first 30 min, 
returning to preinsulin levels within 2 hours and decreasing 
after 48 hours of exposure.49 More in general, the activity 
of the Na-K pump in the proximal tubule is modulated by 
a number of stimulatory (low angiotensin II, glucocorti-
coids, α1 and ß-adrenergic agonists) and inhibitory factors 
(dopamine, parathyroid hormone and high angiotensin 
II), which could not be controlled in our experimental set-
up. Therefore, from our results we cannot infer a reduced 
ability of insulin to act on the Na-K pump with any degree 
of certainty.

Acute SGLT2 inhibition with empagliflozin caused the 
expected increase in glucose and Na excretion, which was 
amplified by the subsequent induction of hyperglycemia. 
Under these conditions, superimposing hyperinsulinemia 
still led to a small increase in glucose and sodium excretion 
(table 2). This result is compatible with an insulin action 
on SGLT1 or a partial inhibitory effect on SGLT2 (or a 

combination of the two). However, the small number of 
subjects in this protocol coupled with the intrinsic inter-
subject variability of in vivo excretion rates (~30% in our 
hands) does not allow a more precise identification of 
the target of insulin action in the proximal tubule. On 
the other hand, in both protocols the changes in plasma 
K+ concentrations and urinary excretion rates were fully 
as expected given that insulin is a potent stimulus for K+ 
uptake into extrarenal (liver and muscle) tissues.50

In summary (figure 3), the novel finding is that exoge-
nous insulin infusion jointly reduces the reabsorption of 
glucose and sodium. This action is defective in insulin-
resistant patients with T2D, and functionally accounts for 
the increased glucose reabsorption that is typical of T2D. 
While this insulin effect may result from a purely hemo-
dynamic mechanism, the present data and the bulk of 
previous experimental evidence support the interpretation 
that inhibition of SGLTs in the proximal tubule is an addi-
tional mechanism. Further studies are required to charac-
terize the molecular basis of this insulin action.
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