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Introduction
Obesity and insulin resistance are associated with significantly higher rates of  sodium-sensitive hyper-
tension (1, 2). Approximately 50% of  individuals with essential hypertension are also insulin resistant 
(3), and 80% of  obese individuals have hypertension (1). In this form of  hypertension, impaired sodium 
excretion has been attributed to several mechanisms, including increased activity of  the sympathetic 
nervous system (4) and the renin-angiotensin-aldosterone system (5), increased renal interstitial pressure 
(6), and hyperinsulinemia (7).

Reaven (7) hypothesized that, in states of  peripheral insulin resistance, the kidney remains insulin 
sensitive. As an “unwilling accomplice,” compensatory hyperinsulinemia would enhance sodium reabsorp-
tion, which, in turn, increases plasma volume and raises blood pressure. Several investigators have demon-
strated insulin-dependent renal sodium reabsorption (8–10). Indeed, insulin infusion increases expression 
and/or activity of  several sodium transporters (11) and channels (9, 12) in the kidney. Additionally, mam-
malian models of  obesity associated with hyperinsulinemia and hypertension exhibit increased expression 
and activity of  renal sodium transporters and channels (13–15).

The long-term effects of  insulin on blood pressure are species specific. In rats, long-term insulin infu-
sion increases blood pressure (16). Brands and colleagues (17) recently reported that infusion of  insulin 
into the renal artery of  rats raises blood pressure independently of  sodium reabsorption. However, in mice 
(10), dogs (18), and humans (19), long-term insulin infusion does not increase blood pressure (20). Findings 
from Brands and colleagues support an indirect effect of  insulin on blood pressure, with the stimulation 
of  sodium reabsorption counteracting hyperglycemia-induced sodium and water loss (21). A direct role of  
insulin on sodium and glucose reabsorption has not been established in vivo.

To study the direct role of  insulin in the kidney to regulate blood pressure, sodium, and glucose handling, 
we generated an inducible tubule and collecting duct–specific epithelial insulin receptor–KO (InsrPax8/TetOCre, 
hereafter referred to as iTIRKO) mouse. We employed a diet-induced model of  obesity and peripheral insulin 
resistance with attendant physiologic hyperinsulinemia in order to induce hypertension. In mice, a high-fat 

Although the cause of hypertension among individuals with obesity and insulin resistance 
is unknown, increased plasma insulin, acting in the kidney to increase sodium reabsorption, 
has been proposed as a potential mechanism. Insulin may also stimulate glucose uptake, but 
the contributions of tubular insulin signaling to sodium or glucose transport in the setting of 
insulin resistance is unknown. To directly study the role of insulin signaling in the kidney, we 
generated inducible renal tubule–specific insulin receptor–KO mice and used high-fat feeding 
and mineralocorticoids to model obesity and insulin resistance. Insulin receptor deletion did not 
alter blood pressure or sodium excretion in mice on a high-fat diet alone, but it mildly attenuated 
the increase in blood pressure with mineralocorticoid supplementation. Under these conditions, 
KO mice developed profound glucosuria. Insulin receptor deletion significantly reduced SGLT2 
expression and increased urinary glucose excretion and urine flow. These data demonstrate a direct 
role for insulin receptor–stimulated sodium and glucose transport and a functional interaction of 
insulin signaling with mineralocorticoids in vivo. These studies uncover a potential mechanistic link 
between preserved insulin sensitivity and renal glucose handling in obesity and insulin resistance.
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diet alone induces obesity and insulin resistance, impairs sodium excretion, and mildly increases blood pres-
sure (22). Unlike humans (23, 24) and other mammalian models (6) of  obesity or the metabolic syndrome, 
high-fat–fed mice do not develop hyperaldosteronism. Mineralocorticoids are a potent regulator of  blood 
pressure, and mineralocorticoid receptor antagonism lowers blood pressure in this disorder (25, 26). Thus, 
to model the human condition in mice, we utilized high-fat feeding with mineralocorticoid supplementation.

Results
Characterization of  inducible iTIRKO mice. As expected from the breeding scheme, approximately 25% of  
pups were iTIRKO mice. Depicted in Figure 1, iTIRKO mice were homozygous for the floxed insulin 
receptor allele and hemizygous for both the Pax8-rtTA and TetOCre transgenes. After 2 weeks of  doxy-
cycline in chow, there was a marked reduction in β insulin receptor abundance in whole kidney lysates 
of  iTIRKO compared with control mice (iTIRKO 0.17 ± 0.03 vs. control 1.00 ± 0.06 arbitrary units, P < 
0.001) that persisted 8 weeks after discontinuation of  treatment. In contrast, β insulin receptor abundance 
was similar in skeletal muscle (iTIRKO 0.66 ± 0.22 vs. control 1.00 ± 0.33 arbitrary units, P = 0.62). 
Growth curves with high-fat feeding, to generate obesity and hyperinsulinemia (22), were not significantly 
different between control and iTIRKO mice. Food and water intake and plasma electrolytes were similar 
and are provided in Supplemental Tables 1 and 2 (supplemental material available online with this article; 
https://doi.org/10.1172/jci.insight.95107DS1).

To experimentally model increased plasma mineralocorticoid concentrations in obesity and insulin 
resistance, which is not recapitulated in high-fat–fed mice (Supplemental Figure 1), we supplemented high-
sodium– and high-fat–fed mice with oral fludrocortisone.

Figure 1. Generation of iTIRKO mice. 
(A) Breeding strategy and schematic of 
a tetracycline-inducible Cre-loxP system 
to generate inducible renal tubular 
insulin receptor–KO (Insr-KO) mice. (B) 
Genotyping DNA gel of Insr+/+;TetOCre (con-
trol, lane 1), Insr+/+;Pax8-rtTA/TetOCre (iTIRKO, 
lane 2), and Insr+/+;Pax8-rtTA (control, lane 3) 
mice. (C) Representative immunoblots 
of whole kidney and skeletal muscle 
lysates were probed for the β-subunit 
of the insulin receptor (β Insulin R) at 
weeks 1 and 8 after completing 2 weeks 
of doxycycline administration and were 
then stripped and reprobed for β-actin 
or α tubulin (n = 19, control; 15, iTIRKO). 
(D) Growth curve of control (black) and 
iTIRKO (red) mice on a low-fat diet (LFD, 
dotted line) or high-fat diet (HFD, solid 
line) (n = 9, LFD control; 7, LFD iTIRKO; 
12, HFD control; 10, HFD iTIRKO). Control 
indicates age-matched littermates of 
iTIRKO mice. iTIRKO, inducible renal 
tubular insulin receptor knockout mice; 
Doxy., doxycycline.
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Attenuated hypertension in obese and insulin-resistant iTIRKO mice with mineralocorticoid supplementation. 
Depicted in Figure 2, we measured blood pressure on a normal- and high-sodium diet, during 24 hours of  
vehicle or fludrocortisone administration. On a normal- and high-sodium diet, mean arterial pressure was 
not significantly different between groups with a similar magnitude of  sodium-dependent increase in mean 
arterial pressure (iTIRKO 1.8 ± 0.5 vs. control 4.2 ± 1.7 mmHg, P = 0.98). In response to fludrocortisone 
administration, iTIRKO mice had a lower mean arterial pressure than controls when averaged over 24 
hours (iTIRKO 118.9 ± 0.5 vs. control 120.8 ± 0.5 mmHg, P < 0.001). The increase in mean arterial pres-
sure with fludrocortisone was less in iTIRKO compared with control mice (iTIRKO 5.4 ± 0.4 vs. control 
7.7 ± 0.9 mmHg, P = 0.04). Sodium intake was not different between groups for the duration of  the experi-
ment (Supplemental Figure 2).

We found no significant difference in water intake or urine flow between high-fat–fed, hyperin-
sulinemic control and iTIRKO mice. Similarly, sodium excretion rates after selective inhibition of  
sodium transporters and channels, sodium transporter transcript, and protein abundance and phos-
phorylation — a regulator of  activation — were unchanged in iTIRKO compared with control mice 
(Supplemental Figure 3).

Fludrocortisone treatment increased Na-K-2Cl cotransporter (NKCC2) and Na-Cl cotransporter 
(NCC) transcript abundance in control mice but was blunted in iTIRKO mice (NKCC2, iTIRKO 0.85 ± 
0.5 vs. control 1.54 ± 0.14 arbitrary units compared with untreated control mice, P < 0.001; NCC, iTIRKO 
1.33 ± 0.07 vs. control 1.75 ± 0.10 arbitrary units compared with untreated control mice, P = 0.004). 
Unlike mRNA, fludrocortisone affected other sodium transporters and channel protein expression simi-
larly between control and iTIRKO mice (Supplemental Figure 3).

Figure 2. Blood pressure in high-fat–fed iTIRKO mice. (A) Experimental scheme. After high-fat feeding and doxy-
cycline administration to induce Cre expression, we implanted radiotelemetric blood pressure catheters in control 
(black, n = 7) and iTIRKO (red, n = 5) mice. We measured mean arterial pressure (MAP) on high-fat–fed normal or 
high-sodium diets and, subsequently, on high-sodium diet supplemented with fludrocortisone or vehicle for the 
intervals as indicated. Blue line denotes duration of the blood pressure recording. (B) Twenty-four–hour MAP on a 
normal- and high-sodium diet in control and iTIRKO mice. (C and D) Time-averaged MAP tracing over 24 hours on 
vehicle (C) and (D) fludrocortisone in the same mice. (E) Change in 24-hour MAP between vehicle and fludrocorti-
sone. Control, age-matched littermates of iTIRKO mice; iTIRKO, inducible renal tubular insulin receptor–KO mice; 
w, week; d, day. Black *P < 0.05, control > iTIRKO mice by 2-tailed t test; red *P < 0.05, iTIRKO > control mice by 
2-tailed t test. #P < 0.05 by 2-way ANOVA with repeated measures and Tukey correction for multiple comparisons. 
In box and whisker plots, the whiskers represent minimum and maximum values, and box borders represent the 
25th percentile, median, and 75th percentile.
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Polyuria and glucosuria in obese and insulin-resistant iTIRKO mice. In response to fludrocortisone, we noted 
that iTIRKO mice demonstrated strikingly high water intake and urine flow rates (fourth day of  fludrocor-
tisone, 14.7 ± 1.1 ml/day vs. 8.9 ± 0.4 ml/day, iTIRKO vs. control mice, respectively; P < 0.001, Figure 3).  
Coincident with significantly higher urine flow rate, fludrocortisone-treated iTIRKO mice developed glu-
cosuria that was absent in all control and vehicle-treated iTIRKO mice (treated iTIRKO 0.99 ± 0.27 μmol 
vs. all other groups <0.01 ± <0.01 μmol glucose/min, P < 0.001, Figure 3). Fludrocortisone lowered fast-
ing plasma glucose concentrations and enhanced glucose tolerance (3,690 ± 1,078 and 2,695 ± 1,581 arbi-
trary units, iTIRKO and control mice, respectively; P < 0.001 compared with pretreatment area under 
curve in the same mice) and significantly increased creatinine clearance in both control and iTIRKO mice 
(iTIRKO, treated 1,228 ± 589 μmol/min, untreated 379 ± 72 μmol/min; control, treated 1,113 ± 49 μmol/
min, untreated 203 ± 27 μmol/min; P = 0.009 treated vs. untreated).

Compared with control mice, iTIRKO mice have a mild liver insulin receptor deficiency and higher 
plasma insulin levels (Figure 4). To address whether either feature influences the observed glucosuria in 
iTIRKO mice, we utilized a single additional reagent, the hyperinsulinemic constitutive liver insulin recep-
tor–KO mice (27) (Insrfl/fl; AlbCre, LIRKO). Liver homogenates from low-fat–fed LIRKO mice had a significant 

Figure 3. Effect of Fludrocortisone on 
high-fat–fed control and iTIRKO mice. (A) 
Experimental scheme. After high-fat feeding 
and doxycycline administration to induce Cre 
expression, we collected urine from control 
(black, n = 11) and iTIRKO (red, n = 9) mice fed 
vehicle followed by fludrocortisone. Blue line 
denotes interval with daily urine collection. (B 
and C) Daily water intake (B) and urine output 
(C) of high-sodium– and high-fat–fed control 
and iTIRKO mice. (D) Urinary glucose excretion 
on vehicle and on the fourth day of fludrocorti-
sone. (E) Glucose tolerance test tracing before 
(circles, n = 11, control; 5, iTIRKO) and after 
(squares, n = 11, control; 5, iTIRKO) treatment 
with fludrocortisone (squares), and (F) calcu-
lated AUC. (G) Creatinine clearance on fourth 
day of fludrocortisone (control, n = 6; iTIRKO, 
n = 6) and separate mice on the same diet 
without fludrocortisone (control, n = 6; iTIRKO, 
n = 6). Control represents age-matched litter-
mates of iTIRKO mice. iTIRKO, inducible renal 
tubular insulin receptor–KO mice; w, week; d, 
day; IPGTT, i.p. glucose tolerance test. *P < 
0.05 by 2-tailed t test compared with control 
mice (C and D). *P < 0.05 by 2-way ANOVA with 
Tukey correction for multiple comparisons (D 
and F). #P < 0.05 for effect of fludrocortisone 
independent of genotype by 2-way ANOVA. In 
box and whisker plots, the whiskers represent 
minimum and maximum values, and box bor-
ders represent the 25th percentile, median, and 
75th percentile.
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reduction of  the β insulin receptor and elevated fasting insulin levels. However, in contrast to iTIRKO mice, 
LIRKO mice did not develop glucosuria with (0.01 ± 0.02 μmol glucose/min) or without (0.01 ± 0.01 μmol 
glucose/min) fludrocortisone.

Lower SGLT2 mRNA expression and protein abundance in iTIRKO mice. To determine the cause of  glu-
cosuria in iTIRKO mice, we measured expression of  sodium-glucose cotransporters 1 and 2 (SGLT1 and 
SGLT2). Transcript abundance of  Slc5a1, which encodes SGLT1, was not different between control and 
iTIRKO mice with or without fludrocortisone treatment (iTIRKO, treated 1.36 ± 0.06, untreated 1.10 ± 
0.27 arbitrary units; control, treated 0.35 ± 0.09, untreated 1.00 ± 0.15 arbitrary units; P = 0.1 between 
all groups). While there was no significant difference in SGLT1 protein abundance between genotypes 
(iTIRKO, treated 0.88 ± 0.11, untreated 0.79 ± 0.18 arbitrary units; control, treated 0.92 ± 0.08, untreated 
1.00 ± 0.16 arbitrary units; P = 0.69 between all groups), the immunoreactive band migrated slower in 
fludrocortisone-treated iTIRKO compared with control mice (Figure 5, A–C).

In contrast, transcript abundance of  Slc5a2, which encodes SGLT2, was increased by fludrocortisone 
in control mice but not in iTIRKO mice. Deletion of  the insulin receptor did not change SGLT2 abun-
dance on a high-sodium and high-fat diet, but administration of  fludrocortisone resulted in an approxi-
mately 50% reduction in protein abundance in iTIRKO (treated 0.44 ± 0.16 vs. untreated 1.04 ± 0.13 
arbitrary units, P = 0.002) but not control (treated 0.76 ± 0.1 vs. untreated 1.00 ± 0.11 arbitrary units, P = 
0.14) mice (Figure 5, D–F). There was no difference in SGLT2 localization between fludrocortisone-treat-
ed or untreated controls and iTIRKO mice, with expression at or nearby the apical surface (Figure 5G).

Discussion
Insulin resistance and hyperinsulinemia are significantly associated with hypertension (3) and have been 
hypothesized to increase tubular sodium reabsorption and, therefore, directly contribute to hypertension 
(7). While several investigators have shown that insulin can stimulate sodium reabsorption in the kidney (9, 
21, 28), no prior study has tested the ability of  insulin signaling in the renal tubule to raise blood pressure 
in the setting of  peripheral (i.e., extrarenal) insulin resistance. Skøtt and colleagues (29) showed that indi-
viduals with type 2 diabetes mellitus have preserved antinatriuretic sensitivity to insulin infusion, but these 
investigators did not assess for changes in blood pressure. In diabetes mellitus, Brands and colleagues (30) 
have shown that coincident insulin and hyperglycemia stimulate sodium reabsorption in rats and dogs, and 
they hypothesize that insulin in the kidney stimulates sodium reabsorption to prevent glucosuria-induced 
volume loss and, perhaps, hypotension in the setting of  hyperglycemia. Acute or chronic insulin infusion in 
the absence of  peripheral insulin resistance increases blood pressure in rats (16) but not mice or dogs (30). 
Ecelbarger and colleagues (9, 10, 12) have described several phenotypes of  renal tubular insulin receptor 
deficiency. However, these studies were not performed in the setting of  insulin resistance (8–10, 31) and 

Figure 4. Liver insulin receptor–KO (LIRKO) 
increases insulin resistance but does not cause 
glucosuria. (A) Representative immunoblot of 
whole kidney from control (Insr+/+, n = 3), LIRKO 
(n = 3), and iTIRKO (n = 3) mice probed for β 
insulin receptor and then stripped and reprobed 
for β-actin. (B) Fasting plasma insulin concen-
tration from high -sodium–, low-fat–fed control 
(n = 5) and high-fat–fed control (n = 8); low 
fat-fed (n = 5) and high-fat–fed (n = 9) iTIRKO; 
and low-fat–fed LIRKO (n = 10) mice. (C) Urinary 
glucose excretion rate in fludrocortisone-treated 
(n = 4) and untreated (n = 4) LIRKO mice. 
Control represents age-matched littermates 
of iTIRKO mice. iTIRKO, inducible renal tubular 
insulin receptor–KO mice. *P < 0.05 by 2-way 
ANOVA with Bonferroni correction for multiple 
comparisons. In box and whisker plots, the 
whiskers represent minimum and maximum 
values, and box borders represent the 25th 
percentile, median, and 75th percentile.
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Figure 5. Fludrocortisone decreases SGLT1 migration and SGLT2 abundance in iTIRKO mice. (A) Representative SGLT1 immunoblots of non–fludro-
cortisone-treated and fludrocortisone-treated high-sodium– and high-fat–fed control (black, n = 10 nontreated, n = 9 treated) and iTIRKO (red, n = 
8 nontreated, n = 7 treated) mice. Arrows indicate different migration locations. (B) SGLT1 mRNA abundance normalized to GAPDH and relative to 
nontreated control mice. (C) Densitometry of SGLT1 immunoblots of nontreated and treated high-sodium– and high-fat–fed iTIRKO mice relative 
to control mice. (D) Representative SGLT2 immunoblots of the same nontreated and treated control and iTIRKO mice. (E) SGLT2 mRNA abundance 
normalized to GAPDH relative to nontreated high-sodium– and high-fat–fed control mice. (F) Densitometry of SGLT2 immunoblots of nontreated 
and treated high-fat–fed iTIRKO mice relative to control mice. (G) Representative images of fluorescent-conjugated LTL and SGLT2 immunoreactiv-
ity in fludrocortisone-treated and untreated control and iTIRKO mice. Scale bar: 50 μm. Control represents age-matched littermates of iTIRKO mice. 
iTIRKO, inducible renal tubular insulin receptor–KO mice. *P < 0.05 by 2-way ANOVA with Tukey correction for multiple comparisons. For B, C, E, and 
F, each dot represents data from 1 mouse with mean ± SEM.
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did not employ insulin receptor deletion in the adult nephron, allowing for a possible confounding role of  
insulin receptor activation during tubular morphogenesis (32). To extend previously published work, and 
to elucidate mechanisms of  blood pressure elevation with obesity and peripheral insulin resistance, we 
addressed the question of  whether renal tubular epithelial insulin receptor signaling is necessary to effectu-
ate sodium and glucose reabsorption and systemic hypertension.

We previously characterized high-fat–fed mice as a model of  obesity and insulin resistance, as these 
mice exhibit sodium retention and elevated blood pressure (22). However, this model lacks the increase in 
circulating aldosterone found in dogs (25) and humans (23) with obesity and insulin resistance. Plasma 
aldosterone concentrations correlate directly with the severity of  obesity and hyperinsulinemia (33), and 
mineralocorticoid receptor blockade is an effective treatment for hypertension in individuals with this dis-
order (34). Moreover, as we have previously demonstrated, the elevated blood pressure in obese, hyperin-
sulinemic high-fat–fed mice is mild (22). Therefore, we utilized a mineralocorticoid analog to more closely 
mimic the disease in humans. We chose fludrocortisone in lieu of  aldosterone due to its longer half-life 
and ability to administer the compound via food without causing undue stress. Moreover, this method also 
allowed for us to measure acute changes in renal solute handling and blood pressure, which is not possible 
with minipump implantation. While our data show that absence of  the renal insulin receptor does not 
reduce sodium sensitivity of  blood pressure with diet-induced obesity and insulin resistance alone, hyper-
tension is attenuated in KO mice with mineralocorticoid supplementation.

Attenuated hypertension in mineralocorticoid-treated iTIRKO mice. The modest decline in blood pressure in 
iTIRKO mice may translate to a clinically significant difference in humans. C57BL/6 mice are notoriously 
resistant to changes in blood pressure. For example, patients with hypertension due to Liddle’s syndrome 
(i.e., gain of  function mutations in epithelial sodium channel (ENaC) subunits) have an average mean arte-
rial pressure increase of  43 mmHg (35). Transgenic mice carrying similar mutations (36) have an increase 
in mean arterial pressure of  only about 10 mmHg on a high-sodium diet.

Mineralocorticoids increase blood pressure via increased sodium reabsorption, vasoconstriction, 
and stimulation of  the CNS. The mild decline in blood pressure in iTIRKO mice does not easily fit into 
any of  these pathways of  mineralocorticoid-mediated blood pressure regulation. Comparison of  renal 
sodium transporter and channel expression in fludrocortisone-treated control and iTIRKO mice dem-
onstrated an attenuation of  NKCC2 mRNA in iTIRKO mice compared with controls. However, there 
was no difference in total or phosphorylated NKCC2 abundance. We cannot exclude a role for inhibi-
tion of  NHE3 or ENaC in attenuation of  hypertension in iTIRKO mice, but KO mice did not exhibit 
the biochemical features associated with inhibition of  these sodium transporters/channels (i.e. lower 
plasma bicarbonate or higher plasma potassium, respectively). The most striking phenotype of  these 
mice with attenuated hypertension was significant polyuria and glucosuria, revealing a unifying defect 
in SGLT2 expression and glucose reabsorption.

Mineralocorticoid-induced glucosuria in iTIRKO mice. Mineralocorticoids have a number of  effects 
beyond sodium and fluid retention. Hall and colleagues (37, 38) elegantly demonstrated that aldoste-
rone acts at the macula densa to disrupt tubuloglomerular feedback and increase glomerular filtration 
rate, promoting sodium excretion to return to sodium balance during hyperaldosteronism (i.e., aldoste-
rone escape). We demonstrated that fludrocortisone similarly increases creatinine clearance, a proxy 
for glomerular filtration rate, consistent with prior reports. A higher glomerular filtration rate increases 
(39) the filtered load of  glucose, which would mandate a higher rate of  tubular reabsorption to prevent 
urinary loss. Thus, our findings would indicate that tubular insulin receptors are required for maximal 
SGLT2 expression and SGLT2-mediated glucose reabsorption. Indeed, some individuals with SGLT2 
gene defects (OMIM #233100; familial renal glucosuria) only develop glucosuria in the setting of  an 
increased filtered load of  glucose (e.g., hyperfiltration in pregnancy; ref. 40). As the increase in glo-
merular filtration rate was proportionately larger than the decrease in fasting and postprandial serum 
glucose with fludrocortisone, it is likely that the rate of  glucose filtration was higher on mineralocorti-
coids than on a high-sodium diet alone.

Off-target Cre expression can confound phenotypes in Cre-loxP systems. Consistent with previous reports 
of  rtTA expression in periportal hepatocytes (41), immunoblotting of  liver homogenates showed a mild 
reduction of  insulin receptor abundance in iTIRKO vs. control mice. We therefore utilized LIRKO mice with 
complete deletion of  liver insulin receptors and preserved renal tubular insulin receptor expression to provide 
evidence that fludrocortisone-induced glucosuria was due to deletion of  renal tubular insulin receptors.

https://doi.org/10.1172/jci.insight.95107
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To further explore the mechanism of  glucosuria, we observed that insulin has been shown to modulate 
SGLT2 expression (42). High-fat–fed iTIRKO mice were hyperinsulinemic relative to controls, and fludro-
cortisone increased insulin levels in our iTIRKO mice. Therefore, we sought to determine whether hyperin-
sulinemia itself  led to glucosuria. We utilized LIRKO mice that are hyperinsulinemic, similar to high-fat–
fed iTIRKO mice, but that lack obesity and high-fat feeding. The absence of  glucosuria in hyperinsulinemic 
low-fat–fed LIRKO mice treated with or without fludrocortisone suggests that hyperinsulinemia alone is 
insufficient to induce the glucosuria observed in iTIRKO mice. Taken together, these data demonstrate that 
— in a diet-induced mouse model of  obesity, hyperinsulinemia, and mineralocorticoid supplementation — 
tubular insulin receptor deficiency causes renal glucosuria.

Insulin and sodium-glucose cotransport. SGLT1 and SGLT2 are expressed in the proximal tubule and are 
responsible, under normal conditions, for the reabsorption of  97% (43) and 3% (44) of  filtered glucose, 
respectively. SGLT1 activity can increase in the setting of  SGLT2 deletion and reduce glucose (and water) 
wasting (43). Rieg and colleagues (have shown that SGLT2 expression is increased in hyperinsulinemic 
db/db mice (45) and decreased in hypoinsulinemic Akita mice. Thus, in in vivo models of  diabetes melli-
tus, hyperglycemia is a driver of  SGLT2 expression. In contrast, in vitro studies show that supraphysiolog-
ic insulin concentrations increase SGLT2 expression via oxidative stress (46) and that insulin can increase 
SGLT2-mediated transport via a known site of  phosphorylation (47, 48). Surprisingly, iTIRKO mice had 
lower SGLT2 expression despite higher glucose levels. To our knowledge, our studies represent the first 
evidence of  the critical role of  tubular insulin receptor signaling to stimulate SGLT2 expression in vivo. 
Apical abundance of  SGLT2 was similar between control and KO mice, and we cannot exclude effects of  
insulin on SGLT2 activity. SGLT1 protein abundance was similar between control and iTIRKO; however, 
there is a molecular weight shift in fludrocortisone-treated iTIRKO mice. In the intestine, a similar migra-
tion of  anti-SGLT1 immunoreactivity is caused by increased glycosylation, which increases activity (49). 
We speculate that a similar mechanism occurs in proximal tubular cells of  iTIRKO mice in an attempt 
to compensate for diminished SGLT2 abundance or diminished renal tubular insulin signaling. Why this 
would occur remains elusive, particularly as direct loss or inhibition of  SGLT2 induces increased SGLT1 
protein expression (50).

SGLT2 inhibitors are US Food and Drug Administration (FDA) approved for glucose control (51) and 
reduction of  cardiovascular risk (52). These drugs have also been shown to diminish the likelihood of  decline 
in kidney function (53). Despite the beneficial effects of  insulin on glucose disposal, individuals with diabetes 
and the highest levels of  plasma insulin have the highest rates of  kidney disease (54). Our data show that insu-
lin receptor signaling stimulates SGLT2 function in the setting of  hyperinsulinemia. Thus, future studies are 
needed to explore whether insulin signaling in the setting of  obesity and/or type 2 diabetes mellitus promotes 
progression of  kidney and/or cardiovascular disease.

Interaction of  insulin receptor signaling and mineralocorticoids. Our data are consistent with an indirect (via 
hypertension and/or hyperfiltration) or a direct interaction of  insulin and mineralocorticoid signaling. The 
presence of  a robust phenotype in high-fat–fed iTIRKO mice only, with mineralocorticoid supplementa-
tion, may signify that insulin receptor signaling is relevant to human hypertension only in the subset of  
patients with elevated aldosterone levels. Interestingly, these individuals are known to have the highest rates 
of  obesity, insulin resistance, and hypertension (24). Regarding a possible direct interaction, convergence of  
insulin and mineralocorticoids signaling pathways are well described in the distal nephron, but no examples 
exist in the proximal tubule. For example, serum and glucocorticoid kinase 1 (SGK1) is a serine-threonine 
kinase that is transcriptionally regulated by mineralocorticoids in the kidney (55), and its activity is induced 
by insulin (56). These 2 extracellular signaling systems converge in principal cells to increase ENaC-medi-
ated sodium transport (57). SGK1 (58) and mineralocorticoid receptors (59) are also expressed in segments 
of  the proximal tubule that overlap with SGLT2, and diabetic SGK1-KO mice with elevated aldosterone 
have diminished glucose reabsorption (60). While fludrocortisone is a potent mineralocorticoid, we cannot 
exclude binding and activation of  the glucocorticoid receptor; however, glucose tolerance improved with 
fludrocortisone treatment, which is inconsistent with a predominant glucocorticoid effect (61).

Renal insulin sensitivity in obesity and peripheral insulin resistance. Reaven’s “unwilling accomplice” hypoth-
esis (7) links insulin resistance and hyperinsulinemia with the impaired sodium excretion and sodium-
sensitive blood pressure observed in human and mouse models. This hypothesis predicts no renal tubular 
resistance to insulin receptor signaling and amplified signal transduction due to hyperinsulinemia. Naka-
mura and colleagues (62) showed preserved insulin reception substrate 2 (IRS2) signal transduction despite 
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attenuated IRS1 signaling in the kidneys of  insulin-resistant mice and in human proximal tubule cells, 
demonstrating selective insulin resistance in the kidney. IRS2 contributes to insulin-mediated bicarbonate 
reabsorption and, thus, may be upregulated in the metabolic syndrome. In contrast, an increase in ENaC-
mediated sodium transport is absent in hyperinsulinemic high-fat–fed mice (22), despite the contribution of  
insulin receptor signaling to ENaC activity in insulin-sensitive mice (9). These data suggest that principal 
cells, which express ENaC, may be insulin resistant. Here, we demonstrate for the first time to our knowl-
edge that high-fat–fed hyperinsulinemic control mice modestly increase blood pressure and prevent glucos-
uria directly through renal tubular epithelial insulin receptors, supporting a hypothesis of  preserved renal 
insulin sensitivity in specific pathways in the setting of  peripheral, extrarenal insulin resistance.

Conclusion. These findings support a role for renal insulin receptor signaling for sodium and glucose 
cotransport in the setting of  obesity and insulin resistance. Although our studies indicate a limited role for 
renal tubular insulin signaling as a mechanism for hypertension, these data suggest that insulin, rather than 
glucose, may primarily regulate SGLT2 abundance and glucose transport. These data contribute to our 
understanding of  insulin sensitivity in the kidney and have implications for management of  hypertension, 
hyperglycemia, and kidney disease.

Methods
Generation of  iTIRKO mice. Ronald Kahn (Joslin Diabetes Center, Boston, Massachusetts, USA) provided 
Insrfl/fl mice, and we obtained Pax8-rtTA and TetOCre mice from the Jackson Laboratory. Each strain was 
on C57BL/6 background. Pax8-rtTA is expressed along the entire renal tubule and collecting system, and 
it is absent in vessels and glomeruli (41). We bred Insrfl/fl mice with either Pax8-rtTA or TetOCre mice, and 
we then intercrossed the progeny with Insrfl/fl mice to generate either InsrPax8 or InsrTetOCre mice (Figure 1). 
We then interbred these lines to generate iTIRKO mice. We used InsrPax8 or InsrTetOCre littermates of  iTIRKO 
mice as controls because there were no differences in experimental observations between these 2 strains 
(Supplemental Figure 4). We performed genotyping using previously published primers (41, 63). We con-
firmed insulin receptor–KO by immunoblotting of  whole kidney lysate, as described below.

Pax8 is also expressed in periportal hepatocytes, and thus — for additional control experiments — we 
generated and characterized LIRKO mice (Supplemental Figure 5).

High-fat model of  obesity and insulin resistance. We fed male mice either a low-fat diet (Research Diets 
Inc., D12450B) or high-fat diet (D12492) for 12 weeks and then included 1 mg doxycycline hyclate 
(MilliporeSigma) per gram of  dry food as gel food for an additional 2 weeks to induce Cre expression. 
We generated custom gel diets to vary dietary water and sodium content of  low- and high-fat diets 
using established protocols (22).

Blood pressure measurements. Depicted in Figure 2, we implanted radiotelemetric blood pressure trans-
mitters (PA-C10, Data Sciences International) into the left carotid artery of  high-fat–fed control and 
iTIRKO mice. After 14 days of  recovery, we recorded blood pressure on a normal-sodium and high-fat 
diet (0.13% w/w in high-fat diet) for 7 days, using established protocols (64). To test for sodium-sensitive 
hypertension, we then increased dietary sodium content (high-sodium diet, 2.1% w/w in high-fat diet) 
for 14 days and recorded blood pressure for 7 days. For mineralocorticoid supplementation, we added 
weight-based dosing of  vehicle (methanol) or 3.6 mg fludrocortisone/kg body weight (MilliporeSigma) 
to high-sodium and high-fat diets for 1 day, according to established protocols (64). After 4 days of  wash-
out, we repeated blood pressure recording on both vehicle- and fludrocortisone-treated mice, and we 
calculated the average mean arterial pressure.

Metabolic cage experiments. To assess the effect of  mineralocorticoids on sodium balance, we fed 
a cohort of  high-fat–fed control and iTIRKO mice a high-sodium and high-fat diet and acclimated 
them to metabolic cages. We then added vehicle to gel food and collected urine for 1 day. We added 
3.6 mg/kg fludrocortisone to gel food and collected urine daily for 4 days. To study glucose handling, 
we performed i.p. glucose tolerance testing at the end of  metabolic cage acclimation and on day 4 of  
fludrocortisone. The following day, after we fasted the mice for 4 hours, we anesthetized the mice with 
isoflurane (VetOne), obtained blood by cardiac puncture, perfused the mice with PBS (Thermo Fisher 
Scientific), and collected plasma and tissue.

Real-time semi-quantitative PCR. We lysed whole kidney and extracted RNA using RNeasy mini kits 
(Qiagen) and prepared cDNA using Improm2 reverse transcriptase. We designed primers (Supplemental 
Table 3) for real-time PCR using Primer3, tested them using PrimerBLAST, and confirmed precision and 
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amplification efficiency using a relative standard curve from kidney cDNA from control mice. We ampli-
fied cDNA using Fast SYBR Green Master Mix (Thermo Fisher Scientific) and the appropriate primers, 
and we performed relative quantification by the ΔΔCt method using control mice as the reference. We 
excluded genomic contamination, as reactions lacking reverse transcriptase demonstrated CT values >33.

Antibodies. We used rabbit polyclonal antibodies to probe for NKCC2 and phospho-T96,101 NKCC2 
(gifts from Pablo Ortiz, Henry Ford Hospital, Detroit, Michigan, USA), NCC, phospho-T53 NCC (gifts 
from David Ellison and James McCormick, Oregon Health Sciences University, Portland, Oregon, USA), 
SGLT1, SGLT2, and the β-subunit of  the insulin receptor (SC-711, polyclonal, Santa Cruz Biotechnology). 
We used a mouse monoclonal antibody to probe for β-actin (MAB1501, clone C4, MilliporeSigma).

Western blotting. We homogenized whole kidney in buffer (250 mM sucrose and 10 mM triethanolamine, pH 
7.6) containing protease inhibitors (1 mM phenylmethylsulfonyl fluoride [PMSF], 1 mM benzamidine, and 1× 
Complete Protease Inhibitor Mixture; Roche Applied Science) and phosphatase inhibitors (2 μM microcystin-
LR, and 1× phosphatase-Inhibitor Sets I and II; Calbiochem). We centrifuged homogenates at 4,000 g for 15 
minutes to remove debris, then at 16,500 g for 60 minutes to obtain a membrane-enriched fraction. We deter-
mined protein concentration via the Lowry method (Bio-Rad DC protein assay) and generated immunoblots by 
SDS-PAGE. With the exception of blots to probe for SGLT1, we reduced lysate in the sample buffer containing 
dithiothreitol (DTT; MilliporeSigma) and β-mercaptoethanol (MilliporeSigma). We quantified protein abun-
dance by densitometry using ImageJ (NIH). Separate blots were used for total and phosphorylated NKCC2 and 
NCC, and they were stripped and reprobed for proteins at significantly different molecular weights.

Immunofluorescence. At the conclusion of  the study, we obtained kidneys from mice, drop fixed in 10% 
buffered formalin (Thermo Fisher Scientific), and embedded them in OCT. We stained 8-μm cryosections 
for SGLT2, as described previously. Briefly, we subjected sections to antigen retrieval in a citrate buffer, 
pH 6.0, followed by Triton X-100 (Thermo Fisher Scientific) permeabilization (0.5% for 15 minutes and 
2% for 30 minutes). After blocking in 1% BSA, we incubated sections with the polyclonal SGLT2 (1:500) 
antibodies overnight at 4°C. We washed sections with PBS and detected with Alexa Fluor 594 secondary 
antibodies. We then labeled proximal tubules with LTL (Vector Laboratories) and post-fixed with 4% para-
formaldehyde. No primary controls are depicted in Supplemental Figure 6. We captured confocal with a 
Leica SP8 confocal microscope at 63× and compressed Z stacks with Leica LAS software.

Plasma and urine chemistries. We measured plasma electrolytes using an iSTAT portable analyzer (Abax-
is). We measured plasma insulin by ELISA (MilliporeSigma). The Mouse Metabolic Phenotyping Core at 
Vanderbilt University measured plasma aldosterone by ELISA. We measured urine sodium concentration 
by flame photometry (BWB). We measured the urine glucose concentration using an Xpand chemistry 
analyzer (Siemens) and blood glucose using a commercial glucometer (Bayer Contour).

Statistics. In experiments using 4 groups in a 2-by-2 scheme, we analyzed data by 2-way ANOVA followed 
by the Tukey method to correct for multiple comparisons (Prism 6). To compare mean arterial pressure between 
groups during vehicle and fludrocortisone administration, we used 1-way ANOVA with repeated measures and 
Tukey correction for multiple comparisons. We compared mean arterial pressure at specific time points using 
a 2-tailed t test. We compared data from glucose tolerance tests by AUC analysis. In experiments comparing 
more than 4 groups, we analyzed by 2-way ANOVA followed by the Bonferroni correction for multiple com-
parisons. We defined statistical significance as P < 0.05 for all methods. Data represent mean ± SEM.

Study approval. We performed all animal experiments in accordance with the Guide for the Care and Use 
of  Laboratory Animals (National Academies Press, 2011) and obtained approval from the Stanford Univer-
sity IACUC.
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