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Abstract

Hypertension is a common comorbid condition in patients with diabetes. The pathogenesis

of hypertension in diabetes has not been fully clarified. Primary tubular hyperreabsorption

may contribute, which may be counteracted by glomerular hyperfiltration in the early diabetic
kidney. In this study, we hypothesize that in early diabetes, the macula densa neuronal

nitric oxide synthase (NOS1)-derived nitric oxide (NO) production is enhanced, which blunts
tubuloglomerular feedback (TGF) response, promotes glomerular hyperfiltration and maintains
normal blood pressure; conversely, insufficient NO generation by the macula densa induces
hypertension by lowering glomerular filtration rate (GFR) and thus inhibiting natriuresis. To test
this hypothesis, we examined the changes of macula densa NOS1 expression and phosphorylation
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as well as NO production, TGF response, GFR, sodium excretion and blood pressure in a murine
model of leptin receptor-deficient (db/db) diabetes with or without macula densa-specific NOS1
deletion. We found that db/db mice presented reduced fractional renal sodium excretion (FENa)
and only a small increase in blood pressure, associated with upregulated expression and activity of
macula densa NOS1, inhibited TGF response, and glomerular hyperfiltration. Genetic knockout of
macula densa NOS1 restored the TGF response and attenuated glomerular hyperfiltration in db/db
mice, but also further reduced FENa and substantially increased blood pressure. In conclusion,

the present study demonstrates that in the early stage of leptin receptor-deficient diabetes, the
upregulation of macula densa NOS1 inhibits TGF and increases GFR, which counteracts renal
sodium retention and limits the rise in blood pressure.
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INTRODUCTION

Over 34.2 million Americans - 10.5% of the population have diabetes. The rate of
hypertension is more than twice in patients with diabetes than those without diabetes. 2
Diabetic patients with hypertension exhibit an increased risk of cardiovascular disease

and an exacerbation of other diabetic complications.2* Although the pathogenesis of
hypertension in diabetes has not been fully clarified, one possible reason is the primary
proximal tubular hyperreabsorption, which may be offset by glomerular hyperfiltration in the
early diabetic kidney.®

The pathophysiology of diabetic glomerular hyperfiltration has been incompletely
understood and several mechanisms have been proposed, primarily including vascular and
tubular theories. According to the vascular hypothesis, glomerular hyperfiltration results
from the imbalance between vasoconstrictive and vasodilatory factors in diabetes.8 The
tubular thesis describes that the tubular growth as well as the upregulation of sodium-
glucose cotransporter 2 (SGLT2) in diabetic kidney enhance proximal tubular reabsorption,
which reduces the NaCl delivery to the macula densa and thereby increases glomerular
filtration rate (GFR) via attenuation of tubuloglomerular feedback (TGF).> 911 The tubular
hypothesis proposes that the increase in GFR in diabetes serves to normalize early

distal NaCl delivery and thereby renal NaCl excretion.> We have recently identified a

new mechanism for the hyperglycemia-induced glomerular hyperfiltration: the increase in
luminal glucose load at the macula densa during hyperglycemia is sensed through sodium-
glucose cotransporter 1 (SGLT1) and upregulates neuronal nitric oxide synthase (NOS1)-
derived nitric oxide (NO) generation, which inhibits the TGF responsiveness and thus
promotes the elevation of GFR (macula densa SGLT1-NOS1-TGF pathway).12-15 However,
the long-term significance of this new mechanism in the control of hemodynamics in
diabetes remains to be fully determined.

In the present study, we investigate the significance of macula densa NOS1 in the regulation
of TGF, GFR, sodium excretion, and blood pressure in leptin receptor-deficient (db/db)
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mice, a model of type 2 diabetes. We hypothesize that in early diabetes, the macula

densa NOS1-derived NO production is enhanced, which blunts TGF response, promotes
glomerular hyperfiltration and maintains normal blood pressure; conversely, insufficient NO
generation by the macula densa induces hypertension by lowering GFR and thus inhibiting
natriuresis. To test this hypothesis, a set of sophisticated techniques are employed (including
microperfusion of juxtaglomerular apparatus (JGAS) /n vitro, micropuncture of renal tubules
in vivo, clearance kinetics of plasma FITC-sinistrin, and radio-telemetry blood pressure
monitoring) to determine macula densa NOS1 expression and phosphorylation as well as
NO production, TGF response, GFR, fractional excretion of sodium (FENa) and blood
pressure in db/db mice with or without macula densa—selective NOS1 deletion.

All data, analytical methods, and study materials!® 17 are available from the corresponding
author on reasonable request.

Experimental Animals

All animal experiments were conducted in accordance with the National Institutes of
Health’s Guide for the Care and Use of Laboratory Animals with all animal protocols
approved by the Institutional Animal Care and Use Committee at the University of

South Florida Morsani College of Medicine. As DBA/2J genetic background enhances

the diabetic phenotypes including hyperglycemia as well as glomerular hyperfiltration in
db/db mice, 1819 db/db mice on C57BLKS/J genetic background (including 71% C57BL/6J
and 25% DBA/2J; #000642, Jackson Laboratories) were used as diabetic models and

db/+ mice on C57BLKS/J genetic background (#000642, Jackson Laboratories) were used
as non-diabetic controls. For additional studies, MD-NOS1KO (NKCC2¢¢/NOS1flox/flox)
mice, which we generated on C57BL/6J genetic background,20 were first backcrossed to
C57BLKS/J mice (#000662, Jackson Laboratories) for 4 generations and then crossed to
db/+ mice to generate db/db MD-NOS1KO mice. Littermate db/db NOS1loX/flox mice were
used as diabetic controls and littermate db/+ MD-NOS1KO as well as db/+ NOS1flox/flox
mice were used as non-diabetic controls. All the mice used in the experiments were males at
the age of 8-12 weeks and housed individually at 23°C on a 12:12-h light-dark cycle, with
food and water ad libitum (#2918; Envigo, Indianapolis, IN).

Statistical Analysis

Statistical analysis was performed using Prism 8 (GraphPad Software; San Diego, CA).
The effects of interest were tested using t-test, two-way analysis of variance (ANOVA), or
two-way repeated measures ANOVA followed by Sidak multiple comparisons test when
appropriate. Data were presented as a mean = SD, and a p-value <0.05 was considered
statistically significant.
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The Development of Glomerular Hyperfiltration in db/db Mice is Associated with
Upregulated Macula Densa NOS1 and Inhibited TGF.

Blood glucose concentration was significantly higher in db/db mice (e.g., 473+30 mg/dl at
12 weeks of age) than in db/+ mice (149+20 mg/dl at 12 weeks of age) (Figure 1A). GFR
was ~60% higher in db/db mice (e.g., 407£13 pl/min at 12 weeks of age) than in db/+ mice
(25112 pl/min at 12 weeks of age) (Figure 1B).12: 20. 21

To determine the changes in TGF responsiveness during the early stage of diabetes, we
measured the TGF response /n vivo with micropuncture in db/db and db/+ mice at 12 weeks
of age.12-20-22 |n db/+ mice, when tubular perfusion rate of ATF was increased from 0 to
40 nl/min, Pgs fell from 38.2+1.8 to 33.1+1.7 mmHg, and thereby the TGF response /n vivo,
as indicated by the APg¢, was 5.1+0.9 mmHg (Figure 1C). In db/db mice, the TGF response
in vivo, as indicated by the APg¢, was 1.8+0.7 mmHg (Figure 1C), which was ~62% less
compared with db/+ mice (Figure 1D).

To eliminate systemic confounding factors such as hormones and sympathetic activity, we
also measured the TGF response /n vitro in isolated and double perfused JGAs.12: 20-22

In db/+ mice, when NaCl concentration in tubular perfusate was increased from 10 to 80
mM, the diameter of Af-Art decreased from 15.4+1.1 to 11.6+1.0 um, and thereby the
TGF response in vitro, as indicated by the change in Af-Art diameter, was 3.8+0.6 um
(Figure 1E). In db/db mice, the TGF response /in vitro, as indicated by the change in Af-Art
diameter, was 2.2+0.8 um (Figure 1E), which was ~40% less compared with db/+ mice
(Figure 1F).

To determine the changes in macula densa NO production during the early stage of diabetes,
we measured the TGF-induced NO generation in the macula densa of isolated and perfused
JGAs with DAF-2 DA in db/db and db/+ mice at 12 weeks of age.12 20-22 |n db/+ mice,
when NaCl concentration in tubular perfusate was switched from 10 to 80 mM, macula
densa NO production increased by 37.2+8.1% from 109.9+12.2 to 150.4+13.3 units/min.

In db/db mice, when NaCl concentration in tubular perfusate was switched from 10 to 80
mM, macula densa NO generation increased by 71.0+15.7% from 113.4+£10.4 to 192.8+12.5
units/min, which was significantly greater than in db/+ mice (Figure 2A).

To determine the changes in macula densa NOS1 expression and phosphorylation during
the early stage of diabetes, we measured the protein abundances of NOS1 and P-NOS1 in
the renal cortex, where most of the NOS1 comes from the macula densa,2 23 24 in db/db
and db/+ mice at 12 weeks of age (Figure 2B). NOS1 levels (Figure 2C) as well as P-NOS1/
NOS1 ratios (Figure 2D) were 2.50+0.15-fold and 1.85+0.26-fold higher, respectively, in
db/db mice compared with db/+ mice.

These results demonstrate that the development of glomerular hyperfiltration in the early
stage of leptin receptor deficiency (db/db)-induced diabetes is associated with upregulation
of macula densa NOS1 as well as inhibition of TGF.
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The Development of a Diabetic Mouse Model with Deletion of Macula Densa NOS1.

The diabetic mouse model with deletion of macula densa NOS1, db/db MD-NOS1KO,

was generated by crossing the db/db mouse line with the MD-NOS1KO mouse line.

Blood glucose concentration was not significantly different in db/db MD-NOS1KO mice
compared with db/db NOS1flox/flox mice, which indicates that the leptin receptor deficiency
(db/db)-induced diabetic condition was not affected by the genetic recombination with the
MD-NOS1KO mouse line (Figure 3A). Double-immunofluorescence staining of NOS1 and
NKCC2 in the kidney slices of db/db MD-NOS1KO mice confirmed the absence of NOS1
expression in the macula densa,12 20: 25 which indicates that the deletion of macula densa
NOS1 was not affected by the genetic recombination with the db/db mouse line (Figure 3B).

Selective Deletion of Macula Densa NOS1 Attenuates Diabetes-Induced Inhibition of TGF
and Elevation of GFR in db/db mice.

To determine the significance of macula densa NOS1 in the inhibition of TGF during the
early stage of diabetes, we measured the TGF response /n vivo with micropuncture in
diabetic (db/db) and non-diabetic (db/+) MD-NOS1KO as well as NOS1flox/flox mice at 12
weeks of age. In NOS1floX/flox mice  the TGF response in vivo, as indicated by AP, was
~55% less in the diabetic group (2.0£0.8 mmHg) compared with the non-diabetic group
(4.8+0.9 mmHg) (Figures 4A and 4B). In MD-NOS1KO mice, the TGF response /n vivo
(which was already enhanced) was only ~15% less in the diabetic group (6.6£0.8 mmHg)
compared with the non-diabetic group (7.8£1.0 mmHg) (Figures 4A and 4B). The inhibition
of TGF /n vivo during the early stage of leptin receptor deficiency (db/db)-induced diabetes
was significantly less in the MD-NOS1KO mice than the NOS1fIoX/flox mice (Figure 4B).

To eliminate systemic confounding factors, we also measured the TGF response /n vitro

in isolated and double perfused JGAs. In NOS1floX/flox mice, the TGF response 7 vitro,

as indicated by the change of Af-Art diameter, was ~50% less in the diabetic group

(2.0+0.7 um) compared with the non-diabetic group (4.1+1.2 um) (Figures 4C and 4D).

In MD-NOS1KO mice, the TGF response /n vitro (which was already enhanced) was only ~
12% less in the diabetic group (6.2+0.7 um) compared with the non-diabetic group (7.1+1.2
um) (Figures 4C and 4D). The inhibition of TGF /n vitro during the early stage of leptin
receptor deficiency (db/db)-induced diabetes was significantly less in the MD-NOS1KO
mice than the NOS1flox/flox mice (Figure 4D).

To determine the significance of macula densa NOSL1 in the development of glomerular
hyperfiltration during the early stage of diabetes, we measured GFR by assessing the
clearance kinetics of plasma FITC-sinistrin in db/db and db/+ MD-NOS1KO as well as
NOS1flox/flox mice once a week from 8 to 12 weeks of age. In NOS1floX/flox mice GFR
was ~64% higher in the diabetic group (e.g., 404+18 ul/min at 12 weeks of age) than in the
non-diabetic group (247+13 pl/min at 12 weeks of age). In MD-NOS1KO mice, GFR was
only ~22% higher in the diabetic group (e.g. 306£14 pl/min at 12 weeks of age) than in the
non-diabetic group (251£14 ul/min at 12 weeks of age). The increase of GFR during the
early stage of leptin receptor deficiency (db/db)-induced diabetes was significantly less in
the MD-NOS1KO mice than the NOS1flox/flox mice (Figure 4E).
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These results demonstrate that selective deletion of NOS1 from the macula densa attenuates
the inhibition of TGF as well as the development of glomerular hyperfiltration in the early
stage of leptin receptor deficiency (db/db)-induced diabetes.

Deletion of Macula Densa NOS1 Impairs Natriuresis and Increases Blood Pressure in

db/db Mice.

To determine the significance of macula densa NOS1 in the regulation of sodium excretion
during the early stage of diabetes, we measured FENa by testing the concentrations of
sodium and creatinine in blood and urine in diabetic (db/db) and non-diabetic (db/+)
MD-NOS1KO as well as NOS1floX/flox mjce at 12 weeks of age (Table 1).1%: 26 27

In NOS1flox/flox mice, FENa was 20.6+9.2% less in the diabetic group (0.058+0.007%)
compared with the non-diabetic group (0.074+0.018%). In MD-NOS1KO mice, FENa was
45.8+10.6% less in the diabetic group (0.036+0.005%) compared with the non-diabetic
group (0.069+0.017%). Moreover, there were no significant differences in FENa between
the non-diabetic NOS1flox/flox and MD-NOS1KO mice, while it was 36.3+8.7% less in the
diabetic MD-NOS1KO mice compared with the diabetic NOS1foX/flox mice (Figure 5A).

To determine the significance of macula densa NOS1 in the control of blood pressure
during the early stage of diabetes, we continuously measured MAP with radio telemetry
system in diabetic (db/db) and non-diabetic (db/+) MD-NOS1KO as well as NOS1flox/flox
mice from 10 to 12 weeks of age.28 In NOS1foX/flox mice, MAP was 108.3+4.2 mmHg in
the diabetic group, which was 8.7+2.4% higher than in the non-diabetic group (99.7+2.8
mmHg). In MD-NOS1KO mice, MAP was 119.4+5.2 mmHg in the diabetic group,

which was 23.1£3.5% higher than in the non-diabetic group (97.0£3.5 mmHg). Moreover,
there were no significant differences in MAP between the non-diabetic NOS1floX/flox gnqg
MD-NOS1KO mice, while it was 10.2+3.0% higher in the diabetic MD-NOS1KO mice
compared with the diabetic NOS1loX/flox mice (Figure 5B).

DISCUSSION

The present study demonstrated the significance of the macula densa NOSL1 in the regulation
of TGF, GFR, sodium excretion, and blood pressure during the early stage of leptin receptor-
deficient diabetes. We found (1) that FENa was lesser in db/db versus db/+ mice along with
only a small increase in blood pressure, consistent with a proposed theory of primary tubular
hyperreabsorption,® and this was associated with an upregulated expression and activity of
macula densa NOS1, an inhibited TGF response, and glomerular hyperfiltration; and (2)

that deletion of macula densa NOS1 not only limited the inhibition of TGF response and
attenuated glomerular hyperfiltration in db/db mice, but also further reduced FENa and
substantially increased blood pressure. These data support the concept that in the early

stage of diabetes, macula densa NOS1-derived NO blunts TGF and increases GFR, which
facilitates renal NaCl excretion in the face of primary tubular hyperreabsorption and thereby
limits the need for pressure natriuresis.

We have recently identified a new mechanism, the macula densa SGLT1-NOS1-TGF
pathway, for the acute hyperglycemia—induced glomerular hyperfiltration.12 The macula
densa is a group of specialized epithelial cells located at the distal end of the TAL, serving
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as a sensor of the tubular fluid.2% 30 The TGF describes a fundamental and intrinsic
mechanism in the control of renal hemodynamics wherein an increase of NaCl delivery

to the macula densa promotes the release and formation of ATP and/or adenosine, which
constricts the Af-Art and induces an inhibition of single-nephron GFR.31-34 NOS1 is the
predominant NOS isoform expressed in the macula densa?3 24 and the NO derived from
macula densa NOS1 buffers or attenuates the TGF responsiveness via a cGMP-dependent
signaling pathway.20: 24, 35. 36 Fyrthermore, several previous studies from our group have
also demonstrated that the macula densa NOS1-mediated modulation of TGF is an important
mechanism in the long-term control of GFR, salt-water balance and blood pressure.20: 22. 37
In particular, the mice with selective deletion of NOS1 from the macula densa exhibit
augmented TGF responses, blunted increases in GFR, urine flow, and sodium excretion

in response to acute volume expansion, and salt-sensitive hypertension.20 However, the
significance of the macula densa NOS1-mediated TGF mechanism in the pathogenesis of
glomerular hyperfiltration as well as hypertension in diabetes had not been determined,
which was examined in the present study using a murine model of leptin receptor deficiency
(db/db)-induced type 2 diabetes.

In the present study, we found that both the TGF response /n vitro measured by
microperfusion and TGF response /n vivo measured by micropuncture were inhibited in
db/db mice compared with db/+ mice, which is consistent with the results in previous studies
that the TGF response, as indicated by APg¢, proximal-distal differences of single nephron
GFR, or homeostatic efficiency of TGF, was attenuated or reset in streptozotocin-induced
diabetic rats, %11 38. 39 Akita mice? as well as db/db mice.41 42 Additionally, we found

that NOS1 expression as well as phosphorylation at Ser1417 (which activates NOS1 via
cAMP-dependent protein kinase)#3-4% in the renal cortex, where most of the NOS1 comes
from the macula densa,12 23 24 were significantly upregulated in db/db mice compared with
db/+ mice. In accordance with the changes in expression and phosphorylation, the activity of
NOSL1 in the macula densa, as indicated by the TGF-induced NO production, was also found
to be markedly enhanced in db/db mice compared with db/+ mice, which is consistent with
the previous findings that NO production, as indicated by plasma concentration and urinary
excretion of nitrite/nitrate as well as cGMP, was increased in diabetic animals.#6-48 These
results demonstrate that the development of glomerular hyperfiltration in the early stage of
diabetes is associated with upregulation of macula densa NOS1 as well as inhibition of TGF
responsiveness.

Next, we examined whether the upregulated macula densa NOS1 and the inhibited TGF
are causal factors or consequences of diabetic glomerular hyperfiltration. Recently, our
group generated the MD-NOS1KO mouse model (NKCC2¢¢/NOS1flox/floxy by crossing

a NKCC2° line with a NOS1lox/flox Jine 20 A the NOS1foX/flox mouse line? (kindly
provided by Dr. Paul Huang) targets the exon 6, a common exon for all the splice variants
of NOSL, the excision by NKCC2 promoter-driven Cre recombinase results in complete
ablation of all the splice variants of NOS1 in the macula densa. Thus, in the present study,
this transgenic mouse model was utilized to examine the significance of the macula densa
NOS1-mediated TGF mechanism in the development of glomerular hyperfiltration as well as
the pathogenesis of hypertension in diabetes. Diabetic MD-NOS1KO mice were generated
by crossing MD-NOS1KO mouse line with db/db mouse line, and further characterization
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showed that neither the blood glucose nor the NOS1 expression in the macula densa was
affected by this genetic recombination. We found that the MD-NOS1KO enhanced the
TGF response to a similar extent in db/+ and db/db mice; nevertheless, MD-NOS1KO

only affected GFR and MAP in db/db mice but not in db/+ mice. We propose that this

is in part due to the enhanced macula densa NOS1 as well as tubular sodium retention
(reduced FENa) in the diabetic kidney, which makes GFR and MAP more sensitive to the
functional role and influence of macula densa NOS1. These findings are consistent with
the observations in previous studies with pharmacological inhibition of NOS1 or NOS.

For example, selective NOS1 inhibition induced a greater reduction in single-nephron GFR
or whole-body GFR in diabetic animals than non-diabetics,*1: 48: 50. 51 and GFR was not
further decreased by non-selective NOS inhibitors in the presence of a NOS1 inhibitor.5°
Similarly, chronic administration of L-NAME resulted in a greater increase in blood pressure
in diabetic versus non-diabetic rats.52-54

In addition to the macula densa NOS1-mediated TGF mechanism, the role of SGLT1 in

the control of GFR and blood pressure in the early diabetic kidney has also been recently
examined by our group in two murine models of type 1 diabetes, namely streptozotocin-
treated and insulin deficient (Akita) mice with genetic KO of SGLT1.15 These studies
demonstrate that the absence of SGLT1 mitigates the upregulation of macula densa NOS1,
attenuates glomerular hyperfiltration, and increases systolic blood pressure in diabetes.1> Al
the above evidences indicate that the macula densa SGLT1-NOS1-TGF pathway determines
GFR, natriuresis and blood pressure in early diabetes.

Hypertension is a common comorbid condition in diabetes, affecting approximately 30%
of patients with type 1 diabetes and 50% to 80% of patients with type 2 diabetes.12 55-57
Moreover, hypertension substantially raises the risk of diabetic complications, including
cardiovascular disease, neuropathy, retinopathy, and nephropathy. The reasons for the high
prevalence of hypertension in diabetes have been extensively investigated but not fully
elucidated yet. Based on the findings in the present study, we speculate that people who
upregulate macula densa NOSL1 in response to diabetes manifest glomerular hyperfiltration
accompanied with normal blood pressure or only little blood pressure increase. Other
individuals, potentially in African American®8: 59 or elderly people,69-62 however, may
have lower macula densa NOS1 expression or blunted NOS1 activity. These individuals
thus might not be able to generate sufficient NO in response to diabetes, which may limit
glomerular hyperfiltration and promote the development of hypertension.

Besides its effect on the TGF response, the macula densa NOS1-derived NO also affects
renin release in granular cells, a rate-limiting step of renin-angiotensin-aldosterone system
(RAAS). Various /n vitro studies in the isolated and perfused JGAs have demonstrated that
macula densa NOS1 promotes the synthesis and secretion of renin in granular cells.63-66

In addition, KO of SGLT1 in Akita mice is associated with reduced renal renin mRNA
expression.1® Moreover, it is generally found that the plasma renin activity is normal87. 68
or inhibited®-"1 in early diabetes. Thus, changes in RAAS are unlikely to contribute to
the development of hypertension in the diabetic mice with macula densa NOS1 or SGLT1
deletion. On the contrary, a suppression of RAAS likely occurs to compensate for the
sodium and fluid retention in the diabetic MD-NOS1KO and SGLT1 KO mice.
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While the macula densa NOS1 is the focus of the present study, we are aware that the
ablation of macula densa NOS1 does not completely block the inhibition of TGF or the rise
of GFR in diabetic mice, and other mechanisms, in particular, the SGLT2-NaCl pathway,
also contribute. We propose that the macula densa SGLT1-NOS1 and proximal tubule
SGLT2-NaCl pathways are separate mechanisms operating in parallel in the diabetic kidney
that additively promote glomerular hyperfiltration and maintain normal blood pressure,
consistent with the findings in our recent studies.1® In addition, the diabetes-associated
proximal tubular hyperreabsorption increases GFR in part through the physiology of the
TGF mechanism. This helps to restore NaCl and fluid delivery to the distal nephron

and urine, and thereby helps to maintain volume status. Preventing hyperfiltration without
affecting the primary tubular hyperreabsorption may thus cause NaCl and fluid retention and
increase blood pressure. In this regard, because SGLT2 is responsible for the majority of the
primary hyperreabsorption in the diabetic kidney, SGLT2 inhibition lowers hyperfiltration
secondarily to lowering tubular hyperreabsorption, and thus NaCl and fluid are not retained.
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NOVELTY AND SIGNIFICANCE
What is new?

Using a variety of sophisticated techniques and a novel macula densa—specific neuronal
nitric oxide synthase (NOS1) knockout model, we identified a new mechanism of blood
pressure regulation in diabetes, wherein the upregulation of macula densa NOS1-derived
nitric oxide (NO) generation in the early diabetic kidney inhibits tubuloglomerular
feedback (TGF) and increases glomerular filtration rate (GFR), which counteracts renal
sodium retention and thereby limits the rise in blood pressure.

What isrelevant?

Hypertension is a common comorbid condition in patients with diabetes. However, the
pathogenesis of hypertension in diabetes has not been fully clarified.

Summary

The macula densa NOSL1 through its effect on TGF and GFR plays a critical role in the
control of natriuresis and blood pressure in a murine model of leptin receptor-deficient
diabetes.
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PERSPECTIVES

The present study demonstrates that the macula densa NOSL1 through its effect on TGF
and GFR plays a critical role in the control of sodium excretion and blood pressure in
a murine model of leptin receptor-deficient diabetes. These findings not only establish
a novel pathophysiological mechanism in the early diabetic kidney but may also have
implications for the development of hypertension in diabetic patients and its therapy.
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Figure 1. Blood glucose, GFR and TGF responsivenessin db/db mice.
(A) The blood glucose concentration in db/db and db/+ mice. n=12; *P<0.01 vs db/+. (B)

The GFR in db/db and db/+ mice. n=10; *P<0.01 vs db/+. (C and D) The TGF response /in
vivo in db/db and db/+ mice. n=18 tubules/6 mice per group; *P<0.01 vs db/+. (E and F)
The TGF response /n vitroin Akita and WT mice. n=16 nephrons/group; *P<0.01 vs db/+,
*P<0.01 vs db/+. Statistical difference in (A and B) was calculated by two-way repeated
measures ANOVA followed by Sidak multiple comparisons test. Statistical difference in
(C-F) was calculated by t-test.
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Figure 2. Macula densa NOSL1 expression and activity in db/db mice.
(A) The TGF-induced NO generation at the macula densa in db/db and db/+ mice. n=15;

*P<0.01 vs 10 mM, #P<0.01 vs db/+. (B) The immunoblots of renal cortical NOS1,
P-NOS1, and loading control of g-actin in db/db and db/+ mice. (C and D) The renal
cortical NOS1 and P-NOS1/NOS1 levels in db/db and db/+ mice. n=8; *P<0.01 vs db/+.
Statistical difference in (A) was calculated by two-way ANOVA followed by Sidak multiple
comparisons test. Statistical difference in (C-D) was calculated by t-test.
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Figure 3. Characterization of db/db MD-NOS1KO mouse model.
(A) The blood glucose concentration in db/+ NOS1floX/flox db/dh NOS1flox/flox g+

MD-NOS1KO and db/db MD-NOS1KO mice. n=10; *P<0.01 vs db/+. (B) The double
immunofluorescence staining of NOS1 and NKCC2 in the kidney slices of db/db
NOS1flox/flox and db/db MD-NOS1KO mice. Red: NOS1; Green: NKCC2; Blue: nucleus;
Arrow: macula densa. Statistical difference in (A) was calculated by two-way repeated
measures ANOVA followed by Sidak multiple comparisons test.
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Figure 4. Effect of macula densa NOSL1 deletion on TGF responsiveness aswell as GFR in db/db

mice.

(A and B) The TGF response in vivo in db/+ NOS1floX/flox dp/dh NOS1floX/flox dp/+
MD-NOS1KO and db/db MD-NOS1KO mice. n=17 tubules/5 mice per group; *P<0.01 vs
db/+; #P<0.01 vs NOS1floxflox (C and D) The TGF response 7 vitroin db/+ NOS1flox/flox
db/db NOS1flox/flox dh/+ MD-NOS1KO and db/db MD-NOS1KO mice. n=14 nephrons/
group; *P<0.05 vs db/+; #P<0.01 vs NOS1flox/flox (E) The GFR in db/+ NOS1flox/flox
db/db NOS1flox/flox gb/+ MD-NOS1KO and db/db MD-NOS1KO mice. n=10; *P<0.01 vs
db/+; #P<0.01 vs NOS1flox/flox statistical difference in (A and C) was calculated by t-test.
Statistical difference in (B and D) was calculated by two-way ANOVA followed by Sidak
multiple comparisons test. Statistical difference in (E) was calculated by two-way repeated
measures ANOVA followed by Sidak multiple comparisons test.
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Figure 5. Effect of macula densa NOSL1 deletion on natriuresisaswell asblood pressurein db/db
mice.

(A) The FENa in db/+ NOS1foX/flox gh/db NOS1floX/flox dh/+ MD-NOS1KO and db/db
MD-NOS1KO mice. n=10; *P<0.05 vs db/+; ¥P<0.01 vs NOS1floxflox (B) The MAP in
do/+ NOS1flox/floxgih/dh NOS1flox/flox | d/+ MD-NOS1KO and db/db MD-NOS1KO mice.
*P<0.05 vs db/+; #P<0.05 vs NOS1flox/flox_gtatistical difference in (A) was calculated by
two-way ANOVA followed by Sidak multiple comparisons test. Statistical difference in

(B) was calculated by two-way repeated measures ANOVA followed by Sidak multiple
comparisons test.
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Table 1.

Fractional excretion of Na* (FENa) in diabetic (db/db) and non-diabetic (db/+) MD-NOS1KO as well as
NoOs1flox/flox mice.

UN
Groups (mm o?/l) PCr (mg/dl) uCr (mg/dl)  FENa (%)

PNa
(mmol/l)

db/+ NOStflox/flox 125.5+12.0  0.040+0.002 145.2+1.6  47.891+6.848 0.074+0.018
db/+ MD-NOSIKO  122.1+20.0  0.043+0.003 144.4+1.6  52.696+6.129 0.069+0.017

db/db NOSIflodflox  305+91%  0.020£0.003*  145.0+2.0  7.366+1.848  0.058+0.007 *

db/db MD-NOSIKO 16393  0.025+0.002° 143.9+1.1 7.081+4.909° 0.036+0.005™"

UNa, urinary Na™ concentration; PCr, plasma creatinine concentration; PNa, plasma Na* concentration; UCr, urinary creatinine concentration.
*
P<0.05 vs db/+

#P<0,01 vs Nos1flox/flox
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