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Abstract

The present study directly tested the hypothesis that the Na*/H* exchanger 3 (NHE3) in the
proximal tubules of the kidney is required for the development of angiotensin 11 (ANG I1)-induced
hypertension using proximal tubule-specific NHE3 knockout mice (PT-AAe3™7). Specifically, PT-
Nhe3™~ mice were generated using the SGLT2-Crel Nhe3/°X1ox approach, whereas ANG 11-
induced hypertension was studied in 12 groups (n=5-12 per group) of adult male and female wild-
type (WT) and PT-A#e3 '~ mice. Under basal conditions, systolic (SBP), diastolic (DBP), and
mean arterial blood pressure (MAP) were significantly lower in male and female PT-A/#e3”~ than
WT mice (£<0.01). A high pressor, 1.5 mg/kg/day, i.p., or a slow pressor dose of ANG 11, 0.5
mg/kg/day, i.p., for 2 weeks significantly increased SBP, DBP, and MAP in male and female WT
mice (£<0.01), but the hypertensive response to ANG Il was markedly attenuated in male and
female PT-Ahe3”~ mice (P<0.01). ANG Il impaired the pressure-natriuresis response in WT
mice, whereas proximal tubule-specific deletion of NHE3 improved the pressure-natriuresis
response in ANG ll-infused PT-Ahe3”~ mice (P<0.01). AT, receptor blocker losartan completely
blocked ANG Il-induced hypertension in both WT and PT-A/e3™~ mice (£<0.01). However,
inhibition of nitric oxide synthase with L-NAME had no effect on ANG ll-induced hypertension in
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WT or PT-Nhe3™~ mice (n.s.). Furthermore, ANG Il-induced hypertension was significantly
attenuated by an orally absorbable NHE3 inhibitor AVE0657. In conclusion, NHE3 in the
proximal tubules of the kidney may be a therapeutical target in hypertension induced by ANG |1 or
with increased NHE3 expression in the proximal tubules.

Angiotensin Il; hypertension; NHE3; pressure natriuresis; proximal tubule

Introduction

The Na*/H* exchanger 3 (NHE3) is a ~85 kDa protein encoded by the SLC9AZ gene, and is
the most important Na* transporter in the proximal tubules of the kidney.1~3 NHE3 extrudes
a hydrogen ion (H*) into the lumen of the proximal tubules in exchange for the import of a
sodium (Na*) ion into the proximal tubule cells, which provides a powerful driving force for
directly and indirectly reabsorbing ~50% of filtered Na* load in the proximal tubules. 1.2
Increased NHE3 expression and activity in the proximal tubules has long been implicated in
angiotensin 1l (ANG I1)-dependent hypertension and in spontaneously hypertensive rats
(SHR). 46 Previous studies have shown that most of prohypertensive factors, including
ANG 11, #7710 glucocorticoid, 1112 hyperinsulinemia, 13 hyperglucagonemia, 14 and
increased oxidative stress, 10 increase NHE3 expression and increase Na* reabsorption in the
proximal tubules. Increased NHE3 expression or activity has been reported in the proximal
tubules of SHR, a rat model of human essential hypertension. >1° In vitro, low nanomoles of
ANG Il induces NHE3 expression in cultured proximal tubule cells. 16-18 In vivo, low
subpressor or slow pressor doses of ANG Il significantly increase the expression of NHE3
and proximal Na* reabsorption, which contributes to the development of ANG Il-dependent
hypertension. 41019 However, a direct cause and effect relationship between ANG 11 and
NHE3 in the proximal tubules of the kidney, impaired pressure-natriuresis response and its
resetting in ANG Il-induced hypertension has not been previously determined.

We and others have recently shown that the basal blood pressure level is significantly lower
in global NMhe3=, 120 kidney-selective tg/Nhe3 = 2122 or Nhe3/oxIoxCre mice, 23 as well as
proximal tubule-specific PT-/A#e3™/~ mice. 24 The reduced basal blood pressure phenotype is
associated with a significant decrease in proximal Na* reabsorption and an augmented
pressure-natriuresis response in PT-AAe3™/~ mice. 24 Furthermore, ANG Il-induced
hypertension is significantly attenuated in global Mhe37~ 20 and tg/NAe3 '~ mice with
transgenic rescue of the Are3gene in small intestines, 22 thus implicating intestinal and
kidney NHE3 in the development of ANG Il-dependent hypertension. Yet, whether NHE3 in
the proximal tubules of the kidney may be targeted genetically or pharmacologically to
attenuate ANG Il-induced hypertension has not been investigated previously using
genetically modified, proximal tubule-specific PT-A/e3~ mice or kidney- or proximal
tubule-selective NHE3 inhibitors.

Accordingly, in the present study we first used proximal tubule-specific PT-AAe3”~ mice 24
to directly test the hypothesis that NHE3 in the proximal tubules of the kidney is required for
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the full development of ANG ll-induced hypertension. Secondly, we performed some proof
of the concept experiments to determine whether the pharmacological inhibition of NHE3 in
the kidney, primarily in the proximal tubulels and the loop of Henle, with an orally
absorbable NHE3 inhibitor can attenuate ANG Il-induced hypertension in C57BL/6J mice.
Third, since androgen reportedly plays an important role in ANG Il-induced hypertension in
part by upregulating NHES in the proximal tubules and increasing proximal Na*
reabsorption, 2526 hoth male and female WT and PT-A/e3”~ mice were included in the
experimental design. The results of the present study provide unequivocal evidence for the
15t time that NHES3 in the proximal tubules of the kidney is required for the full development
of ANG Il-induced hypertension, and that NHE3 in the proximal tubules may be
therapeutically targeted to treat ANG Il-dependent hypertension.

All animal breeding and genotyping procedures, surviving and nonsurviving surgical
preparations, experimental protocols, or study materials will be made available to others by
contacting Jia L. Zhuo, M.D., Ph.D., at jzhuo@umc.edu The detailed section of Methods
and Materials is provided in the ONLINE SUPPLEMENT.

Adult male and female wild-type (WT), genetically modified, proximal tubule-specific
knockout of NHE3 (PT-Nhe3”~) mice were used in all experimental protocols in the present
study, as approved by the Institutional Animal Care and User Committee of the University of
Mississippi Medical Center.

As both Nihe3/0x1ox24.27 and jL1-SGLT2-Cre mouse strains were generated and back-crossed
to several generations on the C57BL/6J genetic background, 2428 both male and female age-
matched C57BL/6J mice were used as wildtype controls.

Proximal tubule-specific Nhe3™~ mice (PT-Nhe3~/~) mice

PT-Nhe3”~ mice were generated in this laboratory using the gold standard SGL72-Cre/
Nhe3/oxlox approach, as described previously. 24:27.28

Experimental Protocols

Basal blood pressure and renal functional phenotypes in adult male and female PT-Nhe3™/~

mice

Systolic (SBP), diastolic (DBP) and mean arterial blood pressure (MAP) were measured in
conscious adult male and female WT and PT-A/#e37~ mice using both the implanted
telemetry (Data Science) and noninvasive tail-cuff approaches using Visitech Blood Pressure
Analysis Systems BP-200 Series 11 (Visitech, NC). 42022 The whole-kidney glomerular
filtration rate (GFR) was measured in male and female WT and PT-A/4e3~~ mice using the
transdermal GFR monitoring approach with FITC-sinistrin (Figure S1), as described. 2930,
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whereas the whole-kidney proximal tubule Na* reabsorption was measured using the
noninvasive lithium clearance technique. 20:22.24.31

Induction of ANG Il-induced hypertension in adult male and female WT and PT-Nhe3~/~

mice

Six groups (n=5-12 per group) of adult male and female WT and PT-A/e3”~ mice were
studied. Group 1 served as time-control; Group 2 were infused with a high pressor (1.5
mg/kg/day, i.p.) 32 or a slow pressor dose of ANG Il via an osmotic minipump (0.5 mg/kg/
day, /.p.) supplemented with a 2% NaCl diet for 2 weeks; 4 and Group 3 were treated with
ANG Il as in Group 2, but concurrently treated with losartan to block AT, receptors (20
mg/kg/day, p.0.). # SBP, DBP, and MAP were measured at basal and weekly after treatments
with or without ANG 11, 2% high salt diet, or losartan.

The pressure-natriuresis response to a slow pressor dose of ANG ll-induced hypertension
in male and female WT and PT-Nhe3~~ mice

The pressure-natriuresis response was studied in 4 groups (n=8 per group) of male and
female WT and PT-A#e3™~ mice to determine whether the pressure-natriuresis response
was impaired in ANG ll-induced hypertension and whether deletion of NHE3 selectively in
the proximal tubules attenuates ANG Il-induced hypertension by improving the pressure-
natriuresis response. 24

Pharmacological inhibition of NHE3 in the kidney attenuates angiotensin ll-induced
hypertension in C57BL/6J mice

Five groups (n=5-15 per groups) of adult male C57BL/6J mice were studied. Group 1
served as time-controls. Group 2 were treated with an orally absorbable NHE3 inhibitor
AVEQ657 (a generous gift from Sanofi-Aventis; 20 mg/kg/day, p.o.) to inhibit NHE3
selectively in the kidney, primarily in the proximal tubules and the loop of Henle. Group 3
were infused with a slow pressor dose of ANG Il (0.5 mg/kg/day, i.p., via minipump),
supplemented with a 2% NaCl diet, to slowly and moderately induce ANG Il-dependent
hypertension in 2 weeks. 4 Group 4 were infused with ANG 11 as in Group 3, but treated
with AVEO0657 for 2 weeks as in Group 2. Group 5 were treated as in Group 4, but adding
losartan (20 mg/kg/day, p.o.) to block AT receptors. SBP, DBP, and MAP and 24 h fecal
and urinary sodium excretion were determined at basal and weekly after treatments.

Induction of L-NAME-induced hypertension in male and female WT and PT-Nhe3~/~ mice

To determine whether genetic deletion of NHE3 selectively in the proximal tubules of the
kidney prevents L-NAME-induced hypertension, 4 groups (n=10 per group) of adult male
and female WT and PT-A/e3~~ mice were treated without or with the nitric oxide synthase
inhibitor L-NAME (50 mg/kg/day, p.o.) for 4 weeks. SBP, DBP, and MAP, and 24 h urinary
Na* and K* excretion were determined before and weekly after L-NAME treatment.

Statistical analysis

All results are presented as mean + SEM. The differences between different groups of male
and female WT and PT-A#e3~~ mice in all responses including SBP, DBP and MAP, 24 h
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urinary and fecal Na* excretion, the hypertensive responses to ANG Il or L-NAME, and the
pressure-natriuretic response to ANG |1 were first analyzed using one-way ANOVA,
followed by Student’s unpaired t test if a significant response between groups of WT and
PT-Nhe3™”~ mice was detected. The significance of statistical differences between responses
were set A<0.05.

Proximal tubule-specific deletion of NHE3 attenuates ANG Il-induced hypertension in male
and female PT-Nhe3~~ mice

As shown in Fig. 1, basal telemetry systolic (WT: 123 + 5 vs. PT-N/he3”~: 107 + 4 mmHg,
P<0.01, n=12 per group), diastolic (WT: 96 + 6 vs. PT-Nhe3”": 82 + 4 mmHg, £<0.01,
n=12 per group), and mean arterial blood pressure (WT: 113 + 5 vs. PT-Nhe37~: 95 + 5
mmHg, £<0.01, n=12 per group) were significantly lower in conscious male PT-N/e37~
mice than in male WT mice (A-C). There were no significant differences in systolic,
diastolic and mean arterial pressure between male and female WT, or between male and
female PT-Ahe3”~ mice (Fig. 1). In male and female WT mice, a high pressor dose of ANG
Il markedly increased systolic, diastolic and mean arterial pressure in a time-related manner,
reaching a peak pressor response within a week (A-C, £<0.01). While the systolic pressure
response to ANG Il sustained throughout the experiment (A), the diastolic (B) and mean
arterial pressure (C) responses began to decrease 10 days after ANG Il infusion (Fig. 1). No
significant difference in the pressor response to ANG Il was observed between male and
female WT mice (Male: 178 + 8 vs. Female: 179 + 10 mmHg, n.s.). In male PT-Nhe3 7~
mice infused with a similar high pressor dose of ANG I, systolic blood pressure also
increased in a time-related manner reaching a peak pressor response within a week of ANG
Il infusion (Fig. 1A). However, the pressor response to ANG Il was markedly attenuated in
male PT-NAe3™~ mice (139 + 8 mmHg, £<0.01 vs. WT males). Interestingly in female PT-
Nhe3”~ mice (Fig. 1D-F), systolic, diastolic and mean arterial pressure responses to ANG
Il began to decrease 4 days after ANG Il infusion (A<0.01). In all male and female WT and
PT-Nhe3”~ mice, concurrent pretreatment with the ATy receptor blocker losartan (20 mg/kg/
day, p.o.) effectively blocked all pressor responses to ANG Il (A<0.01, Fig. 2F).

Glomerular and proximal tubular structural responses to ANG Il in male and female WT
and PT-Nhe3~~ mice

Glomerular and proximal tubular ultrastructural responses to a slow pressor dose of ANG 11
infusion were compared using high resolution transmission electron microscopic imaging
(Fig. 2 & Fig. S3). A moderate degree of glomerular mesangial expansion was observed in
both male and female WT and PT-A/#e3”~ mice. No significant differences in the
ultrastructure of glomerular basement membranes (GBM), glomerular mesangium (M), the
endothelium and the glomerular capillaries (C), the parietal epithelium of the Bowman’s
capsule (PE), or podocytes (PO), were identified between male or female (not shown) WT
and PT-Nhe3™~ mice (Fig. 2A & Fig. 2B). Basal GFR, as determined by the transdermal
GFR monitoring with FITC-sinistrin, was significantly lower in male and female PT-
Nhe3™~ mice than WT controls (Fig. 2C). However, ANG I significantly decreased GFR by
~15% to similar extents in male and female WT and PT-A#e3”~ mice (Fig. 2C). In ANG II-
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treated male and female WT and PT-AAe3~~ mice, the size of the proximal tubules, the
orientation and length of brush border membranes (BBM) and microvilli (MV),
mitochondria, as well as vacuolar apparatus were largely similar (Fig. 2D & Fig. 2E & Fig.
S3). However, the level of NHE3 proteins in freshly isolated apical membranes of the
proximal tubules of the kidney was significantly increased in WT male mice in response to a
slow pressor dose of ANG Il infusion (Fig. 2F & Fig. S2).

Proximal tubule-specific deletion of NHE3 in the kidney improves the pressure-natriuresis
response to ANG Il in PT-Nhe3~/~ mice

The pressure-natriuresis response was studied in anesthetized male WT and PT-Nhe3™~
mice infused with a slow pressor dose of ANG Il (0.5 mg/kg/day, i.p.) and a 2% NaCl diet
for 7 days (Fig. 3). Renal perfusion pressure (RPF) was raised equally by ~30 mmHg with
occluding mesenteric and celiac arteries and/or the abdominal aorta below the renal arteries.
Urinary Na* excretion (Un,V) increased from basal 6.34 + 0.30 umol/h to 26.54 + 5.85
pumol/h in male WT mice (#£<0.01). Thus, the pressure-natriuresis response increased ~4.0-
fold in WT mice (P<0.01, Fig. 3). In male PT-Nhe3”~ mice, Up,V increased from basal
8.10 + 0.6 pmol/h to 52.50 + 5.10 umol/h (/A<0.01; Fig. 3). The pressure-natriuresis response
increased ~6.5-fold in PT-Ahe3~ mice (P<0.01, Fig. 3). The difference in the pressure-
natriuresis response between male WT and PT-A/e3 '~ mice was statistically significant
(P<0.01). Furthermore, the accumulative 24 h urinary Na* excretion was significantly higher
in ANG ll-infused PT-Ahe3 '~ than ANG Il-infused WT mice at basal, 3, 7, and 14 days
after ANG Il infusion (Fig. S4, A<0.01).

An orally absorbable NHE3 inhibitor AVE0657 attenuates ANG ll-induced hypertension in
WT mice by selectively inhibiting NHE3 in the kidney

An orally absorbable NHE3 inhibitor AVEQ757 was used in the present study to determine
the scientific premise that the pharmacological inhibition of NHE3 selectively in the kidney,
primarily in the proximal tubules and the loop of Henle, attenuates ANG Il-induced
hypertension. As expected, a slow pressor dose of ANG Il (0.5 mg/kg/day, i.p.) and 2%
NaCl diet significantly increased systolic blood pressure from 116 + 2 mmHg to 147 + 4
mmHg (Fig. 4, /<0.01). Concurrent treatment with AVE0657 (20 mg/kg/day, p.o.)
significantly attenuated systolic blood pressure to 125 = 4 mmHg in ANG ll-infused mice
(Fig. 4, /<0.01). Concurrent treatment with AVE0657 and losartan (20 mg/kg/day, p.o.),
completely normalize blood pressure in ANG ll-infused mice to control (115 £ 5 mmHg,
P<0.01). Unlike global Nhe37720 or tgNhe3™~ mice, 22 AVE0657 had no effect on 24 h
fecal Na* excretion, which was similar to WT time-control or PT-Ahe3”~ mice (Fig. S5).
However, AVE0657 significantly increased 24 h urinary Na* excretion (A<0.01) without
significantly altering urinary K* excretion in control or ANG Il-infused mice (Fig. 4).
AVEQ657 treatment alone had no significant effects on systolic blood pressure (=5 + 2
mmHg, 7.s.; Fig. S6), 24 h water drinking (Fig. S7) or 24 h urine output in WT mice (Fig.
S8).
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Proximal tubule-specific deletion of NHE3 in the kidney doesn’t alter L-NAME-induced
hypertension in PT-Nhe3™~ mice

In the present study, separate groups of male and female WT and PT-AAe3™~ mice were
treated without or with L-NAME (50 mg/kg/day, p.o.) for 4 weeks to slowly increase blood
pressure. Figure 5 shows that L-NAME-treatment induced time-related, moderate but
significant increases in systolic blood pressure, which peaked at 2 weeks and sustained for 4
weeks in both WT (Basal: 115 + 3 vs. L-NAME: 126 + mmHg, £<0.05), and PT-Nhe37~
mice (Basal: 103 £ 3 mmHg vs. L-NAME: 119 + 3 mmHg, A<0.05) (Fig. 5A). Similar L-
NAME-induced blood pressure responses were observed in female WT and PT-Nhe3 ™~
mice (n.s.) (Fig. 5A). L-NAME-induced hypertension was associated with antinatriuresis in
WT mice (£<0.05 vs. basal) (Fig. 5D), but it was conversely associated with natriuresis in
female PT-Ahe3™~ mice (P<0.01) (Fig. 5D). There were no significant differences in heart
rate (Fig. 5B), heart wt. (Fig. 5C) to or kidney wt. to body wt. ratio (Fig. 5F), and urinary K*
excretion (Fig. 5E) between male and female WT and PT-A#e3~ mice in response to L-
NAME treatment.

Discussion

An important role of NHE3 in the proximal tubules of the kidney in ANG Il-dependent
hypertension is deduced primarily from previous studies showing the stimulatory effects of
ANG Il on NHE3 expression and activity in cultured proximal tubule cells. 12:16-18,33.34 |
rats or mice, subpressor or slow pressor doses of ANG Il were found to significantly
increase the expression of NHE3 in the kidney, stimulate proximal Na* reabsorption, and
elevate blood pressure. 410.19.35 Since NHE3 expression or activity was found in the
proximal tubules of SHR, a well-recognized animal model of human essential hypertension,
51536 NHE3 in the proximal tubules has been implicated in the pathogenesis of
hypertension. However, the evidence supporting an important role of proximal tubule NHE3
in ANG ll-induced hypertension or SHR from previous studies remain indirect, because a
cause and effect relationship has not been established previously. Against this background,
the present study directly tested the hypothesis that NHE3 in the proximal tubules of the
kidney plays a significant role in the pathogenesis of ANG II-dependent hypertension, and
that deletion of NHE3 selectively in the proximal tubules attenuates ANG Il-induced
hypertension. Using mutant mice with proximal tubule-specific deletion of NHE3 in the
kidney, the present study provides unequivocal evidence that NHE3 in the proximal tubules
of the kidney plays a key role in the development of ANG Il-induced hypertension.
Furthermore, the results from the present study using an orally absorbable, kidney-selective
NHE3 inhibitor AVE0657, strongly support a proof of the concept that deletion or
pharmacological inhibition of NHE3 selectively in the proximal tubules of the kidney will
significantly lower blood pressure in animal models of hypertension associated with the
activation of the intratubular renin-angiotensin system in the kidney.

The key strength of the present study is that the hypothesis was tested using a proximal
tubule-specific genetic approach for the 15t time to directly determine the cause and effect
relationship between NHE3 in the proximal tubules and ANG Il-induced hypertension. This
proximal tubule-specific approach is clearly advantageous compared with the global or
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whole-body, and the kidney-specific approaches, because the former approach can
theoretically exclude the confounding effects or contributions of NHE3 expression and
actions from other organs or other kidney tubular segments in ANG Il-induced hypertension.
In recent studies, we have determined the roles of intestinal and kidney NHE3 in the
development of ANG Il-induced hypertension using global AV#e37~ and kidney-selective
tg/NVhe3™~ mouse models. 20:22:37 |n those studies, Mhe3”~ and tg/NVhe3™~ mice were
infused with a high pressor does of ANG |1 (1.5 mg/kg/day, i.p., viaosmotic minipump) for
2 weeks or acutely infused intravenously under anesthesia. The hypertensive response to
ANG I was significantly attenuated in Ahe37~ and tg/Ve3”~ mice, suggesting that
systemic and tissue (intestinal and kidney) effects of NHE3 were involved. 2022 However, a
significant limitation for using these two mutant NHE3 mouse models is that the relative
contribution of intestinal versus kidney or proximal tubule NHE3 to the development of
ANG ll-induced hypertension cannot be determined. Indeed, NHE3 is abundantly expressed
in apical membranes of small intestines in the digestive system, where ANG Il stimulates Na
* absorption, contributing to increases in body Na* intake and blood pressure homeostasis.
1,20-22,38 Eyen in the kidney, a low level of NHE3 is also expressed in the ascending limb
(TAL) of the loop of Henle, 3940 where ANG 1l may induce NHE3 expression and alter Na*
transport. Thus the present study is both conceptually and technically innovative to use the
proximal tubule-specific NHE3 knockout model to determine the role of NHE3 in ANG II-
induced hypertension. Using the state of art SGL7.2-Crel Nhe3™" approach, NHE3 is
genetically deleted only in the proximal tubules, while leaving those NHE3 intact in the TAL
of the loop of Henle and in small intestines. In the present study, hypertension induced by a
high pressor (1.5 mg/kg/day, i.p.) and a slow pressor dose of ANG 11 (0.5 mg/kg/day, i.p.)
was attenuated in male and female PT-Ake3”~ mice, confirming a key role of NHE3 in the
proximal tubules.

The present study has reported the potential mechanisms by which deletion of NHE3
selectively in the proximal tubules of the kidney attenuates hypertension induced by a slow
pressor dose of ANG 1. Our current results support the scientific premise that in ANG 1I-
induced hypertension, ANG Il activates AT, receptors to increase NHE3 expression and
activity in the proximal tubules, which stimulates proximal tubule Na* reabsorption and
impairs the pressure-natriuresis response. Thus, deletion of NHE3 from the proximal tubules
removes a major target of ANG I in the renal proximal tubules, inhibits proximal tubule Na
* reabsorption, and significantly improves the pressure-natriuresis response in PT-N/he3”~
mice. This interpretation is consistent with our recent study in which proximal tubule-
specific NHE3 deletion significantly lowers basal blood pressure by inhibiting proximal
tubule Na* reabsorption and promoting the pressure-natriuresis response. 24 Our conclusion
is also supported by previous studies showing that impaired pressure-natriuresis response
occurs in all animal models of ANG 1l-dependent hypertension, including 2K1C, 41
TGR(mRen-2)27, 42 and ANG Il-infused hypertension. 4344 However, a careful examination
and comparison of electron micrographs of glomerular and proximal tubular ultrastructures
between ANG Il-infused WT and PT-AAe3~~ mice found no significant differences in
glomerular capillaries, mesangium, and podocytes, or the microvilli of the brush border
membranes and mitochondria of the proximal tubules. We further found that deletion of
NHES3 selectively in the proximal tubules doesn’t significantly alter L-NAME-induced
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hypertension in PT-A#e3”~ mice. Taken together, the results of the present study provide
direct evidence supporting a key role of proximal tubule NHE3 in the development of ANG
I1-induced, but not L-NAME-induced hypertension.

The results of the present study using an orally absorbable NHE3 inhibitor AVE0657 in
ANG Il-induced hypertension strongly suggest that NHE3 in the proximal tubules of the
kidney may be a potential pharmacological target for treating hypertension associated with
the activation of intratubular ANG Il or upregulation of NHE3 expression in the proximal
tubules. The present study is highly significant and translationally relevant, because no
diuretic or antihypertensive drug has been developed to target the proximal tubules, with the
exception of carbonic anhydrase inhibitors that are mild diuretic. Currently, three classes of
diuretics are used as the 15t line of anti-hypertensive drugs; a) thiazides, which inhibit the
thiazide-sensitive Na*/CI~ cotransporter; b) loop diuretics, which inhibit the NKCC2
cotransporter in the TAL; and ¢) K*-sparing diuretics, which block aldosterone-sensitive
ENaC. 4546 However, long-term use of distal nephron-targeting diuretics is also associated
with increased ANG |1 formation and Na* reabsorption in the proximal tubules. No study
has been reported to determine whether NHE3 in the proximal tubules of the kidney should
be targeted to treat hypertension. Nevertheless, a recent proof of the concept study has
shown that a non-absorbable NHE3 inhibitor, SAR218034 (Sanofi-Aventis), significantly
decreased blood pressure in old SHR lean rats by inhibiting intestinal Na* absorption or
dietary Na* intake without severe salt wasting. 47 Sanofi-Aventis has recently developed a
different NHE3 inhibitor, i.e., AVE0657, which is orally absorbable so it doesn’t inhibit
NHE3 in small intestines, but it enters the circulation and is filtered into the proximal
tubules to inhibit NHE3 in the kidney (Sanofi-Aventis, personal communications). In the
present study, we demonstrated that at 20 mg/kg/day, AVEQ0657 significantly attenuated
ANG ll-induced hypertension in C57BL/6J mice to a similar level seen in PT-Ahe3”~ mice.
The antihypertensive effect of AVE0657 in ANG Il-infused mice was associated with
significant increased 24 h urinary Na* excretion without altering 24 h fecal Na* excretion
and urinary K* excretion. We recently reported that 24 h fecal Na* excretion increased 10-
fold in global Mhe37~ mice compared with wild-type mice, due to a marked Na* absorptive
defect as a result of NHE3 deletion from small intestines. 20 In the present study, we found
no differences in 24 h fecal Na* excretion in C57BL/6J mice treated with or without
AVE0657, or between C57BL/6J and PT-Ahe3”~ mice. These results support the scientific
premise that unlike the non-absorbable NHE3 inhibitor SAR218034, AVE0657 doesn’t
inhibit Na* absorption by small intestines, so it doesn’t cause salt wasting from the gut as
does SAR218034 47 or global Nhe3™~ mice. 1:20.22,38 However, we should recognize that in
addition to targeting NHE3 in the proximal tubules, AVE0657 may also inhibit NHE3 in the
TAL to a much smaller extent due to a low level of NHE3 expression in this tubular
segment. Nevertheless, the development of orally absorbable NHE3 inhibitors that
selectively target NHE3 in the proximal tubules and the TAL may have a significant impact
on human hypertension associated with activation of intratubular ANG 1, increases in
NHE3 expression and proximal tubule Na* reabsorption, and impairment of pressure-
natriuresis.

Finally, as mandated by the NIH’s Policies on Consideration of Sex as Biological Variables
in the experimental design, 4849 the present study has studied and compared the sex
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differences in the hypertensive responses to ANG Il or L-NAME treatment in female WT
and PT-Ahe3~~ mice. We did not find significant sex differences in the hypertensive
response to ANG Il or to L-NAME in male and female WT mice. However, we found a sex
difference in the hypertensive response to ANG Il between female WT and PT-Nhe3™”~
mice. In female WT mice, ANG Il induced a largely sustained hypertension throughout
ANG Il infusion, but the hypertensive effect to ANG 11 was markedly attenuated in female
PT-Nhe3”~ mice 3—4 days after ANG Il infusion. The reasons underlying this sex difference
in ANG Il-induced hypertension in male and female PT-A4e3”~ mice are unknown, but they
are likely due to the effects of female hormones on the systemic vascular response to ANG
11, 5051 or to the compensatory responses of other Na* transporters or cotransporters along
the renal tubules in the absence of NHE3 in the proximal tubules. 5255

Perspectives

In summary, the present study was the first to directly determine the cause and effect
relationship between ANG Il and NHE3 in the proximal tubules of the kidney in the
development of ANG ll-induced hypertension using a genetically modified mouse model
with proximal tubule-specific deletion of NHE3 and an orally absorbable NHE3 inhibitor
AVEO0657 (Fig. 6). We demonstrated that deletion of NHE3 selectively in the proximal
tubules of the kidney significantly attenuated hypertension induced by a high pressor and a
slow pressor dose of ANG Il infusion. Since no differences were found in the glomerular
and proximal tubular ultrastructures in response to ANG 11 between WT and PT-Nhe3™~
mice, our results suggest that the antihypertensive effect of proximal tubule-specific NHE3
deletion was directly due to the removal of NHE3 proteins and its Na*-retaining effect from
the proximal tubules, which leads to a significant improvement of the pressure-natriuresis
response in ANG Il-infused PT-AVAe3™~ mice. Furthermore, our study demonstrates for the
15t time that an orally absorbable NHE3 inhibitor AVE0657 significantly attenuated ANG 11-
induced hypertension in WT mice. These findings are highly significant and translationally
relevant, because a) ~90% of NHE3 is expressed in the proximal tubules alone, 40:56 b)
NHES3 is the most important Na* transporter in the proximal tubules, 2357 and ¢) NHE3 is a
major target for ANG II. 37 Thus the results of the present study support the scientific
premise that NHE3 in the proximal tubules of the kidney may be therapeutically targeted in
treating hypertension associated with activation of intratubular ANG Il and increased NHE3
expression or activity in the kidney.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Novelty and Significance

What Is New?

The Na*/H* exchanger 3 (NHE3) in the proximal tubules of the kidney is
directly and indirectly responsible for mediating the reabsorption of over 50%
of filtered Na* load, whereas ANG II has a powerful Na*-retaining effect in
the proximal tubules. The direct cause and effect relationship between ANG II
and NHE3 in ANG II-dependent hypertension has never been investigated
previously.

This is the 15t study to use the mutant mice with deletion of NHE3 selectively
in the proximal tubules of the kidney and an orally absorbable NHE3 inhibitor
AVEQ0657 to test and confirm the hypothesis that the deletion or
pharmacological inhibition of NHE3 selectively in the proximal tubules
attenuates ANG Il-induced hypertension by improving the pressure-
natriuresis response.

What Is Relevant?

The impairment of and resetting of the pressure-natriuresis response in the
kidney is a key mechanism in most, if not all, forms of human hypertension,
especially in ANG Il-dependent hypertension.

Only about 50% of hypertensive patients have their blood pressure under
adequate control despite treated with different classes of antihypertensive
drugs. The present study provides unequivocal evidence that NHE3 in the
proximal tubules of the kidney may be therapeutically targeted to treat
hypertension induced by ANG I or due to increased expression and activity
of NHE3 in the proximal tubules of the kidney.
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Summary

This study used a novel tissue-specific, genetically modified mouse model to demonstrate
for the 1 time that deletion, or pharmacological inhibition, of NHE3 selectively in the
proximal tubules of the kidney effectively attenuates ANG Il-induced hypertension by
improving the pressure-natriuresis response. The results support the hypothesis that
NHE3 in the proximal tubules may be therapeutically targeted to treat hypertension
induced by activation of intratubular ANG 11 and increased expression and activity of
NHES3 in the proximal tubules of the kidney.
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Figure 1.
Systolic, diastolic and mean arterial blood pressure responses to a high pressor dose of ANG

Il infusion, 1.5 mg/kg/day, i.p., via osmotic minipump in conscious, adult male and female
wild-type (WT) and PT-AAe37~ mice, as measured continuously for 14 days using the direct
implanted telemetry technique. Please note the time-dependent increases in systolic,
diastolic and mean arterial blood pressure responses in male and female WT mice, and
significantly attenuated hypertensive responses to ANG I1 in male and female PT-NAe3™~
mice. **£<0.01 vs. WT time-control group; **/<0.01 vs. PT-Nhe3”~ time-control group,
respectively. N=5-12 per group.
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Figure 2.

The electron microscopic micrographs showing the ultrastructures of representative
glomerulus and proximal tubules in male WT and PT-AAe37~ mice (A,B,D,E), and their

whole-kidney glomerular filtration rate (C, GFR) and NHE3 proteins in apical membranes

of the proximal tubules (F) in response to a slow pressor dose of ANG Il infusion (0.5
mg/kg/day, i.p., 2 weeks). Please note that the ultrastructures of glomerular basement
membranes (GBM), mesangium (M), capillaries (C), parietal epithelium (PE) of the
Bowman’s capsule, and podocytes (PO), and proximal tubular brush border membranes

(BBM), microvilli (MV), mitochondria (Mito), and vacuolar apparatus (VA) are comparable

between WT and PT-Ahe3~~ mice. GFR was significantly lower in PT-Ae37~ mice at

basal and in response to ANG |1, whereas proximal tubule apical membrane NHE3 proteins

were significantly higher in WT mice. **/<0.01 vs. WT or PT-Nhe3™~ control; and

+*+p<0.01 vs. WT control or in response to ANG I1. N=6-10 per group.
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Figure 3.
The hypertensive (A) and pressure-natriuresis (B,C), heart rate (D), and heart (E) or kidney

wt. (F) to body wt. ratio responses to a slow and low pressor dose of ANG Il infusion, 0.5
mg/kg/day, i.p., and 2% NaCl diet for 2 weeks in male WT and PT-NVAe37~ mice. Please
note that the hypertensive response to ANG 11 was significantly attenuated in PT-Nhe3™”~
mice, compared with WT mice (P<0.01). In response to an increase of ~30 mmHg in renal
perfusion pressure (RPP), the pressure-natriureiss response increased ~4-fold in WT mice,
whereas the response increased ~6.5-fold in PT-Ae3”~ mice (**£<0.01). Both net urinary
Na* excretion (not shown) and as a fraction to a 10 mmHg increase in RPP were
significantly higher in PT-AAe37~ mice (p<0.01; n=8) than in WT mice (p<0.01; n=8).
There were no significant differences in heart rate, heart wt. or kidney wt. to body wt. ratio
responses between WT and PT-A/#e3”~ mice. **£<0.01 vs. control, basal or WT mice;

1duosnuepy Joyiny

1duosnue Joyiny

**+p<0.01 vs. ANG I1; #P<0.01 vs. WT corresponding treatment groups.
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I Control (10)

H ANGII(9)

B ANG Il + AVE0657 (11)

B ANG Il + AVE0657 + Los (5)
Fik
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Treatment
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I ANGII (5)

B ANG Il + AVE0657 (5)
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*% *%

0 1 2
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Effects of the NHE3 inhibitor AVE0657 (20 mg/kg/day, p.o., Sanofi-Aventis) on ANG II-
induced hypertension in male C57BL/6J mice infused with a slow pressor dose of ANG 11 at
0.5 mg/kg/day, i.p., for 2 weeks. AVE0657 is an orally absorbable NHE3 inhibitor which is

filtered by the glomerulus into the proximal tubules to inhibit NHE3 in the apical

membranes (A). AVE0657 significantly attenuated ANG ll-induced hypertension (B), and
the response was associated with a significant natriuretic response after 7 days’
administration (D), without affecting 24 h urinary K* (E) or fecal Na* excretion (F).
**p<0,01 vs. time-control group; **/<0.01 vs. ANG II group.
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B WT + L-NAME (10)
B PT-Nhe3” + L-NAME (10)

Male Female

B WT + L-NAME (n=10)
B PT-Nhe3” + L-NAME (10)

Male Female

Proximal tubule-specific deletion of NHE3 in the kidney doesn’t alter the hypertensive
response to L-NAME treatment in male and female PT-NVAe3”~ mice (A), compared with
male and female WT mice. However, L-NAME had an antinatriuretic effect in both WT and
PT-Nhe3”~ mice (D). **£<0.01 vs. basal of the same strain of mice; **/<0.01 vs. male WT

or PT-Nhe3™~ mice. N=9-10 per group.
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Figure 6.
The important role of NHE3 in the proximal tubules of the kidney in the development of

ANG Il-dependent hypertension. We hypothesize that the circulating and intratubular ANG
11 binds to high affinity and high density of ATq receptors on both apical and basolateral
membranes of the proximal tubules and activates downstream signaling pathways such as
protein kinase Ca (PKCa) to increase the expression and activity of NHE3 and Na*/K*-
ATPase. The sustained upregulation of NHE3 and Na*/K*-ATPase by ANG Il stimulates
proximal tubular Na* reabsorption, increases body Na* and fluid retention, impairs the
pressure-natriuresis response, and ultimately contributes to the development of ANG I1-
dependent hypertension.3’ At the early stage of hypertension, the rise in arterial pressure
induces the pressure-natriuresis response to prevent further increase in blood pressure.
However, the pressure-natriuresis response resets to higher pressures during established
hypertension. Modified from Reference 37 with permission.
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