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Abstract

We have previously shown that angiotensin Il type 1 receptor-associated protein (ATRAP/Agtrap)
interacts with the angiotensin Il type 1 receptor and promotes constitutive internalization of the
receptor so as to inhibit the pathological activation of its downstream signaling but preserve
baseline physiological signaling activity. The present study was designed to investigate the role of
renal ATRAP in angiotensin 11-dependent hypertension. We generated transgenic mice
dominantly expressing ATRAP in the renal tubules, including renal distal tubules. The renal
ATRAP transgenic mice exhibited no significant change in blood pressure at baseline on normal
salt diet. However, in the renal ATRAP transgenic mice compared with wild-type mice, the
following took place: (1) the development of high blood pressure in response to angiotensin 11
infusion was significantly suppressed based on radiotelemetry, (2) the extent of daily positive
sodium balance was significantly reduced during angiotensin Il infusion in metabolic cage
analysis, and (3) the renal Na*-CI~ cotransporter activation and a-subunit of the epithelial sodium
channel induction by angiotensin Il infusion were inhibited. Furthermore, adenoviral
overexpression of ATRAP suppressed the angiotensin I1-mediated increase in the expression of
a-subunit of the epithelial sodium channel in mouse distal convoluted tubule cells. These results
indicate that renal tubule—dominant ATRAP activation provokes no evident effects on blood
pressure at baseline but exerts an inhibitory effect on the pathological elevation of blood pressure
in response to angiotensin Il stimulation, thereby suggesting that ATRAP is a potential target of
interest in blood pressure modulation under pathological conditions.
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Activation of angiotensin Il (Ang Il) type 1 receptor (AT1R) through the tissue renin—
angiotensin system plays a pivotal role in the pathogenesis of hypertension and associated
end-organ injury. In addition, the activation of renal AT1R signaling plays a key role in the
altered renal sodium handling, which occurs in angiotensin-dependent hypertension.1=3 This
is consistent with Guyton’s hypothesis that defective handling of sodium by the kidney with
a consequent dysregulation of body fluid volume is the requisite final common pathway in
the pathogenesis of hypertension.# The carboxyl (C)-terminal domain of AT4R is involved
in the control of AT4R internalization independent of G protein coupling. > It plays an
important role in linking receptor-mediated signal transduction with the specific biological
response to Ang Il. The AT R-associated protein (ATRAP/Agtrap) has been identified as
the specific binding protein of the C-terminal domain of AT;R.”:8 ATRAP is expressed in
many tissues, including the kidney, as is AT1R. Our preceding studies suggest that ATRAP
selectively suppresses Ang ll-mediated pathological activation of AT{R signaling in
cardiovascular cells, and that cardiac ATRAP enhancement ameliorates cardiac hypertrophy
in chronic Ang Il-infused mice without affecting baseline cardiovascular function including
blood pressure (BP).%-13

With respect to the intrarenal distribution of ATRAP, its protein was found to be widely
expressed along the renal tubules, with a weak level in the vascular smooth muscle cells of
the vasculature, including the interlobular arteries, Bowman capsule, podocytes, and
mesangial cells in the glomerulus. 13:14 However, despite there being abundant kidney
ATRAP expression and that various pathological stimuli, including Ang 11, are reported to
downregulate renal ATRAP expression, little is known about actual function of renal
ATRAP. 1516 The present study was designed to obtain in vivo evidence of renal ATRAP,
with a special focus on Ang ll-dependent hypertension by using transgenic (Tg) mice with a
pattern of kidney-dominant ATRAP overexpression.

Materials and Methods

Results

This study was performed in accordance with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals. All animal studies were reviewed and approved by the
Animal Studies Committee of Yokohama City University. Methods are described in detail in
the online-only Data Supplement.

Generation of Renal ATRAP Tg Mice

We generated Tg mice with a pattern of kidney-dominant overexpression of ATRAP (Figure
S1B and S1C in the online-only Data Supplement). One of 6 lines of ATRAP Tg mice
exhibited renal overexpression of the transgene hemagglutinin-tagged mouse ATRAP (HA-
ATRAP) in comparison with wild-type (Wt) littermate mice (Figure 1B and Figure S1C)
with scant levels of the transgene HA-ATRAP protein in the other tissues examined (Figure
1A). As shown in Figure 1B, the level of renal total ATRAP protein expression detected by
the anti-ATRAP antibody was ~10-fold higher in Tg mice (endogenous ATRAP and
transgene HA-ATRAP) than in Wt mice (endogenous ATRAP).
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To determine the expression and distribution of the ATRAP protein in the kidney of Tg
mice, we performed an immunohistochemical examination using anti-HA antibody, anti-
ATRAP antibody, and antibodies to specific nephron markers (Figure 1C). Although the
renal expression of the HA-ATRAP protein prevailed over the endogenous ATRAP protein,
histological analysis revealed a similar intrarenal distribution of HA immunostaining
(transgene HA-ATRAP protein detected by the anti-HA antibody) and ATRAP
immunostaining (transgene HA-ATRAP and endogenous ATRAP proteins detected by the
anti-ATRAP antibody), mainly in the cortex.

We next stained consecutive sections with markers specific to the tubular segments. We
used a polyclonal antibody against aquaporin-2, which is specifically expressed in the
collecting ducts; a monoclonal antibody against calbindin-D, a calcium-binding protein
expressed primarily in the distal convoluted tubules (DCT) and connecting tubules; and a
monoclonal antibody against megalin, which is specifically expressed in the proximal
convoluted tubules; and found that a high level of ATRAP immunostaining was
predominantly detected along the renal distal tubules from the DCT to connecting tubules in
the renal cortex. As shown in Figure 1D, the distal tubule—dominant expression of HA-
ATRAP transgene was quantified by a laser capture microdissection method. The ATRAP
MRNA expression in the distal tubules of renal cortex was ~33.7-fold higher in Tg mice
than in Wt mice. However, the ATRAP mRNA expression in the proximal tubules of renal
cortex was only 3.5-fold higher in Tg mice than in Wt mice.

Suppression of Ang lI-Dependent Hypertension in Renal ATRAP Tg Mice

The baseline 24-hour mean systolic BP (SBP), measured by a radiotelemetry method, was
comparable between Wt and Tg mice (male, 14-18 weeks of age; 126+2 versus 122+1 mm
Hg, unpaired ttest; P=0.12; Figure 2A and 2C). However, the SBP elevation by Ang Il
infusion (1000 ng/kg per min) was significantly suppressed in Tg mice compared with Wt
mice (Figure 2A; 2-way repeated measures ANOVA F=7.476; P=0.0257; Figure 2B;
unpaired ttest; P=0.0023). We also examined the effect of a higher dose of Ang Il infusion
(2000 ng/kg per min) on the BP of Wt and Tg mice, and the difference in the Ang Il-induced
SBP elevation between Wt and Tg mice was more prominent at the higher dose (2000 ng/kg
per min) of Ang Il (Figure 2C; 2-way repeated measures ANOVA /=9.035; P=0.0012)
(Figure 2D; unpaired ttest; £=0.0017).

Increase in Urinary Sodium Excretion in Renal ATRAP Tg Mice

We hypothesized that renal enhancement of ATRAP might suppress angiotensin-dependent
hypertension by influencing the handling of renal sodium and performed metabolic cage
analysis (Figure S2A-S2D). Because urinary sodium excretion was significantly increased
in Tg mice compared with Wt mice during the infusion period (Figure S2D; 2-way repeated
measures ANOVA F=12.91; P=0.0029), we analyzed daily sodium balance during Ang Il
infusion and cumulative sodium balance during the early phase (day 1-6) of Ang Il infusion
to more exactly compare the status of renal sodium handling between Tg and Wt mice.

As shown in Figure 3A, although sodium balance was comparable in Tg and Wt mice at
baseline, the extent of daily positive sodium balance was significantly reduced in Tg mice
compared with Wt mice during Ang Il infusion (2-way repeated measures ANOVA
F=11.37; P=0.0046). Furthermore, the extent of cumulative positive sodium balance during
the early phase (day 1-6) was also significantly decreased in Tg mice compared with Wt
mice (Figure 3B; 2-way repeated measures ANOVA /=7.04; P=0.043) consistently with
facilitated natriuresis as a mechanism for the resistance to hypertension in Tg mice.
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With respect to the role of increased natriuresis during the later phase (day 7-9) in the lower
BP in Tg mice (Figure 3A and Figure S2D), the difference in SBP between Tg and Wt mice
became larger from day 8 to day 11 (Figure 2C; the SBP difference between Tg and Wt
mice, 17 mm Hg on day 8 and 31 mm Hg on day 11), which also is consistent with
facilitated natriuresis as the mechanism for the resistance to hypertension in Tg mice.
However, body weight changes tended to be larger in Tg mice than Wt mice, but the
differences did not reach statistical significance (Figure S2E). Accordingly, these results
indicate that renal distal tubule—-dominant overexpression of ATRAP suppressed Ang 11—
dependent hypertension, probably via a suppression of sodium reabsorption in vivo.

Suppression of Phosphorylated Na*—CIl~ Cotransporter and a-Subunit of the Epithelial
Sodium Channel Expression in the Kidneys of Tg Mice

To examine mechanisms involved in the suppression of sodium reabsorption in response to
Ang Il in Tg mice, we compared renal mRNA expression of the major sodium transporters
(sodium-proton antiporter 3, NHE3; sodium-potassium-two-chloride cotransporter, NKCC2;
Na*—CI~ cotransporter, NCC; and epithelial sodium channel, ENaC subunits). Age-matched
Wt and Tg mice were divided into 4 groups: (1) vehicle-infused Wt mice, (2) Ang I1-
infused Wt mice, (3) vehicle-infused Tg mice, and (4) Ang Il-infused Tg mice. The results
of quantitative real time—polymerase chain reaction analysis showed that Ang Il infusion for
11 days significantly increased the renal mMRNA levels of aENaC by 2.3-fold, and the
BENaC and yENaC mRNA levels also tended to increase in response to Ang Il infusion, but
without statistical significance in Wt mice (Figure S3). On the contrary, the Ang Il-
mediated upregulation of a ENaC mRNA was significantly suppressed in Tg mice.

With respect to protein expression of sodium transporters, the renal NHE3 protein levels
were similar in Tg and Wt mice at baseline and decreased to a similar degree after Ang Il
infusion (Figure 4A). The phosphorylated NKCC2 levels were similar in Tg and Wt mice at
baseline and decreased in both groups by Ang Il with a tendency to be lower in Tg mice
than in Wt mice but without statistical significance (30+6 versus 46+6%, P= 0.086; Figure
4B). However, although expression of phosphorylated NCC, which is the activated form of
NCC and plays an important role in sodium reabsorption, was increased by Ang Il infusion
by 2.2-fold in Wt mice, the Ang Il-mediated induction of phosphorylated NCC was
significantly suppressed in Tg mice (Figure 4C). Furthermore, the Ang Il-mediated increase
in the renal aENaC protein expression, which was observed in Wt mice (1.9-fold), was
abolished in Tg mice (Figure 4D).

To further examine whether the cellular localization of a ENaC at the apical membrane is
altered in Tg mice, confocal microscopy analysis using anti-aENaC antibody was
performed. Under baseline conditions, both Wt and Tg mice exhibited a similar aENaC
immunostaining pattern in renal cortex, with a denser staining at the apical membrane of
distal tubule cells (Figure 5A). Ang Il infusion did not obviously affect the cellular
distribution of a ENaC immunostaining in either Wt or Tg mice but strongly enhanced
aENaC immunostaining intensity only in Wt mice. These findings suggest that the
inhibitory effect of distal tubule ATRAP on sodium reabsorption in response to Ang Il is not
caused by suppressed localization of aENaC to the apical membrane but rather is mediated
through downregulation of aENaC expression.

ENacC is activated by aldosterone through its binding to the mineralocorticoid receptor.
Therefore, to analyze the direct effect of ATRAP on aENaC, we examined whether
overexpression of ATRAP would suppress the Ang Il-mediated ENaC subunit expression in
mouse DCT cells by performing adenoviral transfer of recombinant ATRAP. Although Ang
11 (107% mol/L) treatment of mouse DCT cells infected with control bacterial p-galactosidase
cDNA (Ad. LacZ) increased the a ENaC mRNA expression, mouse DCT cells infected with
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adenoviral vector containing ATRAP cDNA (Ad.HA-ATRAP) exhibited an inhibition of the
Ang ll-induced enhancement (Figure 5B), thereby indicating that ATRAP directly
suppressed the Ang Il-mediated activation of a ENaC expression, independent of the
aldosterone-mineralocorticoid receptor pathway.

Discussion

This is the first report, to the best of our knowledge, of an inhibitory function of renal
tubular ATRAP in angiotensin-dependent hypertension without an influence on baseline BP.
In this study, chronic Ang Il infusion was performed at 1000 and 2000 ng/kg per min to
examine the effects of distal tubule—dominant overexpression of ATRAP on the Ang 11—
mediated BP increase. Although the higher dose of Ang Il (2000 ng/kg per min) is reported
to provoke a reduction in food intake and to cause Ang Il-induced wasting and skeletal
muscle atrophy, 17 the lower dose of Ang 11 (1000 ng//kg per min) has been used in many
previously performed experiments in mice, 1819 and suppression of the Ang I1-induced BP
increase by the distal tubule—dominant overexpression of ATRAP was observed with both
the lower and higher doses of Ang Il in the present study.

In the present study, the BP at baseline was not affected by renal ATRAP overexpression.
On the contrary, the genetic inactivation of other renin—angiotensin system components,
such as angiotensinogen, renin, and AT1R, was reported to result in significant decreases in
BP, as well as an alteration in renal morphology and function compared with Wt mice even
under baseline conditions. 2021 Thus, ATRAP would be expected to act as a minor player
among the renin—angiotensin system components, at least in terms of BP regulation and
renal morphological development under physiological conditions. However, the results of
present study seem to be consistent with those of our previous studies, which showed that
ATRAP is not a general inhibitor of the AT{R signaling as are the clinically available
ATqR-specific blockers, but rather specifically inhibits the pathological activation of its
downstream signaling with preservation of baseline physiological signaling activity.%-13

With regard to the regulatory role of renal tubule AT4R in renal sodium handling, a previous
study reported that Ang 11 did not affect proximal tubule fluid reabsorption or sodium
delivery to distal nephron segments, but sodium reabsorption in distal nephron segments was
increased in Ang Il-infused mice. 22 Hashimoto et al 23 also observed that disruption of
tissue angiotensin-converting enzyme did not alter proximal tubule fluid reabsorption. These
results suggest that the distal nephron segments play a role in ATqR sighal-mediated renal
sodium reabsorption in vivo.

On the contrary, Li et al 24 have shown that a reduction in baseline BP occurred when the
proximal tubule AT¢R was selectively targeted in the kidney. In addition, Gurley et al 2°
examined the effect of proximal tubule—specific AT1R deletion, using mice lacking AT;R
only in the renal proximal tubule (PTKO mice), on Ang Il-mediated BP elevation and
showed that SBP elevation by Ang Il (1000 ng/kg per min) was 15 mm Hg lower in PTKO
mice than in Wt mice (control) (PTKO versus control, 23 versus 38 mm Hg increase on
telemetry) with suppression of antinatriuresis, thereby indicating an important role of
proximal tubule AT4R in angiotensin-dependent sodium retention and hypertension. In the
present study, SBP elevation by Ang Il was 19 mm Hg lower in Tg mice than in Wt mice
(Tg versus Wt, 17 versus 36 mm Hg increase on telemetry) on the same dose of Ang 1l
(1000 ng/kg per min) concomitantly with promotion of natriuresis. However, because strain
backgrounds of these genetic engineered mice were different among the studies, further
studies are needed to examine whether the inhibitory effect of distal tubule—dominant
ATRAP activation on angiotensin-dependent sodium retention and BP elevation is
comparable with that of proximal tubule—specific AT{R blockade.
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In the proximal tubules, NHE3 plays an important role in sodium reabsorption, and previous
in vitro studies reported that Ang Il stimulation increases NHE3 expression to increase
sodium reabsorption. 26:27 In addition, in the medullary thick ascending limb, NKCC2 is a
major sodium transporter and is involved in sodium reabsorption. The present study showed
that abundance of NHE3 and activation of NKCC2 were equivalent at baseline in the 2
groups and fell to a similar extent by Ang Il infusion. The downregulation of these renal
sodium transporters in response to Ang Il-mediated hypertension may be 1 mechanism
facilitating natriuresis as pressure increases, 28 which is consistent with the results observed
by other group in the same Ang Il-mediated hypertensive mice. 2°

In the distal nephron, the modulation of sodium reabsorption in response to stimuli, such as
Ang 11, is mediated by NCC and ENaCs. 222%-33 The results of recent studies showed that
Ang Il induces phosphorylation of the renal NCC through with-no-lysine kinase 4—
dependent pathway, independent of aldosterone. 39:32:33 However, the ENaCs consist of 3
homologous subunits (a., B, and y), and aENaC is reported to play an essential role in the
formation of a functional ion channel among the ENaC subunits. 34:3° Previous studies also
showed a regulatory role of ATR signaling in the renal a ENaC expression and an
antihypertensive effect of ENaC blockade in angiotensin-dependent hypertension. 36:37 In
the present study, we demonstrated that the enhancement of ATRAP in the distal nephron
significantly suppressed the activation of NCC and the upregulation of aENaC by Ang 11
stimulation in vivo and, further, that overexpression of ATRAP completely suppressed Ang
Il-mediated activation of a ENaC expression using mouse DCT cells. These results suggest
that inhibition of NCC activity and downregulation of a ENaC expression are likely to be
involved in the suppression of angiotensin-dependent hypertension in renal ATRAP Tg
mice.

Nevertheless, a limitation of the present study is that the results do not allow us to
completely distinguish ATRAP functions in the distal tubules of the kidney. Tg mice with
distal tubule—dominant overexpression of ATRAP were unexpectedly and fortuitously
obtained on screening for cellular expression in these Tg animals. This model is not a
specifically targeted cellular overexpression model, but rather a model in which there is
variation in ATRAP expression within the nephron. Although the distal tubule is a
predominant ATRAP expression site, other nephron segments, including the proximal
tubules, do overexpress ATRAP to some degree in Tg mice. Therefore, it is necessary to
further investigate the role of renal ATRAP in angiotensin-dependent hypertension in vivo
using cellular-targeted models. Another limitation is the lack of functional data with regard
to the activity of NCC and NKCC2, such as diuretic tests or clearance experiments. In
addition, because 33.7-fold increase in ATRAP mRNA expression in the distal tubules of Tg
mice compared with Wt mice could not completely inhibit the Ang Il-mediated NCC
activation, the effect of ATRAP seems to be, at best, minor in the present study.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Perspectives

Hypertension is the most common chronic disease worldwide. It is a multifactorial
disease in which genetic and environmental factors are intricately intertwined.
Understanding the mechanism underlying hypertension is thus extremely complex, and
caution should be used in interpreting the findings of this study in Tg mice in terms of the
pathophysiology of human hypertension. Nevertheless, the findings of the present study
do provide a useful basis for the further investigation of the in vivo functional roles of
ATRAP in angiotensin-dependent hypertension and also suggest the potential benefit of
an ATRAP activation strategy.
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Figure 1.

Expression and localization of the hemagglutinin angiotensin 11 type 1 receptor-associated
protein (HA-ATRAP) transgene in renal ATRAP transgenic (Tg) mice. A, Representative
Western blot analysis of the HA-ATRAP transgene with polyclonal anti-HA antibody. B,
Representative Western blot analysis of the total ATRAP protein expression in the kidney of
wild-type (Wt) and Tg mice. C, Renal cortical section showing expression of the HA-
ATRAP transgene in renal tubules detected by anti-HA antibody (top left). Consecutive
sections showing total ATRAP protein expression (transgene HA-ATRAP and endogenous
ATRAP) detected by anti-ATRAP antibody (top center). Consecutive sections were also
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stained with a monoclonal antibody against megalin (top right), a specific marker of
proximal tubules, a monoclonal antibody against calbindin-D (bottom left), a specific
marker of distal convoluted tubules (DCT) and connecting tubules (CNT), and a polyclonal
antibody against aquaporin-2 (AQP2; bottom right), a specific marker of collecting ducts.
Original magnification, x100. D, Representative image of a hematoxylin/eosin-stained
section of the proximal (bottom left) and distal (bottom right) tubules in the renal cortex
before and after laser microdissection. Original magnification, x400. Quantitative analysis
(top) of MRNA expression in the proximal and distal tubules of the renal cortex. Values are
calculated relative to those obtained for ATRAP mRNA expression in extracts from
proximal tubules of Wt mice and are expressed as the mean (n=4 in each group).
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radiotelemetric method in wild-type (Wt) and renal angiotensin Il type 1 receptor-associated
protein transgenic (Tg) mice. A, Daily and 24-hour systolic BP (SBP) in Wt and Tg mice

before (pre) and during 11 days of Ang Il (1000 ng/kg per min) infusion. Values are

expressed as the meanzSE (n=5 in each group), *~<0.05 vs Wt mice. B, The increase in
SBP during Ang Il (1000 ng/kg per min) infusion was significantly less in Tg mice (17+4
mm Hg) compared with Wt mice (3622 mm Hg). Values are expressed as the mean+SE
(n=5 in each group), **P<0.01 vs Wt mice. C, Daily and 24-hour SBP in Wt and Tg mice

before (pre) and during 11 days of Ang 11 (2000 ng/kg per min) infusion. Values are
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expressed as the meanSE (n=6-7 in each group), **~<0.01 vs Wt mice. D, The increase in
SBP during the Ang 11 (2000 ng/kg per min) infusion was significantly less in Tg mice
(28+5 mm Hg) compared with Wt mice (53+4 mm Hg). Values are expressed as the mean
+SE (n=6-7 in each group), **~<0.01 vs Wt mice.
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Figure 3.

Effects of angiotensin 11 (Ang I1) infusion on sodium balance in wild-type (Wt) and renal
Ang Il type 1 receptor-associated protein transgenic (Tg) mice. A, Daily and 24-hour
sodium balance in Wt and Tg mice before (pre) and during Ang Il (2000 ng/kg per min)
infusion. Values are expressed as the mean+SE (n=6 in each group), **/~<0.01 vs Wt mice.
B, Cumulative sodium balance during the 6 days (day 1-6) of Ang Il infusion in Wt and Tg
mice. Values are expressed as the meanz SE (n=6 in each group), *~<0.05 vs Wt mice.
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Figure 4.

Suppression of the angiotensin 1l (Ang Il1)-mediated renal sodium chloride cotransporter
(NCC) activation and a-subunit of the epithelial sodium channel (¢ ENaC) upregulation in
renal Ang Il type 1 receptor-associated protein transgenic (Tg) mice. Effects of Ang Il (2000
ng/kg per min) infusion on protein expression of the major sodium transporters, sodium-
proton antiporter 3 (NHE3, A), sodium-potassium-two-chloride cotransporter (NKCC2, B),
NCC (C), aENaC (D), BENaC (E), and yENaC (F) in the kidneys of wild-type (Wt) and Tg
mice. Values are expressed as the mean+SE (n=6 in each group). */<0.05 vs vehicle.
T/<0.05 vs Wt mice.
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Figurebs.

Suppression of a-subunit of the epithelial sodium channel (¢ ENaC) by renal angiotensin Il
type 1 receptor-associated protein (ATRAP) is not caused by an effect on the trafficking of
aENaC to the apical membrane but through the regulation of aENaC expression levels. A,
Representative confocal laser-scanning microscopy image (x80) of the renal cortex from
wild-type (Wt) and transgenic (Tg) mice. Phalloidin is green color; DAPI, blue; aENaC,
red. Ang I, on day 11 after the start of Ang Il infusion. B, Effects of Ang Il and adenoviral
transfer of recombinant ATRAP on mRNA expression of the a-, B-, and y-subunits of
ENaC in mouse distal convoluted tubule (mDCT) cells. Forty-eight hours after infection
with adenoviral vector containing ATRAP cDNA (Ad.HA-ATRAP) or control bacterial p-
galactosidase cDNA (Ad.LacZ), cells were stimulated with vehicle or Ang 11 at 1076 mol/L
for 24 hours. Values are calculated relative to those achieved with extracts from mDCT cells
infected with Ad.LacZ and stimulated with vehicle and are expressed as means£SE (/7=10-
12 in each group). *P<0.05 vs vehicle.
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