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Background-—We have previously shown that ATRAP (angiotensin II receptor–associated protein; Agtrap) interacts with AT1R
(angiotensin II type 1 receptor) and promotes constitutive internalization of AT1R so as to inhibit hyperactivation of its downstream
signaling. In response to angiotensin II, systemic ATRAP deficiency exacerbates angiotensin II–mediated hypertension via
hyperactivation of renal tubular AT1R. Although ATRAP expression is abundant in renal proximal tubules, little is known about the
actual function of renal proximal tubule ATRAP in angiotensin-mediated hypertension.

Methods and Results-—In this study, we examined the in vivo functional role of renal proximal tubule ATRAP in angiotensin-
dependent hypertension. We succeeded in generating proximal tubule–specific ATRAP knockout (PT-KO) mice for the first time
using the Cre/loxP system with Pepck-Cre. Detailed analysis of renal ATRAP expression in PT-KO mice estimated by
immunohistochemical and laser-capture microdissection analysis revealed that ATRAP mRNA expression decreased by �80% in
proximal regions of the nephron in PT-KO mice compared with wild-type (WT) mice. We compared blood pressure of PT-KO and WT
mice using both tail-cuff and radiotelemetric methods. Blood pressure of PT-KO mice was comparable with that of WT mice at
baseline. Moreover, no significant differences were noted in pressor response to angiotensin II (600 ng/kg per min or 1000 ng/kg
per minute) infusion between PT-KO and WT mice. In addition, angiotensin II–mediated cardiac hypertrophy was identical between
PT-KO and WT mice.

Conclusions-—ATRAP deficiency in proximal tubules did not exacerbate angiotensin-dependent hypertension in vivo. The results
indicate that renal proximal tubule ATRAP has a minor role in angiotensin-dependent hypertension in vivo. ( J Am Heart Assoc.
2019;8:e012395. DOI: 10.1161/JAHA.119.012395.)
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A ccumulating evidence shows that activation of the tissue
renin–angiotensin system through AT1R (angiotensin II

type 1 receptor) plays a pivotal role in the pathogenesis of
hypertension and associated end-organ injury. In kidneys,
AT1R signaling plays a key role in altered renal sodium
handling: hyperactivation of renal AT1R signaling can evoke
excessive sodium retention, resulting in hypertension.1–3 The
carboxyl-terminal domain of AT1R is involved in control of

AT1R internalization independent of G-protein coupling.4,5 It
plays an important role in linking receptor-mediated signal
transduction to the specific biological response to angiotensin
II (Ang II). ATRAP (AT1R-associated protein; Agtrap) has been
identified as a specific binding protein of the carboxyl-terminal
domain of AT1R.6,7 Previous studies have shown that ATRAP
promotes constitutive internalization of AT1R and func-
tions as an endogenous inhibitor that suppresses AT1R
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hyperactivation at local tissue sites.7–12 Endogenous ATRAP is
most abundantly expressed in the kidney, where it is highly
expressed in tubular epithelial cells in proximal and distal
tubules but only faintly expressed in glomeruli.13,14 Our
previous investigation using systemic ATRAP knockout (KO)
mice revealed that ATRAP suppresses angiotensin-dependent
hypertension by regulating renal sodium reabsorption
in vivo.15 In our previous study, systemic ATRAP KO mice
exhibited exacerbation of Ang II-induced hypertension com-
pared with wild-type (WT) mice, concomitant with increased
sodium retention in an aldosterone-independent manner.
However, it is unknown which renal tubular ATRAP plays a
major role in angiotensin-dependent hypertension in vivo.
Endogenous ATRAP is most abundantly expressed in proximal
tubules in the kidney. Consequently, we examined whether
ATRAP deficiency in proximal tubules exacerbates Ang II-
induced hypertension. To this end, we generated proximal
tubule–specific ATRAP KO (PT-KO) mice in this study.
Furthermore, we compared blood pressure (BP) in response
to Ang II treatment in WT mice and PT-KO mice.

Materials and Methods
Data, analytical methods, and study materials will be made
available by the corresponding author on reasonable request
from other researchers for purposes of reproducing the

results or replicating the procedure. This study was performed
in accordance with the National Institutes of Health guidelines
for the use of experimental animals. All animal studies were
reviewed and approved by the animal studies committee of
Yokohama City University.

Generation of PT-KO Mice
The generation of floxed ATRAP (Agtrapfl/fl) mice has previously
been described in detail previously.16 Agtrapfl/fl mice were
intercrossed with Pepck-Cre transgenic mice expressing Cre
recombinase under control of the mouse PEPCK (phospho-
enolpyruvate carboxykinase) promoter. The PEPCK promoter is
reported to have high specificity for proximal tubules in the
kidney.17 Pepck-Cre transgenic mice were kindly provided by
Dr Volker Haase at Vanderbilt University School of Medicine.
The resulting Pepck-Cre+/Agtrapfl/� mice were mated with
Agtrapfl/fl mice to generate Pepck-Cre+/Agtrapfl/fl mice as PT-
KO mice. Homozygous mice without Cre (Agtrapfl/fl) served as
WT mice. All mice were housed under a 12/12-hour day/night
cycle at a temperature of 25°C. They were fed a standard diet
(0.3% NaCl) throughout the current study.

Ang II Treatment
Ang II infusion was performed as described previously.12,18

Briefly, Ang II (600 or 1000 ng/kg per minute) was infused
subcutaneously in male WT and PT-KO mice (9–12 weeks old)
for 14 days using an osmotic minipump (model 2002; ALZET).

BP and Heart Rate Measurements by a Tail-Cuff
Method
Systolic BP and heart rate were measured using a tail-cuff
method (BP monitor MK-2000; Muromachi Kikai Co). The MK-
2000 monitor enabled measurement of BP without preheating
the animals and using anesthesia. This procedure avoided this
stressful condition, as described previously.11,12,19 All mea-
surements were performed once between 10 AM and 2 PM, and
at least 8 values were taken for each measurement in a
blinded manner.

BP Measurements by a Radiotelemetric Method
Direct BP measurement was performed by a radiotelemetric
method using a BP transducer (model TA11PA-C10; Data
Science International), as described previously.12,15,18 Seven
days after transplantation, when the circadian rhythm was
restored, Ang II (1000 ng/kg per minute) was infused into the
mice for 14 days. Systolic and diastolic BPs were recorded
every 5 minutes using the software Ponemah 6.3 (Data
Science International).

Clinical Perspective

What Is New?

• Our previous investigation revealed that by regulating renal
sodium reabsorption, ATRAP (angiotensin II receptor–asso-
ciated protein; Agtrap) exerts negative regulatory effects as
an endogenous compensatory system to suppress angio-
tensin-mediated hypertension in vivo; however, little is
known about the function of renal proximal tubule ATRAP in
angiotensin-mediated hypertension.

• In this study, we investigated the in vivo functional role of
renal proximal tubule ATRAP in angiotensin-dependent
hypertension.

• ATRAP deficiency in proximal tubules does not exacerbate
angiotensin-dependent hypertension, which indicates that
ATRAP in renal proximal tubules has a minor role in
angiotensin-dependent hypertension.

What Are the Clinical Implications?

• The findings of this study and our previous studies suggest
that the progression of hypertension could be ameliorated
by therapeutic activation of ATRAP, especially in the renal
distal nephron segments but not in proximal nephron
segments.

O
R
IG

IN
A
L
R
E
S
E
A
R
C
H

DOI: 10.1161/JAHA.119.012395 Journal of the American Heart Association 2

Renal ATRAP and Hypertension Kinguchi et al



Metabolic Cage Analysis
Metabolic cage analysis was performed as described previ-
ously.15,18 Briefly, the PT-KO and WT mice were acclimated to
metabolic cages (Techniplast) for 3 days. After an additional
2 days of baseline monitoring, Ang II (1000 ng/kg per
minute) was continuously infused subcutaneously into the
mice for 14 days. Body weight, food intake, and water intake
were measured daily, and urine was collected. Mice were
given free access to water and fed a normal diet (0.3% NaCl).
Daily food intake was multiplied by sodium concentration in
food, and the product was considered as daily sodium intake.
Urine sodium concentration was assessed using an autoan-
alyzer (Hitachi 7170). Daily urine volume was multiplied by
sodium concentration in urine, and the product was consid-
ered as daily sodium excretion. We calculated differences
between daily sodium intake and excretion, and the amount of
the differences during Ang II infusion was considered as
cumulative sodium balance.

Real-Time Quantitative Polymerase Chain
Reaction Analysis
Total RNA was extracted from the kidney with ISOGEN
(Nippon Gene), and cDNA was synthesized using the Super-
Script III First-Strand System (Invitrogen). Real-time quantita-
tive polymerase chain reaction was performed by incubating
reverse transcription product with the TaqMan Universal PCR
Master Mix and designed TaqMan probe (Applied Biosystems),
as described previously.18,19 The mRNA levels were normal-
ized to 18S rRNA control.

Histological and Immunohistochemical Analysis
Histological analysis was performed as described previ-
ously.14,15 Renal tissue from mice was fixed with 4%
paraformaldehyde and subsequently embedded in paraffin.
Sections (4-lm thick) were stained with periodic acid-Schiff
and Masson’s trichrome. Immunohistochemistry was per-
formed as described previously.13,14,18 Sections of 4-lm
thickness were dewaxed and rehydrated, and antigen retrieval
was performed by microwave heating. The sections were
blocked for endogenous biotin activity using peroxidase
blocking reagent (DAKO) and treated for 60 minutes with
10% normal goat serum in phosphate-buffered saline. The
sections were then incubated with one of the following: anti-
ATRAP antibody (diluted at 1:100), anti–calbindin D-28K
antibody (C9848 [Sigma–Aldrich]; diluted at 1:100), or anti–
megalin antibody (NB110-96417 [Novus Biologicals]; diluted
at 1:100). The characterization and specificity of the anti–
mouse ATRAP antibody was described previously in
detail.14,18,20

Laser-Capture Microdissection and Subsequent
Reverse Transcription Quantitative Polymerase
Chain Reaction Analysis
Laser-capture microdissection (LMD) was performed using a
Leica LMD system (LMD6000), as described previously.18

Briefly, formalin-fixed paraffin-embedded tissues were cut into
10-lm-thick sections, mounted on polyethylene terepthalate
membrane slides, and stained with hematoxylin–eosin. Next,
proximal or distal tubules in the renal cortex were microdis-
sected using an LMD6000 microscope. The renal proximal
tubule cells were identified via their unique brush border
membranes.21 The other tubule cells in the renal cortex were
recognized as distal tubule cells (Figure 1B). In total, 60 areas
(�500 000 lm2) of proximal or distal tubules were microdis-
sected from the renal cortex per mouse in each group (6 mice
in each group). Total RNA was extracted from microdissected
tissue using the RNeasy FFPE Kit (Qiagen). The cDNA was
synthesized using the SuperScript III First-Strand System
(Invitrogen) and applied to Taqman reverse transcription
quantitative polymerase chain reaction analysis.

Statistical Analysis
Statistical analysis was performed using GraphPad Prism
software. All quantitative data are expressed as mean�SE.
Differences were analyzed as follows. A 2-way repeated
measures ANOVA was used to test for differences over time
(Figures 2A, 2C, 2E and 4A, 4C). A 2-factor ANOVA followed
by a Bonferroni multiple comparison test was used to test for
differences between proximal and distal tubules within each
genotype or vehicle-infused group and Ang II–infused group
within each genotype or differences between the WT and PT-
KO mice with the same treatment (Figures 1C through 1E, 2B,
2D, 2F, 3A through 3C, and 4B, 4D). An unpaired Student t
test was used to test for differences between the WT and PT-
KO mice (Figure 4E). P<0.05 was considered statistically
significant.

Results

Generation of PT-KO Mice
To investigate the functional role of renal proximal tubule
ATRAP in angiotensin-dependent hypertension, we generated
PT-KO mice using the Cre/loxP system and Pepck-Cre. To
determine expression and distribution of ATRAP in the kidneys
of PT-KO mice, we performed immunohistochemical exami-
nation using anti-ATRAP antibody and antibodies against
specific nephron markers. Specifically, we used a monoclonal
antibody against calbindin-D, a calcium-binding protein
expressed primarily in distal tubules, and a monoclonal
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Figure 1. Expression and localization of ATRAP in PT-KO and WT mice. A, Renal cortical sections showing
ATRAP expression in renal tubules detected by anti-ATRAP antibody (left panels). Consecutive sections were
stained with a monoclonal antibody against megalin (middle panels), a specific marker of PTs, and a
monoclonal antibody against calbindin-D (right panels), a specific marker of distal convoluted tubule and
connecting tubule. Arrows indicate PTs. Original magnification: 9400. B, Representative image of a
hematoxylin–eosin-stained section of Proximal tubules (PTs) andDistal tubules (DTs) in the renal cortex before
and after laser-capture microdissection (LMD). The renal PT cells were recognized by their distinct brush
bordermembranes and circled (left). The other tubule cells were recognized as DT cells. Originalmagnification:
9400. Quantitative analysis of megalin (C), calbindin-D (D), and ATRAP (E) mRNA expression in PTs and DTs of
the renal cortex identified by the LMD method. Values are normalized relative to 18S rRNA control levels and
expressed relative tomRNA levels in PTs ofWTmice. Values are expressed asmean�SE (6mice in each group).
#P<0.05, ##P<0.01 vs PTs. ††P<0.01 vs WTmice. ATRAP indicates angiotensin II receptor–associated protein;
DT, distal tubule; PT, proximal tubule; PT-KO, proximal tubule–specific ATRAP knockout; WT, wild type.
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antibody against megalin, which is specifically expressed in
the apical side of proximal tubules. Consecutive sections
stained with specific antibodies showed specifically reduced
ATRAP immunostaining in renal proximal tubules of PT-KO
mice compared with WT mice (Figure 1A).

To more strictly evaluate proximal tubule–specific reduc-
tion of ATRAP expression in PT-KO mice, we compared ATRAP
expression in proximal and distal tubules between PT-KO and

WT mice using LMD. We distinguished between proximal and
distal tubules based on morphological features (eg, brush
border) and then microdissected them from the kidneys of PT-
KO and WT mice (Figure 1B). Megalin mRNA expression was
predominantly observed in a sample from proximal tubules
but not distal tubules (Figure 1C). Calbindin-D mRNA expres-
sion was almost all observed in a sample from distal tubules
but not proximal tubules (Figure 1D). These results show
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Figure 2. Effect of Ang II infusion (1000 ng/kg per minute) on indirect BP, heart rate, and body weight in
WT and PT-KO mice, and effect of a lower dose of Ang II infusion (600 ng/kg per minute) on indirect BP in
WT and PT-KO mice. A, Effect of Ang II (1000 ng/kg per minute) infusion on systolic BP in WT and PT-KO
mice using a tail-cuff method. Values are expressed as mean�SE (7–8 mice in each group). B, Increase in
systolic BP during 2 weeks of vehicle or Ang II (1000 ng/kg per minute) infusion in WT and PT-KO mice.
Values are expressed as mean�SE (7–8 mice in each group). C, Effect of Ang II (1000 ng/kg per minute)
infusion on heart rate in WT and PT-KO mice. Values are expressed as mean�SE (7–8 mice in each group).
D, Body weight change during 2 weeks of vehicle or Ang II (1000 ng/kg per minute) infusion in WT and PT-
KO mice. Values are expressed as mean�SE (7–8 mice in each group). E, Effect of Ang II (600 ng/kg per
minute) infusion on systolic BP in WT and PT-KO mice using a tail-cuff method. Values are expressed as
mean�SE (6 mice in each group). F, Increase in systolic BP during 2 weeks of vehicle or Ang II (600 ng/kg
per minute) infusion in WT and PT-KO mice. Values are expressed as mean�SE (6 mice in each group).
*P<0.05 vs vehicle-infused group. **P<0.01 vs vehicle-infused group. Ang II indicates angiotensin II; BP,
blood pressure; PT-KO, proximal tubule–specific ATRAP (angiotensin II receptor–associated protein)
knockout; WT, wild type.
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correct sampling by LMD. ATRAP mRNA expression was
decreased by �80% in proximal tubules of PT-KO mice
compared with WT mice (2-factor ANOVA followed by
Bonferroni multiple comparison test, P<0.01; Figure 1E). In
contrast, ATRAP mRNA expression in distal tubules was
comparable between PT-KO and WT mice.

Effect of Ang II on Indirect BP, Heart Rate, and
Body Weight in PT-KO and WT Mice
To investigate the functional role of renal proximal tubule
ATRAP in angiotensin-dependent hypertension, we compared
BP in response to Ang II treatment in PT-KO and WT mice by
indirect BP measurement using a tail-cuff method. Age-
matched male PT-KO and WT mice were divided into 4 groups:
(1) vehicle-infused PT-KO mice, (2) Ang II–infused (1000 ng/
kg per minute) PT-KO mice, (3) vehicle-infused WT mice, and
(4) Ang II–infused (1000 ng/kg per minute) WT mice. Systolic
BP of PT-KO mice was comparable with WT mice at baseline
(vehicle-infused PT-KO mice versus vehicle-infused WT mice,
2-way repeated measures ANOVA, F=0.2744, P=0.6092;
Figure 2A). Ang II infusion for 2 weeks significantly and
similarly increased systolic BP in both PT-KO and WT mice
(vehicle-infused PT-KO mice versus Ang II–infused PT-KO
mice, 2-way repeated measures ANOVA, F=4.845, P=0.0450;
vehicle-infused WT mice versus Ang II–infused WT mice, 2-way
repeated measures ANOVA, F=5.945, P=0.0299; Ang II–
infused PT-KO versus Ang II–infused WT mice, 2-way repeated
measures ANOVA, F=0.1014, P=0.7548; Figure 2A). Systolic
BP elevation in response to Ang II infusion was also
comparable between PT-KO and WT mice (Figure 2B). In
contrast, there were no differences in heart rate among the 4
groups (Figure 2C). Ang II infusion for 2 weeks significantly
inhibited body weight gain during infusion to the same extent
in PT-KO and WT mice (Figure 2D).

Effect of a Lower Dose of Ang II on BP in WT and
PT-KO Mice
To further investigate the functional role of renal proximal
tubule ATRAP expression in angiotensin-dependent hyperten-
sion, we used a lower dose of Ang II (600 ng/kg per minute)
treatment in additional experiments. We compared BP in
response to Ang II infusion (600 ng/kg per minute) in PT-KO
and WT mice by indirect BP measurement using the tail-cuff
method. Age-matched male PT-KO and WT mice were divided
into 4 groups: (1) vehicle-infused PT-KOmice; (2) Ang II–infused
(600 ng/kg per minute) PT-KO mice; (3) vehicle-infused WT
mice; and (4) Ang II–infused (600 ng/kg per minute) WT mice.
Ang II infusion (600 ng/kg perminute) for 2 weeks significantly
and similarly increased systolic BP in both PT-KO and WT mice
(vehicle-infused PT-KO mice versus Ang II–infused PT-KO mice,
2-way repeated measures ANOVA, F=94.87, P<0.01; vehicle-
infusedWTmice versus Ang II–infusedWTmice, 2-way repeated
measures ANOVA, F=176.9, P<0.01; Ang II–infused PT-KO
versus Ang II–infused WT mice, 2-way repeated measures
ANOVA, F=0.8077, P=0.3899; Figure 2E). Systolic BP elevation
in response to Ang II infusion (600 ng/kg per minute) was also
comparable between PT-KO and WT mice (Figure 2F). These
results are consistent with the earlier results showing the com-
parable effects of the 1000-ng/kg-per-minute dose of Ang II on
BP in PT-KO and WT mice.

Effect of Ang II on Cardiac Hypertrophy in PT-KO
and WT Mice
Because cardiac hypertrophy is closely associated with BP
elevation, we further examined heart weight/body weight
ratio in PT-KO and WT mice. Ang II infusion (1000 ng/kg per
minute) for 2 weeks significantly increased heart weight/
body weight ratio to the same extent in both PT-KO and WT
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mice (Figure 3A). These results are consistent with those
showing comparably increased BP in response to Ang II
infusion in PT-KO and WT mice.

Effect of Ang II on Kidney Injury in PT-KO and WT
Mice
Wenext examined the effect of Ang II infusion on kidney injury in
PT-KO andWTmice. No significant differences in kidneyweight/
body weight ratio and KIM1 (renal kidney injury molecule 1)
mRNA levels were noted among the 4 groups (Figure 3B and

3C). The results of histological analysis also showed that Ang II
infusion (1000 ng/kg per minute) for 2 weeks did not obviously
cause glomerular sclerosis or tubulointerstitial fibrosis in either
PT-KO or WT mice (Figure 3D).

Effect of Ang II on Direct BP and Sodium Balance
in PT-KO and WT Mice
In addition, we strictly compared the effects of Ang II infusion
on BP in PT-KO and WT mice by direct BP measurement using
a radiotelemetric method. The 24-hour mean systolic BP was
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Figure 3. Effect of Ang II infusion on cardiac hypertrophy, kidney weight/body weight ratio, renal
KIM1 (kidney injurymolecule 1)mRNA, and renal histology inWT and PT-KOmice.A, Effect of 2 weeks
of Ang II (1000 ng/kg per minute) infusion on heart weight/body weight ratio in WT and PT-KO mice.
Values are expressed as mean�SE (7–8 mice in each group). **P<0.01 vs vehicle-infused group. B,
Effect of 2 weeks of Ang II (1000 ng/kgperminute) infusiononkidneyweight/bodyweight ratio inWT
and PT-KOmice. Values are expressed asmean�SE (7–8mice in each group).C, Quantitative analysis
of KIM1 mRNA expression in kidneys. Values are normalized relative to 18S rRNA control levels and
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mice in each group).D, Representative images of sections of kidneys fromWT and PT-KOmice stained
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significantly and similarly increased in response to 2 weeks of
Ang II infusion (1000 ng/kg per minute) in both PT-KO and
WT mice (Ang II–infused PT-KO versus Ang II–infused WT
mice, 2-way repeated measures ANOVA, F=0.04280,
P=0.8407; Figure 4A). Ang II infusion (1000 ng/kg per
minute) for 2 weeks also significantly increased 24-hour
mean systolic BP, in not only in the light period but also in the
dark period and to the same extent in both types of mice
(Figure 4B). Similarly, 24-hour mean diastolic BP was signif-
icantly and similarly increased in response to 2 weeks of Ang
II infusion (1000 ng/kg per minute) in both PT-KO and WT
mice (Ang II–infused PT-KO versus Ang II–infused WT mice, 2-
way repeated measures ANOVA, F=0.02541, P=0.8769;
Figure 4C). Ang II infusion (1000 ng/kg per minute) for
2 weeks also significantly increased 24-hour mean diastolic
BP, in not only in the light period but also in the dark period
and to the same extent in both types of mice (Figure 4D).
Furthermore, we compared the sodium balance of PT-KO and
WT mice during Ang II (1000 ng/kg per minute) treatment.
Cumulative sodium balance during 2 weeks of Ang II treat-
ment was comparable for PT-KO and WT mice (P=0.9075,
unpaired t test; Figure 4E).

Discussion
In this study, we generated genetically modified mice in
which, for the first time, ATRAP expression was deleted
specifically in renal proximal tubules. Detailed analysis of
renal ATRAP expression revealed that ATRAP mRNA expres-
sion was decreased by �80% in proximal regions of the

nephron in PT-KO mice compared with WT mice. Furthermore,
using these mice, we investigated the in vivo functional role of
proximal tubule ATRAP in angiotensin-dependent hyperten-
sion. Our most important finding is that ATRAP deficiency in
proximal nephrons does not obviously enhance the pressor
response to Ang II.

The intrarenal renin–angiotensin system regulates a diver-
sity of renal hemodynamic and transport processes, which
contribute to both sodium balance and BP homeostasis.1–3

Ang II is the most potent renin–angiotensin system compo-
nent and exerts pleiotropic effects on renal microvasculature,
tubular networks, and interstitial tissue. Through its effects on
AT1R, Ang II regulates the vascular tone of afferent and
efferent arterioles and the glomerular filtration coefficient. It
also modulates sensitivity of the tubuloglomerular feedback
mechanism and regulates medullary microvasculature by
directly constricting pericytes in the vasa recta.22 More
important, Ang II exerts a direct influence on the renal tubule
transport function, including NHE3 (sodium-proton antiporter
3) in proximal tubules and epithelial sodium channel and Na+–
Cl� cotransporter in distal nephron segments.23–25 These
multiple effects of Ang II act in a concerted manner to
increase kidney conservation of sodium and enable mainte-
nance of BP under conditions of sodium depletion or loss of
extracellular fluid volume. Moreover, these effects also evoke
excessive sodium retention, resulting in hypertension when
inappropriately stimulated.

The present study is not designed to reveal the identical
pressor response to Ang II between PT-KO and WT mice. We
examined whether PT-KO exacerbates angiotensin-induced

WT+vehicle
D

WT+Ang II PT-KO+vehicle PT-KO+Ang II

Figure 3. Continued.
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Figure 4. Effect of Ang II on direct BP and cumulative sodium balance in WT and PT-KO mice. The 24-
hour mean systolic BP (A) and diastolic BP (C) during 2 weeks of Ang II (1000 ng/kg per minute) infusion
using a radiotelemetric method are shown. Values are expressed as mean�SE (6 mice in each group).
Mean systolic BP (B) and diastolic BP (D) before and after 2 weeks of Ang II (1000 ng/kg per minute)
infusion in the light and dark periods. Values are expressed as mean�SE (6 mice in each group).
**P<0.01, vs before Ang II infusion. E, The cumulative positive sodium balance during 2 weeks of Ang II
(1000 ng/kg per minute) infusion. Values are expressed as mean�SE (6 mice in each group). Ang
II indicates angiotensin II; BP, blood pressure; PT-KO, proximal tubule–specific ATRAP (angiotensin II
receptor–associated protein) knockout; WT, wild type.
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hypertension compared with WT mice and found no significant
differences in the pressor response to Ang II infusion between
PT-KO and WT mice. With respect to the functional role of
ATRAP in the kidney, systemic ATRAP KO mice exhibit
exacerbation of angiotensin-dependent hypertension, con-
comitant with an increase in sodium retention.15 In contrast
to systemic ATRAP KO mice, ATRAP transgenic mice domi-
nantly overexpressing ATRAP in renal tubules exhibit sup-
pression of angiotensin-dependent hypertension, concomitant
with a decrease in sodium retention.18 As a key mechanism,
Ang II–induced upregulation of the epithelial sodium channel,
a major sodium transporter in distal tubules, was significantly
enhanced in systemic ATRAP KO mice compared with WT
mice.15 In contrast, Ang II–induced Na+–Cl� cotransporter
activation and epithelial sodium channel induction were
suppressed in renal tubule-dominant ATRAP transgenic mice
compared with WT mice.18 However, there were no differ-
ences in renal expression of NHE3, a major sodium
transporter in proximal tubules, between systemic ATRAP
KO mice and WT mice or renal tubule–dominant ATRAP
transgenic mice and WT mice.15,18 Given the results of the
present study together with previous knowledge, it appears
that proximal tubular ATRAP plays a minor role in angiotensin-
dependent hypertension in vivo. Alternatively, the inhibitory
effect of renal ATRAP on angiotensin-dependent hypertension
appears to act mainly through a distal tubule ATRAP-mediated
mechanism.

Regarding the regulatory role of renal proximal tubule AT1R
in physiological and pathophysiological BP regulation, Gurley
et al reported that proximal tubule–specific AT1R deficiency
reduces baseline BP and further suppresses BP elevation in
response to chronic Ang II infusion. In their study, they used
proximal tubule-specific AT1R-deficient mice that were gen-
erated by the Cre/loxP system using PEPCK-Cre.17 In
contrast, using another line of proximal tubule-specific
AT1R-deleted mice, Li et al showed that proximal tubule–
specific AT1R deficiency reduces baseline BP but does not
affect the pressor response to chronic Ang II infusion.26 These
controversial results indicate that pathophysiology of BP
elevation in response to chronic Ang II infusion is not
exclusively mediated through the mechanism of AT1R activa-
tion in proximal nephrons.

In addition, a previous study reported that chronic Ang II
stimulation does not affect proximal tubule fluid reabsorp-
tion or sodium delivery to distal nephron segments but
rather that sodium reabsorption was increased in distal
nephron segments by dual distal nephron blockade with
amiloride and bendroflumethiazide in Ang II–infused mice.27

Hashimoto et al also observed that disruption of tissue
angiotensin-converting enzyme did not alter proximal tubule
fluid reabsorption, as assessed by a micropuncture tech-
nique in a tissue-specific angiotensin-converting enzyme KO

model.28 These results suggest that distal, but not proximal,
nephron segments play a critical role in AT1R signal-
mediated renal sodium reabsorption and BP regulation, at
least under in vivo conditions of chronic Ang II stimulation.
This may be one of the reasons why ATRAP deficiency in
proximal nephrons does not obviously affect the pressor
response to Ang II.

With respect to hypertension-related organ injury, chronic
Ang II infusion did not cause histological renal injury in either
PT-KO or WT mice in the present study. In addition, renal
mRNA levels of KIM1, a marker for renal proximal tubular
damage,29 were not increased by 2 weeks of Ang II infusion in
either PT-KO or WT mice. Chronic Ang II stimulation reportedly
induces renal injury such as tubulointerstitial fibrosis and
glomerular sclerosis in rats or 129/Sv strain mice, whereas
C57BL/6 strain mice are known to be genetically resistant to
Ang II–induced kidney injury.30–32 PT-KO and WT mice used in
the present study were generated on a C57BL/6 background.
Therefore, Ang II infusion of a duration >2 weeks would be
required to cause renal injury.33 In contrast, 2 weeks of Ang II
infusion (600 or 1000 ng/kg per minute) significantly
increased the heart weight/body weight ratio in both types
of mice. In the development of cardiac hypertrophy, BP-
independent effects of Ang II have been reported. Notably, we
previously demonstrated that cardiomyocyte-specific
enhancement of ATRAP suppresses Ang II–induced cardiac
hypertrophy independent of BP, concomitant with a suppres-
sion of p38 mitogen-activated protein kinase.12 However, the
PEPCK promoter used to generate PT-KO mice in the current
study does not drive Cre expression in the heart.17 Conse-
quently, the similar extent of Ang II–induced cardiac hyper-
trophy in PT-KO and WT mice suggests comparable BP
elevation in response to Ang II between the genotypes.

Endogenous ATRAP is highly expressed in proximal
tubules, with one question being the in vivo functional role
of proximal tubule ATRAP. In this regard, we have recently
shown that ATRAP plays an important role in inhibiting kidney
aging, possibly through a SIRT1 (sirtuin 1)–mediated mech-
anism independent of blocking Ang II–AT1R signaling, which
further protects normal lifespan.34 Compared with WT mice,
systemic ATRAP KO mice show more advanced age–associ-
ated mitochondrial abnormalities and subsequently increased
reactive oxygen species production in proximal tubules of the
kidney, as well as exacerbated age-associated tubulointersti-
tial fibrosis. Consequently, further studies are needed to
investigate the functional role of proximal tubule ATRAP in
kidney aging using PT-KO mice.

This study has some limitations. First, we could not
exclude the possibility of functional compensation in the
mechanism due to embryonic silencing of the gene. Some
gene deletions show no phenotypic changes because of
functional compensation by closely related or duplicate
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genes. Functional compensation is also attributed to alterna-
tive metabolic pathways or regulatory networks.35 Further
studies are needed to exclude the possibility of functional
compensation for the deletion of ATRAP in proximal tubules.
Second, because of the statistical design, the results of this
study do not unequivocally prove that ATRAP deficiency in the
proximal nephron does not affect angiotensin-dependent
hypertension. However, considering the results of our previ-
ous studies using systemic ATRAP KO mice and renal tubule–
dominant ATRAP transgenic mice,15,18 ATRAP in the proximal
tubules is not likely to play a major role in angiotensin-
dependent hypertension. In conclusion, ATRAP deficiency in
the proximal nephron does not obviously enhance angioten-
sin-mediated hypertension in vivo.
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