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Activation of the intrarenal renin-angiotensin system (RAS) can elicit hypertension independently from the
systemic RAS. However, the precise mechanisms by which intrarenal Ang II increases blood pressure have
never been identified. To this end, we studied the responses of mice specifically lacking kidney angiotens-
in-converting enzyme (ACE) to experimental hypertension. Here, we show that the absence of kidney ACE
substantially blunts the hypertension induced by Ang IT infusion (a model of high serum Ang II) or by nitric
oxide synthesis inhibition (a model of low serum Ang II). Moreover, the renal responses to high serum Ang IT
observed in wild-type mice, including intrarenal Ang IT accumulation, sodium and water retention, and activa-
tion of ion transporters in the loop of Henle (NKCC2) and distal nephron (NCC, ENaC, and pendrin) as well
as the transporter activating kinases SPAK and OSR1, were effectively prevented in mice thatlack kidney ACE.
These findings demonstrate that ACE metabolism plays a fundamental role in the responses of the kidney to
hypertensive stimuli. In particular, renal ACE activity is required to increase local AngII, to stimulate sodium

transport in loop of Henle and the distal nephron, and to induce hypertension.

Introduction

Hypertension affects more than 1.5 billion people worldwide and
is a key contributor to stroke and cardiovascular and kidney dis-
ease. The importance of the renin-angiotensin system (RAS) in the
origins of this disorder is underscored by the blood pressure-low-
ering effects of angiotensin-converting enzyme (ACE) inhibitors
and Ang II receptor blockers. However, plasma renin activity, the
clinical index used to determine systemic RAS status, is distributed
over a wide range in hypertensive subjects (1, 2). This observation
prompts the suggestion that alterations in tissue-specific RAS, not
detected by plasma renin activity, may underlie hypertension. The
kidneys play a central role in long-term blood pressure control
through their regulation of sodium and fluid balance. Because
renal salt retention is strongly influenced by Ang II and there is
a complete RAS along the nephron, it has been suggested that
increased local Ang II formation may induce hypertension. Indeed,
using gene-targeted mice, we and others have shown that increased
intrarenal Ang II formation results in hypertension (3-6). As a
whole, these observations suggest that renal Ang II synthesis has
important consequences for nephron function and the devel-
opment of hypertension. However, precisely how the intrarenal
generation of Ang II elevates blood pressure is not known. There-
fore, we tested the hypothesis that, in conditions in which the
intrarenal RAS becomes activated, local Ang II synthesis enhances
sodium and water reabsorption along the nephron. In addition, we
postulated that inhibiting intrarenal Ang II formation effectively
protects against hypertension.
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Because ACE is responsible for most Ang II synthesis in the
kidney (7), we reasoned that the best approach to address our
hypothesis was to study the responses of mice with reduced kid-
ney ACE expression to hypertensive stimuli. However, renal ACE is
expressed in several cell types, including the proximal tubule, the
endothelium of small arterioles, mesangial cells, and distal neph-
ron segments (3). Thus, creating a kidney-specific ACE knockout
mouse was impractical. Instead, we studied 2 mouse models in
which promoter swapping, via targeted homologous recombi-
nation, directed ACE expression to specific cell types while elimi-
nating the enzyme from the kidneys and other tissues. These are
ACE 10/10 mice, which express ACE in myelomonocytic cells (8),
and ACE 3/3 mice, which express ACE in hepatocytes (9). In ACE
10/10 mice renal ACE activity is totally absent, while in the ACE
3/3 mice it is only 14% of wild-type values. Moreover, both strains
have normal levels of circulating ACE and plasma Ang II. This is
important because Ang I availability permits normal kidney devel-
opment and normal basal blood pressure despite the substantial
reduction of kidney ACE (8, 9). Hence, these mice are unique in
that they allow us to investigate the role of renal ACE in the setting
of normal blood pressure and kidney function.

Here, we report that the absence of renal ACE markedly reduced
the hypertension present in response to Ang II infusion (a high
serum Ang II model) or reduced nitric oxide production (a low
serum Ang Il model), 2 experimental conditions in which inflamma-
tion and oxidative stress in the renal parenchyma are associated with
an abnormal activation of the intrarenal RAS (10, 11). Moreover, in
the Ang Il infusion model, the specific absence of renal ACE reduced
local Ang IT and the activity of key sodium transporters in the loop
of Henle and the distal nephron. This resulted in substantial pro-
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tection against the antinatriuresis and the hypertension induced by
systemic Ang II infusion. Thus, even in a model characterized by
high serum Ang II, these data implicate the intrarenal generation of
Ang Il as a critical facilitator of the hypertensive response.

Results
Mice devoid of kidney ACE are resistant to hypertension. We first inves-
tigated whether renal morphology and functionality of the ACE
10/10 mice and ACE 3/3 mice were normal. We did this by histo-
logical analysis of kidney tissues (data not shown) and by testing
the urine concentration capacity of the mutant mice (Supplemen-
tal Figure 1; supplemental material available online with this arti-
cle; doi:10.1172/JCI65460DS1). These and previous experiments
demonstrated that at baseline there is normal histology and renal
concentration ability in kidneys from the mutant mice (9). The
Ang II-induced hypertension model was used in most of our
experiments. Our reasoning was twofold. First, this approach is
believed by many to recapitulate several features of human essen-
tial hypertension. Second, strong evidence indicates that subpres-
sor doses of Ang II activate the intrarenal RAS and, consequently,
induce local Ang II formation (11). The infusion rate of 400 ng/
kg/min was selected on the basis of previous experiments showing
that this dose induces a slowly progressive hypertension in which
the Ang II effects of appetite suppression and depressed body
weight gain are avoided (Supplemental Figure 2A). In addition, we
chose to use only male mice to avoid the confounding effects of
sexual dimorphism in hypertension (12).

Under basal conditions, the systolic blood pressure of ACE 10/10
and ACE 3/3 mice, as measured by tail-cuff plethysmography, was
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Figure 1

The absence of kidney ACE blunts the hypertensive response to Ang Il
infusion or L-NAME. (A) Systolic blood pressure (SBP) of wild-type,
ACE 10/10, and ACE 3/3 mice after 2 weeks of Ang Il infusion (400
ng/kg/min via minipump). Blood pressure was measured by tail-cuff
plethysmography. n = 6-22 per group. The corresponding background
strain is indicated. (B) Systolic blood pressure of wild-type, ACE 10/10,
and ACE 3/3 mice after 2 weeks of L-NAME treatment (5 mg/10 ml
in the drinking water). n = 6-9 per group. (C) MAP of wild-type and
ACE 10/10 mice during chronic Ang Il infusion. MAP was recorded by
telemetry. n = 7-8 per group. Uninfused, sham-operated mice; Basal,
mice not receiving L-NAME in the drinking water. *P < 0.05, **P < 0.01,
****P < 0.0001. Values represent individual mice and mean + SEM.

similar to that of wild-type mice of the same genetic background
(Figure 1A). However, when subjected to chronic Ang II infusion
for 2 weeks, the hypertensive response was blunted in both strains
devoid of kidney ACE. Specifically, the blood pressure was 20
mmHg lower in the ACE 10/10 mice and 47 mmHg lower in the
ACE 3/3 mice as compared with that in equally treated wild-type
mice. The effects of the lack of intrarenal ACE were also examined
in the hypertension induced by N,,-Nitro-L-arginine methyl ester
hydrochloride (.-NAME). Inhibition of nitric oxide synthesis with
L-NAME induces a low renin and low plasma Ang II form of hyper-
tension (13). Under these conditions, ACE 10/10 and ACE 3/3 mice
still manifested a blunted hypertensive response (Figure 1B).

From this point on, experiments were conducted only in the ACE
10/10 mice, because the effects of experimental hypertension are
better characterized in their genetic background strain (C57BL/6])
(14, 15). Using telemetry (Figure 1C), we confirmed an equivalent
baseline 24-hour mean arterial pressure (MAP) in wild-type and
ACE 10/10 mice. Further, in response to chronic Ang II infusion,
the rise in ACE 10/10 MAP was 20-26 mmHg lower than that in
wild-type MAP (Figure 1C).

The lack of kidney ACE prevents intrarenal Ang II accumulation and
sodium and water retention induced by chronic Ang Il infusion. To bet-
ter understand the effects of intrarenal Ang II on blood pressure,
we focused on Ang II-induced hypertension. This model has the
advantage that Ang Il infusion maintains high serum levels of this
peptide, minimizing any effects of plasma Ang II fluctuations.
Indeed, our time-based analysis demonstrated that plasma Ang II
levels were similar in wild-type mice and ACE 10/10 mice during
the infusion (Supplemental Figure 3), with the exception of higher
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Ang II levels in wild-type mice after day 1 after implantation. In
analyzing the effects of Ang II infusion on the concentrations of
this peptide in the kidneys (Figure 2A), we observed a significant
increase in Ang II levels in wild-type mice (130% + 21%), consis-
tent with previous reports (15). In contrast, ACE 10/10 mice had
a significantly lesser increase in intrarenal Ang II (45% + 16%). To
evaluate the consequences of reduced Ang II formation on renal
function, ACE 10/10 and wild-type mice were housed individually
in metabolic cages to determine urine volume and sodium output.
Baseline sodium and urine excretion were similar between wild-
type and ACE 10/10 mice (Figure 2, B and C). Within 24 hours
after initiating Ang Il infusion, wild-type mice displayed a substan-
tial reduction in urine excretion (43% + 7% decrease, P < 0.001)
and an even greater reduction in sodium excretion (58% + 5%,
P <0.001). Sodium and urine output returned to basal levels after
48 to 72 hours, coincident with the rise in blood pressure (Fig-
ure 1C). Thus, sodium balance was likely reestablished by pres-
sure-natriuresis response. Hereafter, sodium balance was attained
at the expense of the hypertension, consistent with a major shift in
pressure-natriuresis relationship. In contrast, the initial urine and
sodium excretion reductions were not significant in the ACE 10/10
mice (22% + 6% and 22% + 12%, respectively, NS) and returned to
baseline after 48 to 72 hours without coincident increases in blood
pressure. Hence, there was an adequate renal compensation with-
out adjustments of the pressure-natriuresis relationship. Finally,
these changes cannot be attributed to water and food consump-
tion fluctuations, as they remain stable throughout the experi-
ment (Supplemental Figure 4).

In view of these findings, we studied the expression of RAS
components. Recently, it was reported that most angiotensino-
gen found in the kidney comes from the liver (16). Accordingly,
we analyzed the protein expression of liver and kidney angioten-
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sinogen in tissue homogenates. Ang II infusion increased liver
angiotensinogen to a similar extent in wild-type and ACE 10/10
mice (Figure 3A). In contrast, baseline kidney angiotensinogen
levels were significantly lower in ACE 10/10 mice as compared
with those in wild-type mice. Moreover, kidney angiotensinogen
content increased only in wild-type mice in response to Ang II
infusion (Figure 3A). Similarly, Ang IT increased urinary angioten-
sinogen excretion only in wild-type mice (Supplemental Figure 5).
Because ACE in the ACE 10/10 mice is expressed exclusively in
myelomonocytic cells and there was renal macrophage infiltra-
tion in both wild-type and mutant mice during Ang II infusion
(Supplemental Figure 6), we also determined the expression of
kidney ACE (Figure 3B). As expected, baseline kidney ACE expres-
sion was negligible in the ACE 10/10 mice. Further, while Ang II
infusion caused an increased in ACE expression in wild-type mice,
such an effect was not observed in the ACE 10/10 mice. Thus, even
in the presence of marked levels of macrophage infiltration, ACE
expression remained substantially lower in the ACE 10/10 mice.
Finally, the lower renal Ang II levels of ACE 10/10 mice during
Ang Il infusion cannot be attributed to lower AT| receptor expres-
sion, as this was similar to that observed in hypertensive wild-type
mice (Supplemental Figure 7).

A major role of ACE-derived Ang I formation in the activation of renal
sodium transporters in the loop of Henle and distal nephron. Because the
potent long-term antinatriuretic effects of Ang II are primarily
due to increased tubular reabsorption rather than to reductions
in glomerular filtration rate (17, 18), we hypothesized that Ang II-
infused ACE 10/10 mice, lacking intrarenal ACE and Ang II pro-
duction, might exhibit a blunted Ang II-dependent activation of
renal sodium transporters compared with wild-type mice. There-
fore, we profiled the expression of the major sodium and chloride
transporters along the nephron. These included the proximal
Volume 123~ Number 5
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tubule Na*/H* exchanger 3 (NHE3), the loop of Henle Na*/K*/2Cl-
cotransporter 2 (NKCC2), the distal tubule NaCl cotransporter
(NCC), the epithelial sodium channel (ENaC), the anion exchang-
ers pendrin and Na*-dependent HCO37/Cl" exchanger (NDBCE),
and the Na*/K* ATPase. At baseline, transporter levels in wild-type
and ACE 10/10 mice were not significantly different (Supplemen-
tal Figure 8). A 2-week Ang II infusion into wild-type mice changed
the expression levels of several transporters, most prominently,
the loop of Henle NKCC2 and the distal tubule NCC (Figure 4).
NKCC2 phosphorylation increased 4 fold and the abundance and
phosphorylation levels of NCC were 1.6- and 5-fold increased,
respectively. More distal transporters also displayed changes asso-
ciated with activation (Figure S): the abundance of the a subunit
of ENaC and the cleavage of the o and y subunits, measures of
channel activation (19), were 2-fold increased, and pendrin abun-
dance was also increased by 1.3 fold (Figure 5). The expression of
other transporters was unaltered (Supplemental Figure 9). Impor-
tantly, ACE 10/10 mice failed to display significant changes in any
of the transporters tested in response to Ang Il infusion, the excep-
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Figure 3

Changes in liver and renal angiotensinogen and renal ACE protein
expression in wild-type and ACE 10/10 mice during Ang Il infusion. (A)
Angiotensinogen (AGT) and (B) ACE expression were analyzed in total
tissue homogenates from wild-type and ACE 10/10 mice 2 weeks after
sham operation (uninfused group) or after 2 weeks of Ang Il infusion
(400 ng/kg/min via minipump). Immunoblots were performed with a
constant amount of protein per lane for angiotensinogen, ACE, and
B-actin (Supplemental Table 1). Values represent individual measure-
ments and mean + SEM. n = 6-17 per group. *P < 0.05, **P < 0.01,
***P < 0.001, ****P < 0.0001.

tion being the cleavage of the o and y subunits of ENaC (Figure 5
and Supplemental Figure 9).

To better characterize the timing of these changes, we per-
formed transporter profiling at days 1, 4, and 10 after infusion.
At day 1, we did not observed any significant differences in the
transporter profile (data not shown). After 4 days of infusion,
wild-type mice showed 0.27-fold increased phosphorylation of
NHES3. In contrast, ACE 10/10 mice showed significant decreases
in total abundance and phosphorylation of NKCC2 (Supplemen-
tal Figure 10). After 10 days, the changes in phosphorylation and
abundance in the transporter profile were similar, although of
lesser magnitude, to those observed at the end of the experiment.
Briefly, in wild-type mice, NHE3 phosphorylation had returned
to baseline, NKCC2 phosphorylation was 0.55-fold increased,
and the abundance and phosphorylation of NCC were 0.59- and
2-fold increased, respectively.

Extended analysis of NKCC2 and NCC. We assessed the physiological
correlates of changes in NKCC2 and NCC during Ang IT infusion,
the 2 transporters in which we found the largest changes. For this,
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we measured acute natriuretic and diuretic responses (over 3 hours)
of wild-type and ACE 10/10 mice to a single bolus of furosemide,
a NKCC2 blocker, and hydrochlorothiazide (HCTZ), a NCC
blocker (Figure 6A and Supplemental Figure 11). The responses
were calculated as the fold change in mice injected with diuretics
compared with mice injected with vehicle. At baseline, both strains
displayed significant natriuretic responses to furosemide and
HCTZ. The natriuretic and diuretic responses to furosemide and
HCTZ increased significantly during Ang II infusion in wild-type
mice but not in the ACE 10/10 mice. These functional responses
paralleled the Ang II-increased abundance of phosphorylated
NKCC2 (NKCC2-P), NCC, and phosphorylated NCC (NCC-P) in
wild-type mice and the lack of change in these transporters in the
ACE 10/10 mice. Phosphorylation of NKCC2 and NCC is asso-
ciated with their expression in the apical membrane and trans-
porter activation (20, 21). We further validated the immunoblot
changes by confocal microscopy, which illustrated specific
increases in phosphorylation of these transporters in Ang II-
infused wild-type mice but not in ACE 10/10 mice treated in an
identical fashion (Figure 6B). Finally, fractionation of membranes
to enrich plasma membranes and intracellular membranes (21)
revealed that most (>90%) NKCC2-P and NCC is located in plasma
membranes in both strains of mice (Supplemental Figure 12).
The oxidative-stress responsive kinase 1 (OSR1) and the STE20
(Sterile 20)/SPS1-related proline/alanine-rich kinase (SPAK) are
2 kinases with a high degree of structural homology that phos-
phorylate and activate NKCC2 and NCC (22-24). We did not
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NCC-P NCC-P/total

detect a change in OSR1 abundance in response to Ang II infu-
sion (Supplemental Figure 9). SPAK, whose expression colocal-
izes in the kidney with thick ascending limb NKCC2 and distal
convoluted tubule NCC, exists in multiple isoforms in kidney: a
full-length isoform with kinase activity (FL-SPAK); an isoform
with a truncated N terminus (SPAK2), predicted to be kinase
defective; and the smaller “kidney-specific” isoform (KS-SPAK),
lacking the kinase domain and capable of inhibiting phosphory-
lation of NKCC2 and NCC by OSR1 and FL-SPAK, respectively
(25). To identify the location of the 3 isoforms on immunoblots,
we probed whole kidney homogenates with antibodies gener-
ated against the C- and the N-termini (Supplemental Figure 13).
In whole kidney homogenates, the relative abundance of these
isoforms was FL-SPAK>SPAK2>KS-SPAK (Figure 7A). Baseline
levels of SPAK were similar in wild-type and ACE 10/10 mice,
while SPAK2 and KS-SPAK were approximately 20% lower in the
ACE 10/10 mice (Supplemental Figure 8). In wild-type mice, a
2-week Ang II infusion had no effect on FL-SPAK or SPAK2 but
significantly decreased KS-SPAK and increased the FL-SPAK/
KS-SPAK ratio by more than 50% (Figure 7A). Consistent with
this finding, we observed significant increases in the phospho-
rylation levels of OSR1 and SPAK only in wild-type kidneys
after Ang IT infusion (Figure 7B). Furthermore, our time-based
analysis indicated that SPAK activation occurred early during
the hypertension. Specifically, at day 4 after infusion, we found
strong induction of FL-SPAK, the FL-SPAK/KS-SPAK ratio, and
phosphorylation of SPAK as well as a reduction of KS-SPAK in
Number 5 2015
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Figure 5

The absence of kidney ACE prevents changes in expression of o and y subunit of ENaC and pendrin induced by Ang Il infusion. Transporter
expression was analyzed in whole renal tissue homogenates extracted from uninfused (sham-operated) mice or hypertensive wild-type and ACE
10/10 mice after 2 weeks of Ang Il infusion (400 ng/kg/min via minipump). (A) Immunoblots were performed with a constant amount of protein
per lane (Supplemental Table 1). (B) Relative abundance is displayed as individual measurements and mean + SEM. Since cleavage of o and y
subunits is a marker for ENaC activation, the densities of both full-length (FL) and cleaved (CL) a- and y-ENaC were calculated within each
sample and as the resultant ratios of cleaved/full-length ENaC. n = 6-8 per group. *P < 0.05, ***P < 0.001.

kidneys from Ang II-infused wild-type mice (Supplemental Fig- Discussion

ure 10). In contrast, in Ang II-infused ACE 10/10 mice, the abun-  This study examines the precise role of intrarenal ACE in the
dance of SPAK isoforms was unaltered and the phosphorylation  response to hypertensive stimuli. Our initial experiments used 2
levels of OSR1 and SPAK were unchanged. different lines of genetically modified mice: the ACE 10/10 model,
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an inbred line in which mice express ACE in myelomonocytic cells,
and the ACE 3/3 model, a line with mixed genetic background in
which ACE is predominantly made by hepatocytes. In both mod-
els, plasma levels of ACE and Ang II and blood pressure levels are
similar to those of control mice. Further, neither model shows any
evidence of renal structural abnormalities (8, 9). Finally, and most
importantly, both of these models express either no renal ACE
(ACE 10/10 mice) or only minimal amounts of renal ACE (ACE
3/3 mice). Thus, these mice with two separate and different pat-
terns of Ace gene expression allowed us to study the role of renal
ACE in the setting of normal kidney function and blood pressure.

Initially, hypertension in the 2 strains of mice was induced by
2 different protocols selected on the basis of their capacity to
activate the intrarenal RAS (10, 11); blood pressure was investi-
gated in response to a 2-week infusion of Ang Il and in response
to nitric oxide synthesis inhibition with L-NAME. In Ang II-
induced hypertension, plasma levels of Ang IT are maintained
at high levels. L-NAME-induced hypertension is associated with
both low renin and low plasma Ang II levels. Strikingly, both
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localization of NKCC2-P and NCC-P
(red) in the thick ascending limb and
distal tubules of kidneys of unin-
fused or Ang ll-infused wild-type
and ACE 10/10 mice. Uninfused and
Ang ll-infused samples were exam-
ined on the same slide with identical
settings. Nuclei are stained blue with
DAPI. Scale bar: 20 um.

mouse models responded to these 2 different forms of experi-
mental hypertension with a substantially blunted hypertensive
response (Figure 1). These data strongly suggest that remov-
ing ACE from the kidneys offers significant protection against
experimental hypertension regardless of the systemic RAS sta-
tus. Moreover, the protective effect extends beyond the specific
genetic manipulation or strain background.

Next, we assessed the importance of local ACE in the renal
responses to experimental hypertension. To this end, changes in
the sodium and urine output of wild-type and ACE 10/10 mice
were analyzed during Ang Il infusion. This approach was selected
for 2 reasons. First, the changes in kidney function of Ang II-
infused C57BL/6] mice are well characterized (26). Second, the
constant infusion of the peptide eliminates potential differences
in circulating Ang II between the wild-type and mutant mice.
Indeed, with the exception of those recorded on day 1, plasma
Ang II levels were similar in wild-type and mutant mice through-
out the experiment. Ang II caused a transient reduction of sodium
and urine output in wild-type mice that returned to preinfusion
Number 5 2017
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The absence of kidney ACE prevents the isoform shift of SPAK as well as SPAK and OSR1 phosphorylation induced by Ang Il infusion. (A)
SPAK isoform shift. Isoforms were identified using a combination of custom-made antibodies (Supplemental Figure 13) in whole renal tissue
homogenates from wild-type and ACE 10/10 mice 2 weeks after sham operation (uninfused group) or after 2 weeks of Ang Il infusion (400 ng/
kg/min via minipump). Samples were run at a constant amount of protein per lane (Supplemental Table 1). Relative abundance of FL-SPAK,
SPAK2, and KS-SPAK is displayed as are individual measurements and mean + SEM. Since KS-SPAK exerts a dominant-negative effect on
SPAK kinase activity, the ratio of FL-SPAK to KS-SPAK (FL/KS-SPAK) provides a measure of SPAK activation. (B) Phosphorylation of SPAK and
OSR1. Immunoblots of whole kidney homogenates were performed as described above. Relative abundance of phosphorylated SPAK and OSR1

(pSPAK and pOSR1) is displayed as individual mice and mean + SEM.

levels after 48 to 72 hours (Figure 2). These changes were sub-
stantially blunted in the ACE 10/10 mice. After 3 days of Ang II
infusion, sodium and urine output were similar in both groups.
However, an examination of the MAP traces (Figure 1C) revealed
a blood pressure increase in wild-type mice, concurrent with the
return of sodium and urine output to baseline levels. In contrast,
such an elevation was not observed in the ACE 10/10 mice. These
data are consistent with the kidney-fluid system hypothesis of
Guyton (27). Specifically, Ang II infusion provoked a long-term
increase of sodium reabsorption that raised blood pressure to a
level requisite for the excretion of normal amounts of sodium and
urine. Importantly, the absence of these changes in the ACE 10/10
mice implies that removal of kidney ACE prevents the effect of
Ang II infusion that shifts the pressure-natriuresis relationship
toward hypertension. The initial drop in sodium and urine excre-
tion in wild-type mice may be explained by the higher plasma
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n = 6-8 per group. *P < 0.05.

Ang Il during the first 24 hours in this group and its acute effects
on renal hemodynamics, NHE3 activity, or both (28). It is unclear
why plasma Ang II levels were initially higher in wild-type mice.
Nevertheless, these acute responses should not distract from the
observation that the steady-state urine and sodium output cor-
rection in the ACE 10/10 mice occurred at normal blood pressure
levels, despite plasma Ang II levels similar to those of wild-type
mice at day 3 and thereafter. Hence, the long-term protection
against hypertension conferred by removal of kidney ACE was
clearly independent from plasma Ang II levels.

One possible explanation for the protective phenotype against
hypertension of mice lacking kidney ACE is reduced intrarenal
Ang II synthesis. In support of this, the elevation of intrarenal
AngII content elicited by Ang II infusion was markedly attenuated
in ACE 10/10 mice when compared with that in wild-type mice
(Figure 2). While the idea of exogenous Ang II stimulating the renal
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Figure 8

Hypothetical model for the actions of kidney ACE-derived Ang Il synthesis in stimulating the activity of sodium transporters in the loop of Henle
and distal nephron. Different conditions, including inflammation, reactive oxygen species, and Ang Il, can act synergistically to induce angioten-
sinogen accumulation in proximal tubule cells, with its subsequent spillover into the tubular lumen and urine. After cleavage by renin and ACE,
Ang Il is released to trigger the activity of sodium transporters via AT receptors. These sequential events are hampered by the absence of kidney
ACE. A nephron and the corresponding peritubular vessel are depicted in green and red, respectively. PT, proximal tubule; TAL, thick ascending

limb; DT, distal tubule; CD, collecting duct.

synthesis of additional Ang I is not the prevailing view of the RAS,
multiple reports suggest that the expression of several intrarenal
RAS components, including angiotensinogen, ACE, tubular renin,
and the AT, receptor, is either augmented or sustained during
Ang II-induced hypertension (11). The important role played by
the enhanced activity of the intrarenal RAS during Ang II infusion
is highlighted by previous reports. Experiments in rats infused
with Val®>-Ang II, an isoform of Ang II that can be separated from
endogenous Ang II (Ile’>-Ang II) by high-performance liquid chro-
matography, demonstrated that the chronic Val$-Ang II (exogenous
Ang II) infusion induces renal Ile>-Ang II (endogenous Ang II)
synthesis (29). In another study, Ang II-infused mice became nor-
motensive when endogenous Ang II production was reduced by
ACE inhibition (15). It was also shown that Ang II causes hyper-
tension primarily through stimulation of AT; receptors in the kid-
neys (30). Finally, in our mouse model expressing ACE only in the
kidneys and no other tissues, infusion of Ang I increased intrarenal
Ang II content and induced hypertension, even though the mice
exhibited renal structural abnormalities and low blood pressure (3).

Recently, it was shown that the liver is the main source of angi-
otensinogen in the kidneys under basal conditions (16). However,
this observation does not explain the increases of angiotensinogen
mRNA in the kidneys of Ang II-infused animals (4, 14, 31). In our
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study, Ang II infusion increased liver angiotensinogen expression
to a similar magnitude in wild-type and the ACE 10/10 mice. In
contrast, kidney and urinary angiotensinogen increased only in
wild-type mice in response to Ang II infusion (Figure 3). The fail-
ure to increase kidney and urinary angiotensinogen in the mutant
mice is not a surprising result; it is known that renal Ang IT exerts a
powerful stimulation over angiotensinogen production and thus,
by eliminating renal ACE and local Ang II synthesis, this stimulus
is effectively hampered (4, 32). More importantly, the differen-
tial regulation of kidney angiotensinogen in the ACE 10/10 mice
supports a renal-specific effect of the genetic manipulation and
a cause-effect relationship between the absence of kidney ACE
and the protective phenotype. This is substantiated by evidence
demonstrating that most urinary angiotensinogen is produced by
the kidneys and earlier publications showing that proximal tubule
angiotensinogen levels regulate blood pressure (4-6, 33, 34). In
this context, the increasing accumulation of angiotensinogen and
the persistence of renin activity, due to tubular renin upregulation
(35), in kidneys from Ang II-infused animals help explain why
local ACE plays such an important role in regulating the local pool
of Ang Il in this condition.

In addition to Ang I, ACE cleaves other substrates, including bra-
dykinin, neurotensin, AcCSDKP, enkephalins, and others (36). With
Number 5 2019
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the exception of bradykinin, none of the other known substrates
of ACE appear to be good candidates to explain our data. Bradyki-
nin accumulates in the absence of ACE or during its inhibition
(7) and causes vasodilation and natriuresis mostly by B, recep-
tor activation of eNOS. However, the importance of bradykinin
in experimental hypertension is not clear (36, 37). We find that
ACE 10/10 mice, lacking renal ACE, display a reduced hypertensive
response to long-term treatment with L-NAME. This suggests that
their protective phenotype is independent of the nitric oxide status
and, by extension, perhaps bradykinin. Finally, the hemodynamic
contributions of other ACE substrates, including bradykinin, are
dwarfed by the potent effects of Ang II to regulate kidney function.

Besides the kidney, ACE is abundantly expressed by endothe-
lium; lesser amounts are found in the gut, certain immune cells,
and the brain (35, 38). Therefore, the possibility exists that the
absence of endothelial ACE or the ACE from some other organ
contributes to the responses observed in this study. In the case
of endothelial ACE, the two experimental conditions used in this
study, in particular Ang II infusion, cause strong plasma renin
suppression (14). This effectively reduces plasma Ang I forma-
tion and minimizes any potential contribution of endothelial
ACE. It is also conceivable that the ectopic expression of ACE
in our models affects our results. In particular, ACE is made in
large amounts in the livers of the ACE 3/3 mice. Although we
did not detect liver morphological or functional abnormalities,
it is possible that the liver ACE modulates hepatorenal reflexes
in the ACE 3/3 mice. While work by others highlights the impor-
tance of these reflexes in the regulation of postprandial natri-
uresis, such a mechanism seems to be less important for long-
term sodium homeostasis (39).

Based on our preceding comments, we conclude that the most
logical explanation for our findings is that removing kidney
ACE impairs intrarenal Ang II formation, thereby reducing renal
sodium and fluid reabsorption and the accompanying develop-
ment of hypertension. It is noteworthy that most of our observa-
tions were made during constant infusion of exogenous Ang II,
suggesting that the effects of intrarenal Ang II on renal sodium
transport regulation are nonredundant with systemic Ang IL
Using a similar argument, we attribute the residual increases in
blood pressure observed in mice with no kidney ACE to the actions
of exogenous Ang Il in the kidneys and other organs, including the
vasculature and the central nervous system. The potential impact
of removing kidney ACE on local ACE2 expression and Ang-(1-7)
production is excluded from our analysis. In many instances, the
renal actions of Ang-(1-7) counteract those of Ang II (40). There-
fore, the possibility exists that some of the protection observed in
the mutant mice is due to the unopposed actions of the Ang-(1-7)/
Mas receptor axis. In addition, we did not analyze the responses
of the mutant mice to changes in endogenous Ang II formation
induced by variations in dietary sodium.

A goal of our study was to identify downstream targets (direct or
indirect) of intrarenal Ang II. To this end, we profiled the expres-
sion of sodium transporters in kidneys from normal mice and
ACE 10/10 mice lacking kidney ACE. At baseline, the transporter
profiles were indistinguishable. However, Ang Il infusion triggered
an array of responses in wild-type mice consistent with increased
sodium transport in the loop of Henle and the distal nephron:
increased phosphorylation of loop of Henle NKCC2, increased
abundance and phosphorylation of the distal convoluted tubule
NCC, increased cleavage of ENaC o and y subunits, and increased
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abundance of the intercalated cell anion transporter pendrin
(Figures 4 and 5). The initial changes were detected as early as
4 days after infusion and were most evident at days 10 and 14. In
contrast, most of these responses were eliminated in mice lack-
ing kidney ACE, despite the fact that they were also infused with
Ang II. The proteolytic cleavage of ENaC subunits, a marker of
ENaC activation, was the only response evident in Ang II-infused
ACE 10/10 mice, suggesting that this response is mediated by sys-
temic Ang II or aldosterone or that it is very sensitive to low levels
of tubular Ang II. The lack of stimulation of the other transporters
is consistent with the enhanced natriuresis and blunted hyperten-
sion of the ACE 10/10 mice. In summary, our findings indicate that
the long-term pressure-natriuresis shift observed during Ang II
infusion in wild-type mice is associated with a stimulatory effect
on transporter abundance and/or activity in the loop of Henle
and more distal segments. Even more importantly, these effects
required intrarenal Ang II synthesis, demonstrating for what we
believe to be the first time a fundamental role of local Ang Il as a
master regulator of sodium transport along the nephron.

Previous studies have explored Ang II regulation of NKCC2,
NCC (41-44), ENaC (45, 46), and pendrin (47, 48), yet a major
finding of this study is the unique role of intrarenal Ang II in
triggering their activation. This observation adds a novel ele-
ment to the multiple pathways converging in the distal nephron
to maintain sodium and fluid homeostasis (49, 50). The remark-
able changes in NKCC2 and NCC phosphorylation elicited by
intrarenal Ang I prompted us to analyze their regulation in more
detail. First, our semiquantitative analysis by confocal micros-
copy confirmed the immunoblot findings (Figure 6). In addi-
tion, diuretic tests demonstrated physiologic correlates to the
increased transporter activity in wild-type mice but not in mice
with reduced renal ACE expression (Figure 6 and Supplemental
Figure 10). Recent studies indicate that NKCC2 phosphorylation
is mainly driven by OSR1 while NCC phosphorylation is driven
by FL-SPAK (51-53). SPAK was first identified by whole-ge-
nome association studies as a susceptibility gene for hyperten-
sion (54). We examined whether there was evidence of SPAK or
OSRI1 regulation by renal ACE. While we did not observe any
change in OSR1 abundance, in Ang II-infused wild-type mice,
we detected changes in the isoform expression of SPAK as early
as 4 days after infusion (Figure 7 and Supplemental Figure 9).
We specifically observed a sustained reduction of KS-SPAK
expression and an early increased in FL-SPAK abundance. These
changes are reminiscent of those evoked by extracellular vol-
ume depletion, attributed to elevated Ang II (51). According to
McCormick et al., a KS-SPAK reduction releases its inhibitory
influence on both OSR1 and FL-SPAK, allowing these kinases to
phosphorylate NKCC2 and NCC, respectively (51, 53). Consis-
tent with this, we observed increased phosphorylation of SPAK
and OSR1 only in wild-type mouse kidneys (Figure 7). Thus, we
conclude that the reduction in KS-SPAK, as well as the increased
phosphorylation of SPAK and OSR1, are dependent on the pres-
ence of intrarenal ACE during Ang II infusion, presumably due
to the intrarenal Ang II synthesis.

Our final consideration with regards to ACE is the locus for Ang I
synthesis within the kidney. ACE is expressed in at least 5 different
renal cell types. However, most of the renal ACE is located in the
apical side of straight proximal tubules (38). Accordingly, we pro-
vided a hypothetical model (Figure 8) in which we surmise that in
conditions in which the intrarenal RAS is activated (for instance,
Number 5
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during chronic Ang II infusion) the activity of proximal tubule
ACE leads to an increased luminal Ang II synthesis and further
angiotensinogen accumulation. The newly formed peptide then
stimulates, directly or indirectly via regulatory kinases, sodium
and chloride transporters located downstream in the loop of
Henle and the distal nephron. The resulting increased sodium
avidity of the kidneys elicits a rightward shift on the pressure-na-
triuresis relationship and the hypertension.

In conclusion, the results of this study demonstrate that induc-
tion of kidney ACE-derived Ang II formation plays an important
role in the generation of hypertension. We introduce a paradigm
in which the activity of kidney ACE, and the resultant local Ang II
synthesis, is required to increase the abundance, phosphorylation,
and/or processing of NKCC2, NCC, ENaC, and pendrin in the
loop of Henle and the distal nephron, thereby increasing sodium
and fluid reabsorption and blood pressure. Furthermore, our find-
ings suggest that reducing renal ACE activity would be an effective
means to manipulate this pathway, offering a new area for poten-
tial organ-specific intervention.

Methods

Animals. The generation of ACE 10/10 and ACE 3/3 mice has been described
elsewhere (8, 9). Targeted homologous recombination was used to place
Ace gene expression under the control of the c-fms promoter (ACE 10/10
mice) or the albumin promoter (ACE 3/3 mice). These changes resulted
in restricted expression of ACE to myelomonocytic cells and the liver,
respectively. ACE 10/10 mice had been backcrossed to a pure C57BL/6]
background. Although the genetic background of ACE 3/3 mice is mixed
between 129j and CS7BL/6], these mice were selected to harbor only one
renin gene (RenlIc),a model more similar to humans. The experimental pro-
tocols were conducted in 8- to 12-week-old male mice of either strain and
wild-type mice of the corresponding genetic background.

Experimental hypertension and blood pressure monitoring. Hypertension was
induced by subcutaneous infusion of Ang II (400 ng/kg/min) via osmotic
minipump (Alzet 1002, Durect Corporation) or by L-NAME treatment
(5 mg/10 ml in the drinking water). Blood pressure was followed by tail-
cuff plethysmography every 3 days using a Visitech BP2000 system (Vis-
itech Systems Inc.) or by telemetry. For the latter, mice were anesthetized
with isoflurane, and a catheter connected to a radiotelemetry device (model
PA-C10; Data Sciences International) was inserted in the left carotid artery.
This allowed monitoring of heart rate and MAP in unrestrained condi-
tions. After a 14-day recovery phase, baseline levels were established briefly
before Ang II infusion. Data were collected, stored, and analyzed using
Dataquest A.R.T. 4.0 software (Data Sciences International) (15).

Metabolic studies and diuretics challenge. For studies requiring urine sam-
pling, mice were individually housed in metabolic cages. For balance exper-
iments, mice were fed a gelled 0.25% NaCl diet that contained all nutrients
and water (Nutra-gel; Bio-Serv). Following 3 days of baseline collections,
sham operation or minipump implantation was performed. Immediately
after surgery, mice were returned to the metabolic cages for 3 additional
days and again at days 11 and 12 after minipump implantation. For the
diuretics challenge, after voiding the bladder by gently massaging the lower
abdomen, mice were injected with a single bolus of a diuretic (HCTZ or
furosemide, 25 mg/kg i.p.) or vehicle (0.9% NaCl solution) and placed in
metabolic cages, and urine samples were collected for 3 hours. Free access
to food and water was allowed at all times. Diuretic treatment occurred
once 48 hours before minipump implantation and at days 4 and 11 after
implantation. The following parameters were monitored: water and food
ingestion and urine and sodium output. Sodium concentration was mea-
sured by flame photometry.
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Transporter profiling and intrarenal RAS analysis. Whole mouse kidneys,
flash frozen after removal, were thawed and homogenized, as described
in detail elsewhere (55). Protein concentration was determined by BCA,
and samples were denatured in SDS-PAGE sample buffer (20 minutes,
60°C), resolved by SDS-PAGE (56), transferred to polyvinylidene diflu-
oride membranes (Millipore Immobilon-FL), blocked (Li-COR blocking
buffer or blgk-FL, Millipore), and then probed with specific antibodies,
as detailed in Supplemental Table 1. To verify uniform loading, loading
gels were run (5 ug per lane) and stained with Coomassie blue, and ran-
dom bands were quantified. Linearity of signal intensity was established by
loading 0.5 volumes of each sample on each gel to verify doubling of signal
intensity. Signals on immunoblots were detected and quantitated with
Odyssey Infrared Imaging System (Li-COR) and accompanying software.
Values were normalized to the mean intensity measured in the wild-type or
uninfused groups defined as 1.0. All comparisons were performed between
samples run on the same blot/membrane.

Determinations of ANG peptides. Trunk blood was collected by conscious
decapitation into chilled tubes containing a protease inhibitor cocktail
(14). For intrarenal Ang II, the right kidneys were homogenized in metha-
nol immediately after extraction. Later, plasma and kidneys samples were
processed as described elsewhere (14).

Indirect immunofluorescence. To examine NKCC2-P and NCC-P regulation in
situ, we performed immunofluorescence microscopy experiments. Kidneys
were perfusion-fixed via the heart, cryoprotected in 30% sucrose PBS, and
then embedded and frozen in liquid nitrogen. Cryosections were cut, and
sections of both uninfused and Ang II-infused mice were collected on the
same charged object glass slide, side by side, to assure comparable treatments.
Samples were subjected to antigen retrieval and incubated with primary and
secondary antibodies (Supplemental Table 1), as described in detail elsewhere
(28). Samples were viewed with a Leica DMI 6000 inverted microscope and
imaged using a Leica TCS SP5 confocal fluorescence imaging system pow-
ered by a Chameleon Ultra-I MP laser (Coherent Inc.) and visible RGB lasers
(Leica Microsystems). Fluorescence excitation and detector settings were the
same for imaging renal sections of uninfused and Ang II-infused mice.

Immunobistochemistry. Four-micron sections were cut from paraffin-
embedded blocks onto positively charged slides. Deparaffinization and
pretreatment of the sections were done in the Dako PT Link Module using
Dako Low pH buffer. Immunohistochemical staining was done on the
Dako Autostainer. For morphological analysis, the sections were counter-
stained with H&E and then coverslipped after dehydration through alco-
hol and xylene. For macrophage staining, the sections were blocked with
3% H,0, and incubated with rat anti-mouse F4/80 antibody from AbD
Serotec (1:100 dilution for 45 minutes). A Rat-on-Mouse HRP-Polymer Kit
from Biocare and DAB Kit from Dako were used for detecting antibody
binding. The sections were counterstained with hematoxylin and then
coverslipped after dehydration through alcohol and xylene. Stained slides
were scanned with a Leica SCN400 Slide Scanner. Digital images of whole
kidney sections were saved for analysis. Evaluation was performed on
10 random fields at x200 magnification, where each field represents
0.25 mm?, resulting in a total explored area of 2.5 mm?. The images were
analyzed with Image] (version 1.46r; NIH), and averaged results were
expressed as F4/80-positive cells per field.

Statistics. All data are presented as individual measurements along with
mean + SEM. Two-way ANOVA with Bonferroni’s post-test was used
when analyzing changes in data collected over time. One-way ANOVA and
2-tailed unpaired Student’s ¢ test were used to analyze differences between
controls and hypertensive mice within the same genotype or to assess the
differences between wild-type and mutant mice when appropriate. All
statistical tests were calculated using GraphPad Prism 5.00 (GraphPad
Software). A value of P < 0.05 was regarded as significant.
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