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Abstract

Hypertension is a major risk factor for cardiovascular disease. While the cause of hypertension is
multifactorial, renal dysregulation of salt and water excretion is a major factor. All components of
the renin angiotensin system are produced locally in the kidney, suggesting that intrarenal
generation of angiotensin Il plays a key role in blood pressure regulation. Here, we show that two
mouse models lacking renal angiotensin converting enzyme (ACE) are protected against
angiotensin Il and L-NAME induced hypertension. In response to hypertensive stimuli, mice
lacking renal ACE do not produce renal angiotensin I1. These studies indicate that the intrarenal
renin angiotensin system works as an entity separate from systemic angiotensin Il generation.
Renal ACE appears necessary for experimental hypertension.
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Introduction

Whether measured in terms of mortality or cost of treatment, hypertension is a huge problem
in the United States. Approximately 31% of Americans are hypertensive [1]. This disease is
a major risk factor for stroke, atherosclerosis and congestive heart failure. Thus, it is not
surprising that the control of blood pressure markedly reduces the morbidity and mortality
associated with these diseases, the major killers of Americans [2,3]. Hypertension is the
second most prevalent cause of end stage renal disease [2]. While the cause of hypertension
is multifactorial, an excess of dietary salt and a positive correlation between sodium intake
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and blood pressure, termed salt-sensitivity, is often a major factor. Among hypertensive
patients, at least one in three are salt-sensitive [1]. Further, it is estimated that at least 30
million Americans with normal blood pressures are salt-sensitive. This is important because
salt-sensitivity itself (i.e. independent of blood pressure) is a risk factor for cardiovascular
morbidity and mortality [4,5].

In a salt sensitive individual, inappropriate renal sodium retention drives an increase in
circulating volume and blood pressure; the pressure natriuresis response (increase sodium
excretion in response to elevated blood pressure) restores the circulating volume to normal
at the expense of an increase in blood pressure until the sodium retaining stimulus is
removed [6,7]. As we will discuss below, there is emerging evidence that stimuli that
activate intrarenal angiotensin Il generation inappropriately stimulate renal sodium
transport, and blunt the pressure natriuresis response, which drives an elevation in blood
pressure.

Angiotensin Il is the end product of the renin-angiotensin system (RAS). The systemic
generation of angiotensin 11 results from liver production of angiotensinogen, which is
cleaved into the 10 amino acid precursor angiotensin | by renin, a protease produced by the
juxtaglomerular apparatus (JGA). In turn, plasma angiotensin | is rapidly converted to the 8
amino acid angiotensin Il in the lung where it is cleaved by the peptidase angiotensin
converting enzyme (ACE) located on the surface of endothelium [8]. Angiotensin Il has
effects throughout the body that coordinately act to raise blood pressure. While the major
loci for the production of angiotensinogen, renin and ACE are the liver, kidney, and lung
respectively, these proteins are made in a variety of other tissues including several locations
within the kidney. This is reviewed in detail below but studies have suggested that
angiotensin Il is not only generated systemically in plasma but also locally within individual
tissues. These findings have led to persistent questions about the relative physiologic
importance of systemic generation of angiotensin Il versus the local RAS generation of
angiotensin Il within kidney, the organ most critical for blood pressure control. This issue is
particularly important given renal transplantation studies suggesting that susceptibility to
experimental hypertension in rodents and clinical human hypertension follows the kidney
and that this is due in part to intrarenal effects of angiotensin 1l [9-11]. Here, we review
studies in genetically modified mice indicating that the intrarenal generation of angiotensin
Il is essential in the development of several models of experimental hypertension. These
studies support the concept that the intrarenal RAS functions as a separate entity, and not as
a simple extension of systemic angiotensin Il generation. Further, they show that angiotensin
Il generated locally in the kidney regulates renal function, including the handling of salt at
several different locations along the nephron. The observation that local angiotensin 11
production and local regulation of renal sodium transporters are linked and indeed are
obligatory in the development of hypertension, represents a new understanding of the
mechanism underlying inappropriate regulation of salt and water balance by the kidney.
This, in turn, directly leads to hypertension and the progressive cardiovascular disease that is
so debilitating and lethal in modern society.
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Local renal production of RAS proteins

Angiotensinogen

The presence of angiotensinogen in proximal tubules has been widely documented [12-14].
Studies in mice demonstrated increased renal angiotensinogen mRNA during angiotensin I1-
induced hypertension suggesting de novo synthesis in the kidney [15,16]. However, recently
published data demonstrated that, under both normal and pathologic conditions, most
proximal tubular angiotensinogen originates in the liver [17,18]. According to these studies,
plasma angiotensinogen can be filtered and reabsorbed through a megalin-dependent
mechanism [17,19]. Indeed, angiotensinogen accumulation in segments 1 and 2 of the
proximal tubule results from systemic uptake, while angiotensinogen in segment 3 seems to
be locally produced [20]. Although the relative contribution of systemic vs. renal
angiotensinogen to hypertension and kidney disease has not been clearly elucidated, a recent
manuscript suggests that the systemic RAS can stimulate renal angiotensinogen production
and increase urinary angiotensinogen excretion [21]. Regardless of its origin, the intrarenal
accumulation of angiotensinogen seems to play a pivotal role in hypertension. Consistent
with this, transgenic mice over-expressing angiotensinogen in proximal tubular epithelium
develop hypertension and renal injury without changes in the systemic RAS [22].

Besides its presence in the renal tubules, significant levels of angiotensinogen can also be
found in the tubular fluid and the urine during hypertension and kidney disease [14,23]. It
was previously demonstrated that plasma angiotensinogen can be filtered through the
glomerulus [19]. The filtration fraction depends on the normal functioning of the glomerular
filtration barrier. Indeed, impairment of the glomerular capillary functional integrity
generated after podocyte injury significantly increased renal angiotensinogen [18]. Although
not directly demonstrated, these studies collectively suggested that an increase in the leakage
of plasma angiotensinogen into the tubular lumen could be the major mechanism of
increased renal and urinary angiotensinogen in glomerular diseases [17,18]. However,
virtually all filtered angiotensinogen is taken-up in the S1 and S2 segments of the proximal
tubule [17], suggesting that urinary angiotensinogen is produced in the tubules through de
novo pathways and secreted into the urine during renal injury. In line with these
observations, hypertensive rats displayed an important elevation in endogenous, intrarenal-
produced angiotensinogen in the urine while only a small increase in angiotensinogen of
systemic (filtered) origin was observed [24].

Multiple studies show that patients with hypertension and renal disease display increased
urinary angiotensinogen compared to normal subjects [25]. These findings support the
concept that urinary angiotensinogen can be used as an index of intrarenal RAS activation,
even before the development of proteinuria [26-28]. Clinical studies are exploring urinary
angiotensinogen excretion in humans as a useful biomarker that closely correlates with
systolic blood pressure and kidney angiotensin Il content in the absence of elevated systemic
angiotensin I1. Because renin and ACE are also present in tubular fluid (see below), the
formation of angiotensin | and angiotensin Il in this part of the nephron is entirely possible,
even when plasma renin is suppressed [29-31]. In line with this, studies in rats demonstrated
a significant relationship between urinary angiotensinogen and renal angiotensin Il content
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during angiotensin Il-induced hypertension [32]. Although high tissue angiotensin 11 levels
is thought to be primarily due to increased local formation [33,34], it recently became clear
that AT1 receptor-mediated uptake of circulating angiotensin 1l may also contribute to the
local angiotensin Il accumulation in the kidney during hypertension [35,36].

Both plasma and intrarenal levels of renin are mainly produced by the granular cells of the
JGA. However, the presence of renin in tubular fluid may be a consequence of renin
production by cells other than juxtaglomerular cells. Indeed, certain kidney regions such as
glomeruli, proximal tubules, connecting tubules and collecting ducts display positive renin
immunoreactivity [14,37-39]. Since renin can be filtered, the presence of renin in areas
different from the JGA was originally interpreted as simple uptake of the filtered protein.
However, the observation of renin mMRNA in mesangial and tubular cells confirms renin
synthesis by cells other than those of the JGA [40]. Irrespective of the source, the presence
of renin in tubular fluids significantly contributes to the local generation of angiotensin Il
along the nephron [19], and can be treated as a biomarker for renal RAS activation [41].

Remarkably, angiotensin 11 can differently regulate renin production in the JGA and distal
segments of the nephron. While chronic infusion of angiotensin 11 inhibits renin secretion by
the JGA, this octapeptide up-regulates renin production by principal cells of connecting
tubules and cortical and medullary collecting ducts [42]. Thus, during juxtaglomerular renin
suppression, increased expression of renin in the distal nephron provides constant intrarenal
angiotensin Il formation that maintains hypertension [31,42]. In line with these observations,
in chronic angiotensin Il-infused rats and mice, despite marked suppression of
juxtaglomerular cell renin and plasma renin activity, the intrarenal and urinary levels of
angiotensin Il remained elevated [43,44]. Further studies indicated that angiotensin 1l can
increase renin production in distal tubules by a mechanism independent of high blood
pressure [45].

converting enzyme

Angiotensin | is effectively converted to angiotensin 1l by ACE, a membrane-bound
metalloproteinase, predominantly expressed on the surface of endothelial cells [8]. In the
kidney, ACE expression can be found in multiple cell types including endothelial cells,
mesangial cells and podocytes [46,47]. However, by far, it is the brush border of proximal
tubular epithelial cells that contains the majority of renal ACE [48]. ACE activity was also
observed in the collecting duct fluid and urine [49]. Whether distal ACE activity is a
consequence of actual local production [50] or just the uptake of ACE produced in the
proximal tubule remains unclear. Interestingly, the pattern of renal ACE expression
significantly differs between humans and commonly used experimental rodents [51]. In
humans, ACE is predominantly expressed in the brush border of proximal tubular cells,
while very little is observed in renal vascular endothelium. Also, no ACE is detected in the
glomerular vasculature or the basolateral membrane of epithelial cells [51]. In contrast,
relatively high expression of ACE was present in the renal vasculature of rats [51].
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As observed for every component of the RAS, renal ACE expression can also be
upregulated during hypertension and in response to renal damage [52]. Indeed, previous
reports showed increased kidney ACE activity in the two-kidney-one-clip Goldblatt
hypertensive model and in chronic angiotensin Il-infused rats [43,53]. More recently, our
laboratory demonstrated that both angiotensin I1- and L-NAME-induced hypertension are
associated with significantly increased ACE expression in the kidney [54,55].

Almost 15 years ago, a catalytically active homolog of ACE, ACEZ2, was discovered [56].
ACE?2 is not inhibited by ACE inhibitors and is widely expressed in several areas of the
kidney, including glomerular and epithelial cells, smooth muscle cells and endothelium
[56,57]. In contrast to ACE, ACE2 cleaves angiotensin | to generate the inactive metabolite
angiotensin-(1-9) and cleaves angiotensin Il to yield the vasodilator peptide angiotensin-(1-
7) [58]. From a pathophysiological perspective, ACE2 may counteract the role of ACE
during the inappropriate RAS activation associated with hypertension and chronic kidney
disease [58].

Angiotensin Il receptors

Angiotensin Il actions are mediated predominantly by two different receptors termed
angiotensin 11 type 1 (AT1) and type 2 (AT2) receptors [59]. Most of the pro-hypertensive
actions of angiotensin Il in the kidney are mediated by the AT1 receptor [23]. In rodents,
two AT1 receptors subtypes have been cloned and characterized. The AT1a receptor is
expressed in the luminal and basolateral membranes of several segments of the nephron,
including epithelial cells of the proximal tubule, thick ascending limb, macula densa, distal
tubules and collecting duct, as well as in mesangial cells, renal microvasculature in both
cortex and medulla, and smooth muscle cells of afferent and efferent arterioles. The AT1b
receptor is less abundant and is restricted to the glomerulus and the afferent arteriole [23].
The regulation of the AT1 receptor during hypertension is complex and different between
the renal vasculature and tubules [60]. Typically, high angiotensin 11 levels associated with
low sodium diets decrease AT1 receptor expression in the glomerulus while increasing its
tubular expression [60].

The AT2 receptor is widely expressed during fetal life and decreases significantly after
birth, suggesting a role in the prenatal period [61]. In the adult kidney, AT2 is mainly
restricted to vascular elements and tubular segments, especially the proximal tubule [62].
Although its role and significance remains unclear, increasing evidence suggests that AT2
receptor-mediated actions counteract AT1 receptor effects by increasing bradykinin and
nitric oxide production [63]. Angiotensin I infusion into AT2 receptor knock-out mice
exacerbated hypertension and renal damage, probably as a consequence of decreased
bradykinin production [64].

Mouse models lacking renal ACE

The use of ‘knockout mice’ lacking individual components of the RAS has repeatedly
demonstrated that interruption of this pathway is associated with a marked reduction of
blood pressure and kidney pathology [65]. In fact, global interruption of the RAS is even
more severe in humans and is most often associated with embryonic lethality [66,67]. Our
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group prepared mouse models in which genetic manipulation resulted in mice lacking renal
ACE but having sufficient ACE production in other tissues that basal blood pressure is
normal. Two such mouse models are termed ACE 3/3 and ACE 10/10 [68,69]. In ACE 3/3
mice, control of ACE expression by the albumin promoter results in ACE production by
hepatocytes. In this model, renal ACE expression is only 14% of normal levels. In the ACE
10/10 model, ACE is under the control of the c-fms promoter, resulting in ACE expression
by myelomonocytic cells such as monocytes and macrophages. In this model, renal tissues
essentially make no ACE. Both ACE 3/3 and ACE 10/10 mice produce sufficient ACE that
serum levels of angiotensin Il are near normal, there is normal kidney structure, and blood
pressure levels are normal under basal conditions. These and other mouse models suggest
that, given the kidney’s ability to regulate renin production, the localization of ACE
expression in aberrant tissues is well tolerated with normal renal structure and function
under baseline conditions [68,69].

We have generated experimental hypertension in both ACE 10/10 and ACE 3/3 mice
[54,55]. Each strain of mice was tested with two separate models: the subcutaneous infusion
of angiotensin Il for two weeks and the administration in drinking water of the nitric oxide
synthase inhibitor L-NAME for four weeks. Wild-type (WT) mice were matched for each
strain. The blood pressure in ACE 10/10 and WT mice treated with angiotensin 11 was
measured by telemetry, while all other blood pressure measurements were obtained by tail
cuff analysis. These studies showed a huge difference in the responses of WT vs. ACE 10/10
or ACE 3/3 mice (Figure 1). For example, after 12 days of angiotensin Il administration
(400 ng/kg/min by minipump), the mean arterial blood pressure was 22 mmHg lower in
ACE 10/10 mice as compared to WT. In ACE 3/3 mice, systolic blood pressure was 31
mmHg lower than in WT. After 4 weeks of L-NAME, systolic blood pressure was 22 and 25
mmHg lower in ACE 10/10 and ACE 3/3 than in WT mice (Figure 1). These data are highly
significant, but even more profound is the overall observation that using two different
hypertension protocols in two different strains of mice, the lack of renal ACE was associated
with consistent protection against experimental hypertension.

While both the administration of L-NAME and angiotensin |1 result in hypertension, there
are some important differences between these two models. L-NAME inhibits nitric oxide
generation, resulting in hypertensive changes that secondarily act to suppress plasma renin
activity and systemic angiotensin Il production [70,71]. Thus, this model is associated with
low systemic angiotensin Il levels. In contrast, administration of angiotensin 11 by osmotic
minipump essentially clamps the animals at a high systemic concentration of angiotensin I1.
While the exogenous administration of angiotensin Il suppresses the endogenous production
of renin by the JGA, substantial data from Navar and colleagues show that angiotensin Il has
a paradoxical effect by stimulating renal tubular epithelium to produce angiotensinogen
[23]. This and other components of the renal RAS increase local renal concentrations of
angiotensin I1. Perhaps, this was best demonstrated in a study by Shao et al. in which rats
were infused with a form of angiotensin 11 having valine at position 5 (Val(5)-Ang II) in
place of the endogenous isoleucine (lle(5)-Ang I1) [34]. While Val(5)-Ang Il has all the
vasoconstrictive and hypertensive effects of lle(5)-Ang I, these two forms can be separated
by HPLC. The systemic infusion of Val(5)-Ang Il induced hypertension in rats and
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increased renal concentration and urinary excretion of endogenous lle(5)-Ang Il by 70% and
93%, respectively [34].

We have also measured mouse renal concentrations of angiotensin Il and angiotensinogen
by RIA and Western blot. As shown in Figure 2, WT mice increase renal concentrations of
angiotensinogen and angiotensin Il in response to exogenous angiotensin Il administration.
In contrast, ACE 10/10 mice treated with angiotensin I1 in an identical fashion showed a
much smaller increase in renal angiotensinogen and renal angiotensin Il peptide (Figure 2).
Essentially, the identical pattern was found in mice made hypertensive by 4 weeks of L-
NAME administration. Despite the fact that L-NAME is associated with low systemic
angiotensin Il levels (hypertension, in this instance, is induced by the inhibition of nitric
formation), local kidney concentrations of angiotensinogen, ACE and angiotensin Il are
significantly higher in WT mice than in equivalently treated ACE 10/10 mice [55]. This is
dramatically illustrated by staining kidney sections with a highly specific antibody that binds
angiotensin Il (Figure 3). In WT mice, hypertension induced by L-NAME resulted in a
marked increase in renal angiotensin Il reactivity. In contrast, ACE 10/10 mice, which lack
renal ACE, have substantially lower levels of renal angiotensin Il when treated in an
identical fashion [55]. Thus, these data support the concept that renal concentrations of
angiotensin Il are critical in establishing hypertension. This appears to be true under
conditions of both high and low systemic angiotensin Il concentrations.

The concept that a local renal RAS has a major effect on blood pressure may strike some as
unexpected. Additional support of this idea comes again from analysis of genetically
modified mice called ACE 9/9 in which ACE production is only found in renal tubular
epithelium [72]. In other words, the only ACE available to this animal is on the plasma
membranes of tubular epithelial cells. Because these mice lack endothelial ACE and have
very low concentrations of plasma ACE, they have very low sera concentrations of
angiotensin Il and are hypotensive. However, this model is perfectly suited to answer the
question as to whether renal conversion of angiotensin | to angiotensin Il can influence
systemic blood pressure. Specifically, when this model was infused with systemic
angiotensin I, these mice increased renal angiotensin 1, increased urinary angiotensin 11
excretion and increased systemic blood pressure by 41 mmHg. When WT mice were treated
in an identical fashion, systemic blood pressures increased by 36 mmHg. Thus, mice having
only renal tubular ACE were able to convert angiotensin | to angiotensin Il and raise
systemic blood pressure as fast and as much as WT mice [72].

Given the evidence that the local generation of renal angiotensin Il is important in blood
pressure regulation, it is appropriate to ask what are the precise physiologic mechanisms
regulating blood pressure. While systemic angiotensin Il infusion is associated with
vasoconstriction, many of the anti-natriuretic effects of angiotensin Il are due to increases in
renal tubular sodium transporter abundance and activation [41,73-75]. Detailed analysis of
sodium transporter levels in WT and ACE 10/10 mice at baseline revealed no significant
differences in abundance and/or activation (i.e. phosphorylation) of NHE, NKCC2, NCC or
ENaC [54,55]. Treatment of WT mice with angiotensin Il markedly increased expression
and phosphorylation of transporters found in the thick ascending limb and in the distal
nephron. WT mice had about a 3-fold increase in phosphorylated NKCC2 and a 1.6- and 5-
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fold increase in NCC abundance and phosphorylation. Remarkably, these changes were
absent in ACE 10/10 mice [54]. In L-NAME induced hypertension, systemic angiotensin |1
levels are not elevated. However, in WT mice, kidney levels of angiotensin 11 are elevated
and blunt the expected physiologic compensation of decreased sodium transporter
abundance and activity. In contrast, ACE 10/10 mice maintain low intrarenal concentrations
of angiotensin Il and are able to further downregulate tubular sodium reabsorption, excrete
more sodium, and maintain a normal blood pressure [55]. Thus, in both hypertension
models, data support the hypothesis that the local concentration of angiotensin Il in the
kidney has a direct effect on renal sodium transporters that can both inappropriately raise
sodium reabsorption as well as blunt pressure natriuresis response. In mice lacking renal
ACE, reduced kidney angiotensin 11 reduces the anti-natriuresis, promotes salt loss, and thus
protects against hypertension.

Conclusion

Given the kidney’s ability to lose large amounts of salt and water, a profound paradox is
why so many people develop hypertension. While the solution to this paradox is not yet
available, we now know that the RAS and the kidney are two of the major determinants of
blood pressure. It was then not such a large step to wonder about the RAS in the kidney.
There is a lively discussion of exactly how important is the systemic vs. the intrarenal RAS
[76]. However, as discussed, several different mouse models suggest that, at least in rodents,
the intrarenal RAS and the intrarenal generation of angiotensin Il are critical in facilitating
experimental hypertension. Perhaps a high salt diet, inflammation, or other pathologic
processes initiate inappropriate activation of intrarenal RAS [77]. But ultimately, it seems
that renal ACE and the intrarenal generation of angiotensin 1l inappropriately stimulate renal
sodium handling and blunt pressure natriuresis, and that the resulting insufficient loss of salt
and water mandates a rise in blood pressure to control effective circulating volume.
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Figure 1.

ACE 10/10 and ACE 3/3 mice were made hypertensive by either (A) subcutaneous
angiotensin 11 (400 ng/kg/min by minipump) or by (B) oral administration of L-NAME (5
mg/ml in drinking water). Each line of genetically modified mice was matched to littermate
wild type (WT) mice. The mean arterial blood pressure of ACE 10/10 and control WT mice
treated with angiotensin Il was determined by telemetry (A). The systolic blood pressure of
all other groups of mice was determined by tail cuff (A and B). The two strains of mice
lacking renal ACE were resistant to these two hypertensive stimuli. ** p<0.01, *** p<0.001
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Figure 2.

Wild-type and ACE 10/10 mice were made hypertensive by either subcutaneous angiotensin
Il or by oral L-NAME administration. Angiotensin Il quantification (A) was performed by
radioimmunoassay and renal angiotensinogen abundance (B) was analyzed by Western blot

in total kidney homogenates, *p<0.05; **p<0.01; ***p<0.001. WT mice displayed

significant accumulation of renal angiotensin Il and angiotensinogen. The absence of renal
ACE blunted or significantly reduced the accumulation of these RAS components in the

kidney.
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Figure 3.
Kidney sections from wild type (WT) and ACE 10/10 mice were obtained before and after a

2 week treatment with L-NAME (5 mg/ml). The kidneys were immunostained with an
antibody detecting angiotensin 1l (Phoenix Pharmaceuticals, Inc., Burlingame, CA). This
antibody was previously shown to be very specific for angiotensin Il [55]. Following L-
NAME induced hypertension, ACE 10/10 mice have much less intrarenal angiotensin Il than
WT mice.
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