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Abstract

Elevations in intrarenal angiotensin Il (Ang I1) cause reductions in renal function and sodium
excretion that contribute to progressive hypertension and lead to renal and vascular injury.
Augmentation of intrarenal Ang Il occurs by several processes, leading to levels much greater than
can be explained from the circulating levels. In Ang I1-dependent hypertension, Ang Il is internalized
via an AT1 receptor mechanism, but there is also sustained intrarenal production of Ang I1. Ang Il
exerts a positive feedback action on intrarenal angiotensinogen (AGT) mRNA and protein. The
increased intrarenal AGT production is associated with increased intrarenal and intracellular Ang Il
contents and urinary AGT excretion rates. The increased urinary AGT indicates spillover of AGT
into distal nephron segments supporting enhanced distal Ang 11 formation and sodium reabsorption.
The augmentation of intrarenal Ang Il provides the basis for sustained actions on renal function,
sodium excretion, and maintenance of hypertension.

Introduction

There has been a paradigm shift in recent years from a focus primarily on the role of the systemic
renin-angiotensin system (RAS) in the regulation of arterial pressure and in the
pathophysiology of hypertension, to an emphasis on the changes in the components of the RAS
at the tissue level in various organs. Emphasis in this article is on the renal RAS because of its
unique significance in regulating sodium balance and thus long-term arterial pressure [1], and
its role in the progression of renal diseases [2¢¢]. Indeed, there is growing recognition that
inappropriate activation of the intrarenal RAS limits the capability of the kidney to maintain
sodium balance at normal arterial pressures and is an important cause of hypertension [1,3¢,
4,5]. In addition to sodium and fluid retention and progressive hypertension, there are critical
long-term consequences of an inappropriately elevated RAS coexisting with hypertension,
which lead to proliferative responses and vascular, glomerular, and tubular interstitial injury,
and fibrosis [2¢¢,3¢,6,7¢,8-11].

Regardless of the mechanism responsible for an over-active intrarenal RAS, the consequent
impairment in sodium excretory capability contributes to the development of hypertension
[1,4]. Varying degrees of reduced renal function have been found in many hypertensive patients
associated with inappropriate activation of the RAS as reflected by their responsiveness to
angiotensin-converting enzyme (ACE) inhibitors or angiotensin Il (Ang I1) receptor blockers,
even when plasma renin levels are not elevated [12¢,13-16]. The important role of the RAS is
also supported by studies using various experimental models of hypertension having an
overactive RAS. Specific examples include 2 kidney, 1 clip (2K1C) Gold-blatt hypertension
[17,18,19+,20], Ang Il-infused hypertension [4], the transgenic rat (TGR) (mRen2) model
harboring an extra renin gene in its genome [21], the remnant kidney model produced by
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unilateral nephrectomy plus ligation of arterial branches in the remaining kidney [22,23], and
several mouse models that overexpress renin or angiotensinogen (AGT) [24-26].

Intrarenal Angiotensin Il Receptors

The AT receptor is the predominant Ang Il receptor in the kidneys of adults and is widely
distributed in essentially all regions and cell types, leading to a large number of directly
mediated actions or activation by other paracrine systems [27]. AT, receptor protein has been
localized to vascular smooth muscle cells throughout the renal vasculature, including both
afferent and efferent arterioles, mesangial cells and vasa recta, proximal tubule brush border
and basolateral membranes, thick ascending limb epithelia, distal tubule cells, collecting duct
cells, glomerular podocytes, and macula densa cells [27-34]. Importantly, there is extensive
luminal localization of AT receptors in both proximal and distal nephron segments. In rodents,
the ATy, is the predominant subtype, but AT1A and ATB receptor mRNASs have been
demonstrated in the glomerulus and in all nephron segments including the proximal tubule,
distal tubule, thick ascending limb, and collecting ducts [30,34,35]. Some of the major renal
actions reported for Ang Il acting on AT, and AT receptors are depicted in Figure 1. The role
of AT, receptors in mediating vascular injury remains controversial. Some investigators have
demonstrated that AT, receptors may contribute to pathobiology of vascular cells rather than
being protective as is generally stated [2¢¢,11].

The regulation of intrarenal Ang Il receptors in hypertensive models is complex since vascular
and tubular receptors respond differently during high Ang Il states [27]. In general, high Ang
Il levels associated with a low-salt diet decrease glomerular AT, receptor expression but
increase tubular AT, receptor levels [36]. Studies in 2K1C Goldblatt hypertensive rats
demonstrated that glomerular AT, receptors were decreased by 2 weeks after clipping, but
vascular receptors were not decreased until 16 weeks [37]. However, glomerular AT, receptor
density was not increased in the 1K1C model, although vascular AT receptor density was
increased [38].

In the Ang Il-infused model of hypertension, total kidney AT, mRNA levels and receptor
protein were not significantly altered by 2 weeks of Ang Il infusion sufficient to cause marked
hypertension [39]. However, Wang et al. [29] reported that AT 5 receptor protein was reduced
in ischemic and contralateral kidneys of 2K1C Goldblatt and 2 kidney, 1 wrap hypertensive
models and in kidneys of Ang Il-infused rats. AT, receptors were downregulated only in
ischemic kidneys. In the TGR (mRen2) harboring the mouse renin gene, Zhuo et al. [40] found
increased AT receptor binding in vascular smooth muscle of afferent and efferent arterioles,
juxtaglomerular apparatus, glomerular mesangial cells, proximal tubular cells, and
renomedullary interstitial cells. It was suggested that upregulation of AT, receptors in multiple
renal cells may contribute to the pathogenesis of hypertension in these rats. Harrison-Bernard
etal. [41] extended the analysis in Ang I1-infused rats with in vitro autoradiography and showed
differential responses with significant decreases in glomeruli and inner stripe but not in
proximal tubules. Furthermore, ACE binding was significantly increased in proximal tubules
of Ang ll-infused rats. Thus, the data suggest that the vascular and glomerular AT, receptors
are downregulated, but the proximal tubular receptors are either upregulated or not significantly
altered in Ang ll-dependent hypertension.

Intrarenal Levels of Angiotensin Il

In response to variations in dietary sodium intake, total renal renin, Ang I, and Ang Il levels
respond in a coordinated manner [27,42-44]. In addition to intrarenal conversion of Ang 1l
from systemically delivered Ang I, intrarenal Ang Il is also derived from intrarenally formed
Ang | originating from either circulating or locally formed AGT. Indeed, van Kats et al.
[45¢] found that under normal conditions most of the intrarenal Ang Il and Ang I was derived
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from local production. They infused labeled Ang | and Ang Il systemically into pigs and
compared the tissue contents of labeled and endogenous peptides produced from locally
generated Ang I. They also reported that renal tissue Ang Il was not significantly reduced by
treatment with an ACE inhibitor, suggesting the presence of alternative Ang Il-forming
pathways. However, studies in rats by Komine et al. [46] showed that chronic treatment with
an ACE inhibitor, an AT receptor blocker, and the combination of an ACE inhibitor as well
as an AT receptor blocker lowered renal tissue Ang Il contents in rats maintained on a low-
salt diet to stimulate the RAS. They found that the combination lowered renal Ang Il content
to a greater extent than either treatment alone.

Although under normal physiologic conditions plasma and kidney renin activities change in
concert with plasma and kidney Ang | and Ang Il levels [42,43], these relationships can be
disrupted in some forms of hypertension [5]. This has been shown in 2K1C Goldblatt
hypertension, Ang Il-induced hypertension, and TGR (mRen2) hypertensive models [5,19¢].
The netintrarenal Ang Il content is due to formation of intrarenal Ang Il as well as sequestration
of Ang Il from the circulation via an AT, receptor-mediated process [5,47,48¢]. This is
particularly apparent when there are sustained elevations in circulating Ang Il, which cause
progressive accumulation of intrarenal Ang Il levels even under conditions of marked
suppression of renin formation and release such as occurs in the nonclipped kidney of 2K1C
Goldblatt hypertensive rats [18], Ang ll-infused hypertensive rats [49¢], and TGR (mRen2)
[50]. The remnant kidney model of hypertension has elevated renin and intrarenal Ang Il levels
primarily in the peri-infarct borders [22]. It is important to emphasize that much of the increase
in intrarenal Ang Il that occurs during chronic Ang Il infusion is due to an AT, receptor—
dependent process since it can be prevented by concomitant treatment with AT, receptor
blockers, suggesting receptor-mediated endocytosis [47,49¢]. As recently shown by Ingert et
al. [48+], uptake of Ang Il via AT receptors also contributes to the increase in renal Ang Il
levels that occur with low-salt intake.

A recent study by Tokuyama et al. [19+] provides further support to the important role of locally
formed intrarenal Ang Il in hypertension models. Using a dog 2K1C Goldblatt hypertensive
model, they demonstrated significant increases in intrarenal Ang Il in both the clipped and
nonclipped kidneys. However, ACE activity was increased only in the nonclipped kidney, but
not in the clipped kidney. Interestingly, the elevated Ang Il in the clipped kidney was
suppressed by a chymase inhibitor, suggesting a role for chymase in Ang Il formation in the
clipped kidney. This study demonstrated that Ang Il levels are elevated in both clipped and
nonclipped kidneys, however, the mechanisms for Ang Il generation may differ. These findings
were extended in a recent paper by Sadjadi et al. [20] who found that intrarenal Ang Il levels
were increased in both the clipped and unclipped kidneys of 2K1C Goldblatt hypertensive rats,
not only during the development phase at 1 week, but also up to 12 weeks following unilateral
constriction. Furthermore, adrenal Ang Il content was also increased during chronic renal
vascular hypertension. These increases in nonclipped kidney and adrenals persisted even in
the absence of significant increases in plasma Ang Il. In addition, renal AT, receptor density
was maintained in both clipped and unclipped kidneys during renal vascular hypertension,
providing a potential mechanism for the persistence of hypertension despite a lack of increased
plasma Ang Il concentration.

and Tubular Angiotensin Il

Intrarenal Ang Il is not distributed in a homogenous manner but is compartmentalized in a
regional and segmental manner [44]. Earlier studies indicated that medullary Ang I levels are
higher than the cortical levels in normal rats and increase further in Ang Il-infused hypertensive
rats [27]. The combination of high Ang Il levels in the medulla coupled with the high density
of Ang Il receptors suggest that Ang Il exerts a major role in regulating hemodynamics and
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tubular function in the medulla [30,41]. The higher Ang II levels in the medulla suggest that

there may be specialized Ang I1-forming pathways or accumulation mechanisms in medullary
tissues that are subject to local regulation. However, Ingert et al. [43,48¢] failed to confirm that
medullary Ang Il contents are higher than cortical Ang Il contents. These authors found that

Ang | and Ang Il levels in cortex and medulla are equivalent and respond in a similar manner
to alterations in dietary salt intake.

Within the cortex, there is distribution of Ang Il in the interstitial fluid, tubular fluid, and the
intracellular compartments. The interstitial as well as the intratubular compartments contribute
to the disproportionately high total Ang Il levels. Studies using microdialysis probes implanted
in the renal cortex demonstrated that Ang Il concentrations in interstitial fluid are much higher
than the plasma concentrations, with recent results suggesting values in the range of 3t0 5
pmol/mL [51-54]. Importantly, Nishiyama et al. [53,54] was not able to show substantive
suppression of renal interstitial fluid Ang Il levels with administration of ACE inhibitors
administered either directly into the renal artery or via the microdialysis probe. These studies
have suggested that much of the Ang Il in the renal interstitial compartment is formed through
non-ACE-dependent pathways or by ACE that is not easily accessed by the exogenously
administered ACE inhibitors. Increases in renal interstitial fluid Ang 11 levels have been
reported for two models of hypertension. Siragy and Carey [52] found that renal interstitial
Ang Il is also increased in the wrapped kidney of rats with Grollman hypertension. Nishiyama
et al. [55] reported that renal interstitial fluid Ang Il concentrations are also increased in rats
infused with Ang Il for 2 weeks. Because the renal interstitial values are so much higher than
can be explained on the basis of equilibration with the plasma concentrations, the data suggest
local regulation of Ang Il formation in the renal interstitial compartment and an enhancement
of interstitial Ang Il production in Ang ll-dependent hypertension.

Micropuncture studies have shown that proximal tubule fluid concentrations of Ang | and Ang
Il are also much greater than the plasma concentrations [56]. The finding that fluid samples
collected from perfused segments had Ang Il concentrations similar to those measured in
nonperfused tubules indicates that the proximal tubule secretes Ang |1 or a precursor into the
proximal tubule fluid. Importantly, when proximal tubule fluid was incubated with excess
renin, the resultant Ang | generated indicated large amounts of substrate in proximal tubular
fluid in the range of 300 pmol/mL. These results indicate that there is abundant AGT in the
proximal tubule fluid, suggesting secretion by the proximal tubule cells [5]. In addition to AGT,
proximal tubule cells also have renin mRNA that is stimulated by a low-sodium diet that may
thus act on AGT to generate Ang | [57]. At present, it is not clear how much of the Ang | and
Il found in the proximal tubule fluid is formed intracellularly or formed intraluminally from
AGT secreted into the tubule.

Measurements of tubular fluid Ang Il concentrations in anesthetized rats have not revealed
significant differences among control rats and several hypertensive models [18,50,58].
Considering that kidneys of the hypertensive rats are markedly renin depleted and exposed to
elevated arterial pressures, the maintenance of high proximal tubular Ang Il concentrations
reflects an inappropriate maintenance of intrarenal Ang Il formation levels. Nevertheless, the
results so far have not demonstrated further elevations in proximal tubule Ang Il concentrations
above the levels found in normal anesthetized rats. In normal rats, volume expansion failed to
suppress proximal tubule Ang Il concentrations, but increased levels were documented
following reductions in renal perfusion pressure [59].

The Ang Il concentrations in tubular fluid from the other segments of the nephron remain
unknown. Several studies support an important role for Ang Il in regulating reabsorptive
function in distal nephron and collecting duct segments, as well as in proximal tubule segments,
which activate the Ang Il receptors on the luminal borders [56,60]. Recently, a direct action
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of Ang Il on the luminal amiloride-sensitive sodium channel was reported [61¢]. These data
indicate that when luminal distal nephron Ang Il concentrations are augmented, they could
contribute directly to the regulation of distal tubule and collecting duct sodium reabsorption.

Intracellular Angiotensin Il in Hypertension

As indicated earlier, some of the Ang |l that binds to receptors is internalized via ATq receptor—
mediated endocytosis [47,48+,62]. Recent studies by Zhuo et al. [49¢] provided direct evidence
of endosomal accumulation of Ang Il in intermicrovillar clefts and endosomes of Ang I1-
infused hypertensive rats. It was also shown that AT, receptor blockade with candesartan
prevented the ensodomal accumulation, even though plasma Ang Il increased further,
demonstrating the importance of AT receptor—-mediated uptake. The presence of Ang Il in
renal endosomes indicates that some of the internalized Ang Il remains intact and contributes
to the total Ang Il content measured in tissue homogenates [5,42,49¢,62,63,64¢]. As shown
for proximal tubule cells, endocytosis of the Ang 11-AT1 receptor complex seems to be required
for the full expression of functional responses coupled to the activation of signal transduction
pathways [65,66]. In Ang I1-dependent hypertension, a higher fraction of the total kidney Ang
Il is internalized into intracellular endosomes (light endosomes as well as intramicrovillar
clefts) via an ATq receptor-mediated process [49¢]. The demonstration that AT, receptor
blockade prevents the augmentation of intrarenal Ang Il that occurs during chronic infusions
of Ang Il suggests a progressive AT, receptor-mediated accumulation of Ang Il into an
intracellular compartment, and suggests that some of the internalized Ang Il is protected from
degradation [48+,49¢]. This process can also occur during acute infusions of Ang Il [62]. van
Kats et al. [62] infused labeled Ang Il and showed a six- to sevenfold increase in intrarenal
Ang I, which was prevented by an AT receptor antagonist.

There are several possible functions of the internalized Ang Il. Ang Il could be recycled and
secreted in order to exert further actions by binding to Ang Il receptors on the cell membranes.
Ang Il may also act on cytosolic receptors to stimulate 1P3 as has been described for vascular
smooth muscle cells [67]. A particularly intriguing hypothesis is that Ang 1l migrates to the
nucleus to exert genomic effects [64¢¢]. Nuclear binding sites for Ang Il in renal cells were
recently reported by Licea et al. [68]. The nuclear receptors were primarily of the AT, subtype
since they were displaced by losartan as well as saralasin. Nuclear Ang Il receptor density was
not altered in Ang I1-infused hypertension. Chen et al. [64e¢] transfected Chinese hamster ovary
cells with an ATy receptor fused with green fluorescent protein (GFP), which allowed
visualization of trafficking of the internalized ligand-receptor complex. Ang Il increased
colocalization of GFP fluorescence with nuclear markers, suggesting migration of the receptor
complex to the nucleus [64¢]. Because Ang Il exerts a positive stimulation on AGT mRNA
and protein production, it is possible that the intracellular Ang Il may have genomic actions to
regulate AGT or renin mRNA expression in proximal tubule cells [5].

Intrarenal Angiotensinogen Production

Most of the intrarenal AGT mRNA and protein have been localized to proximal tubule cells
indicating that much of the intratubular Ang Il could be derived from locally formed and
secreted AGT [56,69-71]. As has been found for liver cells, renal AGT mRNA levels and
protein are also stimulated by Ang Il, so there is a paradoxical positive amplification
mechanism by which local production of substrate is enhanced by its own product, thus helping
to maintain or even increase further the production of Ang Il [69,70,72]. The AGT produced
in proximal tubule cells appears to be secreted directly into the tubular lumen in addition to
producing its metabolites intracellularly and secreting them into the tubule lumen [56,71,73e,
74-76]. Proximal tubule AGT concentrations in anesthetized rats have been reported in the
range of 300 nmol/L, which greatly exceed the free Ang | and Ang Il tubular fluid
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concentrations [77]. Because of its size, it seems unlikely that much of the plasma AGT filters
across the glomerular membrane, further supporting the concept that proximal tubule cells
secrete AGT directly into the tubule [71,73¢,78,79]. Recent studies infusing human AGT into
hypertensive rats indicated that circulating AGT was not detectable in the urine [80]. Thus,
most of the AGT in the urine is of renal origin. Formation of Ang I and Il in the tubular lumen
subsequent to AGT secretion is possible because some renin is filtered. There is also a low-
level constitutive renin expression and secretion in proximal tubule cells [57,74,81]. Once Ang
| is formed, conversion readily occurs because there are abundant amounts of ACE associated
with the proximal tubule brush border. ACE has also been measured in proximal and distal
tubular fluid as well as in urine [82]. At present, however, there are no data indicating how
much of the peptides are formed intracellularly and how much are formed in the tubule lumen.

The findings that renal interstitial fluid and intratubular concentrations of Ang Il are much
higher than can be explained by the plasma levels support the concept that these may be due
to Ang Il formed as a consequence of Ang ll-stimulated AGT production. In vivo and in vitro
studies have shown that Ang Il stimulates AGT mRNA levels in rats and in a murine proximal
tubule cell line [70,72]. Kobori et al. [69] demonstrated that there were significant increases
in intrarenal AGT protein as well as AGT mRNA levels in response to 2 weeks of Ang Il
infusion. This positive feedback system may be responsible for sustained or enhanced
generation of AGT leading to continued intrarenal production of Ang Il under conditions of
elevated circulating concentrations of Ang Il. Itis also likely that the increased intrarenal AGT
levels lead to increased secretion of AGT into the tubular fluid [73e,75,83]. Indeed, a portion
of the enhanced renal AGT that is secreted into the tubular fluid progresses to the distal nephron
segments and is ultimately excreted in the urine [80,83]. This may occur not only for Ang IlI-
induced hypertension, but also for other forms of renal injury associated with stimulation of
the RAS.

Intact AGT in urine indicates its presence throughout the nephron and, to the extent that renin
and ACE are available along the nephron, substrate availability supports continued Ang |
generation and Ang Il conversion in distal segments [73+,74,79,84]. Using immunoblotting,
Rohrwasser et al. [73+] found that renin was secreted by microdissected arcades of connecting
tubule cells, indicating that renin is probably secreted into the distal tubular fluid. When
coupled with the findings of AGT in urine, itis likely that some of the proximally formed AGT
that is secreted into the tubular fluid flows into the distal nephron allowing intraluminal Ang
Il formation to continue throughout the length of the nephron with the residual AGT appearing
in the urine [73¢,79]. Ding et al. [79] demonstrated in mice harboring the gene for human AGT
fused to the kidney androgen-protein promoter, that human AGT was localized primarily to
proximal tubule cells. They found abundant human AGT in the urine but only slight traces in
the systemic circulation. This finding suggests that most of the AGT formed in proximal tubule
cells is destined for secretion into the lumen. Rohrwasser et al. [73+] demonstrated luminal
localization of AGT in proximal tubular cells in vivo, and showed in monolayer proximal tubule
cell cultures that most of the AGT was detected near the apical membrane. They also reported
that AGT was detected at low nanomolar concentrations in urine from mice and human
volunteers.

Kobori et al. [83] evaluated the changes in urinary AGT excretion rates in Ang Il-infused rats
maintained on high salt in order to suppress basal levels, and observed an approximately
fourfold increase in urinary AGT excretion rates. AGT was measured using both Western blot
analysis as well as by radioimmunoassay determination of generated Ang | after incubation
with excess renin, thus demonstrating that urinary AGT contained intact active AGT. They
extended these results further to show that chronic Ang I infusions to normal rats significantly
increased urinary excretion rate of AGT in a time- and dose-dependent manner, which was
associated with elevations in kidney Ang Il levels [80]. As shown in Figure 2, urinary excretion
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rate of AGT was closely correlated with kidney Ang Il content. It was also shown that urinary
AGT was correlated with systolic arterial pressure, but not with plasma Ang Il concentration.
To determine if the increase in urinary AGT excretion was simply a nonspecific consequence
of the proteinuria and hypertension, further studies were done in rats made hypertensive with
deoxycorticosterone acetate plus a high-salt diet. Although urinary protein excretion in
volume-dependent hypertensive rats was increased to the same or greater extent, urinary AGT
was significantly lower in volume-dependent hypertensive rats than in Ang I1-dependent
hypertensive rats, and was not greater than in control rats. This study also demonstrated that
there was a significant relationship between urinary AGT and kidney Ang Il content in rats
given different doses of Ang Il to achieve different levels of hypertension. These results provide
further evidence that urinary AGT may be a useful index of intrarenal Ang Il activity [75,80,
83]

Conclusions

The data provided in this paper and in other recent reviews support the critical role of the
intrarenal RAS in the pathophysiology of hypertension. They also serve as the foundation for
the hypothesis that in Ang-dependent hypertension, there is increased AGT secretion by the
proximal tubule cells, leading to spillover of intact AGT into distal nephron segments [3ee,
75]. This hypothesis is depicted in Figure 3. Because renin and ACE have also been
demonstrated in distal nephron segments, the necessary factors for enhanced and sustained
distal tubular formation of Ang Il are available even when there is suppression of plasma renin
levels and juxtaglomerular apparatus renin content. As noted earlier, the increased distal
nephron Ang Il activity would activate luminal AT, receptors and stimulate distal nephron
sodium reabsorption. The distal nephron effect would be synergistic with the actions of Ang
Il to enhance proximal reabsorption rate, as well as with the actions of aldosterone to increase
the distal nephron sodium reabsorption. However, more data on the regulation of distal tubular
renin expression, especially in hypertensive conditions, are needed [74]. This functional
analysis is consistent with and provides further support to the genetic studies suggesting a
linkage between variations in the AGT gene and hypertension [75,85].
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Figure 1.

Angiotensin Il receptor subtypes and multiple renal actions. ET—endothelin; ICAM-1—
intracellular adhesion molecule-1; IL-6—interleukin-6; MCP-1—monocyte chemoattractant
protein-1; NF—nuclear factor; PAI-1—platelet activator inhibitor-1; TGF-f—transforming
growth factor-B; TxAo—thromboxane A,.
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Y=66+49X, R=0.76

Figure 2.
Regression analysis between kidney angiotensin 11 (Ang I1) contents and urinary excretion of

angiotensinogen (AGT). Kidney Ang Il levels are highly correlated (r = 0.76) with urinary
excretion rates of AGT. Data were obtained from Sprague-Dawley rats and combined from
two publications [80,83], with Ang ll-infused hypertensive or sham-operated normotensive
animals fed a normal or high-salt diet.
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Figure 3.
Tubular renin-angiotensin system in proximal and distal nephron segments. In angiotensin

(Ang) Il hypertension, increased proximal tubular secretion of A, spills over into the distal
nephron and increases Ang Il effects on distal tubular reabsorption. ACE—angiotensin-
converting enzyme; CD—collecting duct; Cnt—connecting tubule; DT—distal tubule; PT—
proximal tubule.
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