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Novel roles of intracrine angiotensin Il and signalling

mechanisms in Kidney cells
JiaL Zhuo,*" Xiao C Li '

Abstract

Angiotensin Il (Ang II) has powerful sodium-
retaining, growth-promoting and pro-
inflammatory properties in addition to its
physiological role in maintaining body salt and
fluid balance and blood pressure homeostasis.
Increased circulating and local tissue Ang Il is
one of the most important factors contributing to
the development of sodium and fluid retention,
hypertension and target organ damage.The
importance of Ang Il in the pathogenesis of
hypertension and target organ injury is best

demonstrated by the effectiveness of angiotevgj

converting enzyme (ACE) inhibitors and

interest in the renin-angiotensin-aldosterone
system (RAAS) remains stronger than ever.! Our
knowledge of the RAAS has dramatically evolved
from Tigerstedt’s early discovery of renin as a

“pressure—eg substance from the kidney” to
today’s cad recognition of the RAAS as a
dual @&y' e ar@cal tissue paracrine and
& stepfy] the first half of a century,
stem, angiotensin IT (Ang 1D,
inly as a humoral factor that is
bgs’ e action of kidney-derived rate-
zyme renin. Renin cleaves the
hesised substrate angiotensinogen to
ng I, which is converted to Ang II by the

AT-receptor antagonists in treating h%nsion & endothelium-derived angiotensin-converting
iabeti

and progressive renal disease includi et
nephropathy. The detrimental effects of?Ang I%

mediated primarily by the AT-feceptor, w

AT ,-receptor may oppose e\gl\ece NLhe
classical view of the ATl-rzc? r-medi

effects of Ang Il is th onist Ri i
receptors at the cell ace, al ing
receptor phosphetyiation, a downstream

v

O%) intracellular

signal transdus path
yer, e v@ is emerging that
to,i surface AT,-receptors
ti

P

responses. @
binding of An
also activates’en (or internalisation)

processes that %% e trafficking of both the

effector and t eptor into intracellular
compartments. Whether internalised Ang Il has
important intracrine and signalling actions is not
well understood. The purpose of this article is to
review recent advances in Ang Il research with
focus on the mechanisms underlying high levels of
intracellular Ang Il in proximal tubule cells and
the contribution of receptor-mediated endocytosis
of extracellular Ang I1. Further attention is devoted
to the question whether intracellular and/or
internalised Ang Il plays a physiological role by
activating cytoplasmic or nuclear receptors in
proximal tubule cells. This information may aid
future development of drugs to prevent and treat
Ang ll-induced target organ injury in
cardiovascular and renal diseases by blocking
intracellular and/or nuclear actions of Ang II.

Introduction
Renin was discovered by Robert Tigerstedt in
kidney extract more than a century ago, but

enzyme (ACE). Ang II raises systemic blood
pressure (BP) by causing vasoconstriction and
promotes sodium and fluid retention by
stimulating aldosterone synthesis and release
from the adrenals. Over the last two decades, the
RAAS is no longer considered as a circulating
system alone and its roles have been expanded
and redefined. For example, prorenin, renin and
its substrate angiotensinogen have been shown
to be synthesised and taken up in tissues other
than the kidney and liver.™” ACE is widely
expressed in tissues beyond the pulmonary
endothelium so that Ang II may be produced in
any tissues where renin, angiotensinogen and
ACE are co-existent. ACE is also no longer the
only enzyme to convert Ang I to Ang II because
chymase has been shown to produce Ang II in
human tissues." Finally, novel biological actions
have been uncovered for other components of
the system, such as Ang (1-7)" and Ang IV."*" It
is now well accepted that Ang II and its
biologically active metabolites can be produced
at local tissues and act both systemically as
circulating peptides and locally as paracrine
and/or autocrine factors.

There is now increasing evidence that Ang II may
also function as an intracrine peptide, which may
be synthesised and exert biological effects within
the cells."*" The potential role of intracellular Ang
IT could be traced back to an early study in which
radiolabelled Ang II was found in the nuclei of
vascular smooth muscle and cardiac cells
following systemic administration.” However, Re
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later defined the concept of intracrine Ang I as
the effector peptide that is either synthesised
within a cell wvia actions of renin,
angiotensinogen and ACE or internalised from
extracellular Ang I1.***" Evidence supporting a
functional role of intracellular (or intracrine) Ang
IT has been reported in various target tissues or
cells. For instance, Re and associates have
demonstrated in the liver that intracellular Ang IT
induced important actions in hepatocytes.”** De
Mello and colleagues have consistently shown
that intracellular dialysis of  renin,
angiotensinogen or Ang II into hamster
cardiomyocytes significantly altered cell-to-cell
communications, supporting an important role
for intracellular Ang II in regulating cardiac
function.** Haller et al. showed that
microinjection of Ang II directly into rat vascular
smooth muscle cells increased intracellular
calcium, which could be blocked by intracellular
AT -receptor blockers.”* Sigmund and associates
recently provided evidence that an intracellular
form of renin plays a functional role in the
brain.” Moreover, Danser’s and Mullins’ groups
have recently reported that prorenin uptake
internalisation induced intracellular signalli
responses that were either depen or
independent of Ang I1.°°*' The prese%;?L
u

potential role(s) of intracrine or intr)s}

ond

d th

ar AQg
IT in tissues other than the Lga’%iy ave %
reviewed elsewhere®” 171 %r%\ ther @ d

discussion of the topic in hoxe tissue B\
the scope of this articla\ :
i stead@uses on the

e kidney with
selazgells, because little
nce and potential
II in this tissue. Recent
that increased synthesis
and/or uptz circulating and locally
produced extr¥ceiular Ang II by proximal tubule
cells may contribute to sodium retention and
promote growth and proliferation, leading to the
development of hypertension-induced renal
injury.”* Although Ang II exerts powerful and
diverse effects on proximal tubular function and
cell growth by activating cell surface type 1 (AT)
receptors,” " Ang Il-mediated activation of these
receptors also induces endocytosis
(internalisation) of the Ang II-AT;-receptor
complex, which may initiate intracellular
effects.”*" Whether internalised or intracellular
Ang II plays a physiological and/or pathological
role in proximal tubule cells remains to be
further studied.”* Since proximal tubule cells
reabsorb more than 65-70% of glomerular
filtered sodium load, and increased sodium
reabsorption in this nephron segment by
extracellular and intracellular Ang IT will promote
sodium and fluid retention and consequently the
development of hypertension. Acting as a

The current revie
intracrine reni
emphasis o

evidence sug

powerful intracellular cytokine and growth
factor, intracellular Ang II may also play an
important role in the pathogenesis of Ang II-
induced hypertensive renal injury, especially
tubulo-interstitial ~ fibrosis.****# By studying
intracellular trafficking and intracrine actions of
internalised Ang II, novel mechanisms by which
Ang II activates intracellular receptors to elicit
biological responses may be uncovered. This
information may aid future development of drugs
to prevent and treat Ang II-induced target organ
damage in cardiovascular and renal diseases by
blocking intracellular and/or nuclear actions of
Ang II.

Overview of proximal tubule renin-
angiotensin system
It is well{redognised that proximal tubule

functio %{ulat by both circulating and
locall d A -/‘9 In the kidney, all major
co R Q/ the  RAS, including

i , Yrenin, ACE and Ang 1I

been demonstrated in proximal
figure 1).* Expression of renin,

\%,,S
angi ogen and ACE ensures local
gt n of Ang II independent of the

ting RAS, whereas expression of Ang II
raceptors is essential for Ang II to induce
biological actions. There are at least two major
classes of Ang II receptors expressed in proximal
tubule cells, AT and AT,, where high-affinity
AT;-receptors occur in both the brush border
and basolateral membranes.”>*™ AT -receptors
are G protein-coupled receptors belonging to the
superfamily of seven transmembrane-spanning
proteins. % Two subtypes of the AT;-receptor,
designated AT;, and ATy, have been identified
in rodents, but the former is the predominant
isoform in the kidney, equivalent to the human
AT -receptor.” The primary actions of Ang II in
proximal tubule cells are to stimulate sodium and
bicarbonate reabsorption physiologically®# ¢
and to promote sodium retention and induce
cellular growth and differentiation in diseased
states.”**® Most of the known proximal tubular
actions of Ang II are mediated by the ATy-
receptor, which is coupled to a G-protein-
regulating mechanism that activates multiple
signalling pathways, including phospholipase C,
D, and A, signalling, mitogen-activated protein
kinase (MAPK), and tyrosine Kkinase.?¢77
Activation  of  ATj-receptors  leads to
phosphoinositide hydrolysis, mobilisation of
intracellular calcium, and inhibition of adenylate
cyclase ##457727 By contrast, only low levels of
AT ,-receptors are expressed in proximal tubules
and the role of this receptor is much less clearly
defined than that of the AT;-receptor.”®7+7

le

The classic view of Ang II-mediated actions is
that Ang II binds its receptors at the plasma
membrane and phosphorylation of the receptor
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erst1t
) sug e&%\ i i
as , though the location of cell-associated

actions and signalling is not completely
understood. For instance, although the concept
of intracellular Ang 1 was introduced many
decades ago"®777 a careful MEDLINE search
yielded only several dozens of citation on
intracellular Ang II and its receptors in all tissues.
Thus, it is important to understand the regulatory
mechanisms of ATy-receptor-mediated Ang II
endocytosis and its contribution to intracellular
Ang 1I levels, intracellular trafficking pathways,
and the potential role of internalised Ang II in
proximal tubule cells and other tissues.

AT -receptor-mediated accumulation
of extracellular Ang Il in proximal
tubule cells

Angiotensin II levels in the kidney are often
greater tha n be explained by levels of
but the precise levels and
al Ang II are not fully

c1rculat1 I,
locali {2% f i

und 32335 ‘ anomolar concentrations
@II hayeNpeen reported in the glomerular
fl 81 :

tubular fluid”*%% and cortical
%8 Conversely, it has recently been
that most intrarenal Ang II is cell-

I has not been identified to our

wowledge.*** The biological significance of high

Qlevels of intrarenal Ang II is not known.

A

QX
)

Figure 1

Mapping ofgﬂ% reni an;|otensm -converting enzyme

(ACE); b: and An I eptors c: in the kidney, as
visualised by qua in vitro autoradiography. Active
renin in the renal cortex was labelled with ['**I]-H77, a renin
inhibitor; ACE by [**[]-351A, a lisinopril derivative; and AT;-
receptors by [**I]-[Sar*,lle’] Ang Il. Active renin was localised
in the vascular pole of glomerulus corresponding to the
juxtaglomerular apparatus (JGA), ACE primarily in proximal
tubules (PCT), and AT, -receptors in the glomerulus (G),
proximal tubules and the inner stripe of the outer medulla
(IS). IM = inner medulla. Modified from References 25860102

activates downstream signalling and induces
intracellular  responses.”*>2°7%77  However,
increasing evidence suggests that binding of Ang
II to its membrane AT;-receptors also activates
endocytotic (or internalisation) processes that
promote trafficking of both the effector and the
receptor into intracellular compartments, where
interaction of Ang II with its receptors may
induce intracellular signalling with consequent
biological effects.”* Whether internalised or
intracellular Ang II has important intracrine

There is considerable evidence that the kidney
takes up circulating or extracellular Ang II, and
this process may contribute significantly to
overall levels of intrarenal Ang I1.%#3%5% Navar
and associates were among the first to
demonstrate that the kidney accumulated
circulating Ang II when rats were infused with
the exogenous peptide*** and their findings
were later confirmed by many others. %%
Uptake of circulating or extracellular Ang II by
the kidney appears to involve ATy-receptor-
mediated internalisation, because AT;-receptor
antagonists  effectively  prevent Ang 1I
accumulation in this tissue (figure 2).*% While
not internalised itself, the AT,-receptor may play
a regulatory role in AT;-receptor-mediated
internalisation of Ang II, since the AT,-receptor
has been shown to antagonise most, if not all, of
the known AT;-receptor mediated actions of Ang
[[.#61747690 However, we do not know the cellular
localisation of Ang II uptake in the kidney
because most previous studies were only
concerned with the whole kidney tissue. There is
indirect evidence suggesting proximal tubule
cells as potential sites of intrarenal Ang II
accumulation.”” For example, we recently
demonstrated increased intracellular uptake of
Ang II in renal endosomes of Ang II-infused rats
isolated primarily from renal cortical tubules, and
this uptake was prevented by the ARB
candesartan (figure 2).* Ang II has also been
shown to stimulate AT,-receptor internalisation
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Figure 2

Quantitative in vitr iographs showing AT,-receptor-

mediated uptake ating [**I]-Ang Il in the rat kidney.
a: a control rat kidney; b: the kidney of a rat pretreated with
losartan to block AT;-receptors before [**[]-Ang Il was
infused; c: renal cortical endosomal Ang Il levels in the rats
receiving vehicle, Ang Il infusion for 2 weeks, or receiving
concurrent administration of Ang Il and candesartan.

** = p<0.01 vs. vehicle; # = p<0.05 vs. Ang Il. Modified from
References 64058.102

in ATq,-receptor transfected epithelial cell lines,
such as opossum kidney (OK) epithelial cells and
human  embryonic  kidney 293  cells
(HEK293)242192% hut these cells normally do not
express the components of the RAS including the
ATq-receptors and thus their physiological
relevance remains uncertain. The contribution of
receptor-mediated endocytosis to intracellular
levels of Ang II has been determined only
recently in proximal tubule cells i7 vitro. Using
cultured proximal tubule cells which express the
RAS and respond to Ang II stimulation,”* we
showed that intracellular Ang II levels were

elici
i lar <o
h\ ter adon would be
\%derst \;Kn%the role(s) of internalised Ang II in

increased more than two-fold when they were
incubated with exogenous Ang II, and this
response was inhibited by the ARB losartan and
the cytoskeleton microtubule inhibitor colchicine
or the tyrosine phosphatase inhibitor
phenylarsine oxide (PAO).* These results support
the concept that proximal tubule cells take up
extracellular Ang II via ATj-receptor-mediated
endocytosis and the process requires interactions
with cytoskeleton microtubules and tyrosine
phosphatases.

Pathways of intracellular trafficking
of internalised Ang Il

The specific intracellular compartment(s) where
internalised Ang 1II is trafficked in proximal
tubule cells remain to be determined. Likewise,

we do not whether Ang 1T is translocated
to the m&leudfollowing internalisation in these
revit my Vate nuclear receptors to
nucl % fct. Identification of the
’ &a tment(s) associated with Ang

important in

clls. Recent studies suggest that
es may be intracellular compartments
rnalised Ang 1II following its binding to

cal membrane-bound AT, -receptors.”**** In

EK 293 transfected with AT, -receptors, the Ang
II-AT | -receptor complex was internalised and
transported to the endosomes; however, levels of
internalised Ang II were not determined.”
Although Ang II and AT, -receptors have been
reported in endosomes of the rat renal cortex, it
was not determined whether they are synthesised
intracellularly ~ or  accumulated  through
endocytosis.” In the pig kidney, acute infusion of
»I-Ang II was associated with high levels of
relative radioactivity in intracellular fractions, but
the precise location of this radioactivity remains
unidentified.*** None of these studies identified
and/or measured intracellular Ang II levels
during chronic Ang II infusion in vivo or in
cultured proximal tubule cells in vitro. Using a
different approach, we have recently isolated and
purified intermicrovillar clefts (heavy endosomes)
containing  clathrin-coated  vesicles and
endosomes and measured intracellular Ang II
levels in rats with Ang II-induced hypertension.*
Because we were able to co-localise ATy,
receptors with a trapped endosomal marker,
fluorescein dextran, the Ang II levels obtained
from isolated and purified endosomes most likely
represent internalised Ang IT in this compartment
(figure 2). Nevertheless, since complete
elimination of potential contamination between
different subcellular and intracellular fractions is
impossible, intracellular localisation of Ang IT and
AT -receptors in renal endosomes or other
compartment(s) such as the nucleus, still awaits
precise morphological confirmation. Although
Ang II receptors have been demonstrated in the
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nuclei of epithelial cells or isolated from the
kidney,”"® there is no study specifically designed
to localise internalised Ang II and AT;-receptors
in proximal tubule cells in vitro and in vivo. It
would be interesting to use state-of-the-art
electron microscopic autoradiography and
immunohistochemistry to localise internalised
Ang II and AT;-receptors, focusing mainly in
proximal tubule cells ex vivo, and use confocal
and fluorescence microscopy for similar studies
in cultured proximal tubule cells in vitro. The
information obtained from the experiments will
be important for our understanding of the
intracrine role(s) of internalised Ang II in the
regulation of proximal tubule sodium transport
and BP and in the development of Ang II-
induced renal injury.

Internalised Ang Il induces
intracellular calcium mobilisation by
stimulating intracellular
AT,-receptors

The autocrine or intracrine role of internalised

It is generally recognised that in order to ex

cellular actions, extracellular Ang IT must bi

cell surface receptors and activate intr%l lar
r

second messenger systems‘37'(”-(’3'70‘]0“0% ane
bound receptors may be primarilyN\ésp

for the acute or immediate Qﬂe\cts of A

following activation of siggnal™ tran ion
systems.”?”" However, binding of A its
membrane  AT;-rec @ als &c ivates
endocytotic process prom: t&]@fﬁcking of
both the effect&\i% t@ceptor into
intracellular ¢ ar Scular smooth

ent
muscle cel SMCs )V d AT/ -receptor-
expressi lial “06 We do not know
whetherr&e}nalis I activates cytoplasmic

Ang II is not well understood to our knowledge. en
ﬁr) C

receptors to indyce¥atracellular effects because it
is difficult t entiate intracellular effects
from those mediated by the membrane receptors
or intracellularly formed peptide.

The fate of internalised AT;-receptors has been
suggested as: a) recycling back to the cell surface
after dissociation from internalised Ang II; b)
helping dispose of excess Ang II through
degradation by intracellular lysosomes; or ¢)
mediating the intracellular actions of Ang
[T, 124301103106 Recent  studies have shown that
internalised Ang II and AT;,-receptors are not
necessarily sorted to lysosomes for degradation,
but may be stored within the endosomal
compartments and released into the cytoplasm
in response to the acidic endosomal
environment.'”*!% Upon release, internalised
Ang II may mediate responses within the cells.”
Consistent with the latter pathway, recent
evidence suggests that internalisation of ATq-
receptors and Ang II is important for full
expression of physiologically relevant actions of

this agonist.”*'>" Schelling et al. have previously
shown that blockade of AT;-receptor endocytosis
with PAO inhibited activation of protein kinase C
and formation of inositol 1,4,5-triphosphate
(IP3) and sodium flux.">'* However, PAO is not
only an inhibitor of AT;-receptor-mediated
endocytosis  but also a potent tyrosine
phosphatase  inhibitor, """ which also
selectively inhibits the sustained formation of
phospholipase C-mediated diacylglycerol (DG)
accumulation in VSMCs.'™ Thus, it is difficult to
know whether PAO blocks receptor-mediated
endocytosis or directly inhibits membrane AT;-
receptor-mediated downstream signalling. Recent
studies have demonstrated that microinjection of
Ang II directly into the cytosol of VSMCs
increases intracellular [Ca*];.** Since the AT;-

receptor bl@{j was applied extracellularly to
block ¢ I%]/ rane-bound receptors, whereas
Ang &1 mic ted into the cells, these

inse t ssibility that intracellular Ang
s on /l—&o asmic receptors to exert
‘rine s in VSMCs. Indeed, Ang II has

%d to bind to a high-affinity

ytop ic Ang II binding protein in non-renal
tis although the consequences of this

Qe\ tion remain to be determined.””'®!"

onsikle NTo  determine  whether intracellular or

internalised Ang IT plays any physiological role in
proximal tubule cells, microinjection of Ang II
directly into the cells may be one of
the best approaches available, because it can
differentiate the intracellular effects mediated
by the microinjected Ang II from those mediated
by extracellular Ang II via membrane receptors.
Using this novel approach, we recently
demonstrated that microinjection of Ang II into
proximal tubule cells induced intracellular
[Ca*]; responses and the responses were
blocked by co-microinjection with the
AT;-receptor agonist losartan or by pre-treatment
of the cells with thapsigargin to deplete
intracellular calcium stores or with U-73122
to inhibit phospholipase C.* Intracellular
[Ca*]; response to Ang II stimulation represents a
well-described characteristic of actions of Ang II
on proximal tubular transport (figure 3).°7%®
Our results suggest that intracellular Ang II
may play a physiological role in proximal
tubule cells by stimulating cytoplasmic AT;-
receptors to mobilise calcium from intracellular
stores.

Intracellular Ang Il activates nuclear
transcription factor NF-xB by
stimulating cytoplasmic and nuclear
AT -receptors

In addition to actively participating in
physiological regulation of sodium and fluid
reabsorption and BP homeostasis, Ang II has
been implicated in the pathogenesis of many
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Vehicle

Ang Il + losartan

Figure 3

Microinjection of Ang Il directly into single proximal tubule cells increased intracellular calcium via activation of intracellular
AT,-receptors. a: control; b: Ang Il (1 nM); and c: co-microinjection of Ang Il and losartan (10 pM). Images were taken 30
seconds after microinjection. The color bar indicates the intensity of calcium signalling with black representing background and

red the highest level of signalling.

progressive renal diseases, including Ang II-
induced hypertensive tubulo-interstitial
fibrosis.®>*#% Ang II is not only a powerful
vasoactive peptide, but also a potent
pro-inflammatory cytokine and growth factor jin
cardiovascular and renal tissues.""'* There s
accumulating evidence that Ang II \¢an
affect the transcription of genes relgtgd) to
sodium transport"*'” and cell gowth and
proliferation."*"” Ang II has beerN $hown sto
induce expression of the ¢gfithelial so&jusnl
channel (EnaC),"> NHE-3,"*'""\ and( piypto-
oncogenes, growth factor ¥encs, ekthatelular
matrix genes and hypertrdphi® marler genés.”* "
Although not classiffiéd \as genge\ transcription-
modulating drugs,\ ACE inhibitys and AT;-
receptor antagqfiiyts Rave h€emy Sifown to inhibit
changes in getre Gxpressioinbduced by Ang IL1.'"7

The growth-promotag and proliferative effects
of Ang Il may bg’ pattly mediated by internalised
Ang 1II, acting Qpr cytoplasmic and nuclear
receptors. SN Internalised Ang II  may
stimulate cytoplasmic receptors to activate a
variety of intracellular kinases, leading to
phosphorylation of many cytoplasmic and
nuclear proteins. Intracellular kinases activated
by Ang II include extracellular signal-regulated
protein  kinase(s) (ERKs)®7!""12  JAK-STAT
signalling”'#** and calcineurin phosphatase.'”'®
Activation of calcineurin phosphatase by Ang II
may be particularly relevant to increased
intracellular [Ca*]; by internalised Ang II, because
increased intracellular [Ca*]; is associated with
increased expression of the N*/H* exchanger and
hypertrophic and proliferative responses.'**'¥
Internalised Ang II may also be translocated to
the nucleus,”?”*!" where it may activate nuclear
calcium®#* and stimulate transcription of NHE-3
and pro-inflammatory cytokines and growth
factors. #7115 Binding sites for Ang I with
ATy-receptor properties have been identified in
the nucleus of hepatocytes,' CHO cells,” HEK

293 cdils? avd theSkidpey,”' ' but we do not
knoWw Whethery thereVare functional nuclear Ang
[Rreceptors in proXimal tubule cells.

Récent sstudids indicate that Ang II activates
nucledy/transcription factor NF-kB and activator
prpteiy-1 (AP-1) in the kidney, leading to long-
[dsthrg  inflammatory and growth-promoting
cffects.7®n2230 - NF-xB is an important
transcription factor in inflammatory diseases, and
activation of NF-xB by Ang II stimulates
transcription of many sodium transporters,
cytokines and chemokines, including
angiotensinogen, monocyte chemoattractant
peptide-1  (MCP-1), TGFp, and RANTES
(regulated on activation normal T cell expressed
and secreted).”®!212 \When not activated, NF-xB
exists in an inactive form in the cytoplasm,
binding to inhibitory IxB proteins. Stimulation of
cells results in phosphorylation and degradation
of IkB proteins, which releases NF-xB dimers.
These dimers are translocated to the nucleus,
where they activate appropriate target genes.*"'*
After internalisation, Ang II has been localised to
the nucleus of VSMCs.* More recently, Chen
demonstrated that Ang II induced internalisation
of an ATy -receptor-green fluorescent protein
complex, which is then translocated to the
nucleus in transfected CHO cells.” It is likely that
internalised Ang II activates nuclear transcription
factor NF-xB by binding to cytoplasmic and
nuclear ATj-receptors, thereby increasing
expression of the Na*/H* exchanger NHE-3,
which promotes sodium transport in proximal
tubules, and pro-inflammatory cytokines,
chemokines and growth factors including
angiotensinogen, MCP-1, IL-1f and TGF-1. NF-
kB activation by intracellular Ang II may be
particularly relevant because activation of NF-kB
by Ang II is one of the major mechanisms by
which Ang IT acts as an inflammatory cytokine to
induce tubulo-interstitial fibrosis.”#1212112:.15013 Ty
a recent study, we have shown that Ang II
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Figure 4

A schematic diagram showing classic and alternative
pathways by which extracellular Ang Il induces biological
actions in proximal tubule cells, namely through activation of

cell surface AT,-receptors under acute physiological setting(

AR no ements

\Rh' W supported in part by the National
Instit iabetes and Digestive and Kidney
Di Grant 5RO1DK067299, American Heart

and/or intracellular AT,-receptors (cytoplasmic and nucl
following endocytosis under pathophysiological conditio
While the classic pathway plays an essential role in t

physiological regulation of proximal tubular tr; !%‘L the
alternative pathway may play a critical rol in%
development of hypertension and Ang &Jce tubulo
interstitial injury. Q\ 6
induced growth of pr 1@ tub @s and
activated NF-xB, a %hese reIponNses were
blocked by inhibjtidn ATls%nor—mediated

endocytosis of Qac llular with losartan

or colchicin aken theér, these studies
suggest t t@rnali intracellular Ang 1I
may playcaj imp, in renal cellular
growth and fibr iQesponses by activating NF-

kB signalling.

Perspectives

In summary, significant progress has been made
during the last few years on the potential role of
intracrine Ang II that is either synthesised
intracellularly or internalised via AT;-receptor-
mediated endocytosis in other tissues and kidney
cells. Our current understanding of intracellular
Ang II and its signalling in proximal tubule cells
may be summarised in figure 4. Intra-proximal
tubular and renal cortical interstitial fluid
compartments contain high levels of extracellular
Ang 1II under physiological conditions, which
may be enhanced substantially during Ang II-
induced hypertension or other renal diseases
associated with activated renin-angiotensin
system, such as diabetic nephropathy. The
primary effects of extracellular Ang IT (circulating
and intrarenally formed) are still mediated by cell
surface receptors, the peptide is also taken up by
proximal tubule cells through AT;-receptor-

mediated endocytosis. Upon internalisation, Ang
II may stimulate cytoplasmic and nuclear ATq-
receptors to increase intracellular [Ca*]; and
activates nuclear transcription factor NFKB,
leading to increased expression of the Na*/H*
exchanger NHE-3 and pro-inflammatory
cytokines and growth factors. Increased
expression of the Na’/H* exchanger NHE-3 and
pro-inflammatory cytokines and growth factors
by internalised Ang II may contribute to sodium
retention and tubulo-interstitial injury in Ang II-
dependent hypertension.

Further studies are required to further study the
cellular mechanisms by which AT;-receptor-
mediated endocytosis of extracellular Ang 1I is
regulated, the pathways of its intracellular
trafficking gnalling, and its potential role(s)
in the reglilatien of proximal tubule function and
in th op f target organ injury in
hyp sive a rogressive renal diseases.
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