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1. ABSTRACT

Renin is known as a secretory glycoprotein
produced, stored and released by the kidney. Renin cleaves
angiotensin (ANG) | from angiotensinogen, which is
further cleaved to ANG Il by ANG-converting enzyme.
ANG |l acts via specific receptors located at the cell
membrane. Recently renin transcripts have been discovered
which encode a cytosolic protein that cannot be secreted.
These transcripts are derived from the same renin gene but
probably use another promoter located within intron A.
Whereas the kidney exclusively expresses the transcript
encoding secretory renin, other tissues additionally or
exclusively express transcripts encoding cytosolic renin.
The cytosolic renin protein exerts functions different and
even opposite to those of secretory renin. Whereas
secretory renin increases necrotic death rates of cardiac
cells, the cytosolic renin isoform even protects cells from
necrotic death. This review describes the properties of
cytosolic renin and its cellular functions and discusses
possible mechanisms of actions particularly in the light of
the discovery of direct nuclear and mitochondria effects of
ANG’s.
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2. INTRODUCTION

The circulating renin-angiotensin system (RAS)
modulates blood pressure, water baance, electrolyte
homeostasis and inflammatory as well as growth processes.
The activity of the system is determined predominantly by
renin. Renin cleaves angiotensin (ANG) | from its only
known substrate, angiotensinogen. ANG | is then cleaved
by ANG I-converting enzyme to ANG II, the effector
peptide of the system. Renin aso binds to a recently
discovered (pro)renin receptor (1) thereby exerting ANG-
dependent as well as ANG-independent effects [for review
see (2)]. Renin is commonly known as a secretory protein
produced by the kidney. Here, renin is stored within
lysosome-like granules (3) and secreted in a regulated
manner. Production of ANG by renin can occur
extracellularly or within  secretory vesicles (4).
Surprisingly, renin immunoreactivity (IR) was aso found
within mitochondria (5, 6), which is quite an unusual place
for a secretory protein to be. Nevertheless, this observation
appeared to be more than an artifact, since not only renin
IR but also renin enzymatic activity was detected within
mitochondrial fractions (6). Furthermore, it was shown that
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Figure 1. Renin Transcripts derived from the rat renin gene
encode for either secretory or cytosolic renin. A: Co-
trandational transport of exon(1-9)renin to the rough
endoplasmatic reticulum and modification at the Golgi
apparatus results in renin proteins that are membrane bound
and can be secreted. Secretory renin generates angiotensin |
from angiotensinogen at extracellular sites and aso binds
and activates the (pro)renin receptor, thereby exerting
angiotensin-dependent and angiotensin-independent effects.
B: Trandation of exon (2-9)renin at free ribosomes results
in cytosolic renin proteins that can be imported into
mitochondria, but cannot be secreted. These proteins act at
intracellular sites and can protect cells from necrotic cell
death. The mechanisms of action of cytosolic renin are
presently unknown.

isolated mitochondria were able to specificaly import
prorenin (7). Thus, it is obvious to pursue the hypothesis
that a non-secretory renin exists, which exerts its own
functions different from those of the circulating renin-
angiotensin system. The role of non-secretory renin will be
discussed particularly in the light of the recently reported
angiotensin effects in the cytosol, nuclei and mitochondria
(see below).

3. PREVIOUSLY UNRECOGNIZED RENIN
TRANSCRIPTS ENCODE A CYTOSOLIC RENIN
ISOFORM

Secretory proteins are targeted by means of a co-
trandationa transport to the endoplasmatic reticulum (ER)
where trandation will be completed and the proteins are
packed into vesicles. This transport requires an ER
trandocation signal commonly present at the N-terminus of
the protein. Any protein that contains such a signa will be
unvariably transported to the ER. In contrast, isoforms of
renin that are to be imported into mitochondria - according
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to common belief - must be produced at free ribosomes in
the cytosol and should therefore better not contain the ER
trandocation signal. The trandlocation signal for renin to
the ER is encoded by a sequence derived from exon 1 of
the renin gene. Using a 5’-RACE protocol, we and others
have isolated and characterized a renin transcript termed
exon(1A-9)renin for the rat (7) or renin-b (8, 9). The
exon(1A-9)renin transcript lacks exon 1 and thus indeed the
signal peptide for the transport to the ER, whereas and the
other exons (2-9 in the rat) are the same. The transcript is
derived from the same renin gene as the transcript for secretory
renin. In contrast to the latter, exon 2 of the exon(1A-9)renin
transcript is preceded by a short sequence of about 80 base
pairs, termed exonlA, which is derived from intron A and not
from exon 1 (7). Asit turned out, exonlA does not contain any
in-frame ATG and thus represents a 5’ untranslated region
(UTR) rather than a true coding exon. This 5 UTR may have
as yet unknown regulatory functions which are presently under
investigation.

The trandation start for the non-secretory renin
isoform resides within the first ATG in exon 2. The
transcript encodes for a truncated prorenin that lacks the
prefragment with the ER trandocation signal as well as 15
amino acids of the prosegment of secretory prorenin. Using
canine microsomal membranes, Lee-Kirsch et al.
demonstrated in vitro that this truncated prorenin — in
contrast to the secretory exon(1-9)renin transcript-derived
prorenin - indeed cannot be processed into the secretory
pathway by the ER (8). In addition to the prefragment, the
prosegment of prorenin also appears to be important for
correct secretion. Deletion of the complete prosegment of
secretory preprorenin, even when leaving the prefragment
intact, resulted in a 99% decrease of the renin secretion
rate, when compared with the native protein (10).
Moreover, aready a single amino acid exchange can inhibit
the secretion of human renin markedly (10). The inhibition
of secretion may be a result of folding, targeting or
diminished stability. Given that the prosegment or single
amino acids of it affect the secretion rate it has to be asked
whether or not (and to which degree) the rat cytosolic
truncated prorenin molecules is folded “correctly” with
respect to the renin protein we have become acquainted so
far. The cytosolic renin lacks 15 N-terminal amino acids
(LPTDTASFGRILLKK).

Nevertheless, there is evidence that at least a
considerable portion of the cytosolic truncated prorenin is
folded well to such an extent that it yields an enzymatically
active protein, capable of cleaving angiotensinogen. This
was shown using a reticulocyte-lysate in vitro translation
system (7) or overexpression of cytosolic truncated
prorenin in ATT20 cells (8) and in H9c2 cells (11). Still
indeed we observed that the amount of renin with
enzymatic properties produced by overexpression of
cytosolic truncated prorenin was much lower than the
amount of renin produced by a similar degree of
overexpression of secretory renin.

As deduced from the absence of the prefragment
truncated cytosolic prorenin remains intracellularly (Figure
1). In agreement with this concept, cells that express
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cytosolic renin failed to secrete renin into the medium (8,
11) and overexpression of rat cytosolic renin in transgenic
rats failed to cause elevated circulating renin or prorenin
levels whereas it markedly increased tissue renin activities
(12). Furthermore, increased transcript levels of human
cytosolic renin in the brain of a transgenic mouse model
did not result in measurable levels of renin in the
cerebrospinal fluid (13).

We observed renin IR in H9c2 cells, particularly
within mitochondria, by means of confocal microscopy and
an enrichment of renin enzymatic activity within the
mitochondria fractions (11). In these cells, overexpression
of the truncated prorenin resulted in an increase of renin
concentrations in the mitochondria fractions but not in the
medium, whereas overexpression of secretory renin
resulted in increased concentrations of renin in the
lysosomal fractions as well as in the medium but not
specifically within mitochondria (Figure 1).

In transgenic rats overexpressing the truncated
prorenin, renin enzymatic activity was found particularly in
the cytosol and in mitochondrial fractions of the heart and
adrena gland, indicating the existence of a cytosolic and
mitochondrial non-secretory renin isoform. These data
support initial observations of renin IR and renin enzymatic
activity in mitochondria of the rat adrena cortex (6). In
support of a mitochondrial localization of renin, we
demonstrated that the truncated prorenin, but not the
secretory preprorenin nor active renin can be imported into
isolated adrena mitochondria in vitro (7). This
mitochondrial import was shown to be an active process,
since it dependents on an intact mitochondrial electron
transport and intact oxidative phosphorylation. Correct
folding of the renin protein may here not be necessary,
since most mitochondrial proteins are imported in a more
or less unfolded state (14).

4. DIFFERENTIAL REGULATION AND TISSUE-
SPECIFIC EXPRESSION OF RENIN TRANSCRIPTS

Transcripts encoding a cytosolic, non-secretory
isoform of prorenin have been found in rats, mice and
humans (7, 9). One of these transcripts, termed renin-b, was
assumed to be exclusively expressed in the brain (8, 9).
Another transcript termed renin-c, exhibiting a 79 bases
extension at the 5 end of exon 2, was described to be
expressed specifically in the lung (9). In our hands, most
but not all tissues of the rat express both, the exon(1-
9)renin transcript encoding for secretory renin and the
exon(1A-9)renin transcript encoding for cytosolic renin.
The latter corresponds to the renin-b transcript, except that
in renin-b only 12 base pairs of exonlb are derived from
intron A of the rat renin gene whereas we detected a
segment of 80 base pairs in exonlA derived from intron A.
The rat kidney exclusively expresses the exon(1-9)renin
transcript encoding secretory renin whereas the rat heart
expresses exclusively the exon(1A-9)renin transcript
encoding cytosolic renin (15). Interestingly, in the heart,
transcript levels for cytosolic renin (but not for secretory
renin) increase considerably after myocardia infarction,
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indicating that cytosolic renin may play a role particularly
under ischemic conditions.

5. FUNCTIONS OF CYTOSOLIC (PRO)RENIN

Since in the rat heart the transcript encoding
cytosolic renin is upregulated under ischemic conditions it
was of interest to investigate the effects of overexpression of
this transcript in cardiac cells. To determine whether or not
cytosolic renin exerts functions that are different from those
elicited by secretory renin, we compared the cellular responses
to the overexpresson of either transcript in ra H9c2
cardiomyoblasts. These cells were particularly vauable for our
questions, because, Like the rat heart, H9c2 cardiomyoblasts
do not express secretory renin and basad expresson of
cytosolic renin is weak rendering these cells well suited to
investigate the current issue. Overexpression of secretory renin
in H9c2 cdlls resulted in a hypertrophic response, which is in
agreement with the known effects of the circulating renin-
angiotensin system. However, with increasing duration of
culture time, cells expressing secretory renin exhibited a
marked increase in necrotic deaths as indicated by the amount
of lactate dehydrogenase (LDH) released normdized to LDH
content (11). In contragt, overexpresson of cytosolic renin
inhibited the increase in necrods rate that normally occurs
when cdls are dressed (due to an increese in cel
concentrations over the culture time): In control transfected
H9c2 cdlls the rate of necrosis increased from about 20% per
day (days 1-6) to about 30% and 50% a days 8 and 9,
respectively. In cdls overexpressing secretory renin, the rate of
necrosis increased from 20% within thefirst six days of culture
to as high as about 80% and 95% at days 8 and 9, respectively
(p<0.05). In contragt, in cdls overexpressng cytosolic renin
the rate of necrods did not increase at al and remained low at
about 20% for up to ten days of culture (p<0.05 vs. controls
and vs. cells overexpressing secretory renin). From these data,
we conclude that cytosolic renin is functionally active and
exerts independent effects which are different from and
even opposite to those of circulating renin.

Wheresas it is well known that the circulating
renin-angiotensin system can be deleterious to cardiac cells,
cytosolic renin appears to be rather cardioprotective. The
increased cardiac expression of cytosolic renin after
myocardia infarction (15) may represent a beneficia
mechanism targeted against ischemic stress or a mechanism
that promotes healing. On the other hand, cells
overexpressing cytosolic renin show an increased initial
rate of apoptosis as compared to control transfected cells or
cells overexpressing secretory renin (11).

Transgenic rats overexpressing cytosolic renin
driven by an exon(2-9)renin construct under control of the
CXCMV promoter appear to be perfectly healthy with
normal blood pressure levels and low levels of circulating
renin (12). This observation supports the notion that
cytosolic renin dos not contribute to the activity of the
circulating renin-angiotensin system. Interestingly, the
cytosolic and intramitochondrial renin levels were
increased in the hearts and adrenal glands of exon(1-9)renin
transgenic rats. Concomitantly, the plasma aldosterone-to-
renin-ratio was elevated, abeit without a detectable
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increase in absolute aldosterone concentrations. The
increased aldosterone-to-renin ratio indicates that plasma
renin-independent mechanisms of aldosterone production
are stimulated in these transgenic rats. The mechanism in
question could well be related to cytosolic or mitochondrial
renin, dthough this issue remains to be investigated.
Furthermore, since blood samples for measurements of
aldosterone and renin were taken from rats under ether
anesthesia the data need to be confirmed with blood
sampl es taken from conscious rats.

Lavoie et al. generated transgenic mice in which
the transcript for either human secretory renin or for human
cytosolic renin was specifically overexpressed in brain
astrocytes (13). Unfortunately, mouse angiotensinogen is a
poor substrate for human renin. To investigate the
enzymatic activity of human renin and the functional
consequences of this activity in vivo in these rats, it was
therefore necessary to generate double transgenic mice
overexpressing both, human renin and human
angiotensinogen. Interestingly in both double transgenic
mice lines (angiotensinogen plus secretory renin  and
angiotensinogen plus cytosolic renin) blood pressure and water
intake were incressed, suggesting that not only secretory renin
but dso cytosolic renin expressed in astrocytes may contribute
to the regulation of blood pressure and water baance.
Unfortunately, this conclusion is somewhat hampered by the
fact that the increase in renin activity seen in single transgenic
mice overexpressing the transcript encoding cytosolic renin
was not grictly limited to brain astrocytes but was dso found
in the plasma, although to aminor extend. It also remainsto be
demonstrated that the overexpresson of the transcript
encoding cytosolic renin stimulates the production (trandation,
correct folding etc.) of cytosolic renin protein in brain
agrocytes in this mode. The same group eegantly
demonstrated that the preservation of intracellular renin cannot
compensate for the defects induced by the loss of secretory
renin (16): Using a cre-lox drategy, Xu et al. were able to
specificaly delete exon 1 from the renin gene, resulting in the
complete absence of secretory renin whereas cytosolic renin
was preserved (16). The transgenic mice exhibited (besides
others) low arterid pressure and were unable to produce a
concentrated urine.  Furthermore, they exhibited a poor
survival a weaning and develop renal lesions. This
phenotype is very similar to the phenotypes induced by the
complete deletion of either renin, angiotensinogen, or
angiotensin receptors type 1 (17-20). Interestingly, in
angiotensinogen-deficient  mice  the  brain-specific
restoration of ANG Il through a vector directing the ANG
peptide to the secretory pathway is able to prevent renal
defects (21). Taken together, these data suggest that ANG
production through local secretory renin in the brain is
essential for rena development and that cytosolic renin
cannot compensate for the loss of the secretory system (16).

6. MECHANISM
INTRACELLULAR RENIN

OF ACTION OF

6.1. ANG Il and its effects in cytosol, mitochondria and
nuclei

Given that the overexpression of cytosolic renin
has functional conseguences which are independent from
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the action of secretory renin, the question arises as to the
potential mechanisms of action of cytosolic or
mitochondrial renin. What are the targets of cytosolic or
mitochondrial  renin? And how are the effects
accomplished? One hypothesis readily at hand is that
cytosolic renin, like secretory renin, generates ANG | from
angiotensinogen, the so far only known substrate of renin,
within the cytosol, mitochondria or nuclei. Then
angiotensins (ANG Il, ANG I1l, ANG IV etc.) may mediate
the effects of renin via angiotensin receptors at these sites.
There are severa arguments in favor of this hypothesis but
Ssome open questions remain:
6.1.1. Cytosolic, intra-mitochondrial or nuclear
angiotensin generation: supporting data

1) There is evidence for the presence of renin,
ANG I-converting enzyme (ACE), ANG’s, and ANG Il
receptors (ATRS) in the cytosol (22), the nuclel (22-24) and
the mitochondria (5, 6) of extrarenal tissues, such as liver
and adrena gland., These observations gave rise to the
speculation that there may be an independent intracdlular
renin-angiotensin system that may have functions which
different from those of the circulating system.

2) In isolated heart muscle cdll pairs the intracel lular
didysis of renin decreased the junctiona conductance between
the cells and this effect was potentiated by concomitantly
diadysed angiotensinogen. The effect of renin was blocked by
didysis of the ACE inhibitor enaaprilat (25).

3) In primary vascular smooth muscle cells ANG |1
injected into the cytoplasm increased intracellular free calcium
levels in the cytosol and in the nucleus. These effects were
blocked by the concomitant injection of the AT1R blocker
CV-11947 even after desengtization of cell membrane-bound
ANG receptors (26). ANG Il was here identified in endosomes
aswell asin the nucleus.

4) In isolated cardiomyocytes dialysis of ANG Il
increased inward calcium currents and this effect was blocked
by inhibitors of protein kinase C (27). Another group observed
an increase of calcium currents induced by didysed ANG Il in
cardiac myocytes and demondrated that this effect was
mediated by the AT1R (28).

5) When rat hepatoma cells were transfected with a
vector designed to overexpress a  non-secretory
angiotensinogen in the cytosol they exhibited an increased
mitogenic index that was blocked by losartan or by a renin
antisense phosphorothioate oligomer (29).

6) Co-expresson of ANG Il fused to cyan
fluorescent protein together with AT1R receptor fused to
yellow fluorescent protein resulted in an enrichment of both
proteins in the nucleus and enhanced cdll proliferation as well
as an enhanced activity of the CAMP response el ement-hinding
protein (CREB) in COS-7 and CHO-K1 cdls, respectively
(30). It is currently unknown whether these nuclear effects are
direct or indirect effects of ANG I1.

7) In isolated nuclei from rat cardiomyocytes
ANG Il stimulated the de novo synthesis of RNA in general
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and of NFkappaB RNA in particular (31). It was
demonstrated that both AT1R and AT2R, were located in
the nuclear membranes and that the ANG |1-induced effects
on RNA synthesis were medidated by these receptors.
Furthermore, it was shown that the effects of ANG Il on
isolated nuclei depended on the presence of pertussis toxin-
sensitive Gi proteins. The AT1R-mediated effects were
further shown to involve calcium release from calcium
stores of the nuclear envelope by an [P3-dependent
pathway. These data indicate that classica G protein-
coupled receptor signal transduction takes place in the
nuclel.

8) Also in mitochondria a local renin-angiotensin
system has been reported. Abadir et al. (32) identified and
characterized a complete functionally active mitochondrial
renin-angiotensin system in human skeletal muscle cells,
monocytes, mouse cardiac myocytes, rena tubular cells,
neuronal cells, vascular endothelial cells and hepatocytes.
In this study (32) functiona AT2Rs in the inner
mitochondrial membrane were identified by means of high-
resolution transmission immunoelectron microscopy. The
receptors were colocalized with ANG I1. Immunoreactivity
for AT,R and ANG Il was found in both whole cellsand in
isolated mitochondria.  Furthermore, a GFP (green
fluorescence protein)-AT2R fusion protein colocalized with
the mitochondrial marker MitoTracker Red. Finally, the
effects of AT2R agonists and antagonists on NO production
and mitochondrial respiration were investigated in isolated
mitochondria. The AT2R agonist CGP421140 caused a
dose-dependent increase in mitochondrial NO production
and a decrease in mitochondrial respiration. These effects
were partialy blocked by the AT2R antagonist PD-123319.
This list is not intended to be comprehensive but rather to
convey an idea of how dynamic this field currently is.
Taken together, there is ample evidence to suggest that
complete renin-angiotensin systems may exist within single
cells. On the other hand, for many of the studies described
above the task still remains to validate the specificity of the
functional observations using appropriate ATR knock out
or knock down models, which would be the most
informative controls. In other words, for the final
acceptance of the concept that a functionaly relevant
intracellular renin-angiotensin system exists, it needs to be
shown that the deletion of one or both ATR abolishes the
cellular effects of intracytoplasmaticaly, intranuclearly or
intramitochondrially applied ANG Il, ATR agonists or
ATR antagonists.

6.1.2. Cytosolic, intra-mitochondrial or nuclear
angiotensin generation: open questions

Although the data presented above support the
hypothesis of cytosolic or mitochondrial ANG generation
and function, there are till some open questions: To
generate ANG in the cytosol or within mitochondria the
cytosolic or mitochondrial renin must act on and thus be in
contact with angiotensinogen. Angiotensinogen, however,
is a secretory protein. There is no evidence to date that
angiotensinogen can be produced in the cytosol or that it
can reach the cytosol from intracellular vesicles of from the
extracellular space where the protein is normally found. So
far no transcript has been found that may encode a
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cytosolic angiotensinogen and it is unlikely that such a
transcript will be found. The same holds true for the other
components of the renin-angiotensin system, ACE and
ATR. The binding sites (for ANG | or ANG Il) are either
directed to the extracellular space or to the inside of
vesicles, but not to the cytosol. Although we did not detect
angiotensinogen within mitochondria we could demonstrate
ACE and renin immunoreactivity in mitochondria of the rat
adrena cortex (6). Nevertheless, IR is only a weak
indicator and prone to produce artifacts, as long as it is not
validated using the respective knock out models. We may
still need to wait for the discovery of new transcripts that
allow the cytosolic synthesis and/or mitochondrial import
of these components. Therefore, the presence of ANG’s in
the nucleus, the mitochondria or the cytoplasm is probably
not the result of local production and it remains elusive
how the peptides get to these sites. If they were taken up
from the extracellular space, ANG’s should be packed
within vesicles as a result of receptor-mediated
endocytosis. Also, it is currently unkown how ANG’s may
exit their vesicles to reach the cytoplasm and/or the
mitochondria. Recently, a concept of “leaky endosomes”
has been proposed that may provide a potential mechanism
for intravesicular ANG’s to reach the cytoplasm (33).
Another possibility could be the existence of specific
“channels” or peptide transporters that may translocate
ANG from the extracellular space or from granules into the
cytosol, but again, such systems have not yet been found.

6.2. ANG Il-independent effects of renin in cytosal,
mitochondria and nuclei

Besides angiotensinogen two other binding
partners for renin have been discovered, namely the
(pro)renin receptor (1) and the renin-binding protein, RnBP
(34). The (pro)renin receptor mediates ANG-dependent and
ANG-independent effects. Like angiotensinogen, the
(pro)renin receptor can well bind secretory renin, but is
unlikely to meet cytosolic renin: the binding site for
(pro)renin within the (pro)renin receptor is directed to the
extracellular space or to the lumen of vesicles, but not to
the cytosol. The RnBP, on the other hand, may well meet
cytosolic, but not secretory renin. In agreement with
observations presented above, knock out of the RnBP had
no effect on the cardiovascular systems (e. g. normal blood
pressure as well as water and electrolyte balances) (35).
The RnBP inhibits renin activity when binding renin and
also has epimerase activity. We presently investigate the
interaction between these partnersin detail.

In addition to its ANG Il-dependent effects,
mitochondrial renin may have so far unknown direct targets
within mitochondria. In this context the observation of an
interaction between a particular renin gene alele (REN 10)
and the mitochondrial H haplotype that favors longevity
may be of interest (36). Mitochondria are the site of
aldosterone and ATP production and contribute to the
initiation of apoptosis. Overexpression of cytosolic renin
increased the aldosterone-to-renin ratio in transgenic rats
(12) and modulated particularly mitochondrialy initiated
apoptosis (11). These effects may be direct on the
mitochondrial level; however, so far no mitochondria
renin-binding partner has been reported.
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7. CONCLUSIONS

There is no doubt that renin-angiotensin systems
exist localy in various tissues. Some of them act like the
secretory system and may modulate or amplify the effects of
the circulating system, for example in the adrend gland (37-
40). Here, renin may be expressed localy or taken up from the
circulation ([or review see: (37, 40)]. In addition, evidence now
accumulates that renin and angiotensin can act directly within
cdls at the cytosolic, mitochondrid or nuclear levels. Some of
these effects are even opposite to those dicited by the secretory
system. Whereas secretory renin may damage cdls in the
cardiovascular system, leading to necrotic cell desth and/or
fibrosis the cytosolic renin variant protects cells from necrotic
desth. Whether or not and to which degree this may be of
importance for survival or regenerdtion, for example after
myocardid infarction where expresson of cytosolic renin
increases, remains to be shown. The mechanism(s) of action of
cytosolic renin and the source(s) for cytosolic angiotensin are
currently unknown and await further clarification.
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