
Introduction

The renin-angiotensin system (RAS) system plays a central role in
the regulation of blood pressure, water as well as electrolyte bal-
ance. The system also modulates inflammatory and growth
processes, proliferation and apoptosis [1–6]. In the heart the RAS
induces hypertrophy and fibrosis. Many effects of the RAS are
detrimental, promoting the progression of cardiac failure.
Accordingly, inhibitors of the system such as angiotensin-convert-
ing enzyme inhibitors reduce mortality rates in patients with con-
gestive heart failure [7].

Renin is the key enzyme of the RAS. It cleaves angiotensin
(ANG) I from its only known substrate, angiotensinogen. ANGI is
then cleaved by angiotensin-converting enzyme to the effector
peptide ANGII. Until recently, renin was exclusively known as a
secretory glycoprotein predominantly expressed in the kidney [8].
Other tissues also express and secrete renin, albeit to a much
lesser extend than the kidney [9].

The targeting of proteins to secretory pathways requires the
cotranslational transport to the endoplasmatic reticulum (ER).
The transport signal for renin is encoded by a sequence derived
from exon 1 of the renin gene. We have isolated and character-
ized a second renin transcript in the rat, termed exon(1A-9)renin,
which codes for a non-secretory cytosolic protein [10]. This tran-
script lacks the signal for the co-translational transport to the ER.
Similar transcripts have been found in other species as well,
including human beings [11, 12]. In human beings, one of the
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renin transcripts directly starts with exon 2 [12]. In rats, exon 2 of
the exon(1A-9)renin transcript is preceded by a short sequence of
about 80 base pairs derived from intron A [10]. This sequence is
non-coding and therefore can only have regulatory functions. The
exon(1A-9)renin transcript is translated into a truncated prorenin
starting at the first in-frame ATG in exon 2. The resulting
exon(2–9)   renin protein lacks the prefragment of secretory renin
as well as the first 10 amino acids of the conventional prorenin.

The functions of cytosolic renin are currently unknown. In
the adrenal cortex renin proteins are found not only within
secretory vesicles but also within mitochondria [13, 14].
Mitochondria play an important role in cell metabolism, steroid
biosynthesis, growth and apoptosis. Mitochondrial renin must
be derived from the exon(1A-9)renin transcript, because only
this transcript renders a protein that is located in the cytosol
and therefore available for mitochondrial import. In support of
this view, we have demonstrated that cytosolic renin but not
secretory prorenin or active renin is actively imported into iso-
lated adrenal mitochondria in vitro [10]. We have also observed
that transgenic rats overexpressing exclusively cytosolic renin
exhibit increased aldosterone production plasma renin inde-
pendently [15].

In the rat, most tissues express both renin transcripts, whereas
the kidney expresses exclusively the exon(1–9)renin transcript
and the heart expresses exclusively the exon(1A-9)renin transcript
[16]. In the heart, exon(1A-9)renin transcript levels were markedly
increased after myocardial infarction [16], indicating that cytoso-
lic renin may play a role in post-ischaemic repair processes and
cardiac failure.

The aims of the present study were to investigate the sorting
and function of the rat equivalent of human exon(2–9)renin in the
embryonic cardiac muscle-derived H9c2 cell line. Specifically, we
tested the hypothesis that (1) the exon(1A-9)renin derived protein
is sorted to the cytosol and mitochondria, (2) cytosolic renin is not
secreted but remains within the cytoplasm and (3) cytosolic renin
specifically modulates growth processes such as proliferation,
necrosis and apoptosis.

Material and methods

Plasmids

Exon(1–9)renin and exon(2–9)renin cDNAs were derived as previously
described [10] and subcloned into pIRES/Neo (BD Biosciences Clontech,
Heidelberg, Germany).

Cell culture and transfection

H9c2 cells (a rat embryonal cardiac muscle-derived cell line from ATCC,
CRL 1446) were grown at 37�C in a humidified atmosphere with 5% CO2

in Dulbecco’s modified Eagles medium (GIBCO BRL, Karlsruhe, Germany)
containing 25 mM glucose supplemented with 10% heat-inactivated foetal
calf serum, 100 U/ml penicillin and 100 �g/ml streptomycin. In the trans-
fected cell lines [pIRES, exon(1–9)renin and exon(2–9)renin] a selection
with 430 �g/ml G418 sulfate was performed to achieve a sustained over-
expression of renin. All cell lines were passaged by trypsination and sub-
cultured in 25 ml tissue culture flasks (Greiner Bio-One, Frickenhausen,
Germany) for 7 days. Transfections of the cells were performed by the cal-
cium-precipitate method [17].

Determination of renin transcripts

H9c2 cells were harvested and stored at –70�C. RNA was prepared using
the Absolutely RNA RT-PCR Miniprep Kit (Stratagene, La Jolla, USA).
cDNA was generated from each 5 �g of RNA as described [16]. RT-PCR
was performed for renin transcripts using the reverse primer 5�-CGG TGA
CCT CTC CAA AGG TCT G -3� (position 722–743 of the renin cDNA)
together with the following forward primers:

(1) for any renin transcripts: 5� – TGT TAC CTC CCC CGT GGT CCT 
C -3� (position 421–442 of the renin cDNA), (2) specific for exon(1A-9)renin:
5� – CGA GGC AGG CTG GGT GCA CGT GGG – 3� (position 3996–4019 of
Intron A of the renin gene) and (3) specific for exon(1–9)renin: 5� – ACC AGA
TGG GCG GGA GGA GGA TG – 3� (position 211–233 of the renin cDNA). As
an internal control, GAPDH was used as described [16].

Confocal immunofluorescence microscopy

H9c2 cells were double stained for renin and the mitochondrial marker
‘MitoTracker Red’ (Molecular Probes, Invitrogen Karlsruhe, Germany).
Cells were cultured on glass slides for three days. They were incubated
with 250 nM MitoTracker Red CMXRos solution in culture medium at
37�C, 5% CO2 for 30 min. After removing the excess of the mitochondrial
specific dye by washing twice with PBS, cells were fixed for 10 min. in
2% PFA at room temperature and permeabilized with 0.3% Triton X-100
for 5 min. Incubation with primary anti-renin antibody [14, 18] at a 
dilution of 1:500 was performed for 60 min. at room temperature. The
secondary chicken anti-rabbit antibody was coupled to Alexa Fluor 488
(1:500 diluted, Molecular Probes, Invitrogen). After washing with PBS,
the slides were embedded in Mowiol and stored at 4�C. Images were
acquired on the LSM Leica SP5 confocal microscope (Leica Microsystems,
Wetzlar, Germany).

Subcellular fractionation

Subcellular fractionation was performed with 2–5 � 106 cells at 4�C. Cells
were trypsinated, washed twice with PBS and gently dispersed using a
glass potter in 10 mM Tris/HCl buffer containing 0.25 mM sucrose and 
2 mM EDTA. The resulting homogenate was subjected to differential cen-
trifugation as described [14], with successive centrifugation speeds of 
70 � g, 200 � g, 1000 � g, 3000 � g and 15,000 � g. Pellets were gen-
tly resuspended in 100 �l of 0.1 M TES buffer containing 0.01 mM EDTA
and 0.01% neomycin. Samples were then sonificated and centrifuged at
50,000 � g to separate soluble contents of the organelles from their mem-
branes. Fractions were stored at �70�C until further determinations of
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RAS components, protein concentrations and the mitochondrial marker
malate dehydrogenase (MDH) [14].

Determination of prorenin and renin

Renin concentrations were determined by measuring the capability of
the sample to generate ANGI from excess renin substrate as described
[14, 19]. ANGI concentrations were determined using a radioimmunoas-
say (RIA) [20, 21] with the following modifications: high-binding RIA
tubes (Greiner Bio-One, Frickenhausen, Germany) were coated with 300
�l of 1:60,000 diluted anti-ANGI antibodies for 20 hrs at 4�C. After
washing with TRIS buffer, tubes were incubated with 400 �l blocking
buffer containing 0.5% BSA for 2 hrs at room temperature to prevent
unspecific binding. Tubes were washed again and stored at –20�C. For
the RIA, 3 � 50 �l of the pre-treated samples and 200 �l I125-labelled
ANGI with an activity of 5000 cpm (Amersham Biosciences, Freiburg,
Germany) were added to the coated tubes und incubated for 20 hrs at
room temperature. After 3 times washing with 1 ml washing buffer, the
ANGI concentration was measured using a 	-counter (Berthold LD
2111, Bad Wildbach, Germay). The concentration was determined
according to the standard curve.

Growth rates

For the determination of growth rates, 2 � 105 living cells were seeded per
flask and the increase in cell number was expressed as number of cells
harvested per number of cells seeded.

Cell proliferation and protein content

The effect of renin overexpression on proliferation was studied using the Cell
Proliferation ELISA (Roche Applied Science, Mannheim, Germany). Cells
were seeded in 96-well plates at a concentration of 4 � 103 living cells per
well in a volume of 100 �l culture medium and cultured for 4 hrs at 37�C,
95%O2/5%CO2. Proliferating cells were detected by the incorporation of
BrdU into their DNA according to the manufacturer’s protocol.

For determination of protein content, cells were trypsinated, washed
twice with PBS and minced by sonification. After centrifugation at 104 g for
2 min., protein concentration of the supernatant was determined using the
Roti-Quant Protein Assay Kit (Carl Roth GmbH & Co, Karlsruhe, Germany)
with bovine serum albumin as standard.

Cell viability and cell death measurements

For measurements of cell viability and cell death, 4 � 103 living cells per
well were seeded in 96-well plates in a volume of 100 �l culture medium
and incubated for 1–10 days at 37�C, 95%O2/5%CO2. Cell viability was
determined by the CellTiter-Glo® Luminescent Cell Viability Assay
(Promega, Mannheim, Germany), which is based on the conversion of
luciferin to oxiluciferin, pyrophosphate and light in the presence of ATP.
The quantity of light was measured using a microplate luminometer
(Berthold, Bad Wildbach, Germany).

Necrotic cell damage was measured by the Cytotoxicity Detection Kit
(Roche Applied Science, Mannheim, Germany). This assay is based on the
detection of lactate dehydrogenase (LDH) activity released from the cytosol

of damaged cells into the medium. LDH activities within the cells were
determined after exposure of each sample to 1% triton X-100 for 1 hr. LDH
released was measured by collecting the cell-free medium of the cultured
cells. Necrotic cell death was estimated by normalizing the amount of LDH
released to the LDH content of the cells.

Immunofluorescence

For immunofluorescence, 1 � 105 cells were grown in 24-well plates
(Greiner Bio-One, Frickenhausen, Germany) in culture medium for a period
of 1–10 days. Cells were stained with each 0.01% of the fluorescence dyes
acridine orange and ethidium bromide. Acridine orange was used to stain
viable cells green. Ethidium bromide is taken up only from damaged cells
and thus indicates a disturbed membrane integrity by staining the cells red.
Cells were visualized at a magnification of 60� using the fluorescence
microscope Axiovert 200 (Zeiss, Jena, Germany) and the Nicon CoolPix
4500 camera. The figures were prepared with the Adobe Photoshop 
4.0 program.

Flow cytometry analysis for determination of
necrosis and apoptosis

For cytometric analysis, 1 � 105 cells of the different cell lines were
grown in 24-well plates (Greiner Bio-One, Frickenhausen, Germany) in
1.5 ml medium for 1, 3 and 7 days at 37�C, 95%O2/5%CO2. At the end of
the experiment, floating cells were collected and added to the adherent
cells detached from the culture dishes by trypsin/EDTA solution. After
centrifugation, cell pellets were resuspended in phosphate-buffered
saline. Apoptotic cells were identified by their morphological alteration,
i.e. cell shrinkage, and by the expression of apoptosis-specific biochem-
ical markers, such as phosphatidyl serine translocation, Fas receptor
expression and caspase activation. The phosphatidylserin translocation
from the inner to the outer membrane was measured with the Annexin V-
FITC antibody (BD Pharmingen, Heidelberg, Germany). Cells were incu-
bated with 5 �l Annexin V antibody in 100 �l Annexin binding buffer for
15 min. at room temperature in the dark. The unbound antibody was
removed by washing the cells with 3 ml binding buffer. Fas receptor
expression was measured with the rabbit polyclonal anti-Fas antibody
(Stressgen Bioreagents, Hamburg, Germany). Cells were incubated with
1.5 �l anti-Fas antibody in 100 �l FACS buffer for 15 min. at 4�C. The
unbound antibodies were removed by washing the cells with 3 ml FACS
buffer. In a second incubation, the bound anti-Fas antibodies were
labelled by 10 �l of 1:10 diluted anti-rabbit IgG-FITC antibodies for 15
min. at 4�C. Again, the unbound antibodies were washed out with 3 ml
FACS buffer. Caspase-activity was determined by incubation cells with 5
�l of the 1:100 diluted CaspACE FITC-VAD-FMK dye (Promega,
Mannheim, Germany) for 20 min. at 37�C. The excess of dye was
removed by washing the cells with 3 ml FACS buffer.

After labelling with the different apoptosis markers, cells were further
incubated with 500 ng/ml propidium iodide for 5 min. to discriminate
between apoptotic and necrotic cells.

Data from 5000 cells were analysed on a FACS Calibur flow cytometer
(Beckton-Dickinson, Heidelberg, Germany). Cell debris was excluded from
the measurement by setting a specific gate for the living cells. Because of
morphological changes such as cell shrinkage, a second gate was set to
record the apoptotic cells. The data were analysed by Cell Quest software
from BD Biosiences (Heidelberg, Germany).
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Statistical analysis

Data are expressed as the mean � S.E.M. For comparisons between
multiple groups, the significant differences were determined by one-way
ANOVA followed by Bonferrony comparison test. Differences were consid-
ered statistically significant at P � 0.05.

Results

Expression of renin transcripts in H9c2 
cardiomyoblasts

First, models to investigate the difference in sorting, secretion and
function of prorenin and cytosolic renin were generated using H9c2
embryonic cardiomyoblasts. H9c2 cells endogenously express only
the exon(1A-9)renin transcript at low level, but not the exon(1–9)renin
transcript (Fig. 1). In control vector (pIRES)-transfected cells treated
with the selection marker G418, renin expression was even lower than
in non-transfected H9c2 cells. Exon(1–9)renin-transfected cells treated
with G418 selectively overexpressed preprorenin transcripts. Like
pIRES-transfected cells, they did not express exon(1A-9)renin.

Exon(2–9)renin-transfected cells, treated with G418, overexpressed
exon(2–9)renin lacking exon1 as well as exon1A.

Intracellular location of renin encoded by
exon(1A-9)renin transcripts in H9c2 cells

To confirm previous findings that exon(1A-9)renin transcripts
encode for a protein that is located within mitochondria [10, 14]
colocalization of renin immunoreactivity with a mitochondrial
marker was studied by confocal microscopy. In H9c2 cells
expressing exon(1A-9)renin but not secretory renin, renin
immunoreactivity was found exclusively within mitochondria (Fig. 2).

Differences in sorting and secretion between
cytosolic and secretory renin

To investigate the effect of the transfection with vectors encoding
for cytosolic and secretory renin, respectively, we compared renin
concentrations in subcellular fractions of the different H9c2 cell
lines. In non-transfected H9c2 cells, trypsin-activated inactive
renin was enriched in the 200 � g fraction (5.6 � 2.0 ng
AngI/hr/mg protein versus 0.8 � 0.3 ng AngI/hr/mg protein of
total extract; Fig. 3A). In this fraction, also the mitochondrial
marker malate dehydrogenase (MDH) is enriched (15.4 � 4.3-fold
versus total extract). Since in addition renin was localized exclu-
sively to mitochondria by confocal microscopy (Fig. 2), this frac-
tion is recognized as the mitochondrial fraction.

In pIRES-transfected H9c2 cells, inactive renin was as well
enriched in the 200 � g fraction (6.8 � 3.7 ng AngI/hr/mg pro-
tein versus 0.4 � 0.4 ng AngI/hr/mg protein of total extract; 
Fig. 3C). Only minute amounts of active renin were found in any
of the fractions of H9c2 and pIRES transfected control cells
(Fig. 3B and D).

In accordance with our hypothesis, overexpression of
exon(2–9)renin led to an increase of inactive renin (H9c2-pIRES:
6.8 � 3.7 ng AngI/hr/mg protein; H9c2-exon(2–9)renin: 23.5 �
7.6; P � 0.05) and active renin concentrations (H9c2-pIRES: 2.6
� 1.2 ng AngI/hr/mg protein; H9c2-exon(2–9)renin: 25.3 � 8.1;
P � 0.05) specifically in the mitochondrial (200 � g) fractions
(Fig. 3E and F). A second light mitochondrial fraction was identi-
fied (3000 � g; 8.2 � 3.2-fold increase of MDH activity versus
total extract). In this fraction, also inactive renin but not active
renin was enriched and increased in exon(2–9)renin-transfected
cells when compared with pIRES control cells (13.3 � 5.0 versus
0.3 � 0.1 ng AngI/hr/mg protein).

In contrast, in exon(1–9)renin cells inactive renin was enriched
in a light vesicular fraction only (15,000 � g fraction: 36,989.5 �
1725.6 versus 17,280.0 � 1725.6 ng AngI/hr/mg protein in total
extracts), where constitutive secretory vesicles are expected, but
not in mitochondrial fractions (Fig. 3G and H).

We further hypothesized that secretory prorenin but not
cytosolic renin is secreted. Supporting this hypothesis inactive
renin concentrations and to a lesser degree also active renin

Fig. 1 Renin transcript expression in H9c2 cells: Renin, non-specific: for-
ward primer 3� of exon 1 and exon1A; Renin, Exon1A specific: forward
primer in exon1A; Renin, Exon1 specific: forward primer in exon1;
GAPDH: Expression of housekeeping gene GAPDH. H9c2 cells were
transfected with: control vector (pIRES); Exon(1–9)renin [Exon(1–9)];
Exon(2–9)renin [Exon(2–9)], respectively.
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concentrations were increased only in the medium of
exon(1–9)renin cells, when compared with control cells, but
not in exon(2–9)renin-transfected cells (inactive renin: H9c2-
pIRES: 1.0 � 0.8 ng AngI/hr/106 cells; H9c2-exon(1–9)renin:
5981.2 � 931.7 ng AngI/hr/106 cells; H9c2-exon(2–9)renin:
1.0 � 0.5 ng AngI/hr/106 cells; active renin: H9c2-pIRES: 1.1
� 0.5 ng AngI/hr/106 cells; H9c2-exon(1–9)renin: 32.6 � 5.4
ng AngI/hr/106 cells; H9c2-exon(2–9)renin: 1.6 � 0.9 ng
AngI/hr/106 cells; Fig. 4).

Functional differences between cytosolic
renin and prorenin

After having established that cytosolic and secretory prorenin are
differently sorted intracellularly, we next examined the effects of
the different transcripts on cell functions.

Protein content, growth rate and proliferation

First, exon(1–9)renin and exon(2–9)renin-transfected cells exhibited
marked differences in cell growth. The transfection with
exon(1–9)renin but not with exon(2–9)renin induced cellular hyper-
trophy. Cellular protein content was also increased exclusively in

exon(1–9)renin transfected cells (H9c2 cells: 2.16 � 0.26 mg/106

cells, H9c2-pIRES cells: 2.21 � 0.18 mg/106 cells; H9c2-
exon(1–9)renin: 3.71 � 0.54 mg/106 cells; P � 0.01; H9c2-
exon(2–9)renin cells: 2.81 � 0.40 mg/106 cells; n.s.; Fig. 5A).
Furthermore, exon(1–9)renin-transfected cells were considerably
larger than control-transfected or exon(2–9)renin-transfected cells, as
visualized by using the fluorescent dyes acridine orange and ethidium
bromide (5 B-E). Additionally, an increased number of apparently
dead cells was found in both exon(1–9)- and exon(2–9)renin-trans-
fected cells, as indicated by ethidium bromide staining.

Second, growth rates were reduced in both renin transfected cell
lines (H9c2: 7.1 � 0.6; H9c2-pIRES cells: 5.7 � 0.5; n.s.; H9c2-
exon(1–9)renin cells: 2.9 � 0.3; P � 0.05; H9c2-exon(2–9)renin:
4.0 � 0.3 mg/106 cells; P � 0.05; Fig. 5F). Also, proliferation rate
was significantly decreased in the renin-transfected cell lines, when
compared with pIRES-transfected control cells (H9c2-pIRES: 0.33
� 0.06; H9c2-exon(1–9)renin: 0.12 � 0.02; P � 0.05; H9c2-
exon(2–9)renin: 0.15 � 0.03; P � 0.05) (Fig. 5G).

Exon(1–9)renin increases the rate of
necrosis in H9c2 cells

A major difference with functional consequences between
exon(1–9)renin- and exon(2–9)renin-transfected cells was the

Fig. 2 Immunhistochemical localization of
renin in H9c2 cells. Renin was detected with
anti-renin antibody (upper left panel, green)
and mitochondria were stained with
Mitotracker Red CMXRos (upper right panel,
red). Merged confocal image demonstrates
that renin localizes to the mitochondria (lower-
left panel, colocalization: yellow). Negative
control: Merged confocal image of non-spe-
cific rabbit antiserum and Mitotracker Red
CMXRos (lower-right panel). Bar 
 15 �m.
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Fig. 3 Intracellular distribution of prorenin and renin in transfected H9c2 cells: Enrichment of prorenin (A, C, E, G) and renin (B, D, F, H) in organelles
of H9c2 (A, B), control vector- (pIRES) (C, D), exon(1–9)renin- (E, F) and exon(2–9)renin-transfected cells (G, H) compared to the whole cell extracts
(Extract). Organelles were precipitated at 70, 200, 1000, 3000 and 15,000 � g, respectively; n 
 4 experiments. *: P � 0.05 versus extract; 
#: P � 0.05 versus control vector-transfected cells.
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fact that exon(1–9)renin-derived secretory prorenin markedly
increased the rate of necrosis as indicated by an increased LDH
release/content ratio. Cytosolic renin even protected cells from
necrotic death, as indicated by a decreased LDH ratio (Fig. 6).
These data point to a destructive effect of the exon(1–9)renin
derived prorenin and a protective, anti-necrotic effect of the
exon(2–9)renin derived cytosolic renin.

Exon(1A-9)renin increases the rate of
apoptosis in H9c2 cells

Another major functional difference between cytosolic and secre-
tory renin was that only exon(2–9)renin- but not exon(1–9)renin-
transfected cells exhibited an increased rate of apoptosis (Fig. 7).

Compared to H9c2-, pIRES- and exon(1–9)renin-trans-
fected cells, exon(2–9)renin-transfected cells showed a signif-
icantly enhanced number of shrunken cells, which represent
apoptotic cells (H9c2: 8.6 � 2.6%, H9c2-pIRES: 9.0 � 2.2%,
H9c2-exon(2–9)renin: 12.5 � 3.7%; H9c2-exon(1–9)renin: 
4.5 � 0.6%) (P � 0.05; Fig. 7 A–D). The increase in number 
of apoptotic cells was confirmed by biochemical markers of
apoptosis such as phosphatidylserin translocation, Fas 
receptor expression and caspase activation (Fig. 7E–G). After a
culture time of 1 day, the number of caspase positive cells was
significantly increased in exon(2–9)renin-transfected cells
(32.1 � 3.3%) compared to H9c2, pIRES and exon(1–9)-trans-
fected cells (24.7 � 4.0%, 19.1 � 2.7% and 18.5 � 1.2%; 
P � 0.05). Similarly, the number of exon(2–9)renin-transfected
cells that expressed the Fas receptor was significantly
enhanced (32.5 � 3.3%) compared to control H9c2, pIRES-
and exon(1–9)re nin-transfected cells (21.7 � 3.5%, 17.5 �

3.7% and 11.2 � 2.4%; P � 0.05).

In agreement with the hypothesis that the apoptosis induced by
exon(2–9)renin is primary mitochondrial-derived, the transloca-
tion of phosphatidyl serine to the outer membrane in
exon(2–9)renin-transfected cells was increased (41.2 � 3.8%;
P � 0.05; Fig. 7G) compared to the other cell lines (H9c2 cells:
24.2 � 2.8%; H9c2-pIRES cells: 23.8 � 3.9%; H9c2-
exon(1–9)renin cells: 22.1 � 4.7%).

Discussion

The present study demonstrates that (pro)renin is sorted to differ-
ent intracellular compartments dependent on the presence or
absence of exon 1. H9c2 cells overexpressing exon(1–9)renin
transport the encoded prorenin to the low density (15,000 � g)
fraction and than release prorenin and active renin into the
medium. In contrast, H9c2 cells overexpressing exon(2–9)renin
transport the encoded cytosolic renin to high-density intracellular
compartments and do not release renin into the medium. These
compartments are represented most likely by the mitochondria. In
support of this notion, the presence of renin within mitochondria
has been demonstrated by means of immuncytochemistry/electron
microscopy [14] and in the present study, the localization of renin
protein in mitochondria was confirmed by confocal microscopy in
H9c2 cells expressing exclusively exon(1A-9)renin. Furthermore,
specifically exon(2–9)renin-derived cytosolic renin, but not secre-
tory prorenin, is imported into mitochondria in vitro [10].

Cytosolic/mitochondrial renin encoded by exon(1A-9)renin
transcripts represents a truncated prorenin [10]. It lacks 10 out of
43 amino acids of the profragment of secretory prorenin.
Secretory prorenin exhibits less than 2% of the enzymatic activ-
ity of active renin. It is thus expected that cytosolic/mitochondrial
renin has somewhat higher activity than intact prorenin but still
less than active renin with the prefragment cleaved off. Our data
indicate that the activity of cytosolic/mitochondrial renin is about
20–50% that of active renin. Similarly to secretory prorenin, it
may well be subject to reversible activation as a result of confor-
mational changes dependent on pH, temperature or membrane
binding [22].

The question of how renin enters mitochondria is not com-
pletely answered yet. In previous studies, we identified a putative
mitochondrial target sequence in the region between amino acid 1
and 15 of the cytosolic renin (i.e. amino acids 36–50 of the pre-
prorenin). This region, although apparently indispensable for
import, differs from mitochondrial targeting sequences in that it
contains negatively charged amino acids, besides three arginine
residues. Interestingly, targeting sequences of some typical
nuclear-encoded mitochondrial proteins, such as CYP11B1 or
Cyp11B2 also include such negatively charged residues (detailed
discussion see: [10]). Besides this, internal targeting signals may
still be taken into account.

The present study demonstrates that non-secretory cytosolic
renin has its own unique functions, preventing necrotic and promoting

Fig. 4 Effect of renin gene transfection into H9c2 cells on renin secretion:
24-hr release of prorenin (white bars) and active renin (black bars) is
shown in non-transfected H9c2, control vector-transfected (pIRES),
exon(1–9)renin-transfected or exon(2–9)renin-transfected cells. * P �

0.001 versus H9c2, pIRES and exon(2–9) cells, respectively; n 
 8
experiments.
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Fig. 5 Protein content, fluorescence images, growth rate and prolifera-
tion of renin-transfected H9c2 cells. (A) Protein content; (B–E) fluores-
cence microscopy using the dyes acridine orange (green colour) and
ethidium bromide (red colour) of renin-transfected H9c2 cells. Scale
bar: 20 �m. Growth rate (F) was expressed as number of cells har-
vested after 7 days versus number of cells seeded. Proliferation rate (G)
measured by the incorporation of BrdU into the DNA during a culture
time of 1 day. n 
 7 experiments. * P � 0.05 versus H9c2 and pIRES
cells, #: P � 0.05 versus H9c2 cells.
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apoptotic cell death. The apoptosis was likely primarily mitochon-
drial-derived. In support of this, translocation of phosphatidyl ser-
ine to the outer membrane was demonstrated, which is a conse-
quence of cytochrom c release by mitochondria. Since the
exon(2–9)renin-derived protein is specifically located within and
imported into mitochondria [10, 14], these organelles are consid-
ered a direct target for cytosolic renin. The exact mechanism of
how mitochondrial renin induces apoptosis, and which apoptotic
cascades are activated needs further investigations.

Since in the rat expression of exon(1A-9)renin is selectively
up-regulated after myocardial infarction [16], we hypothesized
that the encoded cytosolic renin plays a role in the pathophys-
iology of ischaemia-related processes such as necrosis and
apoptosis. The present study shows that this is indeed the
case. Cytosolic renin reduces the rate of necrosis and increases
the rate of apoptosis in vitro in cardiomyoblasts. Whereas
necrotic cell death results in the release of subcellular mem-
brane constituents that are capable of triggering the comple-
ment cascade [23] and this in turn recruits neutrophils and
monocytes into the injured myocardium [24], apoptosis pro-
tects from these effects. The consequences of immigration and
activation of leukocytes is the promotion of the unfavourable
processes of fibrosis and cardiac remodelling (for review, see
refs [25, 26]. This tendency to fibrosis and cardiac remodelling
is prevented, if damaged cardiomyocytes undergo apoptosis
instead of necrosis. In this respect, the induced apoptosis by
cytosolic renin may be considered a protective mechanism
under those conditions where it prevents necrotic cell death, as
observed after myocardial infarction or post-ischaemic reper-
fusion injury.

To date, little information is available on the potential mecha-
nisms of action of cytosolic renin. Like conventional renin, cytoso-
lic renin may generate ANGI from angiotensinogen. Intracellular
actions of ANGII have been proposed as early as 1971 by
Robertson and Khairallah [27] and later by Re and others [28, 29].
In these studies, nuclear [27] or mitochondrial [27, 28] localiza-
tions of angiotensins was demonstrated. Furthermore, intra-cyto-
plasmatically applied ANGII-produced effects without the need to
bind ANG receptors from the extracellular space [29–32]. In addi-
tion, overexpression of cytoplasmatic angiotensinogen in a
hepatoma cell line expressing cytosolic but not secretory renin
increased mitosis and proliferation rates [33]. In H9c2 cells, how-
ever, we observed a reduction of growth and proliferation rates in
cells transfected with either secretory or cytoplasmatic renin.
Since H9c2 cells express neither ACE nor angiotensinogen we
assume that decreased growth and proliferation in H9c2 cells is an
angiotensin-independent function of cytoplasmatic renin, whereas
increased proliferation in hepatoma cells is a function of cytoplas-
matic angiotensinogen.

There are other known angiotensin-independent targets for
intracellular renin, which differ in their location to different cell
compartments. A renin receptor has been found, which exerts
angiotensin-dependent and -independent mechanisms [34, 35].
(Pro)renin binds to this receptor and activates signal transduction
cascades (Erk1/2) independently of angiotensin generation [34].
Furthermore, secretory prorenin induces intracellular signalling in
cardiomyocytes (p38 MAPK, HSP27 and TIMP1) again
angiotensin-independently [36]. These factors are known to pro-
mote hypertrophy. The present study supports these findings
because H9c2 cells, transfected with secretory prorenin, became
hypertrophic. So far, however, we could not detect a prohyper-
trophic effect of cytosolic renin and do not yet have any evidence
that cytosolic renin interacts with the (pro)renin receptor.

A possible intracellular target for exon(1A-9)renin-derived
cytosolic renin is the renin binding protein [37]. Renin binding
protein is identical to the enzyme N-acetyl-D-glucosamine 
2-epimerase [38]. The epimerase inhibits renin activity [39] 
and is itself inhibited by renin [40]. Renin binding protein does
not have access to secretory prorenin, because it is located
within the cytosol, whereas secretory prorenin is not. On 
the other hand, renin-binding protein may well interact with
exon(2–9)renin-derived cytosolic renin because both share the
same location.

In summary, we show that a newly discovered cytosolic renin
protects from necrosis by promoting apoptosis. This is in contrast
to the known functions of secretory renin, which, through ANG
generation, exerts pro-inflammatory and profibrotic effects on the
heart [2, 41, 42]. ACE inhibitors reduce mortality rates in patients
with congestive heart failure by preventing the effects of secretory
renin [7], but cytosolic renin is unlikely a target for those
inhibitors. Cytoplasmatic renin encoded by the alternative renin
transcript from the same renin gene can therefore be considered
as a new target in modulating the process of cardiac remodelling
and hence cardiac failure.

Fig. 6 Necrosis in renin-transfected H9c2 cell lines. The LDH release was
measured from the cell-free medium and the LDH content was measured
from triton X-100 lysed cells. Necrosis was estimated by normalizing the
amount of LDH released to the LDH content of the cells. Culture time:
1–10 days. n 
 7 experiments. *: P � 0.05 versus control vector-
 transfected cells.
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Fig. 7 Apoptosis in (pro)renin transfected H9c2 cell lines. (A–D):
Determination of apoptosis by means of cell shrinkage. A whole gate
containing living and dead cells was evaluated using the FSC data as
parameter of cell size. Culture time: 1 day. (A–C): One parameter his-
tograms of the forward scatter (FSC) of one experiment. (D): mean �
S.E.M. of n 
 7 experiments. (E): caspase activity; (F): expression of
Fas antigen; (G): translocation of phosphatidyl serine to the outer mem-
brane. (E–G): mean � S.E.M. of n 
 6 experiments. *: P � 0.05 ver-
sus pIRES control vector-transfected cells.
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