








marker within kidney sections showed a significant reduction
of their colocalization in ACF animals compared to controls
(Figure 5(a)) indicating that cytochrome C had leaked from
mitochondria into the cytoplasm.

5.3. Nuclear Transfer of Caspase-3 as Activated Caspase-3
into the Nucleus of Kidney Cells following Congestive Heart
Failure. We evaluated the localization of caspase-3 using
antibodies that detect cleaved caspase-3-recombinant protein
alone or with pro-caspase-3-recombinant proteins in kidney
sections by confocal immunofluorescence microscopy in
ACF and sham-operated control rats (Figure 6). Immunoflu-
orescence confocal microscopy of kidney sections of control
rats revealed that caspase-3 immunoreactivity was confined
primarily to well-defined subcellular structures in proximal
and distal tubular cells of the kidney, no staining was found
in the glomeruli or interstitium. In contrast, caspase-3 immu-
nofluorescence was translocated into perinuclear area of cells
or nuclei within tubular cells in ACF rats. Also, some glomer-
ular cells show positive staining (Figure 6) indicating that
caspase-3 translocated in the active form. Therefore, we used
the apoptotic marker cleaved activated caspase-3 which is
absent under normal conditions and detectable only during
cell apoptosis. Indeed, using an antibody which detects
cleaved caspase-3-recombinant protein in kidney sections
of ACF rats revealed that cleaved caspase-3 immunoreactiv-
ity was confined primarily to perinuclear area of cells or
nuclei within tubular cells (Figure 6(b)).

Importantly, the number of caspase-3-IR nuclei as well as
cleaved caspase-3-IR nuclei cells in relation to the total num-
ber of DAPI-stained nuclei was significantly higher in ACF
rats than in controls (p < 0 05) (Figure 6(b)).

5.4. Transmission Electron Microscopy Evaluation of Kidney
Cells following Congestive Heart Failure. Ultrastructural
examination of kidney from control rats contrasted with ura-
nyl acetate and lead citrate presents normal tissue of kidney
ultrastructure containing mitochondria and endoplasmic
reticulum (Figure 7(a)). In contrast, kidney sections from
ACF rats present a marked cytoplasmic vacuolization of cells
and dilated endoplasmic reticulum, mitochondria, and pleo-
morphic lysosomes containing flocculent material. In addi-
tion, the changes in the structure of renal glomeruli and
tubular cells of ACF kidney included signs of matrix vacuoli-
zation, dilation of capillary, and degeneration of cell nuclei.
In edematous regions, the space between individual tubuli
was enlarged and there was a marked capillary dilation in
the peritubular area (Figure 7(b)). The morphology of the
renal tubules was also affected as reflected with numerous
swollen mitochondria with a crista disarrangement and par-
tial cristolysis within tubular epithelium (Figure 7(c)).

6. Discussion

Progressive heart failure is associated with growing deteri-
oration of kidney function which in turn leads to a hemo-
dynamic and neurohumoral worsening of heart failure,
thereby, increasing the risk of mortality by 7.5-fold [1].
This study investigated the possible mechanisms that
underlie renal damage following heart dysfunction using
the rat model of infrarenal aortocaval fistula-induced heart
failure. Kidney tissue sections of these animals showed
light microscopic alterations such as congestion, glomeru-
lar atrophy with widening of Bowman’s space, edema with
epithelial shedding in tubular structures, pyknotic nuclei,
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Figure 2: Light microscopic photographs of representative kidney sections of control and ACF adult rats. (a) and (b) show control
haematoxylin-eosin- (a) and toluidine blue-stained (b) rat kidney with normal distal (thin arrow), proximal (thick arrow) tubular and
glomerulus (G) structures are seen in the medulla of control kidney. (c) and (d) show ACF haematoxylin-eosin- (c) and toluidine blue-
stained (d) rat kidney with histopathological changes in atrophic glomeruli (G) with atrophic changes such as widening of Bowman’s
space with haemolysis, necrosis with obvious degeneration in nuclei, and apoptotic cell death. Also, histopathological changes in atrophic
distal (thin arrow) and proximal (thick arrow) tubular structures are shown with epithelial shedding and loss of brush border of proximal
tubules as well as desquamation of tubular epithelium of distal tubules in the medulla. (a), (c): ×120; (b), (d): ×200.
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desquamated cells, and hemorrhages suggesting apoptotic
events. Consistently, double immunofluorescent staining
revealed enhanced expression of proapoptotic Bax, mito-
chondrial leakage of cytochrome C, and nuclear transfer of

activated caspase-3 indicating apoptotic processes. Finally,
electron microscopy confirmed the presence of apoptosis by
signs of nuclear condensation, DNA fragmentation, shrink-
age, and dissolution of the mitochondrial structure. These
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Figure 3: Confocal microscopy of TUNEL staining ((a), (b), (c), and (d)) and proapoptotic Bax ((e), (f), (g), and (h)) in the kidney of control
and ACF adult rats. (a), (b), (c), and (d) showed TUNEL-positive (green fluorescence) with DAPI-counterstained nucleus (blue fluorescence)
immunofluorescence of the kidney in control or ACF adult rats. Note that apoptotic tubular cells were detected in the kidney following ACF-
induced heart failure in rats (c) and (d); however, no staining was found in controls (a) and (b). (e), (f), (g), and (h) Confocal microscopy of
proapoptotic Bax protein (red fluorescence) with DAPI-counterstained nucleus (blue fluorescence) immunofluorescence in the kidney in
control or in ACF adult rats. Note that the absence or weak Bax immunostaining was detected in the renal tubular cell cytoplasm of
control kidney (e) and (f). However, strong positive immunofluorescence staining within renal tubular cell cytoplasm after heart failure
induction was detected (g) and (h). Bar = 20 μm.
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Figure 4: Confocal microscopy of cytochrome C (red fluorescence) with mitochondrial marker (green fluorescence) double
immunofluorescence of the renal tubular cells in the kidney of control and ACF adult rats. Note that the cytochrome C immunostaining
overlapped with the mitochondrial marker in the cytoplasm of renal tubular cells of control kidney (A, E, I and C, G, K). However,
cytochrome C immunofluorescence was confined primarily within the cytoplasm after heart failure induction, where it no longer
colocalized with mitochondria within renal tubular cells (B, E, J and D, H, L). Bar = 20 μm.
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findings provide morphological evidence of apoptotic events
during kidney injury resulting from congestive heart failure.

Recently, our group successfully modified an experimen-
tal model of heart failure by the induction of an infrarenal
aortocaval fistula which resulted in overt signs of congestive

heart failure within a predictable short-time period [17].
Heart performance and kidney function are closely intercon-
nected, and a close link exists between these organs [1]. Dys-
function of one organ often leads to a deterioration of
function of the other one such as the kidney [27]. Recently,
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Figure 5: (a) Quantitative analysis of immunofluorescence microscopy of mitochondrial leakage of cytochrome C into the cytosol as well as
nuclear transfer of caspase-3 as activated caspase-3 into the nucleus of kidney cells following congestive heart failure. Quantitative analysis of
immunofluorescence microscopy of the colocalization coefficient of cytochrome C and mitochondrial marker showing a significant reduction
of their colocalization in the liver in ACF animals compared to in controls (n = 5, p < 0 05, Student t-test). (b) Quantitative analysis of
immunofluorescence microscopy for cleaved caspase-3-IR renal tubular cell nuclei in the kidney of ACF animals relative to the control
(∗ denotes significant differences compared to control, n = 5, p < 0 05, Student t-test).

Control ACF

(a)

Control ACF

(b)

Figure 6: Confocal immunofluorescence microscopy of caspase-3 (red fluorescence) using an antibody detecting pro-caspase-3 recombinant
protein (A–D) or cleaved caspase-3-recombinant protein (E–H) with DAPI-counterstained nuclei (blue fluorescence) in the kidney sections
of control or ACF adult rats. (A–D) Note that caspase-3 immunoreactivity was confined primarily to well-defined subcellular organelles like
structures in renal tubular cells within the kidney in control rats. In contrast in ACF rats, caspase-3 immunofluorescence was transferred into
the perinuclear area of cells or inside the nuclei of renal tubular cells (C and D) indicating an activation of proapoptotic factor caspase-3.
(E–H) Confocal immunofluorescence microscopy caspase-3 (red fluorescence) and DAPI-counterstained nuclei (blue fluorescence) in
kidney sections using an antibody detecting exclusively cleaved caspase-3-recombinant protein. (G and H) showed that cleaved
caspase-3 immunoreactivity was confined primarily to perinuclear area of cells or nuclei within renal tubular cells of ACF rat kidney
(D); however, no staining was found in the control (F). Bar = 20 μm.
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the investigation of organ crosstalk in acute renal injury
reported that cell death, inflammation, cytokine and chemo-
kine overexpression, caspase-mediated apoptotic mecha-
nisms, and oxidative stress might induce distant organ
dysfunction [28, 29]. Consistently, the progression of heart
failure may contribute to gradual toxic injury to renal cells
including apoptosis and consequently persistent kidney
damage and functional loss [5, 9]. Therefore, we investigated
pathological changes in the kidney following ACF-induced
heart failure in rats. Our histological investigation revealed
that the glomeruli and tubuli in the kidneys of heart failure
rats showed morphological and pathological changes such
as mitochondrial condensation and nuclear degeneration sug-
gesting apoptotic cell death as compared to controls. Consis-
tently, kidney apoptosis was observed by TUNEL staining as
reflected with TUNEL-positive apoptotic tubular cells in the
kidney following ACF-induced heart failure. Our findings are
in agreement with a previous study showing that themicrovas-
cular endothelial permeability, inflammation, and tubular cell
apoptosis significantly increased in rat kidneys following left
coronary artery-induced myocardial infarction [11].

Then, we further corroborated evidence for apoptotic
events by demonstrating increased expression of the proa-
poptotic protein Bax in renal tubule epithelial cells and glo-
meruli after heart failure induction. Our findings are in
agreement with the previous report by Yang et al., [30] show-
ing that Bax overexpression positively correlated with
caspase-3 activity and subsequent renal apoptosis that was
associated with renal inflammation, tubular atrophy, and
renal fibrosis in experimental glomerulonephritis. Recent
evidence is emerging that the mitochondria-mediated apo-
ptosis is initiated by a variety of apoptosis-inducing signals
that cause the imbalance of the major apoptosis regulator
such as Bax [15]. Indeed, the previous studies reported that
the proapoptotic protein Bax after being activated triggers
the disruption of mitochondrial transmembrane potential,
followed by mitochondrial swelling and an increase in the
permeability of the outer mitochondrial membrane [12–14].
Therefore, we extended our investigation to determine the

apoptotic pathway-mediated mitochondrial enzyme cyto-
chrome C in renal cell death during heart failure. Indeed,
our immunofluorescence confocal microscopy revealed that
cytochrome C immunoreactivity was confined primarily to
mitochondria within renal tubule epithelial cells in control
rats; however, it leaked into the cytosol of renal tubule epithe-
lial cells following heart failure, where it no longer colocalized
with mitochondria. This is in agreement with previous stud-
ies reporting that cytochrome C released from mitochondria
to the cytosol initiates caspase activation in isolated kidney
cortex after cadmium-induced apoptosis [31]. Similarly,
another previous study reported that cytochrome C is
released from mitochondria to the cytosol during apoptotic
events such as hypertensive nephrosclerosis in rats [32].

We further corroborated the evidence for apoptotic
pathway-mediated renal cell death by providing further mor-
phological evidence for the activation of caspase-3 from cell
organelles like structures that could be shown to translocate
in the cleaved form into the perinuclear area of renal tubule
epithelial and glomerular cells after heart failure. Our results
receive good support from previous studies demonstrating
the activation of caspase-3 in cisplatin-induced renal injuries
[33] as well as in polymyxin-induced apoptosis in rat kidney
proximal tubular cells [34].

In summary, heart failure often leads to the damage of the
kidneys, a phenomenon called cardiorenal syndrome [9]. Our
present study demonstrates that progressive heart failure [21]
is associated with obvious apoptotic events with nucleus
degeneration, mitochondrial swelling, and cell death in the glo-
merular and tubular area of the kidney. In parallel, under nor-
mal conditions, cytochrome C colocalized primarily with cell
mitochondria and cleaved caspase-3 was absent. In heart
failure, the overexpression of proapoptotic Bax protein con-
comitant with cytochrome C released from the outer mito-
chondrial membrane into cell cytoplasm led to subsequent
caspase-3 activation triggering apoptotic events. These find-
ings provide morphological evidence of renal injury resulting
from congestive heart failure and support the pathological
interactions between the heart and kidney during heart failure.
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Figure 7: Transmission electron micrograph of the rat kidney in control (a) and ACF (b and c) groups. (a) shows normal ultrastructure of the
control kidney. Note; untreated control of kidney cells consist of vital nucleus (N), well-developed cell organelles like mitochondria (M),
lysosome (L), and a well-organized cytoplasm. (b) Electron microscopic demonstration of the ACF kidney tissue. Note that ultrastructure
evaluations show a marked cytoplasmic vacuolization (V) of cells and capillary (C) dilation in the peritubular area and dilated cell
organelles and cell nuclei (N) became condensed indicating intrinsic apoptotic events. (c) Many swollen mitochondria situated between
the extensive inholdings (arrow) of the basolateral plasma membrane (∗) that create the lateral cell processes of distal tubules become
dilated and exhibit a crista disarrangement and partial cristolysis. ×5000; bars:1 μm.
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