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Abstract Many studies demonstrated that angiotensin
2 type 1 receptor (AT1R) blockade accelerates renal
recovery in post-ischaemic kidney but there are many
controversies related to its net effect on kidney structure
and function. During the past years, our research group
was trying to define the pathophysiological significance
of the renin–angiotensin system on post-ischemic acute
renal failure (ARF) development in normotensive
Wistar as well as hypertensive rats (SHR). This review
mostly summarizes our experience in that field. Our
previous studies in normotensive rats revealed that
AT1R blockade, except slightly renal vascular resistance
improvement, had no other obvious beneficial effects,
and therefore implies angiotensin 2 (Ang-2) overexpres-
sion as non-dominant on kidney reperfusion injuries
development. Similarly it was observed in Wistar rats
with inducedmild (L-NAME, 3mg/kg b.w.) nitric oxide
(NO) deficiency. Expectably, in strong induced
(L-NAME, 10 mg/kg b.w.) NO deficiency associated
with ARF, massive tubular injuries indicate harmful
effects of AT1R blockade, implying strongly disturbed

glomerular filtration and suggesting special precaution
related to AT1R blockers usage. Opposite to previous,
by our opinion, AT1R antagonism promises new ad-
vance in treatment of essentially hypertensive subjects
who develop ARF. Increased glomerular filtration, di-
minished oxidative stress, and most importantly im-
proved tubular structure in postishemic SHR treated
with AT1R blocker losartan, implicate Ang-2 over pro-
duction as potently agent in the kidney ischemic injury,
partly trough generation of reactive oxygen species.
These data contribute understanding the pathogenesis
of this devastating illness in hypertensive surroundings.
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Introduction

Post-ischemic acute renal failure (ARF) devastates hos-
pitalized normotensive and hypertensive patients induc-
ing their high rate mortality and morbidity. Series of
interrelated events including tubular obstruction, pas-
sive backflow of filtrate, preglomerular vasoconstric-
tion, and a fall in both glomerular filtration rate (GFR)
and renal blood flow (RBF) characterize renal post-
ischemic events in humans and animals [11, 15, 24].
Among others, angiotensin 2 (Ang-2) potently affects
intrarenal vasoconstriction [7]. It modulates GFR direct-
ly by affecting the tone of both efferent and afferent
arterioles and also mediates mesangial cell function
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[17]. Besides, ischaemic renal injury increases plasma
renin activity in the initial stages of both clinical and
experimental forms of ARF [38]. Ang-2 is one of the
main vasoactive signaling molecule involved in the
generation of reactive oxygen species (ROS) which are
overproduced in the ischemic phase of ARF [27, 9]. It
participates in increased expression and activity of one
of the major ROS generators, NADPH oxidase [35].
Renal dysfunction caused by overproduction of ROS
after ischemia–reperfusion is closely associated with
cell membrane peroxidation, mitochondrial dysfunc-
tion, inhibition of protein synthesis, DNA damage and
inhibition of the antioxidant defense [16, 12]. Also, it is
well-known that the increased production of Ang-2
characterizes hypertension [11]. Beyond intrarenal va-
soconstriction, high level of Ang-2 harmfully modulates
necrotic and apoptotic changes in the kidney tissue
during reperfusion period [12, 30]. Many studies dem-
onstrated that Ang-2 type 1 receptor blockade acceler-
ates renal recovery after post-ischaemic kidney injury
[27, 18, 19], but there are many controversies related to
its net effect on kidney structure and function. During
the past years, our research group was trying to define
the pathophysiological significance of this important
cardiovascular player on ARF development in normo-
tensive as well as hypertensive rats. The present article
mostly considers these data.

AT1 blockade in renal ischemia and normal blood
pressure

The most effects of Ang-2 are mediated by AT1 receptor
including ‘classical’ effects of the renin–angiotensin sys-
tem (RAS) such as vasoconstriction, renal salt and water
retention, central osmo-control and stimulation of cell
growth [3]. Kontogiannis and Burns [27] demonstrated
that renal ischaemia–reperfusion injury caused an early
increase of intrarenal Ang-2 levels, associated with a
reduction of mRNA for angiotensinogen and proximal
tubular AT1 receptors. They found that blockade of AT1
receptors with losartan accelerated recovery of renal
function followed by significant decrease in serum creat-
inine after bilateral renal pedicle occlusion for 60 min in
Sprague–Dawley rats. These authors suggested im-
proved glomerular filtration due to better renal
haemodynamics after AT1 receptor blockade treatment.
Opposite, in our study [21] renal blood flow non-
significantly raised in the group treated with losartan
24 h after 45-min renal ischaemia in Wistar rats. Also,

we showed that losartan, except slightly renal artery
resistance improvement, did not exert beneficial effects
on glomerular filtration rate (Fig. 1a). Finally, in this
study losartan had almost no any influence on tubular
necrosis induced by ischaemia–reperfusion (Fig. 1b, c).
Different findings between our results and Kontogiannis
and Burns [27] could be point of both different rat strain
and ARFmodel usage. Namely, Kontogiannis and Burns
bilaterally occlude renal pedicle of Sprague–Dawley rats
for 60 min, which thereafter recovered both kidneys.
These authors used different dose and time course of
losartan application (25 mg/kg s.c. starting at the time
of reperfusion) compared to our study. Such experimental
design was probably characterized with a milder renal
injury in comparison to our one kidney 45-min reperfu-
sion model, allowing RAS blockade to express more
beneficial on renal tissue. On the other hand, similar to
our results, Kim et al. [25] reported that pre-treatment
with enalapril and losartan did not prevent reduction of
GFR 24 h after ischaemic ARF. These authors used 60-in
bilateral obstruction of renal pedicle in rabbits as a model
of kidney ischemia–reperfusion injury. They suggested
that the late reduction in GFR in post-ischemic kidneys
was not mediated by Ang 2, but was mediated, at least in
part, by the tubuloglomerular-feedback mechanism. Al-
though these authors use rabbits as a model, it is ratio-
nally to conclude that in our design RAS blockade also
through decreased arterial and filtration pressure, dis-
turbed glomerular autoregulation and therefore contrib-
uted to the slowing down of kidney recovery. It is well-
known that blockade of AT1 receptors has a noticeable
natriuretic effect. In the study of our group [21], excretion
of sodium was markedly higher in losartan-treated rats
than in untreated ARF rats 24 h after reperfusion injury
(Fig. 1a). Most probably, this increase in urinary sodium
excretion in losartan-treated groups was not due to renal
haemodynamic deterioration or massive tubular injury
but mostly was consequence of AT1 receptors blockade
in tubules. Navar [32] demonstrated the presence of
angiotensinogen and angiotensinogen mRNA in proxi-
mal tubule cells, what indicated that Ang-2 or precursors
of Ang-2 were secreted directly into the proximal tubular
lumen by the epithelial cells. Micropuncture studies by
these authors provided direct evidence that activation of
intraluminal AT1 receptors by Ang-2 exerted a substan-
tial stimulatory influence on sodium transport in both
proximal and distal tubules. Moreover, RAS axis is du-
ally affected after renal ischemia. Two pathways,
angiotensin-converting enzyme (ACE)/Ang2/AT1
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receptor and angiotensin-converting enzyme 2 (ACE2)/
(Ang-(1–7)/Mas receptor, have opposite effects on renal
tissue injury, deleterious and protective, respectively
[20, 10]. ACE2 is a modulator of AgII levels and it
converts AgII to Ag-(1–7) which binds to Mas receptor
in renal tissue antagonizing many deleterious effects of
AgII [41]. Barosso et al. [1] have shown that AVE0991, a
nonpeptide Mas agonist, attenuated renal functional im-
pairment, decreased the local and systemic inflammatory
responses, and reduced glomerular and tubulointerstitial
damage in a murine model of AKI induced by bilateral
I/R injury. Upstream blockade of RAS axis trough renin
inhibition also exerted beneficial effects on renal I/R.
Wang et al. [43] shown that pretreatment with renin
inhibitor aliskiren, reduced serum creatinine and blood
urea nitrogen levels, ameliorated renal histopathological
changes, and decreased the apoptosis of cells and leuko-
cyte infiltration in kidney of Sprague–Dawley rats. They
also demonstrated that aliskiren ameliorated oxidative
stress trough increasing of superoxide dismutase (SOD)
and glutathione (GSH-reduced form) levels. Taken to-
gether, our results indicate opposite to others, that AT1
receptor blockade has no beneficial neither deleterious
effects in normotensive Wistar rats with induced ARF.
Discrepancy among our and studies with beneficially
effects of RAS blockade in normotensive rats should be
considered in contest of strain usage and degree of kidney
injury performed.

AT1 blockade in renal ischemia with hypertension

Numerous studies indicate that a vasodilatory nitric
oxide (NO) has a crucial role in the pathogenesis of
ARF, and that spontaneous NO donors may be clinically
effective in ischaemic ARF [22, 24, 28]. This motivated
our research group to examine effects of both mild and
strong NO blockade (induced by acute L-NAME, NG-
L-Arginine Methyl ester, treatment) on the course of
post-ischemic ARF in Wistar rats. These models mimic
NO deficiency in conditions such as some forms of
arterial hypertension, heart failure and chronic renal
failure. We found losartan beneficial for protein and
sodium excretion in the mild hypertensive NO deficien-
cy (induced by 3 mg/kg L-NAME infusion) in Wistar
rats [30]. Nevertheless, there were no obvious tubular
injury improvements in this group of rats (Fig. 2a, b).
On the other hand, in strong NO blockade induced by
acute 10 mg/kg L-NAME infusion and followed by
severe hypertension, prominent tubular necrosis in the

corticomedullary region, tubular dilatation and a huge
number of PAS-positive casts in collecting ducts were

Fig. 1 Kidney biochemistry and histology in normotensiveWistar
rats with renal ischemia. a Losartan had no influence on creatinine
clearance, but increased renal failure index and fractional excretion
of sodium (FeNa+) in Wistar rats with induced acute renal failure.
b Wistar rat with induced ARF. Tubular dilatation, intensive
interstitial edema and widespread tubular necrosis in cortico-
medulary area (PAS × 250). c Wistar rat with induced ARF and
treated with losartan (10 mg/kg b.w.). Tubular dilatation, slightly
interstitial edema, and tubular necrosis in cortico-medulary area
(PAS × 320)
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observed in rats treated with losartan (Fig. 2c, d). Glo-
merular filtration was significantly reduced in that group
of rats. Harmful effects of losartan suggested that vaso-
constriction due to strong NO synthesis blockade could
not be ameliorated by Ang-2 receptor antagonismwhich
additionally contributed to disturbed glomerular
autoregulation.

In another set of research, we examined the role of
Ang-2 on the course of post-ischemic ARF in spontane-
ously hypertensive rats (SHR), mainly through relation
between the increased oxidative stress and Ang-2 type 1
receptor blockade [18]. We used SHR in which Ang-2-
mediated generation of ROS in the kidney is associated
with NADPH oxidase overexpression [45], even before
the onset of hypertension. It was shown that angiotensin-
converting enzyme inhibitor captopril, decreased oxida-
tive stress in hypertensive rats [4]. Additionally, AT1R

antagonist, candesartan, significantly attenuated lipid
peroxidation in human hypertension [26]. In our study
[18], AT1R antagonist losartan reduced TBARS level (a
marker of lipid peroxidation) in plasma leading to target
cells protection after renal reperfusion injury in SHR
(Fig. 3). Increased CAT activity in this study confirmed
the influence of Ang-2 on oxidative distress which was
reduced by losartan. Authors also showed that losartan
could prevent increasing of H2O2 caused by Ang-2 infu-
sion [30]. In previous haemodynamic study [19], we
found that losartan, as potent vasodilator, decreased arte-
rial pressure and renal vascular resistance in treated rats
compared to control ARF. This suggests that Ang-2
strongly participates in both systemic blood pressure
and regional blood flow controls after renal ischemia in
SHR. In addition to described haemodynamic benefits,
losartan also significantly increased creatinine clearance

Fig. 2 Kidney histology of Wistar rats with NO deficiency and
induced ARF. a Wistar rat with induced ARF and treated with L-
NAME (3 mg/kg nw.). Focal necrotic arrays, a huge number of
PAS-positive casts in collecting ducts, tubular dilatation with
pronounced loss of the brush border of proximal tubular epitheli-
um in the cortex (PAS × 250); b Wistar rat with induced ARF,
treated with both L-NAME (3 mg/kg b.w.) and losartan (10 mg/kg
b.w.). Slightly pronounced tubular necrosis and pronounced

tubular dilatation in the corticomedullary zone (PAS × 250); c
Wistar rat with induced ARF treated with L-NAME (10 mg/kg
b.w.). Intensive tubular necrosis, tubular dilatation and interstitial
edema (PAS × 320); d Wistar rat with induced ARF, treated with
both L-NAME (10 mg/kg b.w.) and losartan (10 mg/kg b.w.) and
widespread tubular necrosis, tubular dilatation, and a huge number
of PAS-positive casts in tubular lumen (PAS × 320)
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[18] 24 h after renal reperfusion injury (Fig. 3). These
data confirm that in disturbed vasoactive milieu such as
hypertension, Ang-2 plays a critical role in control of
glomerular filtration. Animal and human based studies
found high-density lipoprotein (HDL) fraction of choles-
terol protective against ischemia [40, 29]. Thiemermann
[40], showed that bolus of HDL could improve renal
function and structure after ischemic episode of ARF in
Wistar rats. Otherwise, it was shown that Ang-2 down-
regulated protective HDL receptors on tubular cells via
AT1R [44]. In our study [18], blockade of AT1R with
losartan resulted in a significant increase of plasma HDL
content (that appeared as a main fraction in total plasma),
probably due to anti-oxidative action of losartan (Fig. 3).
That could be another mechanism of AT1R protection
against renal ischemia in hypertensive rats. However,
morphological changes in the kidney tissue represent
the best portrait of ARF development [21, 37]. Our results
[18] clearly indicated that losartan, used to block AT1R in
the early stages of ischemic ARF had beneficial effects on
renal morphological structure in genetically hypertensive
rats. Less severe lesions of tubular epithelial cells (the
main damage area during ARF) in losartan-treated rats
(Fig. 4a, b) correlated with previously reported improve-
ment of both systemic and renal artery hemodynamic
parameters [19], as well as the biochemical markers of
kidney function [18]. Other authors also showed protec-
tive effect of losartan on kidney morphology in rats with

gentamicin-induced ARF [14] and also in malignantly
hypertensive rats [39]. Considering cell surviving and
regeneration as important factors in recovery after ARF
induction, we examined expression of pro-apoptotic
(Bax) and anti-apoptotic (Bcl-2) genes in hypertensive
rats with ARF [18]. We found that AT1R blockade sig-
nificantly reduces the expression of both Bax, as well as
Bcl-2 genes after kidney reperfusion injury. Because
Ang-2-induced apoptosis of mesangial and proximal tu-
bular cells is associated with increased generation of ROS
[36], our findings suggest that RAS blockade slows down
tubular cell death leading to decreased expression of pro-
apoptotic Bax gene after renal ischemia–reperfusion
(Fig. 4c, d). On the other hand, decresed oxidative stress
and both structural and functional tubular improvement
due to AT1R blockade, resulted with diminished anti-
apoptotic Bcl-2 gene expression (Fig. 4e, f). In recent
years, the relevance of angiotensin type 2 receptors
(AT2Rs) in renal ischemia–reperfusion is occupying at-
tention of many research groups. AT2Rs, in many ways
negatively modulate the actions of AT1Rs [5, 8, 6, 23],
are widely expressed throughout the kidney. In addition
to vascular and tubular elements, they are frequently
expressed in renal proximal tubule cells [33, 31]. Usage
of AT2R transgenic mice subjected to five sixths (5/6)
nephrectomy is a relevant model of ischemic renal injury
[13]. In those animals, glomerular expression of AT2Rs
was upregulated by 5/6 nephrectomy leading to

Fig. 3 Biochemical parameters
in SHR with renal ischemia.
Losartan reduces lipid
peroxidation, increases HDL and
improves glomerular filtration in
SHR with ARF. TBARS
(thiobarbituric acid reactive
substances) concentration; HDL
(high-density lipoprotein)
concentration; n—number of
animals
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decreasing of urinary albumin excretion in comparison to
wild-type mice. Also, transforming growth factor-β and
platelet-derived growth factor were significantly reduced
in those rats, but urinary excretion of nitric oxide metab-
olites increased 2.5-fold. All of the above-mentioned

responses were blocked by AT2R antagonist PD-
123,319 [34]. Moreover, animals pre-treated with AT1R
antagonist, losartan, showed a further increase in AT2R
expression [42]. These data indicate that AT2R represents
a beneficial counter-regulatory mechanism to protect the

Fig. 4 Kidney histology, Bcl-2 and Bax expression in SHR with
ARF. a SHR with induced ARF. Intensively proximal tubular
dilatation and necrosis, massive PAS-positive casts in tubular
lumens; b SHR rat with induced ARF and treated with losartan
(10 mg/kg b.w.). Moderately tubular necrosis, reduced tubular
dilatation and less number of PAS-positive tubular casts; c Bcl-2
expression in SHR with induced ARF. Upregulated Bcl-2 expres-
sion on tubular cells; d Bcl-2 expression in SHR with induced

ARF and treated with losartan (10 mg/kg b.w.). Slightly expres-
sion of Bcl-2 protein on tubular cells; e Bax expression in SHR
with induced ARF.Widely and strong expression of Bax expended
on proximal tubular cells; f Bax expression in SHR with induced
ARF and treated with losartan (10 mg/kg b.w.). Reduced Bax
protein tubular expression after ischemic-reperfusion injury in
losartan-treated rats
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kidney from the ischemic injury. Opposite to previous,
study of Bedford at al. [2] showed that usage of RAS
antagonists increased risk of AKI occurring in primary
care in all patients even after multiple adjustment for
confounding risk factors, importantly including adjust-
ment for systolic blood pressure. Furthermore, these au-
thors showed that after fully adjustments of hypertension
the risk fell away and became non-significant for moder-
ate and severe forms of AKI. In summary, our results
clearly indicated that AT1R blockade had potential to
reduce hypertension and improve kidney structure and
function after kidney reperfusion injury in rats with spon-
taneously hypertension. This also suggests that hyperten-
sive patients on RAS receptor antagonist therapy carry no
special risks if suffer episode of post-ischemic AKI.
Nevertheless, this conclusion requires serious clinical
evaluation.

Conclusion

Blockade of the renin–angiotensin cascade remains in-
triguing point in renal pathophysiology. As an important
physiological system that among others regulates glo-
merular filtration and tubular reabsorption, RAS is over
expressed in renal pathology. Nevertheless, its therapeu-
tically blockade requires serial precautions in these con-
ditions. Our studies in normotensive rats revel that
AT1R blockade, except slightly renal vascular resistance
improvement, had no obvious beneficial effects on kid-
ney function and structure after renal ischemia. This
implies Ang-2 overexpression as non-dominant event
in reperfusion injuries in Wistar rats. Similarly, it was
observed in Wistar rats with mild NO deficiency. Ex-
pectably, in the stage with strong NO deficiency, mas-
sive tubular injuries and declined glomerular filtration
were potentiated with adverse effects of Ang-2 receptor
blockade what requires special precaution.

Opposite to previous, AT1R antagonism promises
new advance in the treatment of hypertensive subjects
who developed ARF. Increased glomerular filtration,
diminished oxidative stress, and most importantly im-
proved tubular structure in losartan-treated SHR with
induced ARF, implicate that Ang-2 overexpression po-
tently participates in the kidney ischemic injury, partly
trough generation of ROS. Further increase of protective
AT2R expression after AT1R antagonist therapy, at least
in part, could contribute to better function and structure
of the kidney. In summary, all presented data participate

understanding the pathogenesis of this devastating ill-
ness in hypertensive surroundings and for therapy of
hypertensive patient who survived ischemic episode of
ARF.
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