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Abstract

Background and purpose: The renin-angiotensin system activation, partial ischemia/reperfusion (IR) injury,
and hypertension contribute to the development of acute kidney injury. The study aims to look at the vascular
responses of angiotensin II (Ang IT) during Ang II type 1 receptor (AT1R) blockade (losartan) or co-blockades
of AT1R and Mas receptor (A779) in two kidneys one clip (2K1C) hypertensive rats which subjected to partial
IR injury with and without ischemia preconditioning (IPC).

Experimental approach: Thirty-three 2K1C male Wistar rats with systolic blood pressure > 150 mmHg were
divided into three groups of sham, IR, and IPC + IR divided into two sub-groups receiving losartan or losartan
+ A779. The IR group had 45 min partial kidney ischemia, while the IPC + IR group had two 5 min cycles of
partial ischemia followed by 10 min of reperfusion and then 45 min of partial kidney ischemia followed by
reperfusion. The sham group was subjected to similar surgical procedures except for IR or IPC.
Findings/Results. Ang II increased mean arterial pressure in all the groups, but there were no significant
differences between the sub-groups. A significant difference was observed in the renal blood flow response to
Ang II between two sub-groups of sham and IR groups treated with AT1R blockade alone or co-blockades of
ATIR + A779.

Conclusion and implications: These findings demonstrated the significance of ATIR and Mas receptor
following partial renal IR in the renal blood flow responses to Ang II in 2K1C hypertensive rats.
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INTRODUCTION

The kidney's partial ischemia/reperfusion
(IR) injury is defined by the limitation of blood
supply to the kidney, subsequently regaining
reoxygenation and blood flow (1). Renal blood
flow (RBF) variations caused by IR injury may
be due to microvascular damage and
impaired vascular reactivity (2,3). Ischemia
preconditioning (IPC) is defined as a transient,
brief, and nonlethal ischemia period followed
by reperfusion used as an approach to guard the
kidney against IR injury (4-7).

The renin-angiotensin system (RAS) is a
paracrine hormonal system that controls blood
volume and pressure, electrolyte balance, and
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systemic vascular resistance (8,9). RAS has two
counter-regulatory pressor and depressor arms.
The pressor arm comprises angiotensin Il (Ang
II), angiotensin-converting enzyme (ACE), and
Ang II type 1 receptor (ATIR). The depressor
arm includes ACE2, Ang 1-7, Ang II type 2
receptor (AT2R), and Mas receptor (MasR)
(10). Ang II is the chief active peptide in RAS,
which performs its functions by binding to
ATIR and AT2R (11). Activation of the RAS
and increasing the level of Ang II play an
imperative role in IR injury (12).
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In IR injury, RAS and Ang II can worsen
renal functions by increasing renal vascular
resistance (RVR) and reducing RBF. Therefore,
inhibiting the production of Ang II and also
inhibiting of increasing the RVR and
decreasing the RBF caused by Ang Il improve
the kidney damage caused by IR. Losartan as an
ATI1R antagonist increases RBF of the ischemic
kidney after IR injury (13-16), possibly by
decreasing RVR. Ang 1-7 is another effector
peptide of the RAS. Unlike Ang II, which has
harmful effects on renal circulation, it can
increase RBF and decrease RVR by binding to
the MasR, thus protecting the kidney against IR
injury (17,18).

Hypertension is common in patients with
end-stage renal disease and chronic kidney
disease (19). Systemic and local RAS activation
through Ang II is essential in initiating and
preserving hypertension in two-kidney-one-clip
(2K1C) renovascular hypertensive (20,21).
2K1C hypertension and IR injury alter the
expression of enzymes (ACE2, ACE, and renin)
and receptors of the renal RAS (MasR, ATIR,
and AT2R) (13,20,22). The expression of
ATIR decreases and AT2R expression
increases after IR injury (23,24). In the 2K1C
hypertensive rats, the expression of ATIR
increases, and AT2R expression decreases in
the kidneys' medulla as a result of the increased
ratio of AT1IR/AT2R.

In addition, 2K1C hypertensive decreases
intrarenal MasR expression (25), while IR
injury increases MasR expression (26). In Mas-
deficient animals, the RBF and RVR decrease
and increase, respectively (27). Also, in 2K1C
hypertensive rats, MasR blockade increased the
response of RBF and RVR to Ang II infusion
after partial IR injury. In other words, the block
of MasR promotes renal hemodynamic
response to Ang II after partial IR injury in
2K1C rats (28). The interaction between the
RAS receptors also is documented; MasR can
interact with AT1R and AT2R and changes the
renal hemodynamic responses to Ang II
injection (29,30).

Accordingly, because of the variation of
RAS components in IR and 2K 1C renovascular
hypertensive and the interaction between RAS
receptors, we assumed that ATIR and MasR
can change renal vascular responses to Ang II
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infusion in hypertensive rats that suffered from
IR injury without and with IPC. To test this
theory, 4 weeks after induction of 2KI1C
hypertension, anesthetized animals were
exposed to IR with and without IPC,
and vascular responses to Ang II infusion
were determined during ATIR blockade or
co-blockade of ATIR and MasR.

MATERIALSAND METHODS

Animals

This research used male Wistar rats
(n=133,246 £ 5 g, 7-8 weeks). The animals were
received from an animal lab at the Water and
Electrolyte Research Center, Isfahan University
of Medical Sciences. The animals were housed
in polyacrylic cages and kept under
conventional laboratory conditions (23 + 2 °C
temperature, 12/12-h light/dark cycle, and free
access to food and water). Isfahan University of
Medical Sciences Ethics Committee authorized
the experimental procedure for this study
(Ethical code: IR MUILREC.1397.345).

Surgical procedures
Induction of the 2K1C hypertensive model
After anesthetizing the rats with ketamine
(60 mg/kg, intraperitoneally) and xylazine
(5 mg/kg, intraperitoneally), a 5-cm longitudinal
incision was performed on the right side of the
flank to expose the right kidney. Then, the right
renal artery was isolated, and 2K1C was
induced by placing a silver U-shaped clip
(0.2 mm inner diameter) around it (31). The clip
was closed so that RBF is not completely cut
off and partial RBF is maintained (32,33)
(Fig. 1). Finally, the operated animals were
housed in cages with standard temperature
conditions and free access to water and food for
28 days to recover and increase blood pressure.

The right renal artery was isolated, and (B) two kidneys
one clip was induced by placing a silver U-shaped clip
(0.2 mm inner diameter) around it.
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Catheterization and measurements

On the day of the experiment; 28 days
following clipping and 2KI1C renovascular
hypertension induction, the rats were
anesthetized with urethane (1.7 g/kg,
intraperitoneally; Merck, Germany). After
tracheal catheterization to facilitate airway and
oxygenation during the experiment, the left
carotid artery was isolated and catheterized
using a polyethylene catheter (Microtube
Extrusions Pty Ltd, Australia). Also, the left
jugular vein and femoral artery were
catheterized (Fig. 2). To collect urine flow
during the experiment, a polyethylene catheter
was also placed into the bladder (28).

In the next step, the animal was positioned
laterally. After making a transverse incision
with an electronic surgical cutter, the left
kidney was separated from the surrounding
tissues and put in the kidney cup. To measure
RBF, the renal artery was isolated, and an

A

-

ultrasonic flow probe (TRANSONIC MAO.7
PSB, Flowprobe, USA) with a diameter
of 0.7 mm connected to a flow meter
(T402, Transonic Systems Inc., Ithaca,
NY 14850 USA) was placed around it. The
abdominal aorta also was isolated at the place
between the mesenteric and renal arteries,
followed by placing an adjustable occluder
around it to regulate renal perfusion pressure
(RPP) throughout Ang II administration and
induction of partial ischemia (28) (Fig. 3).

Finally, the catheterized femoral and carotid
arteries were connected to a Powerlab System
(AD Instruments, Australia) to measure RPP,
systolic blood pressure, and MAP, respectively.
The catheterized jugular vein was linked to the
injection pump (New Era Pump System Inc.,
Farmingdale, @ NY, USA) for drug
administration. Besides, the RBF was measured
by the flowmeter and renal vascular resistance
was calculated by the RPP/RBF ratio (28).

Fig. 2. Twenty eight days following clipping and two kidneys one clip renovascular hypertension induction, the rats were
anesthetized with urethane. (A) After tracheal catheterization, (B) the left carotid artery was isolated and catheterized
using a polyethylene catheter. Also, (C) the left jugular vein and (D) femoral artery and bladder were catheterized.

Fig. 3. (A-C) The left kidney was isolated and put in the kidney cup. (D) The abdominal aorta was isolated, followed by
placing an adjustable occluder around it to regulate renal perfusion pressure throughout angiotensin II administration and
induction of partial ischemia. (E) To measure renal blood flow, the renal artery was isolated and (F) an ultrasonic flow
probe with a diameter of 0.7 mm connected to a flow meter was placed around it.
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Experimental protocol

The animals were divided into three main
experimental groups: sham, IR, and IPC + IR,
and each group was divided into two
sub-groups that received losartan alone or a
combination of losartan and A779. After 30 min
and reaching stable condition (equilibrium
phase), the animals with systolic blood pressure
> 150 mmHg were considered hypertensive
animals. The recorded values for MAP, RPP,
RBF, and RVR were regarded as basement data
collected during the final 5 min of the
equilibrium phase.

The experiment was continued based on the
kind of experimental group. The rats in the
sham group were subjected to the surgical
process without IPC or IR. In the IR group,
partial IR was induced by keeping RPP at the
range of 25 =+ 3 mmHg for 45 min by clamping
the abdominal aortic, and after partial IR,
reperfusion was permitted by opening the
clamp. The IPC group had two 5-min episodes
of partial ischemia, two 10-mins episodes of
reperfusion, and then 45 min of partial IR (28).
The MAP, RPP, RBF, and RVR were recorded
10 min after the beginning of reperfusion
(Fig. 4). Animal surgery was performed on a
surgical warming plate; thus, the body
temperature of the animals was controlled
during the experiment.

Antagonist infusion
At 10 min following the start of reperfusion,
the ATIR antagonist (losartan: Aburaihan
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Pharmaceutical Company, Iran) or MasR
antagonists (A779) + losartan were given using
a microsyringe infusion pump (New Era Pump
System Inc., Farmingdale, NY, USA), and 30
min after antagonist infusion, the results for
MAP, RPP, RBF, and RVR were measured in
the last 3 to 5 min of injection, which were
considered an "antagonist effect". Losartan was
infused using a microsyringe infusion pump
with a bolus dosage of 5 mg/kg and a
continuous infusion rate of 5 mg/kg/h, whereas
A779 (Bachem Bioscience Inc., King of
Prussia, Pennsylvania, USA) was administered
using a bolus dose of 50 pg/kg and a continuous
infusion rate of 50 pg/kg/h.

Ang Il infusion

In all experimental groups, the vascular
responses to graded Ang II (Sigma, St. Louis,
MI, USA) administration were determined
while the antagonists were still being infused.
Each Ang II dosage was administered for 15
min at various levels of 100, 300, and 1000
ng/kg/min. MAP, RPP, and RBF were
measured during the final 3-5 min of each Ang
II dosage to determine the vascular response to
Ang II infusion.

During Ang II injection, RPP was kept in the
range before Ang II injection or in the range
recorded in the antagonist phase. Finally, an
anesthetic overdose of urethane (approximately
five times the usual anesthetic dosage; Merck,
Germany) was administered to the animals
using a left jugular vein catheter.

Two 5 min cycles

of partial IR
followed by 10
min of reperfusion
28 3 Expermmental 30 —
days 2K1C surgery rin Equilibrium »P~1PC > @
¥
-+ Vascular response to Ang IT ----——----——-—- >
Ang 1T 1000 Ang II: 300 Ang I1: 100 Ang I1: 30
15 min 15min 15min 15 min

Infusion of antagonists (losartan and A779)

Fig. 4. Protocol of study. 2K1C, Two kidney one- clip; IR, ischemia-reperfusion; IPC, ischemia preconditioning.
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Statistical analysis

The data are reported as mean £ SEM, and
the analysis was carried out using SPSS version
22 software. The MAP, RPP, RBF, and RVR in
the basement and antagonist phases of the
sham, IR, and IPC + IR groups receiving
losartan and losartan + A779 were compared
using a one-way ANOVA followed by the LSD
post hoc test. Responses to graded Ang II
infusion were analyzed by ANOVA for
repeated measures followed by the LSD post
hoc test. P values < 0.05 for the effect of graded
Ang 1T (Pdose), the comparisons between groups
(Pgroup), and the interaction between treatment
and groups (Pdose x group) were considered
significant.

RESULTS

Measurements for the Basement

No significant differences in MAP (mmHg),
RPP (mmHg), RBF (RBF/g LKW, mL/min/g
tissue), and RVR (RVR/g LKW,
mL/mmHg.min. g tissue) were seen in the
basement data (prior to the administration of
antagonists) in the sham, IR, and IPC + IR
groups in 2K 1C renovascular hypertensive rats
when ATIR was blocked with losartan alone or
in combination with MasR blocked with A779
(losartan + A779) (Table 1).

Effect of antagonist

ATIR blockade or co-blockade of ATIR
and MasR decreased MAP, RPP, and RVR and
increased RBF in all three experimental groups.
However, there were no significant differences

in the values reported for MAP, RPP, RBF, and
RVR between the two subgroups in the sham,
IR, and IPC + IR groups (Fig. 5).

The vascular responseto Ang Il infusion

The intravenous infusion of graded Ang II
elevated MAP in a dose-related manner in all
the sub-groups. However, no significant
differences were detected between the two
sub-groups of each group of sham, IR, or
IPC + IR (Fig. 6).

As previously stated, RPP was kept constant
at the basal level by an aortic clamp during Ang
IT administration. As a result, no change in RPP
percentage change by Ang Il injection was seen
between subgroups as expected (Fig. 6).

The percentage change of RBF response to
graded Ang II infusion in all the groups
significantly increased. However, this response
was significantly different between the two sub-
groups in the sham and the IR groups, such a
difference was not observed in the IPC + IR
group. For example, in the sham group, Ang 11
infusion at a dose of 1000 ng/kg/min increased
RBF from the baseline to 16.7 = 3.17% and
38.76 £ 3.12% in losartan and A779 + losartan
sub-groups, respectively (Fig. 6). In addition, in
IR group, Ang II infusion at dose 1000
ng/kg/min increased RBF from the baseline to
31.62 +3.34%, 19.17 + 3.83 % in losartan and
AT779 + losartan sub-groups, respectively (Fig. 6).

The percentage change of RVR response to
graded Ang II infusion in all the groups
decreased significantly. However, this response
was not significantly different between the two
sub-groups of all groups (Fig. 6).

Table 1. Basement data. MAP (mmHg), RPP (mmHg), RBF (gLKW, mL/min/g tissue) and RVR (gLKW,
mL/mmHg.min.g tissue) in three groups of sham, IR, and IPC + IR in hypertensive rats when ATIR alone and both
ATIR and MasR were blocked. No significant difference in the parameters was detected between the groups.

ATIR blockade rats Co-blockade of AT1R and MasR rats

Groups RBF/ RVR/ RBF/ RVR/
n MAP RPP LKW LKW n  MAP RPP oL KW LKW
130.1+ 1235+ 237+ 57.0+ 1343+ 1261+ 2,02+ 70.9 +
Sham 3 6.7 6.5 0.30 9.2 T35 3.6 0.30 11.1
IR 6 1369+ 1299+ 253+ 58.3 + 4 1279% 12242 2,96+ 46.9 +
72 9.2 0.40 9.8 1.4 45 0.60 10.5
1321+ 1224+ 229+ 54,9+ 133.9+ 12444 283+ 46.3 +
IPC+IR 5 3.1 3.8 0.20 47 6 70 9.9 0.30 5.7
P-values 0.72 0.72 0.86 0.96 0.68 0.93 0.13 0.14

MAP, Mean arterial pressure; RPP, renal perfusion pressure; RBF, renal blood flow; gLKW, gram left of kidney weight; RVR, renal vascular
resistance; IR, ischemia/reperfusion; IPC, ischemia preconditioning; AT 1R, angiotensin type 1 receptor; MasR, Mas receptor.
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Fig 6. The effect of graded angiotensin II administration. The percentage change of mean MAP, RPP, RBF, and RVR
was evaluated after graded angiotensin II infusion. The P-values were obtained using ANOVA for repeated measures.
MAP, Mean arterial pressure; RPP, renal perfusion pressure; RBF, renal blood flow; RVR, renal vascular resistance.

DISCUSSION

In the current study, we observed that in the
sham group, the RBF response to graded Ang II
infusion increased in the sub-groups of losartan
and losartan + A779 but, this response was
greater in the losartan + A779 sub-group.

There are two types of ATIR including
ATIA and ATIB in rodents (34). ATIB is
mostly expressed in endocrine organs like the
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pituitary and adrenal, whereas ATIA is
primarily expressed in the cardiovascular
system (35). ATI1A 1is important in the
development of 2KI1C hypertension, as
knockout mice do not develop hypertension
(36). An acute dose of candesartan, as an ATIR
antagonist, increased RBF in the nonclipped
kidney of 2K1C (33,37). Due to the high levels
of renin and Ang II in 2KI1C hypertensive,
endogenous Ang II has more accessible sites



than  exogenous Ang II  (33,37,38).
Internalization of ATIR and upregulation of
nitric oxide (NO) in 2K 1C hypertension play a
significant role in the reduced RBF response to
Ang II. Inhibition of ATIR with losartan in
normotensive and 2K1C hypertensive rats
increased RBF, which confirms our study
(39,40).

In addition, MasR deficiency (Mas-/-)
causes changes in renal hemodynamics
response, including a decrease in RBF (27,41).
In the non-clipped kidney of 2KIC
hypertensive rats, blockage of MasR by 7-D-
Ala-Ang 1-7 or an ACE2 inhibitor exacerbated
the hypertension course and reduced RBF (42).
These findings imply the vasodilatory and reno-
protective effects of Ang 1-7 in the 2KI1C
hypertensive by attenuating the vasoconstrictor
effects of increased intrarenal Ang II levels.

In the current study during the ATIR +
MasR co-blockade (40), the only receptor
available is AT2R which Ang Il increased RBF
by its effect. Losartan raised RBF in the renal
wrap hypertension in both the contralateral and
wrapped kidneys (43), whereas PD123319
(AT2R antagonist) lowered RBF exclusively in
the contralateral kidneys. The decrease in RBF
in response to Ang I was amplified by AT2R
blockage (44).

The greater response of RBF to Ang II in the
sham group treated with losartan + A779 is
unknown, but evidences suggest that in
hypertensive individuals, MasR and AT2R
form a heterodimer with AT1R, reducing ATIR
signaling. It is possible that the co-blockade of
ATIR and MasR results in the heterodimer
formation only between ATIR and AT2R,
while the blockade of ATIR causes
heterodimer formation between AT2R and
MasR with ATI1R, as a result, the inhibition of
vasoconstrictor ATIR signal is stronger.

The other findings showed the response of
increasing RBF and decreasing RVR to Ang II
in the renal partial IR group treated with
losartan was greater than in the renal partial IR
group treated with losartan + A779. There is
evidence that RAS components are affected by
hypertension and IR injury (20,45). The RAS
contributes significantly to the pathophysiology
of ischemia-induced kidney damage (46), and
the balance of its two axes changes by IR. It has
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been shown that 60 and 45 min of ischemia and
24 h of reperfusion increase and decrease the
levels of Ang II and Ang 1-7 in the ischemic
kidney, respectively (47,48). In the renal IR
injury, Ang II's vasoconstrictor effects decline
which may be because receptors decrease in the
vessels and tubules of the ischemic kidney (48).
It has been reported that the expression of
ATIR decreases in rats with hypertension and
ischemic injury (48,49). Furthermore, the
expression of vasodilatory receptors (AT2R
and MasR) of RAS increases in different parts
of the kidney ischemic (26,47). Probably, these
variations in the expression of the receptor are
the compensatory mechanism to protect
kidneys from ischemia (50).

The stimulation of AT2R counteracts the
vasoconstrictive functions of ATIR via
increasing the formation of NO, kinins
(bradykinin, kallikrein), and guanosine cyclic
3’5'-monophosphate  (¢cGMP) (51). Also,
different studies using AT2R antagonists and
agonists have shown the role of AT2R in
protecting the kidney against IR injury (24,52).
As a result, the balance between the ATIR
and AT2R is crucial for controlling kidney
function (50).

The wide distribution of MasR in the kidney
indicates the importance of its role in kidney
function (53,54). So, induction of IR in animals
Mas-/- causes hemodynamic  changes;
decreased RBF and increased RVR and
activation of the MasR reduced the response
caused by ATIR (53). In addition, MasR
expression decreases in the clipped kidneys of
2K1C hypertensive rats and A779 limits the
ATI1R-mediated cellular response (55).

In 2KI1C hypertensive rats, the RBF%
changes in response to Ang II increased in the
presence of losartan. This observation suggests
the activation of AT1R by the internal ligand of
Ang II leads to vasoconstriction, and as a result,
the reduction of RBF. By inhibiting AT1R the
vasoconstrictive effect of Ang Il was inhibited
through this receptor, and as a result, RBF
increased.

In our study, in 2K1C hypertensive rats
under IR, ATIR blockade increased the RBF
response to Ang Il when compared with the
ATIR + MasR blockade, but in the sham group,
the increased RBF response was less
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in the losartan sub-group compared to
losartan + A779 sub-group. This disparity
might be attributed to IR and its impact on the
renal vascular system.

Inhibition of the vasoconstrictive effect of
ATIR by losartan, and reduction of ATIR
expression in both 2K1C hypertensive and IR
injury make Ang II unable to exert its
vasoconstrictive effect through AT1R. In other
words, Ang II acts through the vasodilator
AT2R which increases both in IR and in 2K1C
and causes an increase in RBF. The increase in
NO production due to IR is considered a
compromise mechanism to maintain RBF and
protects the kidney against ischemia damage.
Therefore, it is possible that increasing
NO is effective in increasing RBF in
hypertensive rats. Another finding showed that
administration of losartan or losartan + A779 in
2K1C hypertensive rats that underwent IPC had
no significant effect on the responses of RBF
and RVR to Ang II injection. The vascular
response from this study can be affected by
three items, including RAS components,
hypertension, and IR.

The useful effects of IPC have been reported
in the kidneys (56-59). IPC helps to restore
RBF after renal IR injury (60). In contrast,
others reported no protective effect of IPC
against IR (61). In addition, a single cycle of
IPC induction did not have a protective effect
against renal IR. It indicates that the resistance
of IPC kidneys to IR injury is associated with
the change in expression level and localization
of Ang II/ATI1R. In contrast to losartan, Ang II
treatment in IPC mice increased morphological
damage, oxidative stress, and inflammatory
responses, along with functional impairment
(62). The cardioprotective benefits of IPC
against I/R injury were improved when losartan
was co-administered with IPC (63).

The benefits of raising the expression of
endothelial NO synthase (eNOS), inducible
NOS (iNOS), and NO levels in IPC kidneys
24 h after reperfusion were eliminated by
L-NAME administration (60). IPC contributes
to the restoration of RBF most likely via NO
generation by eNOS/iNOS (64). In the present
research, ATIR blockade or ATIR + MasR
blockade in 2K1C hypertensive rats under IPC
increased and decreased RBF and RVR
responses to Ang II in a non-significant manner.
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In the current study, for IPC induction, the renal
artery was not fully occluded, and it consisted
of two cycles of partial ischemia. Therefore, the
two cycles of brief partial ischemia in IPC may
not be sufficient to protect the kidney against
prolonged partial ischemia.

Finally, using the data from this study during
kidney hypoperfusion may be useful. For
example, after coronary artery bypass surgery,
the kidney is exposed to hypoperfusion, while
hypertension itself is one of the causes of acute
kidney injury after surgery. There are numerous
challenges for therapeutic approaches using
RAS inhibitors, including angiotensin receptor
blockers and ACE inhibitors to decrease kidney
problems after coronary artery bypass surgery,
and these approaches may enhance the RAS
axes' significance. Thus, it appears that
therapeutic management of the RAS axes
activity can be used to lessen ischemic
consequences during hypoperfusion.

CONCLUSION

The percentage change of RBF and RVR
responses to graded Ang II infusion increased
and decreased, respectively in sub-groups of
sham, IR, and IPC + IR groups treated with
ATIR or ATIR + A779 blockade. With ATIR
blockade, the increased RBF to Ang Il in the IR
group was greater than in the sham group. This
difference in responses may be connected to the
kidney's altered vascular function following
partial IR. These findings demonstrated the
significance of ATIR and MasR following
partial renal IR in the RBF and RVR responses
to Ang II in 2K 1C hypertensive rats.
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