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Abstract

Angiotensin Il preconditioning (APC) involves an angiotensin Il type 1 receptor (AT1-R)-
dependent translocation of PKCe and survival kinases to the mitochondria leading to
cardioprotection after ischemia-reperfusion (IR). However, the role that mitochondrial AT1-Rs and
angiotensin 11 type 2 receptors (AT2-Rs) play in APC is unknown. We investigated whether
pretreatment of Langendorff-perfused rat hearts with losartan (L, AT1-R blocker), PD 123,319
(PD, AT2-R blocker) or their combination (L+PD), affects mitochondrial AT1-R, AT2-R, PKCe,
PKCS, Akt, PKG-1, MAPKSs (ERK1/2, JNK, p38), mitochondrial respiration, cardiac function,
and infarct size (IS). The results indicate that the expression of mitochondrial AT1-Rs and AT2-Rs
were enhanced by APC 1.91-fold and 2.32-fold, respectively. Expression of AT2-R was abolished
by PD but not by L, whereas the AT1-R levels were abrogated by both blockers. The AT1-R
response profile to L and PD was also shared by PKCe, Akt, MAPKSs, and PKG-1, but not by
PKCS&. A marked increase in state 3 (1.84-fold) and respiratory control index (1.86-fold) of
mitochondria was observed with PD regardless of L treatment. PD also enhanced the post-
ischemic recovery of the rate pressure product (RPP) by 74% (p<0.05) compared with APC alone.
Losartan, however, inhibited the RPP by 44% (p<0.05) before IR and reduced the APC-induced
increase of post-ischemic cardiac recovery by 73% (p<0.05). Finally, L enhanced the reduction of
IS by APC through a PD-sensitive mechanism. These findings suggest that APC upregulates
angiotensin Il receptors in mitochondria and that AT2-Rs are cardioprotective through their
permissive action on AT1-R signaling and the suppression of cardiac function.
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1. Introduction

Angiotensin Il (Ang 1) is a multifunctional hormone that affects a myriad of cellular
processes and organs, in particular, the kidneys, the heart, and the vascular system [33]. It
acts mainly through two G-protein coupled receptors: Ang Il type 1 (AT1-Rs) and type 2
(AT2-Rs) receptors. The AT1-R mediates most of the well-known effects of the hormone
(i.e., vasoconstriction, aldosterone secretion, cardiac and vascular hypertrophy, and ROS
generation, among others) whereas the AT2-R reportedly antagonizes the AT1-R and exerts
protective effects on cells, tissues, and organs [14, 27].

The renin-angiotensin system (RAS) of which Ang Il is a critical component, was initially
described as a circulatory, endocrine system for the control of blood pressure, through renal,
vascular and central mechanisms. However, a local RAS system is present in different
organs (i.e., brain, kidney, vasculature and the heart) with distinct functional properties (i.e.,
control of fibroblast homeostasis, inflammation, cell-matrix deposition, regulation of
glomerular filtration and ion transport in the kidney). More recently, an intracellular/
intracrine RAS system has been proposed [22] although its role is largely unknown.
Evidence is available for intracellular co-localization of Ang Il and renin in various cell
types [10,16,37]. Besides, intracellular AT1-R-dependent Ca2* mobilization in vascular
smooth muscle cells [3], and the regulation of RNA synthesis, cell proliferation, and
collagen secretion are regulated by intracellular Ang Il through nuclear receptors in cardiac
fibroblasts [46]. AT1-Rs and AT2-Rs in the nuclear membrane of cardiac fibroblasts appear
to be involved in the latter effects [19]. Also, intracellular injection of Ang Il in
cardiomyocytes reportedly affects cell volume and communication, and ion-channel activity
[11]. These intracellular actions of Ang Il are insensitive to extracellular Ang 11 receptor
blockers (ARBS) indicating that the effects of intracellular Ang Il are independent of plasma
membrane receptors [46]. These intracellular receptors are affected by Ang Il originating
either from cellular or internalized Ang 1l [22].

Although it is well established that Ang Il is necessary for normal cell function, growth, and
development, chronic exposure to the hormone through RAS upregulation in animals and
patients is associated with pathologies such as hypertension, hypertrophy of the vascular
wall, inflammation, and renal disease, among others [33]. Indeed, treatment with RAS
inhibitors [ARBs, and angiotensin-converting enzyme (ACE) inhibitors] ameliorates the
pathophysiological conditions associated with RAS upregulation. However, recent reports
[13,30,35,36,44] indicate that brief and repetitive exposure of rat hearts to Ang I, known as
Ang |1 preconditioning (APC), exerts cardioprotective effects against ischemia-reperfusion
(IR) injury. The cardioprotective effect of APC is characterized by improved cardiac
function, reduced mitochondrial permeability transition pore (mPTP) opening, improved
respiratory control index (RCI), and reduced infarct size (IS) and LDH release [35]. APC
also increased the PKCe/PKCS5 ratio and promoted a chelerythrine-sensitive translocation of
Akt, and MAPKs (ERK1/2, p38, JNK) to the mitochondria [36]. The AT1-R is required for
APC because blockade of the receptor by losartan abolished the APC-induced post-ischemic
recovery of cardiac function as well as PKCe-dependent signaling in heart mitochondria.
Also, the reduction of IS by APC can be prevented by pretreatment with chelerythrine (pan-
PKC inhibitor) or its infusion at reperfusion [36]. These studies indicated that the effects of
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APC include an AT1-R-mediated mechanism that promotes cardioprotection through the
activation/translocation of PKCe-dependent survival kinases to the mitochondria and the
inhibition of mPTP. However, the relationship of APC with recently described mitochondrial
AT1-Rs and AT2-Rs [1,47] remains unknown.

In the present study, we investigated whether APC is associated with changes in AT1-Rs and
AT2-Rs in the mitochondria and their relationship with the expression/translocation of
PKCe-dependent survival kinases to these organelles. We also evaluated the interaction of
these receptors with mitochondrial respiration and cardiac function and assess their role in
tissue recovery by measuring IS. Therefore, Langendorff perfused rat hearts were subjected
to APC followed by IR with or without pretreatment with losartan, PD 123,319 (PD) or its
combination. The results indicate that APC increases the expression of Ang Il receptors
(AT1-Rs and AT2-Rs) in mitochondria. Interestingly, AT2-Rs have a permissive effect on
AT1-R-dependent signaling and suppress mitochondrial respiration and cardiac function.
AT2-Rs appear to play a central role in the cardioprotective effects of APC because losartan
enhanced the APC-induced reduction of IS through a PD-sensitive mechanism. These
findings support a pivotal role of mitochondrial AT2-Rs in the control of cardiac function in
APC.

2. Materials & Methods

2.1

Animals: Male Sprague-Dawley rats weighing 140-160 g were purchased from Charles
River (Wilmington, MA, USA). All experiments were performed according to protocols
approved by the University Animal Care and Use Committee and conformed to the Guide
for the Care and Use of Laboratory Animals (NIH Publication No. 85-23, revised 1996).

Langendorff-mode perfusion

Hearts were isolated and perfused in the Langendorff mode as described previously [35].
Briefly, rats were anesthetized intraperitoneally with pentobarbital sodium (35 mg/kg body
weight). The hearts were rapidly excised and immediately arrested in ice-cold buffered
Krebs-Henseleit solution (KHS) containing (in mM): 118 NaCl, 4.8 KCI, 1.2 KH,POy, 1.25
CaCly, 1.2 MgS0Oy, 11 glucose, and 25 NaHCO3 equilibrated at pH 7.4 with 5% CO,/95%
O, The isolated hearts were mounted on a Langendorff’s perfusion apparatus and perfused
at constant flow (10-12 mL/g heart weight per min) with KHS at 37°C. A water-filled latex
balloon was inserted into the left ventricle and connected to a pressure transducer for
continuous monitoring of left ventricular pressure. Balloon volume was set to give an initial
left ventricular end diastolic pressure (LVEDP) of 4-6 mmHg. Data acquisition to determine
left ventricular developed pressure (LVVDP), heart rate (HR), and coronary perfusion pressure
(CPP) was performed with the Labscribe2 Data Acquisition Software (iWorx 308T, Dover,
NH). Rate pressure product (RPP) was determined using LVDP and HR and expressed as
mmHg/min. CPP was registered with a pressure transducer connected to a side arm of the
aortic perfusion cannula. Coronary resistance (CR) was determined using CPP and perfusate
flow during the first (5 min) cycle of Ang Il preconditioning. Data of CR (mmHg x min/mL)
is reported at 1 and 5 min after the onset of Ang Il action.
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2.2. Animal groups

Isolated buffer-perfused rat hearts were stabilized for at least 20 min and randomized into
the following six groups (i) Basal group, hearts were perfused for 195 min with KHB, (ii)
Control (IR) group, hearts were perfused for 75 min without any intervention followed by 30
min of global ischemia and 90 min of reperfusion, (iii) APC group, hearts underwent four
cycles of 5 min perfusion with Ang Il (10 nM) and 5 min washout for a total of 40 min prior
to the 30 min global ischemia and 90 min reperfusion, (iv) APC+losartan group, hearts were
infused with losartan (AT1-R blocker, 10 uM) for 15 min prior and during APC protocol
followed by the 30 min global ischemia and 90 min reperfusion, (v) losartan group, hearts
were infused with losartan for 55 min during pre-ischemia, followed by the 30 min global
ischemia and 90 min reperfusion, (vi) APC+PD group, hearts were infused with PD (AT2-R
blocker, 1 uM) for 15 min prior and during APC protocol followed by the 30 min global
ischemia and 90 min reperfusion, (vii) PD group, hearts were infused with PD for 55 min
during pre-ischemia, followed by the 30 min global ischemia and 90 min reperfusion, (viii)
APC+losartan+PD group, hearts were infused with losartan and PD for 15 min prior and
during APC protocol followed by the 30 min global ischemia and 90 min reperfusion, and
(ix) losartan+PD group, hearts were infused with losartan and PD for 55 min during pre-
ischemia, followed by the 30 min global ischemia and 90 min reperfusion. Global ischemia
was induced by switching off the pump. During ischemia, hearts were immersed in KHS
buffer maintained at 37°C. The concentrations of losartan and PD used in this study were
chosen from previous work with cultured cells [15], vasculature [5], and isolated hearts
[17,30,41,45]. A diagram of perfusion protocols is illustrated in Figure 1.

2.3. Infarct size assessment

A subset of hearts (n = 4-7 per group) underwent the corresponding perfusion protocols for
each group to determine infarct area as described previously by Liu et al. [30]. Briefly, at the
end of reperfusion, the ventricles were isolated, weighed and frozen for 90 min at —20°C.
The ventricles were then cut into 1.5-mm-thick slices and stained with 1%
triphenyltetrazolium chloride (TTC) in phosphate buffer (pH=7.4) at 37°C followed by
fixation with 10% formalin at room temperature. The slices were then mounted on glass
plates of 1.5 mm thickness and digitally photographed. The digital images were analyzed for
the infarcted area (TTC negative) using the NIH ImageJ software. Results were expressed as
infarcted area/total area x 100.

2.4. Isolation of mitochondria

At the end of reperfusion, mitochondria were isolated as described previously [35]. Briefly,
the ventricles were cut, weighed, and homogenized with a Polytron homogenizer in 3 mL of
ice-cold sucrose buffer containing 300 mM sucrose, 10 mM Tris-HCI, and 2 mM EGTA,; pH
7.4. Mitochondria were isolated from homogenate by centrifugation at 2,000g for 3 min,
followed by centrifugation of the supernatant at 10,000g for 6 min. The pellet was then
resuspended and washed two times by centrifugation at 10,000¢g for 6 min. The final pellet
containing mitochondria was resuspended and used for analysis of protein expression and
determination of mitochondrial respiration rates. The purity of the mitochondrial preparation
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was evaluated using the mitochondrial marker, voltage-dependent anion channel (VDAC)
and the cytosolic marker GAPDH.

2.4 Determination of mitochondrial respiration rates

Mitochondrial respiration rates [35] were determined as previously described using a YSI
Oxygraph (Yellow Springs, OH, USA) model 5300 and a Clark-type oxygen electrode.
Mitochondria were suspended in a buffer containing (in mM): 125 KCI, 20 MOPS, 10 Tris,
0.5 EGTA and 2 KH,PO,4 supplemented with the substrates for complex | of the electron
transfer chain, 2.5 mM 2-oxoglutarate and 1 mM L-malate. Oxygen consumption rates
(nmol/mg protein x min) were measured at 30°C in the absence (state 2) and presence of 1
mM ADP (state 3), and normalized to mg of mitochondrial protein. Since state 2 was
measured in the presence of substrates without the addition of ADP, the measurement
provided values similar to those of state 4, which occurs after ADP depletion by the end of
state 3. The respiratory control index (RCI) by Lardy was calculated as the ratio of state 3 to
state 2 [26].

2.5. Western blot analysis

Immunoblotting was performed as described previously [4]. Protein concentrations in
mitochondria and homogenates were determined using a Bradford assay kit (Bio-Rad,
Hercules, CA, USA). Equal amounts of mitochondrial and homogenate proteins from the
different experimental groups were resolved on 10% SDS-PAGE and transferred onto
Amersham Hybond ECL nitrocellulose membranes (GE Healthcare Bio-Sciences Corp.,
Pittsburgh, PA). Membranes were blocked with 5% BSA in TBS. The antibodies used in this
study were against total forms of PKCe (1:1000), PKCS8 (1:200), AT1-R (1:200), AT2-R
(1:200) (Santa Cruz Biotechnology, Santa Cruz, CA), Akt (1:1000), ERK1/2 (1:1000), JINK
(1:1000), p38 (1:1000), PKG-1 (1:1000), VDAC (1:1000) (Cell Signaling Technology,
Danvers, MA), and GAPDH (1:10000) (Sigma-Aldrich, MO, USA). The signals were
visualized by Odyssey CLx Quantitative Fluorescent Imaging System with the secondary
infrared antibodies IRDye 800CW goat anti-rabbit (1:25000) and 800CW donkey anti-goat
(1:25000). Results were analyzed with Image Studio Lite Software (LI-COR Biotechnology,
Lincoln, NE).

2.6. Statistical analysis

Data are presented as mean + standard error of the mean (SEM) of 4-14 experiments per
group. Statistical comparisons were performed with One-way analysis of variance
(ANOVA). A pvalue of <0.05 was considered significant. When a significant overall effect
was present, intergroup comparisons were performed using a Tukey-Kramer correction for
multiple comparisons.

3. Results

3.1. Effects of losartan and PD on coronary resistance and cardiac work in control and

APC hearts

3.1.1. Validation for the use of losartan and PD as blockers of AT1 and AT2
receptors: Coronary resistance—Losartan and PD are two angiotensin receptor
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blockers (ARBs) commonly used to define AT1-R and AT2-R actions. To validate their use
in this study, the effects of losartan (10 pM) and PD (1 uM) on coronary resistance (CR)
were tested in non-ischemic perfused hearts after Ang Il infusion. These determinations
were performed at 1 and 5 min (Fig. 2a and 2b, respectively) to assess the initial and
secondary effects of AT1-R and AT2-R blockers on this parameter. Ang Il increased CR 4—
6-fold over the basal value at both time points (p<0.05 for both), and this effect was
abolished by losartan indicating the involvement of AT1-Rs. By contrast, AT2-R blockade
with PD markedly increased CR by 3-fold (0<0.05) in the presence of Ang Il at 1 min but
reduced it by 37% (p=0.16) at 5 min. These data confirm previous findings [5,43] indicating
that Ang Il increases vasomotor tone through AT1-Rs and that AT2-R blockade potentiates
this action during short-term exposure to the hormone.

3.1.2. Stimulatory effect of APC on cardiac work: Inhibition by Losartan and
stimulation by PD—During pre-ischemia (Fig. 2c), the RPP, which is used as an index of
cardiac work, was not affected by APC with or without PD. Losartan, however, inhibited this
parameter in APC hearts by 44% (p<0.05) indicating an AT1-R-dependent contribution to
cardiac function under basal conditions. This effect was not observed in the presence of PD.
During the post-ischemic phase (Fig. 2d), APC improved cardiac recovery by 2.1-fold
(p<0.05) and this effect was abrogated by losartan as previously reported [35,36]. However,
cardiac recovery significantly enhanced compared with the control or APC in the presence
of PD with or without losartan (APC+PD versus Control: 3.7-fold, p<0.05; APC+L+PD
versus APC: 72%, p<0.05). These data demonstrate a significant cardioprotective effect of
AT2-R suppression on the post-ischemic recovery of cardiac function that is independent of
AT1-R stimulation.

3.2. APC restores the normal abundance of mitochondrial AT1-Rs and AT2-Rs following
ischemia-reperfusion.

To evaluate the effects of APC on the expression of Ang Il receptors, their relative
abundance was determined in cardiac mitochondria and homogenates. Figure 3a shows that
the protein levels of the mitochondrial marker, voltage-dependent anion channel (VDAC)
were significantly higher (10-fold, p<0.05) in mitochondrial samples compared with
homogenates. High levels of VDAC and the absence of the cytosol marker GAPDH in the
mitochondria, indicate that the current isolation procedure yields a highly enriched
mitochondrial suspension. Notably, AT1-R and AT2-R levels in cardiac mitochondria were
significantly higher (5-fold and 7-fold, respectively, p<0.05 for both) compared with heart
homogenates. These data indicate the presence of both receptors in mitochondria in
agreement with previous observations [38,47].

Figure 3b shows the protein levels of AT1-Rs and AT2-Rs in mitochondria isolated from
normal or IR hearts with and without APC. Under basal conditions (no IR), protein levels of
AT2-Rs were 2-fold higher (p<0.05) than those of AT1-Rs. However, AT2-R levels were
reduced to values similar to those of AT1-Rs by the end of IR. Of note, APC restored the
basal profile of AT2-R and AT1-R levels in IR supporting a role for AT2-Rs in APC
signaling in mitochondria.
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3.3. Increased protein levels of AT1-R and AT2-R in mitochondria from APC hearts:
Permissive effect of AT2-Rs on AT1-Rs.

As shown in Figure 4b, AT1-R levels were increased (1.9-fold, p<0.05) by APC compared to
controls, and this effect was abolished by losartan. Likewise, PD also prevented the APC-
induced up-regulation of AT1-Rs (Fig. 4b). Protein levels of AT2-Rs were increased by APC
(2.3-fold, p<0.05) in a PD-sensitive manner but, as expected, were not affected by losartan
(Fig. 4c). These data suggest that mitochondrial AT2-Rs play a permissive role in APC-
induced upregulation of AT1-Rs.

3.4. APC stimulates an AT1-R mediated, PKCe signaling in mitochondria that is AT2-R

dependent.

We previously reported [36] that APC operates through a chelerythrine-sensitive, PKCe-
dependent signaling in the mitochondria. For this reason, we then evaluated the effects of
AT1-Rs and AT2-Rs blockade on the levels of protein kinases (PKCe, PKCS8, Akt, MAPKSs,
and PKG-1) involved in the APC-mediated signaling pathway in mitochondria from control
and APC hearts. As shown in Figure 5, protein levels of all kinases, except PKCS,
demonstrated a profile response similar to that observed for AT1-R. The levels of PKCe,
Akt, MAPKSs, and PKG-1 were upregulated by APC in a losartan, and PD-sensitive manner
since both ARBs prevented Ang Il-induced upregulation of the protein kinases. PKC8 was
unaffected by APC or ARBs. Marked increases in protein levels by APC were observed,
however, for PKCe (5.7-fold, p<0.05) and Akt (11.7-fold, p<0.05). These data support
previous findings [36] indicating that APC is an AT1-R-mediated event requiring PKCe—
dependent signaling, including PKG-1 in mitochondria.

3.5. PD markedly increases state 3 respiration of mitochondria in APC hearts.

To assess the effect of AT1-Rs and AT2-Rs on mitochondrial function, the effects of losartan
and PD on mitochondrial respiration were determined in control and APC hearts. Figure 6a
shows that respiratory function of mitochondria (state 2 and state 3) was not significantly
affected by APC or APC+losartan. However, PD induced a 1.8-fold increase (from 110 + 7
in APC to 202 + 28 nmol/mg protein x min in APC+PD, p<0.05) the state 3 respiration rate.
Similar effects on state 3 were observed when APC hearts were treated with PD in
combination with losartan (1.9-fold increase from 110 + 7 in APC to 209 £ 31 nmol/mg
protein x min in APC+PD+losartan, p<0.05). State 2 of respiration rate was not affected by
APC in the presence or absence of ARBs. Analysis of the respiratory control index (RCI:
state3/state2, Fig. 6b) also revealed significant increases (96%, p<0.05) by PD or PD
+losartan in APC hearts. These findings suggest that inhibition of AT2-Rs, but not AT1-Rs,
improves mitochondrial respiratory function in APC hearts.

3.6. PD prevents the reduction of infarct size by APC and APC+L.

Our data on the enhancement of state 3 mitochondrial respiration (Fig. 6a) and cardiac work
(Fig. 2d) by PD, prompted us to evaluate the status of tissue damage under these conditions.

To accomplish this task, infarct size was determined using the TTC method in hearts without
preconditioning (Fig. 7a,b) and with preconditioning (APC, APC+L, APC+PD, and APC+L

+PD; Fig 7c,d). Figure 7a,b shows that neither losartan nor PD affects infarct size in hearts
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without APC. However, both APC and losartan reduced IS by 54% and 81% (p<0.05),
respectively, compared with controls (Fig. 7c,d). Notably, PD prevented the inhibition of IS
by both APC and APC+L. These results support the idea that AT1-R blockade with losartan,
promotes a PD-sensitive, AT2-R activity that reduces cardiac tissue damage.

4. Discussion

The results of the present work indicate that APC increases the protein levels of Ang Il
receptors in mitochondria, and blockade of AT2-Rs with PD reduced protein levels of AT1-
Rs and the subsequent PKCe-dependent signaling mechanisms in mitochondria of rat hearts
subjected to ex-vivo IR injury. By contrast, blockade of AT1-Rs by losartan did not affect
AT2-R protein levels. The effects of AT2-R inhibition are associated with increased
mitochondrial respiration and coupling, and stimulation of cardiac function, suggesting that
AT2-Rs suppress mitochondrial respiration and coupling, resulting in inhibition of cardiac
function. These findings suggest that modulation of mitochondrial AT1-Rs and AT2-Rs by
their plasma membrane counterparts during APC plays a critical role in the regulation of
both mitochondrial and cardiac function.

The inhibition of mitochondrial AT1-Rs by PD is at variance with the selective inhibition of
AT2-Rs by PD in other model systems [6,31,50]. For this reason, the effect of PD on AT1-R
levels was unexpected. Besides, our data indicate that while losartan abolished the Ang I1-
induced CR, the AT2-R antagonist markedly increased it 1 min after the onset of Ang Il
infusion. These data support the well-known vasodilator effect of AT2-Rs that attenuates
AT1-R-induced contraction through both direct (i.e., stimulation of NOS and the bradykinin-
NO/cGMP cascade) and indirect (cross-inhibition of AT1-R activity) mechanisms
[28,42,51]. Although at 5 min, PD reduces the Ang Il-induced CR by 37%, this effect is
probably secondary to an indirect increase in CR by a-adrenergic vasoconstriction and
endothelin release [41,43]. Indeed, CR in the presence of the AT2-R antagonist did not vary
between 1 min and 5 min supporting an indirect increase in contractility. Besides, the heart
was pretreated with these inhibitors for 15 min prior to Ang Il infusion, making it unlikely
that the reduction of CR by PD observed at 5 min is due to the lengthier drug exposure. For
these reasons, we consider that the inhibitory effect of PD on AT1-R does not represent a
direct inhibition of the receptor but rather a permissive effect of mitochondrial AT2-R. In
other words, the stimulation of mitochondrial AT1-R requires AT2-R activation. This
crosstalk is at variance with the well-established counterbalance of AT1-R action by AT2-R
activation under physiological or pathological conditions such as ischemic injury and
hypertension [7,42,48]. Whether the permissive effect reported here requires changes in
transcriptional levels [53] or protein-protein interactions as reported for G-protein-coupled
receptors (GPCRs) [20,23,34] remains to be established. To the best of our knowledge, this
is the first report of such interaction of mitochondrial AT2-Rs with AT1-Rs.

Our results indicate that the PKCe-dependent signaling pathways associated with AT1-Rs
[36] show the same profile of ARB responses observed for AT1-Rs protein levels. Thus,
these kinase pathways were stimulated by APC through losartan- and PD-sensitive
pathways. Except for PKC6 that was unaffected by APC or ARBs, other protein kinases
(PKCe, Akt, ERK1/2, JNK, and p38) were upregulated by APC and inhibited by losartan
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and PD. These data extend our observations on AT1-R-mediated PKCe—dependent signaling
in mitochondria and suggest that AT2-Rs exert positive control over AT1-R-dependent
signaling pathways. Of note, plasma membrane AT2-Rs working through tyrosine and
serine/threonine phosphatases, modulate protein kinases involved in AT1-R-dependent
growth and proliferation [51]. Besides, AT2-Rs could target AT1-Rs to the mitochondria
through AT1-R/AT-2R heterodimers as shown in the endoplasmic reticulum of LCC-PK1
cells [15]. The mechanisms involved in AT1-R modulation by AT2-R in mitochondria could
be similar but acting on the transcription or synthesis of AT1-Rs and their translocation or
targeting to the mitochondria. Further experiments are necessary to clarify this issue.

Recent reports by Abadir and colleagues [1] identified and characterized a functional
mitochondrial angiotensin system. The authors reported that AT2-Rs present in the inner
mitochondrial membrane co-localize with Ang Il and operate to inhibit respiration through
the NO/cGMP pathway. Thus, PD and L-NG-nitroarginine methyl ester (L-NAME, a nitric
oxide synthase inhibitor) blocked the stimulation of NO production by AT2-R stimulation
and CGP41140 in isolated mitochondria. Similar results have been published by Valenzuela
et al. [47], in mitochondria from dopaminergic neurons that express both AT1-Rs and AT2-
Rs. To correlate the effects of AT2-R blockade with NO-dependent signaling, we determined
the protein levels of mitochondrial PKG-1, a NO-downstream signaling target. However, this
kinase was also inhibited by losartan and PD suggesting that its activation by APC follows a
similar AT1-R-mediated PKCe-dependent mechanism. It appears, therefore, that the
activation of PKG-1 in the mitochondria takes place through both AT2-R-dependent and
AT2-R-independent pathways. Of note, an AT1-R-dependent, NO-cGMP pathway has been
reported in the rat carotid artery [9] and endothelial cells [39,40]. In neuroblastoma cells and
H9c2 rat cardiomyocytes [21], both AT1-Rs and AT2-Rs appear to modulate this pathway
[54]. Our data with mitochondrial receptors are consistent with the latter studies.

Recently, data presented by Valenzuela et al. [47] indicate that in contrast with AT2-Rs,
mitochondrial AT1-Rs stimulate respiration. Indeed, these studies showed that activation of
AT1-Rs with Ang Il in the presence of PD, increased oxidative phosphorylation and the
maximum respiratory rate. Besides, mice lacking AT1-Rs showed a decrease in respiratory
rate compared with wild-type mice. Our data on state 3 respiration rate supports this finding,
as there is a tendency of APC to increase respiration that disappears in the presence of
losartan. However, in the presence of PD, a marked stimulation of state 3 respiration (2.4-
fold) was observed even with losartan treatment. The stimulatory effect of the AT2-R
antagonist, resulted in a pronounced increase in RCI, suggesting an increased coupling of
the mitochondrial respiratory chain. These actions of PD support the idea that AT2-Rs
maintain a tonic suppression of mitochondrial respiration and coupling independent of
possible AT1-R-mediated effects. It is worth noting that the post-ischemic cardiac function
also increased with the AT2-R blockade. This observation is in contrast with the lack of
effect of PD on cardiac function during the preconditioning period and suggests that IR
promotes AT2-R suppression of both mitochondrial and cardiac function. These findings are
significant because following IR mitochondrial AT2-R could operate to attenuate myocardial
damage. It could be hypothesized that under these conditions, inhibition of mitochondrial
respiration and cardiac function by AT2-Rs, decrease the energy and oxygen demands of the
tissue promoting cell survival through signaling pathways involving AT1-R-dependent
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PKCe-stimulation or through the NO/cGMP pathway. Indeed, the AT1-R blockade in APC
with losartan that supports selective AT2-R activation reduces infarct size to a larger extent
than APC alone. This process is prevented by PD, as is the protection conferred by APC. By
contrast, these drugs did not affect IS in hearts without APC. These observations indicate
that AT2-R activity in APC is responsible for the beneficial effects of AT1-R blockade on IS.
The potent inhibitory effect of AT2-R on IS probably obscures an otherwise expected
increase of IS by the inhibitory effect of losartan on APC cardioprotection [35]. Concerning
the stimulatory effect of PD on mitochondrial oxygen consumption and cardiac function
mentioned earlier, the observed increase of IS by AT2-R blockade strongly supports the idea
that suppression of these functional parameters is critical for the reduction of IS. Besides, we
have previously reported [36] that chelerythrine (panPKC inhibitor) abolishes the IS
reduction, but not the stimulation of cardiac function by APC. This indicates that PKCe-
dependent signaling is essential for the decrease of IS by APC. For these reasons, it is
reasonable to postulate that AT2-R activity requires PKCe-dependent signaling (i.e., Akt,
MAPKS) to limit IS, but not to stimulate cardiac function and respiration in APC. Although
the precise mechanisms by which AT2-Rs mediate these actions remain to be established, it
is likely that they involve direct (NO/PKG-cGMP) or indirect (AT1-R-dependent)
mechanisms because losartan inhibits PKCe-dependent signaling. However, additional
studies are needed to settle these important points.

AT1-Rs and to a less extent, AT2-Rs are expressed in the adult heart. However, AT2-Rs
appear to be upregulated in pathophysiological conditions such as hypertension, heart
failure, and hypertrophy [24,51]. However, there are reports indicating downregulation of
AT2-Rs following post-infarct remodeling [25] and heart failure [32]. Similarly, in the
isolated working rat heart, ischemia and reperfusion induce a reduction in mRNA and
protein levels of AT2-Rs [52]. Consistent with these findings, our data on mitochondrial Ang
Il receptor expression indicate that mitochondrial AT2-Rs are also downregulated after IR. It
should be noted, however, that APC restored the normal ratio of AT2-Rs to AT1-Rs,
suggesting that a balance between mitochondrial AT1-R and AT2-R levels and action is
critical to Ang ll-preconditioning. A high proportion of AT2-Rs to AT1-Rs has also been
reported in mitochondria from young (20 week-old) mice [1]. These findings are in line with
the data presented in this work using relatively young rats (7-week old). Such a high AT2-R/
AT1-R ratio in mitochondria is at variance with the low expression of AT2-Rs to AT1-Rs in
coronary arteries, cardiomyocytes and ventricular myocardium of adult animals [42].
Although APC is an AT1-R-dependent process [35,36], the restoration of mitochondrial
AT2-R by preconditioning and its permissive role on AT1-R, support the protective role of
AT2-Rs in the myocardium following IR. Our results on the effect of PD on IS in APC lends
strong support for this action of AT2-Rs.

Ang Il action is closely related to alterations of cellular calcium homeostasis. Indeed, the
pathogenesis of cardiovascular diseases such as HF, hypertension, arrhythmias, and cardiac
hypertrophy has been associated with Ang ll-induced alterations in calcium homeostasis in
cells [18,33]. Data indicate that voltage-gated L-type Ca2+ channels, a major pathway for
Ca?* entry in ventricular cardiomyocytes, could play a crucial role in excitation-contraction
coupling [12,29,49]. Ang Il and other mediators modulate these pathways in various cell
models through Gp-y-sensitive phosphoinositide 3-kinase (P13K) and protein kinase
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activation [2]. However, whether APC involves L-Type Ca2* channels in the heart has not
been defined. Also, information is lacking on the role of mitochondrial Ca2* signaling and
handling, in this process. The latter is important because mitochondrial Ca2* homeostasis
could be relevant to maintain cell viability [8] following APC. Indeed, we have reported that
the mitochondrial permeability transition pore, a Ca2* -activated pore that induces the
apoptotic cascade and cell death, is attenuated by ischemic preconditioning and APC [35].
This suggests that Ca?* handling by mitochondria is affected by IR and this process is
responsive to modulation by preconditioning protocols. However, the routes for
mitochondrial Ca2* entry and control in the setting of APC has not been evaluated.

In summary, our findings demonstrate regulation of mitochondrial AT1-Rs and AT2-Rs by
their membrane counterparts during APC. This regulation includes a permissive action of
AT2-Rs on AT1-R-mediated, PKCe-dependent signaling in mitochondria suggesting that
AT2-Rs exert critical control over AT1-R signaling pathways. Furthermore, our data indicate
that AT2-Rs tonically suppress mitochondrial respiration and cardiac function following IR
in APC hearts. These processes appear to be relevant to promote APC-mediated
cardioprotection because AT2-R inhibition augments IS while AT1-R blockade reduces it.
Although more studies are necessary to elucidate the role of mitochondrial receptors in the
modulation of cardiac function, the characterization of such a system opens new possibilities
for the understanding of the mitochondrial function and its impact in cardiac
pathophysiology.

5. Limitations of the Study

Some limitations must be considered in the analysis of the current work. This study
employed a long perfusion protocol to evaluate the effects of angiotensin 11 receptor
blockers on APC. Although long perfusion could affect cardioprotection secondary to
glycogen store depletion, no effect was observed in control hearts after IR in the present
study. Also, we measured protein levels of the total but not phosphorylated PKCe, Erk1/2,
Akt, PKCS§, JNK, p38 MAPK and PKG-1 in mitochondrial fractions, to assess whether the
translocation of these kinases was associated with the preconditioning protocols. The high
levels of total PKCe, Erk1/2, Akt, INK, and PKG-1, but not PKC8 in mitochondria indicates
an increased translocation of the kinases to the mitochondria subsequently to their apparent
activation in the cytoplasm. Besides, lack of knowledge on the mechanisms of translocation
and regulation of AT1-Rs and AT2-Rs in mitochondria obscures understanding the role of
mitochondrial angiotensin Il system in mediating APC signaling. Although it has been
postulated [1] that AT1-Rs and AT2-Rs are synthetized as cytosolic precursors, the process
by which they are translocated to the mitochondria has not been defined. Finally, it is not
clear if the increased protein levels of AT1-R and AT2-R in the mitochondria reported here
are the result of enhanced synthesis, changes in mMRNA, and/or protein turnover.
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Schematic representation of the perfusion protocols. See “Methods” for details
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Effect of losartan and PD on coronary resistance and cardiac work in APC hearts. (a)
Changes in coronary resistance were determined during 1 and 5 min after the onset of
angiotensin Il (10 nM) in Langendorff-perfused hearts. The values shown are means + of 5—
14 experiments per groups. *p<0.05 vs Control, #p<0.05 vs All, *p<0.05 vs AlI+PD. All =
angiotensin 1, L = losartan, PD = PD 123,319. (b) Rate pressure product (RPP) was
determined 5 minutes before global ischemia and at 60 min of reperfusion. RPP values at 90
min were not significantly different from those at 60 min. The values shown are means +
SEM of 5-16 experiments per group. *<0.05 vs Control; #p<0.05 vs A; &p<0.05 vs A+L.
A = APC; A+L = APC+losartan; A+PD = APC+PD; A+L+PD = APC+losartan+PD
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Protein expression of AT1-Rs and AT2-Rs in mitochondria isolated from basal, control, and
APC hearts. (a) Relative abundance of mitochondrial AT1-Rs and AT2-Rs in APC hearts.
Mitochondrial proteins were normalized to their respective protein in homogenate. Note that
GAPDH, a cytosol marker, was absent in the mitochondrial preparation. The values are

shown as means + SEM of five experiments per group. *p<0.05 vs. homogenate. (b)

Proteins were calculated as the ratio of total protein to VDAC (mitochondrial housekeeping
protein). The values are shown as means + SEM of 5 experiments per group. *p<0.05 vs
Control; ¥p<0.05 vs AT1-R. A = APC

Pflugers Arch. Author manuscript; available in PMC 2019 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nufiez et al.

Page 19

a
Control A A+L  A+PD A+L+PD

=

AT1R | W— W - — -]
AT2-R| — - — — —-.|

VDAC | s s - A —

b

AT1-R/VDAC,
fold change of control

Control A+L+PD
Groups

AT2-R/VDAC,
fold change of control

04

Control A+L A+PD A+L+PD

Groups

Fig. 4.
Effect of losartan and PD in protein levels of AT1-R and AT2-R in isolated mitochondria. (a)

Representative Western Blots and quantitative data of (b), AT1-R; (c), AT2-R. Proteins were
calculated as the ratio of total protein to VDAC and normalized to control for each receptor.
The values are shown as means = SEM of five experiments per group, except A+L+PD
(n=4). *p<0.05 vs Control; #p<0.05 vs A. A = APC; A+L = APC+losartan, A+PD = APC
+PD; A+L+PD = APC+losartan+PD
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Effect of losartan and PD in protein levels of PKCe, PKCS, PKG-1, Akt, ERK1/2, JNK, and
p38 in isolated mitochondria. (a), Representative Western blots and quantitative data of total
(b), PKCe; (c), PKCS; (d), PKG-1; (e), Akt; (f), ERK1/2; (g), INK; (h), p38. Proteins were
calculated as the ratio of total protein to VDAC and normalized to control for each kinase.
The values are shown as means = SEM of five experiments per group, except A+L+PD
(n=4). *p<0.05 vs Control; #p<0.05 vs A. A = APC, A+L = APC+losartan; A+PD = APC
+PD; A+L+PD = APC+losartan+PD

Pflugers Arch. Author manuscript; available in PMC 2019 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nufiez et al.

Oxygen consumption rate

(nmol/mg protein x min)

250

200 +

150 4

100

50 4

| Il state 3

Page 21

[ |state 2 *#8 *#&

(state 3/state2)
(]
1

Respiratory control index, a.u.
w
1

il

Control A A+PD A+L+PD Control

Groups

Fig. 6.

Effect of losartan and PD on mitochondrial respiration in APC hearts. (a), State 2 and state

A+L
Groups

*# &

A+PD

3; (b), Respiratory control index (RCI). Oxygen consumption rates are given in nmol/mg

protein x minutes. The values shown are the mean + SEM of 4-14 experiments per group.

*<0.05 vs Control; #p<0.05 vs A; %p<0.05 vs A+L. A = APC, A+L = APC+losartan, A
+PD = APC+PD; A+L+PD = APC+losartan+PD
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Fig. 7.

Efgfect of losartan and PD on infarct size in preconditioned and non-preconditioned rat
hearts. Representative cross-sections of rat hearts (a) without preconditioning and (c) with
preconditioning stained with TTC for infarct (white) and viable tissue (red). Quantitative
data of infarct size expressed in percent of total area (whole heart) in hearts treated (b)
without preconditioning and (d) with preconditioning. The values are shown as means +
SEM of 4-7 per group. *p<0.05 vs Control; #p<0.05 vs A; &p<0.05 vs A+L. L = losartan;
PD = PD 123319; L+PD = losartan+PD 123,319; A = APC, A+L = A+losartan, A+PD =
APC+PD, A+L+PD = APC+losartan+PD
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