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Mitochondrial dysfunction is implicated in many cardiovascular diseases, including hypertension, and may be associated with
an overactive renin-angiotensin system (RAS). Angiotensin (Ang) II, a potent vasoconstrictor hormone of the RAS, also impairs
barore�ex and mitochondrial function. Most deleterious cardiovascular actions of Ang II are thought to be mediated by NADPHoxidase- (NOX-) derived reactive oxygen species (ROS) that may also stimulate mitochondrial oxidant release and alter redoxsensitive signaling pathways in the brain. Within the RAS, the actions of Ang II are counterbalanced by Ang-(1–7), a vasodilatory
peptide known to mitigate against increased oxidant stress. A balance between Ang II and Ang-(1–7) within the brain dorsal
medulla contributes to maintenance of normal blood pressure and proper functioning of the arterial baroreceptor re�ex for control
of heart rate. We propose that Ang-(1–7) may negatively regulate the redox signaling pathways activated by Ang II to maintain
normal blood pressure, barore�ex, and mitochondrial function through attenuating ROS (NOX-generated and/or mitochondrial).

1. Introduction
e renin-angiotensin system (RAS), and in particular
angiotensin (Ang) II, is implicated in the impairment of
arterial barore�ex function and reduction of heart rate
variability (HRV) commonly associated with hypertension
[1–4]. However, more recent studies suggest that a part of
the de�cit in sensitivity of the barore�ex function (BRS)
in hypertension results from a reduction in Ang-(1–7), an
alternative product of the RAS, rather than a frank increase in
Ang II [5, 6]. Ang II blockade attenuates oxidant production
and improves mitochondrial function in peripheral tissues
in various experimental models of hypertension [7–10]. e
contributions of Ang-(1–7) to the bene�cial eﬀects of Ang
II blockers are increasingly recognized [11–16], but few
studies have directly addressed the role of Ang-(1–7) in
mitochondrial function. In this paper, we summarize (1) the

role of Ang II in reactive oxygen species (ROS) generation and (2) the implication of ROS and redox-signaling
on blood pressure, barore�ex, and mitochondrial function,
with a particular focus on potential mechanisms for the
counterbalancing role of Ang-(1–7) (Figure 1). Furthermore,
we highlight the recent studies in transgenic rats with altered
brain RAS (summarized in Figure 2) as a tool to study
changes in brain ROS and signaling pathways in response
to Ang peptides [Ang II and Ang-(1–7)] and their eﬀect on
BRS and mitochondrial function. e transgenic (mRen2)27
rat strain which overexpresses the murine Ren2 gene is
hypertensive and has impaired BRS for control of heart rate
(HR) with high levels of Ang II relative to Ang-(1–7) in
the brain medullary tissue compared to the normotensive
Sprague-Dawley (SD) rats [17, 18]. In contrast, transgenic
rats with low glial angiotensinogen (ASrAOGEN) have lower
mean arterial pressure (MAP) and HR suggesting decreased
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F 1: Proposed model: Ang-(1–7) through indirect (NADPH oxidase-mediated ROS) and/or direct interactions with mitochondria can
attenuate ROS in dorsal medulla resulting in reduced blood pressure and enhanced barore�ex and mitochondrial function. ROS: reactive
oxygen species; MAP: mean arterial pressure; BRS: barore�ex sensitivity; MF: Mitochondrial function; �: not known.
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F 2: Ma�or characteristics of (mRen2)27, Sprague-Dawley (SD), and ASrAOGEN rat strains with respect to hemodynamic and barore�ex
function. AOGEN: angiotensinogen, BRS: barore�ex sensitivity, RAS: renin-angiotensin system.

sympathetic nerve activity and enhanced BRS for control
of HR relative to SD rats [19, 20]. While we would expect
that both Ang II and Ang-(1–7) would be reduced in the
glial cells, nonglial sources (neuronal and/or circulating) of
angiotensinogen and Ang peptides appear to be intact in
ASrAOGEN rats [21]. Tissue levels of Ang II relative to
Ang-(1–7) in the medulla have not been reported; however,
blockade of Ang II actions by an AT1 receptor antagonist
revealed that there was no Ang II tone attenuating the BRS
in anesthesized ASrAOGEN rats and we conclude that gliaderived Ang II is responsible for this action. In contrast, since
blockade of endogenous Ang-(1–7) attenuates BRS in both
younger and older anesthesized ASrAOGEN rats, a nonglial
source of Ang-(1–7) likely contributes to the preservation of
BRS in these animals [5, 22]. us, there appears to be low
Ang II but maintenance of Ang-(1–7) tone contributing to
the enhanced BRS seen in the medulla of these animals.

2. Angiotensin Peptides and
ROS Generation in the Brain
Overactivation of the RAS in pathological conditions, such as
hypertension, results in excessive ROS production through
the prooxidant actions of Ang II [24, 25]. e contribution
of cytoplasmic NADPH-oxidase-(NOX)-generated ROS by
Ang II in neurogenic hypertension is well established [26–
28]. Ang II also stimulates mitochondrial ROS; both as a
result of cytoplasmic NOX-derived ROS or direct eﬀects
on mitochondria [29–32]. Scavenging mitochondrial ROS,
through agents such as Mito-TEMPO that preferentially
targets the mitochondria, prevents Ang II-induced hypertension in mice [31, 33]. Antioxidant therapies targeting
mitochondria are suggested to disrupt the mitochondrial
ROS-dependent stimulation of cytoplasmic NOX activity,
thereby providing bene�cial eﬀects in hypertension [34].
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However, recent studies show that the NOX isoforms are also
present within mitochondria [35–37] and the contribution
of mitochondrial NOX to overall mitochondrial ROS in
hypertension is unknown. Molecular interventions to target
speci�c NOX isoforms within the mitochondria or other
cellular organelle are required to address this issue.
Ang-(1–7) has emerged as a major counter-regulatory
peptide to Ang II actions and may serve to inhibit Ang
II-stimulated ROS production through inhibiting NOX
and/or increased ROS scavenging by augmenting antioxidant
enzymes such as catalase [38, 39]. Indeed we �nd that higher
Ang II actions relative to Ang-(1–7) in the brain dorsal
medulla of hypertensive (mRen2)27 rats are associated with
increased cytoplasmic NOX activity and ROS in isolated
brain dorsal medullary mitochondria compared with the
hypotensive ASrAOGEN [with higher Ang-(1–7) actions
relative to Ang II] or the normotensive SD rats [40]. e levels
of ROS were similar in the ASrAOGEN rats compared to SD
rats under basal conditions suggesting that Ang-(1–7) may
serve to inhibit NOX and/or activate antioxidant enzymes
in response to Ang II stimulation. Although this concept
is supported by several studies [38, 41], it has not been
investigated directly in the brain to our knowledge. us, in
this respect, it would be interesting to test whether blockade
of endogenous Ang-(1–7) in ASrAOGEN rats will result in
increased NOX activity/ROS levels in response to Ang II
infusion/microinjection in the brain.

3. ROS and Redox-Signaling in the Brain:
�n�uence� on Blood �re��ure� Barore�ex�
and Mitochondrial Function
Excessive ROS in brain contributes to increased sympathetic
out�ow [42, 43] and impairs mitochondrial [8, 31, 44, 45]
and BRS function [46–48]. Our recent studies �nd that Ang(1–7) via chronic ICV infusion improved vagal function independent of any blood pressure lowering eﬀect in transgenic
hypertensive (mRen2)27 rats [49]. is eﬀect was in contrast
to the response to AT1 receptor antagonist, candesartan,
which normalized blood pressure but did not signi�cantly
improve the vagal indices of BRS or HRV. We have yet to
determine the eﬀect of these treatments on mitochondrial
ROS, but neither treatment altered cytoplasmic NOX activity.
Central infusion of the ROS scavenger tempol did not lower
blood pressure or in�uence indices of barore�ex function, but
signi�cantly reduced cytoplasmic NOX activity, suggesting
independence from ROS-related mechanisms for blood pressure lowering and autonomic nervous system balance in the
hypertensive (mRen2)27 strain. However, we do not know
whether tempol eﬃciently targets mitochondrial ROS or the
extent that alterations in mitochondrial ROS would in�uence
blood pressure and/or BRS in the transgenic rats. Dikalova
and colleagues have reported blood pressure lowering eﬀects
of Mito-TEMPO in both Ang II-induced and DOCA salt
hypertension in mice while a similar dose of tempol alone
did not lower blood pressure in this study [33]. Furthermore, mitochondria are in close structural proximity to the
endoplasmic reticulum (ER), and ER stress is implicated in
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mitochondrial dysfunction [50]. Indeed, the recent study by
Young and colleagues link Ang II-induced hypertension to
ER and oxidative stress in the brain [51]. ese results provide
a compelling case to investigate the eﬀects of mitochondrial
ROS, independent of cytoplasmic NOX.
AngII/AT1 receptor/NOX-derived ROS are implicated in
the activation of the MAP Kinases (MAPK) p38 and ERK1/2
that contribute to an impaired BRS and the pressor eﬀects of
Ang II in the RVLM [52–54]. A role for AT1 receptors and
MAPKs in activation of mitochondrial apoptotic pathways in
neural regulation of blood pressure and BRS is also apparent
[54]. However, hypertensive (mRen2)27 rats which show an
increased NOX activity in the brain dorsal medulla but not
activated p38, ERK1/2, or JNK-1 in comparison to SD rats
suggesting a lack of association of MAPK signaling pathways
with high blood pressure or oxidative stress [40]. In contrast, (mRen2)27 rats have an upregulated phosphoinositol
3 kinase (PI3 K) pathway that contributes to the elevated
MAP and impaired BRS [55]. Hypotensive ASrAOGEN
rats with normal NOX activity exhibit reduced levels of
phosphorylated ERK1/2 and JNK-1 but not p38 in the brain
dorsal medulla [40]. ese animals have signi�cantly higher
expression of MAPK phosphatase-1 [MKP-1, a negative
regulator of MAPK signaling [40]] supporting the concept
that Ang-(1–7) increases regulatory phosphatases that may
buﬀer against acute Ang II-stimulated signaling. Indeed,
ASrAOGEN rats show greater impairments in the BRS for
control of HR following acute solitary tract nucleus inhibition
of protein tyrosine phosphatase 1b (PTP1b), a negative
regulator of the PI3 K pathway, suggestive of increased
expression and/or activity of this phosphatase within the
dorsal medulla (Figure 3(a)). However, protein expression of
total PTP1b (phosphorylated and nonphosphorylated forms)
is similar in the dorsal medulla among the three rat strains
under baseline conditions (Figure 3(b)). erefore, given
the functional diﬀerences observed following inhibition of
PTP1b activity, quanti�cation of the phosphorylated active
form of PTP1b is necessary to con�rm increased PTP1b
activity in the ASrAOGEN rats. Diﬀerences in ROS [higher
in (mRen2)27 versus SD or AsrAOGEN] or the upstreamregulatory kinases/phosphatases can modulate the phosphatase activity by changes in phosphorylation status at a
number of diﬀerent sites, despite lack of changes in the total
protein [56]. While an upregulation of phosphatase expression and activity within the dorsal medulla may contribute
to the enhanced resting BRS in the ASrAOGEN animals
relative to the normal barore�ex function in SD rats [23],
the lack of endogenous PTP1b tone in transgenic (mRen2)27
rats (Figure 3(a)) could result in increased PI3 K activity that
contributes to an impaired BRS and increased MAP in these
animals [55].
An interesting paradox to the bene�cial role of these
regulatory phosphates is that both MKP-1 and PTP1b have
negative eﬀects on metabolic function [57, 58]. In this regard,
global knockdown of these phosphatases improves insulinsensitivity and prevents diet-induced obesity [59, 60]. MKP1 is suggested to impair mitochondrial biogenesis in skeletal
muscle in response to a high-fat diet through negative regulation of the p38 MAPKs [61]. However, ASrAOGEN rats that
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F 4: Hypertensive (mRen2)27 rats show signi�cantly increased phosphorylated AMP-Kinase (AMPK) in the brain dorsal medulla.
AMPK-𝛼𝛼 (a) and 𝛽𝛽1 (b) activities were measured by Western blot hybridization using phospho-speci�c antibodies (Cell Signaling) in
brain dorsal medulla tissues from (mRen2)27 [mRen], Sprague-Dawley (SD), and ASrAOGEN (AS) rats. Top: Densitometry analyses of
phoshorylated protein levels normalized to total AMPK-𝛼𝛼 and 𝛽𝛽1 /𝛽𝛽2 ; bottom: representative Western blots. Data are mean ± SEM (𝑛𝑛 𝑛 𝑛–6
per group); ∗ 𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃 versus SD; † 𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃 versus AS rats.

have increased activity of these phosphatases at least in dorsal
medulla are resistant to diet-induced obesity and spared agerelated decline in cardiovascular and metabolic functions
[62, 63]. ese animals have increased life-span and their
phenotype mimics animals with long-term RAS blockade

where improved mitochondrial function is reported [7, 62–
64]. Whether the brain-speci�c actions of these phosphatases
contribute to the bene�cial metabolic e�ects in ASrAOGEN
rats is of interest and currently unknown. us, further
studies dissecting the role of these brain signaling pathways
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F 5: Brain dorsal medullary ATP levels (a) and mitochondrial content as measured using citrate synthase (b) was not diﬀerent
among hypertensive (mRen2)27 [mRen], Sprague-Dawley (SD) or hypotensive ASrAOGEN (AS) rats. ATP levels were determined using
a chemiluminescent assay (Promega) and citrate synthase activity was measured using the assay kit (Sigma) in tissue homogenates. Mean ±
SEM (𝑛𝑛 𝑛 𝑛 per group).

in regulating MAP, BRS, mitochondrial, and metabolic functions are warranted.
Altered mitochondrial oxidant and/or energy levels are
associated with a stimulated AMP-activated protein kinase
(AMPK) pathway that is activated in response to depleted
cellular energy levels, to restore mitochondrial biogenesis
and ATP levels [65, 66]. AMPK was signi�cantly activated
(phosphorylated AMPK-𝛼𝛼 and 𝛽𝛽1 subunits, Figures 4(a) and
4(b), resp.,) in the dorsal medulla of transgenic (mRen2)27
rats that exhibit increased cytoplasmic NOX activity and
ROS levels in the brain dorsal medullary mitochondria
relative to SD rats [40]. While we expected lower ATP
levels (Figure 5(a)) and the mitochondrial content/number
(assessed indirectly using the marker of mitochondrial health
or activity, citrate synthase enzyme activity, Figure 5(b)) in
the (mRen2)27 rats, these markers were not diﬀerent in the
dorsal medulla of the three strains. erefore, activation of
AMPK in the (mRen2)27 rats may represent a compensatory
response to restore normal ATP and mitochondrial activity
in the hypertensive strain in the face of increased ROS.
Additional studies are necessary to address whether (1)
blockade of AMPK activation lowers mitochondrial content
and depletes ATP levels and (2) targeting mitochondrial
ROS improves MAP, BRS, and mitochondrial function in the
hypertensive (mRen2)27 rats.

4. Conclusions and Perspectives
Mitochondria-derived ROS which oen accompanies
impaired autonomic function is an emerging therapeutic
target in hypertension [31, 33, 34, 45–47]. Increased cellular
ROS may manifest as impaired BRS for the control of HR
and reduced HR� (decreased parasympathetic out�ow or
vagal tone); and these indices of autonomic imbalance are
associated with increased overall mortality, independent
of blood pressure. erefore, determining the key cellular
mechanisms underlying the bene�cial actions of Ang-(1–7)

(such as altered kinase-phosphatase signaling) in in�uencing
barore�ex function may help elucidate new therapeutic
targets for reducing cardiometabolic pathologies. While
Ang-(1–7) has been investigated for its role in attenuation
of ROS, studies speci�cally addressing the mitochondria are
lacking and few investigators are studying the interactions
in brain. us, targeting improved vagal and mitochondrial
function in addition to MAP may provide better target organ
protection than lowering blood pressure alone, leading to
reductions in all cause mortality.

Acknowledgments
Funding from COSEHC Warren Trust (MN), American
Heart Association Postdoctoral Fellowship (MN), Farley
Hudson Foundation of Jacksonville, NC, and National Institutes of Health (Drs. Diz and Chappell: HL-51952 and HL56973) provided support for these studies.

References
[1] D. B. Averill and D. I. Diz, “Angiotensin peptides and barore�ex
control of sympathetic out�ow: pathways and mechanisms of
the medulla oblongata,” Brain Research Bulletin, vol. 51, no. 2,
pp. 119–128, 2000.
[2] M. J. Campagnole-Santos, S. B. Heringer, E. N. Batista, M.
C. Khosla, and R. A. S. Santos, “Diﬀerential baroreceptor
re�ex modulation by centrally infused angiotensin peptides,”
American Journal of Physiology, vol. 263, no. 1, part 2, pp.
R89–R94, 1992.
[3] D. I. Diz, J. A. Jessup, B. M. Westwood et al., “Angiotensin
peptides as neurotransmitters/neuromodulators in the dorsomedial medulla,” Clinical and Experimental Pharmacology and
Physiology, vol. 29, no. 5-6, pp. 473–482, 2002.
[4] D. I. Diz, A. C. Arnold, M. Nautiyal, K. Isa, H. A. Shaltout,
and E. A. Tallant, “Angiotensin peptides and central autonomic
regulation,” Current Opinion in Pharmacology, vol. 11, no. 2, pp.
131–137, 2011.

6
[5] A. C. Arnold, A. Sakima, D. Ganten, C. M. Ferrario, and
D. I. Diz, “Modulation of re�ex function by endogenous
angiotensins in older transgenic rats with low glial angiotensinogen,” Hypertension, vol. 51, no. 5, pp. 1326–1331, 2008.
[6] A. Sakima, D. B. Averill, P. E. Gallagher et al., “Impaired heart
rate barore�ex in older rats: Role of endogenous angiotensin(1–7) at the nucleus tractus solitarii,” Hypertension, vol. 46, no.
2, pp. 333–340, 2005.
[7] E. M. de Cavanagh, B. Piotrkowski, N. Basso et al., “Enalapril
and losartan attenuate mitochondrial dysfunction in aged rats,”
e FASEB Journal, vol. 17, no. 9, pp. 1096–1098, 2003.
[8] E. M. V. de Cavanagh, J. E. Toblli, L. Ferder et al., “Angiotensin
II blockade improves mitochondrial function in spontaneouslyhypertensive rats,” Cellular and Molecular Biology, vol. 51, no.
6, pp. 573–578, 2005.
[9] E. M. V. de Cavanagh, J. E. Toblli, L. Ferder, B. Piotrkowski,
I. Stella, and F. Inserra, “Renal mitochondrial dysfunction in
spontaneously hypertensive rats is attenuated by losartan but
not by amlodipine,” American Journal of Physiology, vol. 290,
no. 6, pp. R1616–R1625, 2006.
[10] E. M. V. de Cavanagh, L. Ferder, J. E. Toblli et al., “Renal
mitochondrial impairment is attenuated by AT1 blockade in
experimental type I diabetes,” American Journal of Physiology,
vol. 294, no. 1, pp. H456–H465, 2008.
[11] I. F. Benter, M. H. M. Yousif, F. M. Al-Saleh, R. Raghupathy,
M. C. Chappell, and D. I. Diz, “Angiotensin-(1–7) blockade
attenuates captopril- or hydralazine-induced cardiovascular
protection in spontaneously hypertensive rats treated with
NG-nitro-l-arginine methyl ester,” Journal of Cardiovascular
Pharmacology, vol. 57, no. 5, pp. 559–567, 2011.
[12] H. A. Shaltout, J. C. Rose, M. C. Chappell, and D. I. Diz,
“Angiotensin-(1–7) de�ciency and barore�ex impairment precede the antenatal Betamethasone exposure-induced elevation
in blood pressure,” Hypertension, vol. 59, no. 2, pp. 453–458,
2012.
[13] S. Sriramula, J. P. Cardinale, E. Lazartigues, and J. Francis,
“ACE2 overexpression in the paraventricular nucleus attenuates
angiotensin II-induced hypertension,” Cardiovascular Research,
vol. 92, no. 3, pp. 401–408, 2011.
[14] T. M. Gwathmey, K. D. Pendergrass, S. D. Reid, J. C. Rose,
D. I. Diz, and M. C. Chappell, “Angiotensin-(1–7)-angiotensinconverting enzyme 2 attenuates reactive oxygen species formation to angiotensin ii within the cell nucleus,” Hypertension, vol.
55, no. 1, pp. 166–171, 2010.
[15] M. C. Chappell, “Emerging evidence for a functional angiotensin-converting enzyme 2-angiotensin-(1–7)-Mas receptor axis:
more than regulation of blood pressure?” Hypertension, vol. 50,
no. 4, pp. 596–599, 2007.
[16] R. A. S. Santos, A. J. Ferreira, and A. C. Simões e Silva,
“Recent advances in the angiotensin-converting enzyme 2angiotensin(1–7)-Mas axis,” Experimental Physiology, vol. 93,
no. 5, pp. 519–527, 2008.
[17] J. J. Mullins, J. Peters, and D. Ganten, “Fulminant hypertension
in transgenic rats harbouring the mouse Ren-2 gene,” Nature,
vol. 344, no. 6266, pp. 541–544, 1990.
[18] J. J. Mullins and D. Ganten, “Transgenic animals: new approaches to hypertension research,” Journal of Hypertension, vol. 8, no.
7, pp. S35–S37, 1990.
[19] M. Schinke, M. Bohm, G. Bricca, A. Lippoldt, M. Bader, and D.
Ganten, “Antisense RNA expression modulates angiotensinogen synthesis in cell culture and in the brain of transgenic rats,”
Hypertension, vol. 26, no. 3, pp. 547–546, 1995.

International Journal of Hypertension
[20] M. Schinke, O. Baltatu, M. Böhm et al., “Blood pressure
reduction and diabetes insipidus in transgenic rats de�cient in
brain angiotensinogen,” Proceedings of the National Academy
of Sciences of the United States of America, vol. 96, no. 7, pp.
3975–3980, 1999.
[21] A. C. Arnold, A. Sakima, S. O. Kasper, S. Vinsant, M. A.
Garcia-Espinosa, and D. I. Diz, “e brain renin-angiotensin
system and cardiovascular responses to stress: insights from
transgenic rats with low brain angiotensinogen,” Journal of
Applied Physiology, vol. 113, no. 12, pp. 1929–1936, 2012.
[22] A. Sakima, D. B. Averill, S. O. Kasper et al., “Baroreceptor re�ex
regulation in anesthetized transgenic rats with low glia-derived
angiotensinogen,” American Journal of Physiology, vol. 292, no.
3, pp. H1412–H1419, 2007.
[23] A. C. Arnold, M. Nautiyal, and D. I. Diz, “Protein phosphatase
1b in the solitary tract nucleus is necessary for normal barore�ex function,” Journal of Cardiovascular Pharmacology, vol. 59,
no. 5, pp. 472–478, 2012.
[24] K. K. Griendling and M. Ushio-Fukai, “Reactive oxygen species
as mediators of angiotensin II signaling,” Regulatory Peptides,
vol. 91, no. 1–3, pp. 21–27, 2000.
[25] S. R. Datla and K. K. Griendling, “Reactive oxygen species,
NADPH oxidases, and hypertension,” Hypertension, vol. 56, no.
3, pp. 325–330, 2010.
[26] M. C. Zimmerman, E. Lazartigues, J. A. Lang et al., “Superoxide
mediates the actions of angiotensin II in the central nervous
system,” Circulation Research, vol. 91, no. 11, pp. 1038–1045,
2002.
[27] M. C. Zimmerman, R. P. Dunlay, E. Lazartigues et al., “Requirement for Rac1-dependent NADPH oxidase in the cardiovascular and dipsogenic actions of angiotensin II in the brain,”
Circulation Research, vol. 95, no. 5, pp. 532–539, 2004.
[28] G. Wang, J. Anrather, J. Huang, R. C. Speth, V. M. Pickel, and
C. Iadecola, “NADPH oxidase contributes to angiotensin II signaling in the nucleus tractus solitarius,” Journal of Neuroscience,
vol. 24, no. 24, pp. 5516–5524, 2004.
[29] E. M. V. de Cavanagh, F. Inserra, M. Ferder, and L. Ferder,
“From mitochondria to disease: role of the renin-angiotensin
system,” American Journal of Nephrology, vol. 27, no. 6, pp.
545–553, 2007.
[30] S. I. Dikalov, W. Li, A. K. Doughan, R. R. Blanco, and
A. M. Zafari, “Mitochondrial reactive oxygen species and
calcium uptake regulate activation of phagocytic NADPH
oxidase,” American Journal of Physiology, vol. 302, no. 10, pp.
R1134–R1142, 2012.
[31] A. K. Doughan, D. G. Harrison, and S. I. Dikalov, “Molecular
mechanisms of angiotensin II-mediated mitochondrial dysfunction: linking mitochondrial oxidative damage and vascular
endothelial dysfunction,” Circulation Research, vol. 102, no. 4,
pp. 488–496, 2008.
[32] S. Kimura, G. X. Zhang, A. Nishiyama et al., “Mitochondriaderived reactive oxygen species and vascular MAP kinases:
comparison of angiotensin II and diazoxide,” Hypertension, vol.
45, no. 3, pp. 438–444, 2005.
[33] A. E. Dikalova, A. T. Bikineyeva, K. Budzyn et al., “erapeutic
targeting of mitochondrial superoxide in hypertension,” Circulation Research, vol. 107, no. 1, pp. 106–116, 2010.
[34] S. I. Dikalov and R. R. Nazarewicz, “Angiotensin II-induced
production of mitochondrial reactive oxygen species: potential
mechanisms and relevance for cardiovascular disease,” Antioxidants and Redox Signaling. In press.

International Journal of Hypertension
[35] K. Block, Y. Gorin, and H. E. Abboud, “Subcellular localization
of Nox4 and regulation in diabetes,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 106, no.
34, pp. 14385–14390, 2009.
[36] S. M. Kim, Y. G. Kim, K. H. Jeong et al., “Angiotensin II-induced
mitochondrial Nox4 is a major endogenous source of oxidative
stress in kidney tubular cells,” PLoS ONE, vol. 7, no. 7, Article
ID e39739, 2012.
[37] J. Kuroda, T. Ago, S. Matsushima, P. Zhai, M. D. Schneider, and
J. Sadoshima, “NADPH oxidase 4 (Nox4) is a major source of
oxidative stress in the failing heart,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 107, no.
35, pp. 15565–15570, 2010.
[38] I. F. Benter, M. H. M. Yousif, G. S. Dhaunsi, J. Kaur, M. C.
Chappell, and D. I. Diz, “Angiotensin-(1–7) prevents activation
of NADPH oxidase and renal vascular dysfunction in diabetic
hypertensive rats,” American Journal of Nephrology, vol. 28, no.
1, pp. 25–33, 2007.
[39] G. S. Dhaunsi, M. H. M. Yousif, S. Akhtar, M. C. Chappell, D.
I. Diz, and I. F. Benter, “Angiotensin-(1–7) prevents diabetesinduced attenuation in PPAR-𝛾𝛾 and catalase activities,” European Journal of Pharmacology, vol. 638, no. 1–3, pp. 108–114,
2010.
[40] M. Nautiyal, P. V. Katakam, D. W. Busija et al., “Diﬀerences
in oxidative stress status and expression of MKP-1 in dorsal
medulla of transgenic rats with altered brain renin-angiotensin
system,” American Journal of Physiology, vol. 303, no. 8, pp.
R799–R806, 2012.
[41] M. H. Yousif, G. S. Dhaunsi, B. M. Makki, B. A. Qabazard, S.
Akhtar, and I. F. Benter, “Characterization of Angiotensin-(1–7)
eﬀects on the cardiovascular system in an experimental model
of type-1 diabetes,” Pharmacological Research, vol. 66, no. 3, pp.
269–275, 2012.
[42] Y. Hirooka, “Role of reactive oxygen species in brainstem in
neural mechanisms of hypertension,” Autonomic Neuroscience:
Basic and Clinical, vol. 142, no. 1-2, pp. 20–24, 2008.
[43] J. R. Peterson, R. V. Sharma, and R. L. Davisson, “Reactive
oxygen species in the neuropathogenesis of hypertension,”
Current Hypertension Reports, vol. 8, no. 3, pp. 232–241, 2006.
[44] S. H. H. Chan, K. L. H. Wu, A. Y. W. Chang, M. H. Tai, and J.
Y. H. Chan, “Oxidative impairment of mitochondrial electron
transport chain complexes in rostral ventrolateral medulla
contributes to neurogenic hypertension,” Hypertension, vol. 53,
no. 2, pp. 217–227, 2009.
[45] M. Nozoe, Y. Hirooka, Y. Koga et al., “Mitochondria-derived
reactive oxygen species mediate sympathoexcitation induced by
angiotensin II in the rostral ventrolateral medulla,” Journal of
Hypertension, vol. 26, no. 11, pp. 2176–2184, 2008.
[46] J. Y. Jun, J. Zubcevic, Y. Qi, and M. K. Raizada, “Scavenging
of mitochondrial ros in the brain prevents neurogenic hypertension,” in Proceedings of the 25th International Symposium on
Cerebral Blood Flow, Metabolism and Function, 2011.
[47] K. Ogawa, Y. Hirooka, K. Shinohara, T. Kishi, and K. Sunagawa,
“Inhibition of oxidative stress in rostral ventrolateral medulla
improves impaired barore�ex sensitivity in stroke-prone spontaneously hypertensive rats,” International Heart Journal, vol.
53, no. 3, pp. 193–198, 2012.
[48] V. A. Braga, E. Colombari, and M. G. Jovita, “Angiotensin IIderived reactive oxygen species underpinning the processing of
the cardiovascular re�exes in the medulla oblongata,” Neuroscience Bulletin, vol. 27, no. 4, pp. 269–274, 2011.

7
[49] M. Nautiyal, H. A. Shaltout, D. C. de Lima, N. K. do, M. C.
Chappell, and D. I. Diz, “Central angiotensin-(1–7) improves
vagal function independent of blood pressure in hypertensive
(mRen2)27 rats,” Hypertension, vol. 60, no. 5, pp. 1257–1265,
2012.
[50] J. D. Malhotra and R. J. Kaufman, “ER stress and its functional
link to mitochondria: role in cell survival and death,” Cold
Spring Harbor Perspectives in Biology, vol. 3, no. 9, Article ID
a004424, 2011.
[51] C. N. Young, X. Cao, M. R. Guruju et al., “ER stress in
the brain subfornical organ mediates angiotensin-dependent
hypertension.,” Journal of Clinical Investigation, vol. 122, no. 11,
pp. 3960–3964, 2012.
[52] S. H. H. Chan, K. S. Hsu, C. C. Huang, L. L. Wang, C. C. Ou,
and J. Y. H. Chan, “NADPH oxidase-derived superoxide anion
mediates angiotensin II-induced pressor eﬀect via activation of
p38 mitogen-activated protein kinase in the rostral ventrolateral
medulla,” Circulation Research, vol. 97, no. 8, pp. 772–780, 2005.
[53] S. H. H. Chan, L. L. Wang, H. L. Tseng, and J. Y. H. Chan,
“Upregulation of AT1 receptor gene on activation of protein kinase C𝛽𝛽/nicotinamide adenine dinucleotide diphosphate
oxidase/ERK1/2/c-fos signaling cascade mediates long-term
pressor eﬀect of angiotensin II in rostral ventrolateral medulla,”
Journal of Hypertension, vol. 25, no. 9, pp. 1845–1861, 2007.
[54] T. Kishi, Y. Hirooka, S. Konno, K. Ogawa, and K. Sunagawa, “Angiotensin II type 1 receptor-activated caspase3 through ras/mitogen-activated protein kinase/extracellular
signal-regulated kinase in the rostral ventrolateral medulla is
involved in sympathoexcitation in stroke-prone spontaneously
hypertensive rats,” Hypertension, vol. 55, no. 2, pp. 291–297,
2010.
[55] E. M. Logan, A. A. Aileru, H. A. Shaltout, D. B. Averill, and
D. I. Diz, “e functional role of PI3K in maintenance of
blood pressure and barore�ex suppression in (mRen2)27 and
mRen2.Lewis rat,” Journal of Cardiovascular Pharmacology, vol.
58, no. 4, pp. 367–373, 2011.
[56] M. Soulsby and A. M. Bennett, “Physiological signaling speci�city by protein tyrosine phosphatases,” Physiology, vol. 24, no.
5, pp. 281–289, 2009.
[57] R. J. R. Flach and A. M. Bennett, “Mitogen-activated protein kinase phosphatase-1—a potential therapeutic target in
metabolic disease,” Expert Opinion on erapeutic Targets, vol.
14, no. 12, pp. 1323–1332, 2010.
[58] R. C. Tsou and K. K. Bence, “e genetics of PTPN1 and
obesity: insights from mouse models of tissue-speci�c PTP1B
de�ciency,” Journal of Obesity, vol. 2012, Article ID 926857, 8
pages, 2012.
[59] M. Elchebly, P. Payette, E. Michaliszyn et al., “Increased insulin
sensitivity and obesity resistance in mice lacking the protein
tyrosine phosphatase-1B gene,” Science, vol. 283, no. 5407, pp.
1544–1548, 1999.
[60] J. J. Wu, R. J. Roth, E. J. Anderson et al., “Mice lacking MAP
kinase phosphatase-1 have enhanced MAP kinase activity and
resistance to diet-induced obesity,” Cell Metabolism, vol. 4, no.
1, pp. 61–73, 2006.
[61] R. J. Roth, A. M. Le, L. Zhang et al., “MAPK phosphatase-1
facilitates the loss of oxidative myo�bers associated with obesity
in mice,” Journal of Clinical Investigation, vol. 119, no. 12, pp.
3817–3829, 2009.
[62] S. O. Kasper, C. S. Carter, C. M. Ferrario et al., “Growth,
metabolism, and blood pressure disturbances during aging in

8

[63]
[64]

[65]

[66]

International Journal of Hypertension
transgenic rats with altered brain renin-angiotensin systems,”
Physiological Genomics, vol. 23, no. 3, pp. 311–317, 2005.
S. O. Kasper, C. M. Ferrario, D. Ganten, and D. I. Diz, “Rats
with low brain angiotensinogen do not exhibit insulin resistance
during early aging,” Endocrine, vol. 30, no. 2, pp. 167–174, 2006.
D. I. Diz, S. O. Kasper, A. Sakima, and C. M. Ferrario, “Aging
and the brain renin-angiotensin system: insights from studies
in transgenic rats,” Cleveland Clinic Journal of Medicine, vol. 74,
supplement 1, pp. S95–S98, 2007.
R. Bergeron, J. M. Ren, K. S. Cadman et al., “Chronic activation
of AMP kinase results in NRF-1 activation and mitochondrial
biogenesis,” American Journal of Physiology, vol. 281, no. 6, pp.
E1340–E1346, 2001.
L. H. Young, J. Li, S. J. Baron, and R. R. Russell, “AMP-activated
protein kinase: a key stress signaling pathway in the heart,”
Trends in Cardiovascular Medicine, vol. 15, no. 3, pp. 110–118,
2005.

MEDIATORS
of

INFLAMMATION

The Scientific
World Journal
Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Gastroenterology
Research and Practice
Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Journal of

Hindawi Publishing Corporation
http://www.hindawi.com

Diabetes Research
Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

International Journal of

Journal of

Endocrinology

Immunology Research
Hindawi Publishing Corporation
http://www.hindawi.com

Disease Markers

Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Volume 2014

Submit your manuscripts at
http://www.hindawi.com
BioMed
Research International

PPAR Research
Hindawi Publishing Corporation
http://www.hindawi.com

Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Volume 2014

Journal of

Obesity

Journal of

Ophthalmology
Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Evidence-Based
Complementary and
Alternative Medicine

Stem Cells
International
Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Journal of

Oncology
Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Parkinson’s
Disease

Computational and
Mathematical Methods
in Medicine
Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

AIDS

Behavioural
Neurology
Hindawi Publishing Corporation
http://www.hindawi.com

Research and Treatment
Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Oxidative Medicine and
Cellular Longevity
Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

