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27The renin–angiotensin system (RAS) plays a key pathogenic role in heart failure. The adverse effects of angioten-
28sin II (Ang II), a major player of the RAS, contributes to the development of heart failure. Heart failure is accom-
29panied by significant perturbations in cardiac energy metabolism that can both decrease cardiac energy supply
30and decrease cardiac efficiency. Recent evidence suggests that Ang II might be involved in these perturbations
31in cardiac energymetabolism. Furthermore, new components of the RAS, such as angiotensin converting enzyme
322 and Ang1-7, have been reported to exert beneficial effects on cardiac energy metabolism. As a result, a further
33understanding of the relationship between the RAS and cardiac energy metabolism has the potential to improve
34the control of heart failure, and may lead to the development of new therapies to treat heart failure. This review
35summarizes what effects the RAS has on cardiac energy metabolism, highlighting how Ang II can induce cardiac
36insulin resistance and mitochondrial damage, and what role reactive oxygen species and sirtuins have on these
37processes.
38© 2013 Published by Elsevier Ltd.
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56 1. Introduction

57 The involvement of the renin–angiotensin system (RAS) in contrib-
58 uting to the severity of heart failure has received extensive attention
59 over the last couple of decades. Activation of RAS, especially increases
60 in angiotensin II (Ang II) levels, has a well established pivotal contribut-
61 ing role to the adverse myocardial remodeling and progression of heart
62 failure [1]. This has lead to the development of RAS suppression as an
63 important medical therapy for heart failure, including the use of angio-
64 tensin converting enzyme (ACE) inhibitors and Ang II type 1 receptor
65 (AT1R) antagonists [2,3].
66 Ang II is best known for its important role in regulating blood
67 pressure, via vasoconstriction and renal sodium absorption. In vascular
68 smoothmuscle cells (VSMC), Ang II elicits vasoconstriction, cell prolifer-
69 ation and hypertrophy [4,5]. Ang II-induced elevation of blood pressure
70 is also involved in the release and enhanced response to norepinephrine
71 [6,7]. These actions of Ang II primarily occur via binding to G-protein
72 coupled receptors (GPCR: Ang II receptor) found in various tissues.
73 The Ang II receptor has two distinct receptors: the AT1R and the Ang
74 II type 2 receptor (AT2R) [8]. Activation of the AT1R, which is highly
75 expressed in adults, results in vasoconstriction, cell proliferation, and
76 hypertrophy (Fig. 1). As such, overexpression of the AT1R induces
77 cardiac hypertrophy and remodeling [9]. On the other hand, Ang II bind-
78 ing to AT2R counteracts the AT1R-mediated detrimental effects,
79 resulting in vasodilation and anti-hypertrophic effects (Fig. 1). Further-
80 more, new components of the RAS have been discovered, with evidence
81 indicating that their components also have significant effects on the car-
82 diovascular system. This includes the angiotensin converting enzyme 2
83 (ACE2)/Ang1-7/MAS receptor axis, which has been demonstrated to be
84 a critical negative regulator of the ACE/Ang II/AT1R axis in cardiovascu-
85 lar diseases (Fig. 1) [10,11]. Blockade of the AT1R results in an increase
86 in Ang II levels, which may cause either selective stimulation of cardiac
87 AT2R, or an accelerated conversion of Ang II to Ang1-7. Both of these

88effects have the potential to produce beneficial therapeutic outcomes
89in heart disease [12].
90In addition to the effects of Ang II on vasoconstriction and hyperten-
91sion, cardiac hypertrophy and remodeling, recent evidence suggests
92that Ang II can also adversely affect cardiac energy metabolism in
93heart failure. Cardiac energy metabolic changes in heart failure can
94manifest as both a deficit in energy production by the heart, as well as
95a decrease in cardiac efficiency [13,14]. This impairment in cardiac
96energy metabolism and efficiency can contributes to the progression
97of left ventricular remodeling and contractile dysfunction in heart
98failure [13]. The energy metabolic changes that occur in the failing
99heart are complex, due in part to the fact that heart failure is not a
100uniform disease andmultiple etiologies and causative factors contribute
101to heart failure. Also, there are different stages of heart failure develop-
102ment, as well different types of heart failure: heart failure with pre-
103served ejection fraction (HF-PEF) and heart failure with reduced
104ejection fraction (HF-REF). For these reasons the actual alterations in
105cardiac energy metabolism that occur in heart failure are complicated.
106However, it is generally accepted that overall mitochondrial oxidative
107phosphorylation (glucose oxidation and fatty acidβ-oxidation)decrease
108in heart failure [13,14]. Since mitochondrial oxidative metabolism
109normally contributes over 90% of the hearts energy requirements, this
110can create an energy deficit in the heart. Increased glycolysis can provide
111a source of energy (adenosine triphosphate (ATP)) in the failing heart,
112but cannot completely replace the deficit in mitochondrial ATP produc-
113tion [15]. Aswill be discussed, it is becoming apparent that alterations in
114the RAS and Ang II contribute to these changes in energy metabolism.
115In addition to alterations in the amount of energy produced in
116the failing heart, the efficiency of producing energy can contribute to
117contractile dysfunction in the failing heart [13,14]. In particular, the
118source of energy used by the heart can have a profound impact on the
119efficiency of ATP production by the heart. Use of fatty acids as a source
120of energy (at the expense of carbohydrate oxidation) decreases cardiac
121efficiency (cardiac work/O2 consumed). In heart failure, decreased
122cardiac efficiency can contribute to the severity of the energy deficit.
123As will be discussed, recent evidence has shown that chronic elevations
124in Ang II significantly alter the relationship between fatty acid and car-
125bohydrate oxidation in the heart, resulting in a shift from carbohydrate
126oxidation towards fatty acid β-oxidation [16]. These energy metabolic
127alterations decrease cardiac efficiency, and contribute to the adverse
128effects of Ang II in heart failure.
129Advances in metabolomics analysis have intensified efforts to
130identify cardiovascular biomarkers and disease pathways in heart
131failure [17,18]. Ang II can alter both mitochondrial morphology,
132mitochondrial respiratory chain enzyme activities, and mitochondrial
133biogenesis [16,19–21]. As a result, a better understanding of what
134effects RAS has on cardiac energy metabolism in heart failure may not
135only be beneficial in developing new treatments for heart failure,
136but may also facilitate the identification of novel energy metabolic
137biomarkers to identify RAS-induced heart failure. We will therefore
138review the effect of RAS on cardiac energy metabolism in heart failure.

1391.1. Ang II effects on cardiac fatty acid β-oxidation and carbohydrate
140oxidation

141The heart has a very high energy demand, which is derived primarily
142frommitochondrial oxidative phosphorylation [14].While the heart can
143utilize a number of different fuels, the twomain energy substrates used
144by the heart are fatty acids and carbohydrates (glucose and lactate). The
145oxidation of fatty acids is the main source of ATP production, although
146under certain conditions (such as after a high carbohydrate meal)
147glucose and lactate oxidation can become the major source of energy
148[14,16,22]. The metabolism of fatty acids and glucose in heart is highly
149regulated and closely coupled, such that an increase in fatty acid
150β-oxidation results in a decrease in carbohydrate oxidation, and
151vice versa (i.e. the Randle cycle) [23]. The RAS can alter this
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Fig. 1. Schematic representation of the renin–angiotensin system. angiotensin converting
enzyme, ACE; angiotensin converting enzyme 2, ACE2; angiotensin II type1 receptor,
AT1R; angiotensin II type2 receptor, AT2R.
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