
1
2 Creatine Phosphate Administration in
3 Cell Energy Impairment Conditions:
4 A Summary of Past and Present Research

5 A.V. GaddiQ1 , [1_TD$DIFF]MDa*, P. Galuppo b, J. Yang, MDc

6 aCaravelliQ2 Laboratories & Techonios EuroGenLab, Bologna, Italy

7 bInternationalQ3 Medical Affairs Department, Alfa Wasserman, Milan, Italy

8 cDepartmentQ4 of Cardiology, Beijing Hospital, National Center of Gerontology, China

9
10 Received 2 December 2016; accepted 20 December 2016; online published-ahead-of-print xxx

11
12
13 Introduction
14 Eggleton (1927) isolatedQ8 creatine phosphate (CrP)a [2_TD$DIFF] in animal

15 muscle tissue [1]. However, subsequent advances in bio-

16 chemistry showed that it was also biosynthesised in

17 humans.Q9

18 Creatine is phosphorylated into CrP in peripheral tissues

19 by the enzymatic action of creatine kinase (CK) through the

20 following reversible reaction: Creatine (Cr) + ATPQ10 (adeno-

21 sine triphosphate) , H+ + CrP + ADP (adenosine diphos-

22 phate). Muscle tissue contains about 90% of all the

23 creatine phosphate found in the organism [2].

24 Cain and Davies (1962) inhibited CK in experimental mod-

25 els and observed that ATP levels rapidly decreased to the

26point that muscle contractions could no longer occur owing

27to the lower supply of this substance in the actomyosin

28contractile process [3]. This confirmed that the CrP/CK sys-

29tem is fundamental in promoting rapid synthesis of ATP,

30which is particularly important in situations of high meta-

31bolic demand.

32Gudbjarnason (1970) reported that high-energy phosphate

33(HEP) compounds, such as ATP and CrP are rapidly

34depleted [4] during ischaemia. Moreover, altered HEP

35metabolism has been seen in different experimental models

36of cardiac pathology [5], including human cardiac pathology

37[6,7]. High-energy phosphate depletion Q11coincides with the

38destruction of the sarcolemma and irreversible cell damage

39[8].
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CreatineQ6 phosphate (CrP) plays a fundamental physiological role by providing chemical energy for cell

viability and activity, especially in muscle tissue. Numerous pathological conditions, caused by acute or

chronic ischaemic situations, are related to its deficiency. For these reasons, it has been used as a cardio-

protective agent in heart surgery and medical cardiology for many years. Many recent preclinical and

clinical trials with CrP have provided further interesting information on the pharmacological role of this

molecule.

[3_TD$DIFF]This article gives a brief overview of the main characteristics of exogenous CrP. Besides CrP [4_TD$DIFF]’s well known

cell energy and function restoring properties, new evidence is emerging regarding its antioxidant and anti-

apoptotic properties. Use of CrP is well established clinically as an intraoperative and perioperative

adjuvant in heart operations (valve replacement, coronary artery bypass grafting, congenital heart defect

repair), and as an additional agent in medical cardiology therapy for acute myocardial infarction and acute

and chronic heart failure. In particular, there are promising potential new CrPQ7 uses in neurology, such as in

cerebral ischaemia and hypoxic ischaemic encephalopathy.
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40 Jun et al. (2014) also observed altered HEP metabolism in

41 cerebral ischaemia. They revealed a depletion in ATP and

42 CrP in the cerebral cortex and hippocampus following a

43 prolonged cardiac arrest and ischaemic condition [9].

44 The aim of this review is to describe the current therapeutic

45 indications of CrP, and new prospects for CrP use in heart

46 and brain diseases with impaired cell energy metabolism.

47 a 2-[methyl-[(E)-N’-phosphonocarbamimidoyl]amino]aceticQ12 acid

48 (IUPAC)

49 Biological Activity of CrP

50 The CrP Shuttle
51 Creatine phosphate plays an essential role in all human

52 tissues with high-energy requirements (heart, skeletal mus-

53 cle, brain). Although the ultimate energy compound used for

54 muscle contraction is ATP, the primary energy transport

55 medium is CrP [10], which acts as a shuttle molecule

56 between ATP production and utilisation sites [11]. Adeno-

57 sine triphosphate is initially produced in the cell mitochon-

58 drion and the site of ATP utilisation in muscle contraction is

59 the myofibril. However, since the direct transport of ATP

60 molecules across the mitochondrial membranes is hindered,

61 the chemical energy is moved through Cr phosphorylation

62 into CrP: this is the ‘‘CrP shuttle”. Creatine receives a high-

63 energy phosphate group from ATP in the mitochondrial

64 membrane, and then donates it to ADP in the sarcoplasm

65 (i.e. ATP + Cr) to make muscle contractions possible.

66 Adenosine triphosphate and CrP availability is regulated

67 through the ‘‘CrP shuttle” on the basis of tissue energy

68 requirements [11].

69 Adenosine triphosphate is required in the heart for cell

70 viability and the myocardial pump function. Since there is

71 very little ATP in the heart compared with demand, myocar-

72 dial cells must continuously resynthesise it to maintain cell

73 viability and contractile function.

74 CrP Reduction in Cells:
75 Physiopathological Aspects
76 Several studies in the history of cardiology have focussed on

77 the role of altered HEP metabolism, firstly in experimental

78 heart disease models and then on humans with heart

79 diseases.

80 Preliminary experiments by Hearse (1979) [12] and

81 Whitman (1985) [13], with isolated hypoxic rat hearts and

82 ischaemic rabbit hearts respectively, revealed a decrease in

83 myocardial CrP, contractile activity and slower fall in ATP.

84 More recently, Ye et al. (2001) observed a decrease in CrP/

85 ATP ratio and creatine kinase isoenzyme release in a porcine

86 model of cardiac hypertrophy and failure, in keeping with

87 the degree of cardiac hypertrophy [14].

88 These experimental data have been confirmed in human

89 pathology. Hardy et al. (1991) observed a decrease in the

90 myocardial CrP/ATP ratio in patients with dilated-cardio-

91 myopathy [6]. Myocardial CrP/ATP ratio was also shown to

92 be a significant independent predictor of cardiovascular

93mortality (5% with CrP/ATP ratio >1,6; 10% if CrP/ATP

94ratio is <1.6) in a multivariate analysis of patients with heart

95failure [7].

96Neubauer et al. (1992) reported that a decrease in myocar-

97dial CrP/ATP ratio correlates with the severity of heart

98failure, and that the CrP/ATP ratio increases after CrP treat-

99ment leading to improvement in the patient’s New York

100Heart Association (NYHA) status [15].

101New studies performed with biochemical heart failure

102markers, like plasma B-type natriuretic peptide level [16],

103have demonstrated that the CrP/ATP ratio negatively cor-

104relates with the severity of heart failure.

105Lastly, brain tissue is also susceptible to ischaemic injury

106due to its high metabolic rate, limited intrinsic energy stores,

107and critical dependence on the aerobic glucose metabolism

108[17].

109Jun et al. (2014) demonstrated in animals that partial

110depletions of ATP and CrP developed in the cerebral cortex

111and hippocampus after prolonged ischaemia-inducing car-

112diac arrest, thus showing the importance of adequate

113amounts of CrP to avoid brain damage after ischaemia/

114reperfusion [9].

115The Use of Exogenous CrP in Preventing
116Cell Energy Impairment
117Creatine phospate is the first molecule to be depleted in

118ischaemia, anoxia and toxic cardiomyopathies [18,19],

119whereas in stress conditions, such as hypoxia, themyocardial

120cells increase their uptake of exogenous CrP [20,21].

121This suggests that extracellular administration of CrP may

122compensate for the energy deficiency [22]. Several experi-

123mental studies have, therefore, been carried out to evaluate

124the effects of exogenous CrP in cell energy impairment

125conditions.

126Creatine phosphate has been shown to inhibit adenosine

127monophosphate (AMP) catabolism enzymes: AMP deami-

128nase and 50-nucleotidase [23]. If 50-nucleotidase activity is

129inhibited, the adenine structure is preserved in the form of

130AMP, and since the adenylate kinase reaction in ADP forma-

131tion is reversible, ADP (and ATP) still forms.

132Creatine phosphate also preserves the adenine nucleotide

133pool by working on de novo synthesis. Creatine phosphate

134removes ADP [6_TD$DIFF]’s inhibition of phosphoribosylpyrophosphate

135(PRPP) synthase, the enzyme which catalyses the formation

136of PRPP from ribose 5-phosphate + ATP, leading to the neo-

137synthesis of adenine nucleotides [23].

One in vitro and in vivo study in the ischaemicmyocardium

138[24] showed that a 10 mmol concentration of exogenous CrP

139reduced the accumulation of lysophosphatidylcholine and

140lysophosphatidylethanolamine in cells, thus stabilising the

141myocardial cell membranes and preventing arrhythmias.

142Furthermore, CrP is able to protect membrane structure

143through direct interaction with membrane phospholipids. In

144this electrical interaction, endogenous and exogenous CrP

145behaves like a zwitterion [23]. Its opposite charges interact

146with the charged phospholipids located on both sides of the

147sarcolemma [25] leading to sarcolemma stability.
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