A multi-centre randomized controlled trial investigating the effect of remote
ischaemic preconditioning (RIPC) on blood and myocardial biomarkers of stress
and injury-related signalling in patients having isolated coronary artery bypass
grafting (CABG) or aortic valve replacement (AVR) using cardiopulmonary

bypass (CPB)

A THESIS SUBMITTED TO IMPERIAL COLLEGE OF LONDON
FOR THE DEGREE of

MD res

Marco Moscarelli

MD (1t.)

Imperial College
London

Hammersmith Hospital, Imperial College of London

Bristol Heart Institute, University of Bristol

2018



Declaration of Originality

I declare that the work in this dissertation was carried out in accordance with the
requirements, regulations, and code of practice for research degree programs of the Imperial
College of London and University of Bristol. The work is original except where indicated by
special reference in the text, and no part of the dissertation has been submitted for any other
academic award.

The work is the candidate’s own work. Work done in collaboration with or with the assistance

of others is indicated as such. Any views expressed in the dissertation are those of the author.

SIGNED

Qe ~— )
|

|
v

Date

03/01/2018



Copyright Declaration

The copyright of this thesis rests with the author and is made available under a Creative
Commons Attribution Non-Commercial No Derivatives licence. Researchers are free to copy,
distribute or transmit the thesis on the condition that they attribute it, that they do not use it
for commercial purposes and that they do not alter, transform or build upon it. For any reuse

or redistribution, researchers must make clear to others the licence terms of this work.



PUBLICATIONS FROM THIS THESIS

Moscarelli M, Angelini G, Suleiman S, Fiorentino F, Punjabi P. Remote

ischaemic preconditioning: is it a flag on the field? Perfusion. 2015 Feb 4.

Moscarelli M, Punjabi PP, Miroslav GI, Del Sarto P, Fiorentino F, Angelini GD.
Myocardial conditioning techniques in off-pump coronary artery bypass grafting. ]

Cardiothorac Surg. 2015 Jan 20;10(1):7.

Fiorentino F, Angelini GD, Suleiman MS, Rahman A, Anderson J, Bryan AJ, Culliford LA,
Moscarelli M, Punjabi PP, Reeves BC. Investigating the effect of remote ischaemic
preconditioning on biomarkers of stress and injury-related signalling in patients having
isolated coronary artery bypass grafting or aortic valve replacement using cardiopulmonary

bypass: study protocol for a randomized controlled trial. Trials. 2015 Apr 23;16(1):18.

PRESENTATIONS FROM THIS THESIS

Advances in the biochemistry of ischemia and hypoxia. Friday 17" July 2015, Wills Hall,
University if Bristol, Parry’s Labe, Stoke Bishop. A symposium to celebrate Prof. Andrew

Halestrap’s many important scientific contributions.



ABSTRACT

Objective: To compare markers of cardiac injury, inflammatory and oxidative responses, and
myocardial cellular changes in the left and right ventricles of patients undergoing isolated
coronary artery bypass grafting (CABG) or aortic valve replacement (AVR) using
cardiopulmonary bypass (CPB) and cardioplegic arrest with or without remote ischaemic
preconditioning (RIPC).

Methods: Two conditions were studied for each surgical stratum (CABG or AVR): (a) no
RIPC and (b) RIPC following anaesthesia and before sternotomy. The control group (no
RIPC) represented standard clinical practice. Left and right ventricular biopsies were
collected before CPB and at the end of ischaemic cardioplegic arrest. Blood samples were
collected before, during, and after the operation.

Results: Between March 2012 and April 2014, 124 patients agreed to participate in the study;
64 and 60 patients formed the CABG and AVR populations, respectively, and were
randomised to receive RIPC or sham treatment. There were no differences in troponin release
between groups (geometric mean ratio 0.92 (0.75,1.10), p=0.9; and 0.9 (0.35,1.44), p=0.65
CABG and AVR respectively). The postoperative course in each group was similar with no
mortality. There were no significant differences in phosphorylation potential or energy charge
in left and right ventricle biopsies or in circulating inflammatory markers between groups. No
serious adverse events were reported.

Conclusions: RIPC did not confer significant cardioprotection as measured by troponin I
release. This result was possibly related to the inability of the study to stratify anaesthesia

regimens. Both RIPC and Tru-Cut ventricle biopsy procedures were safe.
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1.1 Aims

The aim of this project was to compare markers of cardiac injury, inflammatory and oxidative
responses, and myocardial cellular changes in patients undergoing isolated coronary artery
bypass grafting (CABG) or aortic valve replacement (AVR) using cardiopulmonary bypass

(CPB) and cardioplegic arrest with or without remote ischaemic preconditioning (RIPC).

1.2 General introduction

Coronary artery disease (CAD) is a leading cause of morbidity worldwide. In addition to
primary prevention, clinical research continues to pursue strategies to limit the extent of
damage related to myocardial infarction (MI). Ischaemic conditioning was first described by
Murry et al.' and has attracted significant research attention as a possible strategy for
protecting the heart or other organs from MI through brief preconditioning episodes of
ischaemia followed by reperfusion. Alternative forms of ischaemic conditioning in which
ischaemia is induced remotely from the heart (remote ischaemic preconditioning, RIPC) or
during (per-conditioning) or after (post-conditioning) an ischaemic event have been
described’. Yet, the mediators and signal transduction pathways by which ischaemic
conditioning produces cardioprotective effects remain unclear.

Cardiac surgery provides a specific scenario with an anticipated ischaemic event (e.g.,
ischaemic arrest during CPB or during the anastomotic period for off-pump coronary
surgery). For this reason, strategies for the prevention of ischaemic injury are highly
researched in the field of cardiac surgery. Moreover, cardioprotective techniques can be
studied in so-called ‘naive hearts’ in patients without previous CAD or angina who are
referred for valve surgery, yielding a population of subjects with no previous ischaemic self-
conditioning. Several such studies have investigated the role of myocytes in ischaemic
conditioning and their responses after reperfusion, but cellular changes after conditioning
stimuli are not well understood”.

Several reports have described the ability of ischaemic conditioning to decrease cardiac

troponin release as an indicator of decreased myocardial damage; however, no study to date
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has associated this effect with clinical advantages. Two recent large-scale trials (the ERICCA
trial* and RIPHeart study’) failed to demonstrate the clinical benefits of RIPC in patients
undergoing cardiac surgery; however, these studies included several confounding factors such
as different baseline characteristics between the RIPC and non-RIPC cohorts, different
anaesthetic regimens (propofol versus volatile anaesthesia), and other medication differences
that may have influenced the results. Accordingly, there is a need for additional research to

clarify the exact effects and benefits associated with the use of RIPC in cardiac surgery.

1.3 Myocardial changes during ischaemia

Cardiac ischaemia is defined by a lack of oxygen and thus metabolic switching from aerobic
to anaerobic glycolysis in monocytes, resulting in lactate accumulation and consequently
acidosis’. Intracellular proton accumulation activates the Na'/H™ ion exchanger, which
exports H" in exchange for Na' entry. Furthermore, energy deficits during ischaemia inhibit
the 3Na'/2K" ATPase, leading to intracellular Na" overload. Intracellular Na" accumulation
leads to osmotic cellular swelling, an event implicated in ischaemia-induced sarcolemmal
damage” ®. Following Na" overload, cellular efforts to extrude Na“ by reverse activation of
the 2Na"/Ca*" ion exchanger produce intracellular Ca*" overload. All of these changes lead to
the loss of myocardial contractility, changes in the cellular membrane potential, and the
accumulation of toxic complexes. In cases of irreversible damage, there is a cessation of
anaerobic glycolysis; H' ions, AMP, lactate, and alphaglycerolephosphate accumulate;
osmolality increases; and these events ultimately lead to cellular and mitochondrial swelling’.
Prolonged periods of ischaemia further lead to the breakdown of accumulated AMP in

myocytes'’ (Figure 1.1).
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FIGURE 1.1 Purine metabolism. (1) ATPase; (2) ecto-/endo 5° nucleotidase; (3) adenosine
kinase; (4) AMP deaminase; (5) adenosine deaminase; (6) purine nucleoside phosphorylase;
(7) S-adenosylhomocysteine hydrolase; (8) adenylate kinase; (9) hypoxanthine guanine
phosphoribosyltransferase; and solid lines indicate reactions that require energy. Pi, inorganic

phosphate; PRPP, phosphoribosylpyrophosphate; SAH, S-adenosylhomocysteine.

The restoration of blood flow after ischaemia is essential for rescuing the myocardium from
necrotic and apoptotic damage; however, the process of reperfusion produces additional injury.
Ischaemia creates a circumstance in which oxygenation leads to the generation of free radicals and
Ca”" overloading rather than cellular energy production, augmenting tissue injury in excess of that
produced by ischaemia alone''. The cumulative damage resulting from an ischaemic/reperfusion

(I/R) event is referred to as I/R injury.

1.3.1 /R injury
Cardiac ischaemic injury appears after the prolonged occlusion of coronary vessels, and the

extent of damage is related to the duration of ischaemia, the importance of the occluded
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vessel, and the presence of collaterals. The best strategy for containing ischaemic insult is to
reperfuse the ischaemic myocardium. Available techniques for reperfusion of the heart after
an ischaemic event include thrombolysis, percutaneous coronary intervention, and CABG.
Yet, these efforts can also elicit I/R injury. Myocardial stunning is one of the most common
clinical expressions of IR injury'?; reperfusion of the heart after more than 15 min of
ischaemia yields a period of prolonged but reversible contractile dysfunction in which the
myocardium is ‘stunned.” Myocardial stunning occurs in cardiac surgery following prolonged
cross-clamping and subsequent reperfusion of an ischaemic myocardium.

The underlying mediators of I/R injury include reactive oxygen species (ROS), intracellular
Ca™ overload, endothelial and microvascular dysfunction, and altered myocardial
metabolism. A comprehensive analysis of the mechanisms leading to I/R injury was
published by Piper et al."’; this research identified re-energisation, the rapid normalisation of
tissue pH, and the rapid normalisation of tissue osmolality as possible causes of immediate
reperfusion injury. Mechanical disruption of the sarcolemma and myofibril hypercontracture
appear to be the endpoints of lethal reperfusion injury. After reperfusion, the re-energisation
of ischaemic cells leads to destructive contractile forces generated as a result of Ca*
overload, ultimately resulting in cytoskeletal fragility. Ischaemic acidosis can attenuate this
contractile activation, but the rapid normalisation of tissue pH similarly acts as a permissive
factor for re-energisation-induced hypercontracture and Ca®" overload. Finally, cellular
swelling is an important cause of immediately lethal reperfusion injury. Swelling occurs after
the rapid normalisation of extracellular osmolality and sudden hyperosmolality of the

intracellular fluid.

1.3.2 Reperfusion injury and the mitochondrial permeability transition pore (mPTP)

Mitochondrial dysfunction is a critical underlying cause of I/R injury. Ischaemia induces
dramatic increases in mitochondrial permeability, leading to both apoptotic and necrotic
cardiomyocyte death''. The mPTP is a large, non-specific channel that spans the inner

mitochondrial membrane and is thought to mediate mitochondrial-driven cardiomyocyte
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death'®. The mPTP is only activated (opened) under pathological conditions, allowing the free
passage of molecules < 1.5 kDa'>. mPTP activation causes mitochondrial swelling and the
uncoupling of mitochondrial oxidative phosphorylation'®. Mitochondrial matrix Ca*" overload
is a key factor responsible for mPTP activation, particularly in the presence of oxidative
stress, increased phosphate concentrations, adenine nucleotide depletion, and mitochondrial
depolarization'’. Notably, these conditions resemble those during post-ischaemic reperfusion,
and recent reports suggest that mPTP opening is a critical event in the transition from
reversible to irreversible reperfusion injury'’.

The molecular composition of the mPTP is not fully understood. Biochemical and
pharmacological studies suggest that the pore consists of a voltage-dependent anion channel
(VDAC) in the outer membrane, adenine nucleotide translocase (ANT) in the inner
membrane, and cyclophilin-D in the matrix'*. Reconstitution of the VDAC-ANT-cyclophilin-
D complex in vesicles yields a Ca**-sensitive channel reminiscent of the mPTP. Furthermore,
pharmacological inhibitors of ANT and cyclophilin-D such as bongkrekic acid and
cyclosporine-A inhibit the mPTP and protect cardiac cells against hypoxia, oxidative stress,
and I/R injury'®. Thus, suppression of mPTP opening at the onset of reperfusion is an

important target for cardioprotection.

1.3.3 Amino acids as metabolic substrates during cardiac ischaemia

Cardiac function is strictly adenosine triphosphate (ATP)-dependent. Cardiac metabolism is
firstly and immediately compromised following an ischaemic episode®. Metabolic imbalance
leads to ion channel dysfunction, ionic imbalances, reduced contractile function, oxidative
stress, and ultimately myocyte death. Amino acids play pivotal roles in cardiac metabolism
and cardioprotection as sources of acetyl-CoA that contribute to NADH and FADH,
production after reperfusion. Additionally, glutamine and glutamate are converted to free
radical scavengers or preferentially converted to the Krebs cycle intermediate a-ketoglutarate
in ischaemic cardiac tissues’. Whereas the use of glucose and fatty acids as metabolic

substrates leads to significant acid by-product generation in myocytes, the utilisation of amino
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acids has minimal effects on cellular acidification. Therefore, glutamate and glutamine
supplementation may protect myocyte function during ischaemia. This is particularly
important in the context of cardiac hypertrophy (e.g., in aortic stenosis), where ventricle
function is rapidly affected by free radicals and low pH.

Nevertheless, cardiac substrate preferences under ischaemic conditions are not fully
understood. Ischaemia represents a novel circumstance with high acidity, enhanced ROS
production, and inadequate buffering capacity. Some amino acids undergo conversion to
usable metabolic intermediates more rapidly than others; for example, cardiac tissues are
unable to utilise aromatic amino acids, whereas alanine synthesis occurs under even the most
unfavourable conditions. In the absence of oxygen, the heart is unable to convert and utilise
acids and ketone bodies to form acetyl-CoA, especially under low pH. As indicated above,
other amino acids such as glutamate and glutamine are preferentially utilised during
ischaemia. Nevertheless, glutamate conversion yields only small amounts of ATP; a single
molecule of glutamate produces 1 guanosine triphosphate (GTP) and 1 NADH, which
undergo subsequent conversion to succinate. These anaerobic processes only extend the
period of tolerability of ischaemia and the time to lethal myocyte damage.

Variation in cellular amino acid availability in the heart is observed even at rest, suggesting
that repeated episodes of ischaemia might induce biochemical changes to increase the
utilisation of alternative substrates as a conditioning mechanism®. Peukurinen et al.'®
demonstrated that repeated episodes of ischaemia produced increased glutamate uptake and
alanine release. Cardiac ischaemia is thereby characterised by dramatic decreases in ATP,
glycogen, glutamate, and aspartate availability; increased lactate production; and an increased
alanine/glutamate ratio. Inhibiting glutamate transamination decreases glutamate and
aspartate utilisation and compromises the heart’s ability to recover from ischaemia. Thus, it
might be hypothesised that cardiomyocytes increase alanine production and glutamate
consumption in response to ischaemia. Different studies have shown that, in pre-conditioned
cardiac tissues, amino acid flux is increased for several hours after an ischaemic event,

supporting the hypothesis that RIPC can confer prolonged periods of protection®.
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1.3.4 Troponin

Cardiac troponin T (¢TnT) and cardiac troponin I (¢Tnl) are sensitive cardiac biomarkers for
the diagnosis of MI". Following the onset of MI, both ¢TnT and cTnl are released from dying
cells within 2—4 h and 3-4 h, respectively. There is no literature consensus regarding which
troponin is superior, although some authors have reported that high sensitivity ¢TnT (hs-
cTnT) is more sensitive than sensitive-contemporary cardiac troponin I (sc-cTnl) for

detecting MI*

. Troponin C (cTnC) is another biomarker component of the 3-unit troponin
complex (troponin I, T, and C) bound with tropomyosin on actin filaments. Unlike cTnl and
cTnT, ¢TnC is also expressed in slow-twitch skeletal muscles and thus lacks cardiac
specificity’’. Although biomarker definitions for post-procedural MI remain vague, the
American Heart Association and World Heart Federation proposed that, for angioplasty and

CABG, troponin > 3x the 99" percentile and > 5x the 99" percentile indicate procedure-

related MI, respectively™.

1.4 Conditioning techniques

‘Cardiac conditioning’ is an umbrella term that refers to cardioprotection elicited by a previous non-
lethal insult and includes preconditioning, per-conditioning, and post-conditioning®.
Preconditioning describes a trigger stimulus provided before an ischaemic event, per-conditioning
is administered during the ischaemic event, and post-conditioning is provided after ischaemia
during reperfusion (Figure 1.2). Preconditioning is used when the ischaemic event can be
anticipated, e.g., before cardiac surgery or percutaneous intervention; per-conditioning is
implemented during ischaemia, e.g., during the onset of acute coronary syndrome; and post-
conditioning is used to limit the extent of reperfusion injury, e.g., after acute coronary syndrome.
Cardiac conditioning can also be elicited remotely (e.g., at the level of a limb) rather than
centrally**. Remote ischaemic preconditioning (RIPC) has recently gained popularity as a less

. . . . .. . 24
invasive alternative to central cardiac conditioning™.
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A conditioning stimulus generally consists of brief ischaemia followed by reperfusion', but can
alternatively include non-ischaemic triggers such as noxious stimuli®, hyperbaric oxygen®®, and
volatile anaesthetic administration®’. Several studies have advocated these alternative approaches as

equally effective compared to ischaemic conditioning.

CONDITIONING
In relation to the |1 | In .relation to where the
stimulus v stimulus is carried out
: ‘Ischemic/R’ ‘Central’ ‘Remote’
Non-Ischemic 3 (CIP) (RIPC)
- Pain .
- Temperature In re.lat_lon to t.he
- Other main ischemic
period
Pre-conditioning Per-conditioning Post-conditioning
4
In relation to the period
of protection
‘Classic conditioning’ ‘Late conditioning’
(first window of protection) (second window of protection)

FIGURE 1.2 Schematic classification of different types of cardiac conditioning.

1.4.1 Ischaemic and non-ischaemic preconditioning

The first evidence for ischaemic preconditioning came from a study by Reimer and Murry in
the 1980s’. In a landmark experiment conducted in anaesthetised dogs, the authors interrupted
blood flow in the coronary arteries 4 times for 5-min periods of ischaemia followed by
reperfusion and found that hearts subjected to preconditioning exhibited increased resistance
against a potentially lethal episode of I/R. Shortly thereafter, the first clinical evidence of
central ischaemic preconditioning came from a study of patients undergoing cardiac
surgery”®. The authors induced cardiac preconditioning with transient non-lethal ischaemia

followed by reperfusion using aortic cross-clamping. As a result, TnT levels and ATP
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depletion were significantly lower in pre-conditioned heart biopsies compared to biopsies
from a control group.

There exist several non-ischaemic strategies for inducing cardioprotection. For example,
hypothermia reduces the extent of ischaemic injury in various surgical contexts®. Application
of hypothermia as per-conditioning in pigs improved tissue perfusion, preserved tissue
metabolic and mechanical functions, minimised the development of arrhythmias, and
decreased infarct size’®. Temperature preconditioning induced with 3 cycles of alternating
short-term hypothermic and normothermic perfusion facilitated the recovery of hemodynamic
function and reduced ventricular arrhythmias during reperfusion after a 25-min period of
global normothermic ischaemia in rats®'. Although hypothermia exerts protective effects on
the heart and brain before an ischaemic event, experimental evidence suggests that repeated
cycles of moderate hypothermia and normothermia provide better protection against I/R
injury than a single exposure’’.

Pharmacological preconditioning is another alternative to conventional I/R triggers.
Administration of an ATP-sensitive potassium channel agonist before ischaemia improves the
resistance of cardiac tissues to injury’. In preclinical studies, non-ischaemic tachycardia has
been posited to mimic the effects of preconditioning through modification of the sarcoplasmic
reticulum and mitochondrial ATP-sensitive potassium channels™. Pain is another stimulus
that has been shown to elicit remote preconditioning in rats*, although this mechanism still

requires clinical validation.

1.4.2 RIPC

In 1993, Przyklenk and colleagues proposed a definition of RIPC as an extension of the
research of Reimer and Murry™. The authors demonstrated that brief episodes of ischaemia
administered to a single vascular bed produced cardioprotection in a canine model of
sustained coronary artery occlusion. Essentially, occlusion of the circumflex artery protected
the myocardium supplied by the remote left anterior descending artery>. Simultaneously,

McClanahan demonstrated in animals that non-lethal I/R injury to a remote organ (e.g., the
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kidney) induced cardioprotection®. Some years later, similar findings were described
following non-lethal I/R injury to intestinal tissue’’. In 1996, Jenkins and colleagues
identified beneficial effects of RIPC in a cohort of 33 patients undergoing CABG™. These
results spurred research into more clinically feasible and reproducible forms of RIPC. One of
the most common forms of non-invasive RIPC uses brief cycles of I/R administered to a limb.
In 1997, Birnbaum® reported that transient restriction of blood flow to the lower leg reduced
the extent of MI after arterial occlusion in a rabbit model. The first major clinical application
of this RIPC method was reported in a context of paediatric cardiac surgery in 2006
Thereafter, Hausenloy described the effective application of limb RIPC in adults undergoing
CABG™. In recent years, Thielman®, Li*', and Wu* have published similar results in the

clinical contexts of CABG, AVR, and mitral valve replacement, respectively.

1.4.3 Primary and secondary preconditioning windows

Preconditioning effects delay rather than preclude damage related to MI, and this protection
lasts about 20 min post-stimulus. This primary protection comprises classic preconditioning;
however, after 24 h, there is another albeit less effective window of protection that lasts
longer than the primary protection window (Figure 1.3)’%. The mechanism by which organs
recall the ‘memory’ of an ischaemic stimulus is currently unknown, but evidence suggests
that the secondary window of protection is important for local/central preconditioning, while

its role in RIPC is unclear™®.
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FIGURE 1.3 Classic (primary) and secondary windows of preconditioning.

1.4.4 Conditioning doses for remote and central conditioning

The optimal dose of RIPC administered to a limb (e.g., duration of blood pressure cuff
inflation) is not well investigated. Inflating a blood pressure cuff for too few cycles can result
in an ineffective stimulus (hypo-conditioning) while inflation for too long (hyper-
conditioning) can cause detrimental effects. Hyper-conditioning is frequently observed in
patients with peripheral arterial disease (PAD) who experience intermittent claudication.
Although PAD is a common trait in patients undergoing CABG, the relationship between
PAD and CABG has received little attention. van Straten et al.** found that PAD was not an
independent predictor of early mortality (within 30 days) after CABG even though it was a
predictor of long-term mortality. With regard to central ischaemic conditioning, some studies
have indicated an ‘all or none’ effect: Li and colleagues demonstrated that there were no
differences in cardiac protection in dogs that received 1, 6, or 12 5-min cycles of coronary
occlusion before injury®. Other research indicated that infarct size was related to the strength

of a preconditioning stimulus in rats** and pigs'’. Yellon proposed that preconditionin,
p g p1g prop g
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follows a steep dose-response curve wherein continued stimuli do not carry additional effects
beyond a certain effect threshold™.

A recent study reported that while the effect of RIPC on exercise performance was non-
significant in an unstratified cohort of patients with heart failure, stratification of patients by
baseline cardioprotective activity revealed significant benefits in patients with low initial
cardioprotective activity48. These data suggest that patients who do not have significant pre-
existing cardioprotective capacity or conditioning exposures are more likely to benefit from
RIPC than those who already have good baseline cardioprotective activity. The optimal dose

of RIPC may, therefore, vary patient-to-patient.

1.5 Mechanisms underlying RIPC
The underlying mechanism of RIPC is not completely understood; however, for the sake of
simplicity, the process of RIPC can be divided into 4 parts (Figure 1.4):

1) Stimulus

2) Trigger (a process occurring in response to the stimulus)

3) Pathways activated by the trigger

4) Target changes in response to the trigger.
In the present thesis, the stimulus is defined as non-lethal I/R of variable dose. The stimulus
can facilitate autacoid generation that activates afferent neural fibres and, in turn, central
efferent fibres (neuronal pathway); produce triggers that eventually reach the bloodstream and
target the central organ (humoral pathway); and/or elicit a systemic response that produces

intracellular changes at the level of the central organ (systemic pathway).
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FIGURE 1.4 Proposed mechanism for remote ischaemic preconditioning signal generation

and transduction.

1.5.1 Neuronal pathway
RIPC signal transduction is hypothesised to reach the heart via the somatosensory system,
spinal cord, and autonomic nervous system. Yet, most of the data supporting this hypothesis
originate from animal models or studies transferring dialysate to non-human hearts*. In these
studies, stimuli other than I/R have included: local surgical trauma, capsaicin, bradykinin,
adenosine, and local electrical nerve stimulation. While one study demonstrated that femoral
nerve transection was insufficient to abolish the protective effects of limb RIPC in mice®,
other authors have been able to abrogate RIPC-induced cardioprotection using local
anaesthesia with lidocaine® or peripheral nerve transection’”>'. In support of the neuronal
hypothesis, RIPC failed to elicit protection in a cohort of patients with diabetic neuropathy™.
Other authors have proposed that the neuronal and humoral pathways function together to
transport neuronally released factors to the heart.

The autonomic nervous system acts as part of the efferent pathway. To this end, different
ganglionic blockers such as hexamethonium and trimetaphan have demonstrated the ability to
block RIPC-induced protection® " ** ¥ although other studies have not confirmed these
observations™. Cardiac sympathetic nerve activity related to spinal cord stimulation reduces
infarct size in a manner mitigated by the ol-adrenergic antagonist prazosin or the [-
.

adrenergic antagonist timolo Other authors have reported that propranolol blocks
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2057 or atropine”’

conditioning elicited by peripheral surgical trauma® and that vagotomy
block protection elicited by limb RIPC. In clinical studies, RIPC-induced cardioprotection in
adults undergoing CABG or aortic valve surgery was inhibited by propofol but not isoflurane

anaesthesia, suggesting that the neuronal pathway and specifically the autonomic nervous

system are relevant to the mechanism of RIPC>* .

1.5.2 Humoral pathway

Evidence supporting the role of the humoral pathway in RIPC comes from studies
demonstrating that coronary effluent from a donor subjected to cardiac preconditioning
produces cardioprotection in a naive acceptor heart. The ability of RIPC to elicit the release of
cardioprotective factors into the circulation was hypothesised in a study of pigs wherein limb
RIPC administered prior to transplant of a donor heart produced cardioprotection against
1,

subsequent M Later research better characterised the circulating factors relevant to

cardioprotection; in a rabbit heart model, Shimizu et al.®!

showed that plasma isolated from
animals subjected to RIPC elicited cardioprotection in an isolated naive heart. Plasma
dialysate filtered through a 15-kDa membrane produced similar cardioprotection, and
processing over a CI18 column further increased cardioprotective potency. Moreover,
dialysate applied to freshly isolated cardiomyocytes (excluded from neuronal influence)
increased resistance to I/R injury.

One circulating molecule linked to cardioprotection is nitric oxide (NO) released in response
to shear stress. Reactive hyperaemia after transient limb ischaemia is thought to increase the
availability of cardioprotective plasma nitrites””. Notably, RIPC is ineffective transgenic
rodents lacking endothelial nitric oxide synthase (eNOS)*. However, the clinical role of
nitrate in conditioning remains poorly understood. The Nitrites in Acute Myocardial
Infarction study failed to demonstrate clinical benefits (e.g., in terms of MI size, troponin
release, creatine kinase, and left ventricle function) of sodium nitrate infusion compared to

placebo in a cohort of 229 patients with acute ST-segment elevation MI”.
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Stromal-derived factor-la is another molecule associated with cardioprotection. In rats,
stromal-derived factor-la expression is increased after RIPC and protective effects are
partially blocked by pre-treatment with a specific inhibitor®.

Recent research identifies microRNAs as critical mediators of cardiac preconditioning.
MicroRNA-144 is upregulated after RIPC in the murine myocardium and was associated with
a significant reduction in I/R injury®. Intravenous microRNA-144 is cardioprotective in the
immediate post-administration period and at 3 days post-administration in rodents. Moreover,
this effect is sensitive to microRNA-144 neutralisation, suggesting a degree of specificity for
this specific microRNA.

Limb RIPC produces plasma elevations in microRNA-144 in both mice and humans.
Argonaute and exosomes prevent microRNA digestion by circulating RNases®®; yet, the
concentration of exosomes was not increased after RIPC in mouse plasma®, although other
studies have indicated an increase in exosomes following RIPC in both rats and humans™.
Additional evidence is required to identify the exact role of microRNA-144 and other
microRNAs as well as their interactions with cytokines in humoral signal-mediated
cardioprotection. MicroRNA-144, stromal-derived factor-1a, and NO are apparent mediators
of humoral cardioprotection but do not fully account for the RIPC phenomenon®.

Lastly, several animal studies have described the ability of electroacupuncture, capsaicin
application, transcutaneous peripheral nerve stimulation, and femoral nerve stimulation to
produce RIPC associated with the increased expression of circulating cardioprotective

51, 71-73
molecules™

. In humans, plasma dialysed from patients with diabetes but without
neuropathy who received RIPC provided cardioprotection in naive rabbit acceptor hearts,

while plasma from subjects with peripheral neuropathy did not™. These findings identify a

relationship between neuronal and humoral mechanisms in RIPC-induced cardioprotection.

1.5.3 Systemic response
I/R injury and CPB used during cardiac surgery elicit systemic inflammatory responses that

may ultimately contribute to myocardial dysfunction and postoperative complications®. In
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CPB, direct contact between blood and air, contact with artificial surfaces, and direct trauma
produce a neutrophil-mediated inflammatory response. Subsequent I/R injury after cross-
clamp release provokes a secondary inflammatory response and associated changes in the
expression of cell death-related genes™. Accordingly, it has been proposed that RIPC confers
systemic protection by eliciting an anti-inflammatory response and anti-apoptotic gene
activation’®. Cai et al.” reported that RIPC induced late protection against myocardial I/R
injury by increasing local IL-10 expression followed by IL-10 release into the circulation and
the activation of protective signalling pathways in the heart. Later, the same group showed
that hypoxia-inducible factor-1 (HIF-1) activated IL-10 gene transcription as a requisite for
RIPC™. As such, systemic mechanisms of RIPC-induced cardioprotection appear to involve

modulation of the systemic inflammatory response.

1.6 RIPC-induced changes in the myocardium

The mechanism by which RIPC elicits cardioprotection at the myocyte level is unknown’.
Many studies have examined signalling in the myocardium after local rather than remote
ischaemic pre- and post-conditioning®. An understanding of RIPC is further confounded by
the difficulty of determining whether a molecule is involved in cardioprotection itself,
cardioprotective signal propagation from the remote organ, signal initiation in the remote
organ, or a combination thereof®.

.. 1 . . . . 2
33 79, 80, op101ds8, epoxyeicosatrienoic acids”, ROS¥, and ATP-

Adenosine”, bradykinin
dependent potassium channels’™ ® have all been proposed as possible mediators of RIPC-
induced cardioprotection in pharmacological antagonist studies. Yet, most of these studies
were conducted in animal models, such that there is limited generalizability to humans in the
absence of parallel clinical data.

Since their discovery, adenosine and adenosine receptors have polarised researchers’
attention. Adenosine binding to the Al receptor facilitates interaction with 6§ and x opioid

receptors™’. Adenosine receptor activation is associated with improved mitochondrial function

including enhanced respiration and reduced ROS formation®. In contrast, bradykinin
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activation of the B2 receptor produces protein kinase Ce (PKCg) activation. The interaction of
IL-10 with its cognate receptor increases the phosphorylation of protein kinase B (PKB/Akt)

and induces eNOS expression™.

1.6.1 RISK survival pathway

Reperfusion injury salvage kinase (RISK) survival pathway components Akt, GSK3f, and
ERK1/2 have been shown to confer cardioprotection when activated after ischaemic
conditioning at the onset of myocardial reperfusion injury®. RIPC similarly activates the
RISK pathway®. Li et al.*’ showed that myocardial protection after RIPC in mice (induced
with 4 cycles of 5 min I/R) was mediated via the same PI3K/Akt/GSK3p signalling pathway
associated with the nuclear accumulation of B-catenin and the upregulation of downstream
cell survival targets E-cadherin and PPAR-8. These effects were reversed by pre-treatment
with an inhibitor of PI3K activity, validating the pathway mechanism. Similarly, per-
conditioning was found to enhance Akt, ERK1/2, and GSK-3f phosphorylation in rat cardiac
tissue subjected to 40 min ischaemia by coronary artery occlusion and 15 min reperfusion™.
In contrast, Heinen et al.¥ reported that RIPC did not lead to PKCe mitochondrial
translocation or the phosphorylation of ERK 1/2, JNK 1/2, or p38 in pre-conditioned muscle
tissue. Pepe et al.” similarly showed that RIPC did not enhance the phosphorylation of RISK
components in the myocardium in a randomised trial of children with tetralogy of Fallot.
Heush et al.”' investigated RIPC pathways in adult patients undergoing CABG with cold
crystalloid cardioplegic arrest and isoflurane anaesthesia. Immunoblotting of left ventricular
myocardial biopsy tissues revealed that the phosphorylation of Akt, ERK1/2, and GSK-3f3
was increased between baseline and reperfusion in control subjects and patients subjected to
RIPC (3 cycles of 5 min ischaemia/5 min reperfusion administered to the upper limb)’'.
STATS5 was the only protein that was significantly increased in the RIPC group but not the
control group, although baseline levels were not compared between groups. The involvement
of RISK pathway components in RIPC-mediated cardioprotection warrants further

investigation.
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1.6.2 PKC

As described above, RIPC is associated with the activation of PKC, a key molecule in
cardioprotection®. Wolfrum et al.*” demonstrated in rats that inhibition of PKC using the non-
selective inhibitor chelerythrine completely abolished RIPC-mediated cardioprotection; the
authors also demonstrated translocation of PKCe from the cytosolic fraction to the particulate
fraction after RIPC. The activation of specific PKC isoforms may be strictly dependent on the

1.”> examined the roles of

preconditioning stimulus and species investigated. Hassouna et a
different PKC isoforms in ischaemic preconditioning using atrial biopsies from patients
undergoing elective CABG and found that PKCe activation occurred upstream and PKCa
activation occurred downstream of mitoKarp channel activation. Additionally, adenosine
monophosphate-activated protein kinase (AMPK) is activated by PKC to mediate
cardioprotection after ischaemic preconditioning”. PKCo and AMPKa are similarly
implicated in both classical and volatile anaesthetic preconditioning”™ *’.

AMPK is a critical cellular energy sensor that is activated in response to energy deficit.
AMPK promotes ATP synthesis by increasing the activity or expression of proteins involved
in catabolism and facilitates ATP conservation by inhibiting biosynthesis. AMPK also
regulates metabolic energy balance in the whole body”. Increases in the intracellular
AMP/ATP ratio activate AMPK by phosphorylation of Thr172”". Thr172 can also be
phosphorylated by Ca*"/calmodulin-dependent protein kinase B in response to Ca*" elevation

or dephosphorylated by protein phosphatase 2C°*. AMPK activators such as A-769662 have

been shown to attenuate myocardial I/R injury in isolated mouse hearts™.

1.6.3 HIF-1a
HIF-1a is thought to play a critical role in RIPC. RIPC has no effect on infarct size in
heterozygous HIF-1a knockout mice’®. Other research indicates that while HIF-1a expression

is increased in mice after limb RIPC, it is not essential for cardioprotection'®. A clinical
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study reported that RIPC administered before cardiac surgery with CPB increased HIF-1a

protein expression in right atrial tissues, although its effect on TnT release remains unclear'”".

1.6.4 NO

The role of nitric oxide (NO) as a mediator in RIPC is controversial. Kuntscher et al.'®
implicated NO in the mechanisms of both acute classical and acute RIPC. Abu-Amara et al.'”
confirmed that NO was an essential mediator of hepatoprotection afforded by hindlimb RIPC
in a mouse model of liver I/R. Yet, other research has refuted the importance of NO in
RIPC'™,

NO is a well-established trigger in classical ischaemic preconditioning. Lochner et al.'”
demonstrated increases in both cAMP and cGMP (a downstream molecule of NO signalling)
after ischaemic preconditioning, with a higher percentage increase in cGMP. Years later,

Marina Prendes et al.'®

reported that NO was a trigger but not a mediator of ischaemic
preconditioning in rats.
Vasodilator-stimulated phosphoprotein (VASP) is a thin filament cytoskeletal protein that

regulates cell adhesion and migration through effects on actin'”’

and represents a novel
biochemical marker for vascular NO signalling. VASP has 3 serine phosphorylation sites that
are phosphorylated by either PKA or PKG. VASP phosphorylation at Ser239 has been
proposed as a biomarker of NO/cGMP/PKG activation, as this site is a major phosphorylation
target of PKG'®. However, it is notable that this site is also phosphorylated by PKA'”, such

that further study is required to inform the specificity of this biomarker.

1.6.5 ROS

Weinbrenner et al.”” published some of the first research implicating ROS in RIPC-mediated
cardioprotection. In this research, radical scavenging with N-2-mercaptopropionyl glycine
abrogated cardioprotection in a rat model of RIPC. The authors concluded that ischaemic
preconditioning and RIPC involved both the opioid 61 receptor and ROS signalling. A

subsequent study in rabbits showed that limb RIPC was protective against spinal cord injury
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in a manner sensitive to dimethylthiourea, a hydroxyl radical scavenger, but not the

ganglionic blocker hexamethonium'"’

. Taken together, these studies highlight a non-neuronal
ROS-dependent pathway of RIPC in which oxidative stress acts as an initial trigger for the

upregulation of protective antioxidant pathways.

1.6.6 End-effectors
End-effectors refer to the ultimate effectors of protection after ischaemic preconditioning.
Karp channels have been identified as possible end-effectors as well as triggers for

. : 111, 112
cardioprotection

. The original assumption was that sarcolemma-level K,rp channels
were end-effectors of protection evoked by a preconditioning stimulus; however, further
studies demonstrated that mitochondrial rather than surface Karp channels (mitoKurp
channels) were responsible for cardioprotection''>'"*. Garlid'" found that diazoxide, a potent
and specific mitoKrp channel agonist, induced cardioprotection. While the mechanism by
which these agonists stimulate K,rp channels to induce protection is unknown, there are
several hypotheses: 1) Ksrp channels may render mitochondria more resistant to Ca>
overload'"®; 2) after potassium entry, mitochondrial swelling may preserve the functional
coupling between creatine kinase and adenine nucleotide translocase on the outer membrane,
allowing adenosine diphosphate (ADP) to enter the inter-membrane space'; and 3) the
opening of mitoK 4rp channels may prevent opening of the mPTP during lethal ischaemia. The
latter hypothesis would be consistent with that fact that, during I/R injury, ROS generation
and Ca®" influx through open pores in the mitochondrial membrane allow the migration of
toxic substances into the mitochondrial matrix and subsequent irreversible mitochondrial
damage. These events are preventable by mitoKsrp channel opening and subsequent mPTP
inhibition. Alternatively, K tp channels may act as a trigger by facilitating ROS generation to
activate downstream kinases that finally modulate end-effectors''?.

Xiao and Allen proposed the Na'/H" exchanger as an end-effector of cardioprotection after
ischaemic preconditioning''®. In non-pre-conditioned cardiac tissue, inhibition of the Na"/H"

exchanger with HOE 642 administered before reperfusion preserves post-ischaemic function
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like a preconditioning stimulus. Another probable end-effector may be the myocyte
cytoskeleton. Evidence suggests that ischaemic myocytes are particularly prone to osmotic
rupture due to the decreased phosphorylation of structural cytoskeletal proteins''’, while pre-
conditioned myocytes are resistant to osmotic stress during an ischaemic event. This
mechanism is probably related to the activation of p38 through MAPKs (the p38 MAPK
hypothesis), which causes the phosphorylation of heat shock protein 27 and its smaller
isoform to facilitate actin filament assembly in the cytoskeleton''®.

TNFo has also been studied as an end-effector molecule. Some evidence indicates that
antibodies against TNFa reduce the extent of tissue damage during I/R injury, whereas

preconditioning inhibits TNFa release'”.

1.6.7 Right and left ventricle protein expression

The disease underlying an ischaemic event (e.g., CAD, aortic stenosis) dictates the type of
ventricular hypertrophy and thus patterns of protein expression. Studies using cardiac tissues
are uncommon and have primarily evaluated global gene expression in atrial and ventricular
tissues'**"'?%. A recent global gene expression analysis performed on paired samples collected
from the right atrial appendage and left ventricle in patients undergoing CABG and AVR
identified 542 genes (~2% of genes analysed by the microarray) that were differentially
expressed between the right and left sides'”. Yet, mRNA profiling alone may be insufficient
for characterising disease progression. A study examining familial hypertrophic
cardiomyopathy caused by mutation of the P-myosin heavy chain failed to identify
differences in myosin mRNA expression between the right and left ventricles'**. Littlejohns et
al.'” characterised the influence of diseases such as CAD and aortic valve disease on human
cardiac high-fold protein expression in paired right and left ventricle samples and found that
right-left differences were largely observed for structural proteins in patients with aortic valve
disease and signalling/metabolism proteins in CAD. Additionally, there were more inter-
disease differences for right ventricle samples (73 proteins) than for left ventricle samples (9

proteins)'>. Studies investigating protein expression after RIPC should consider consistent
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differences in protein expression according to disease status and laterality of the biopsied

ventricle.

1.7 Clinical evidence for RIPC

Clinical evidence for the utility of RIPC is divisible into 2 contexts: elective (e.g., before a
cardiovascular procedure) and acute (e.g., acute MI)*; however, only per- and post-
conditioning are applicable to MI. For the purposes of this study, this section will only
discuss outcomes related to cardiac surgery. Two recent prospective trials of RIPC are

summarized: the ERICCA trial* and the RIPHeart study”.

1.7.1 Elective RIPC in cardiac surgery

Gunaydin et al."*® conducted the first study of RIPC in CABG in 2000. Eight patients were
randomised to receive RIPC (3 min of ischaemia followed by 2 min of reperfusion) or control
treatment (no intervention). The authors did not detect any differences in CPK-MB release,
whereas lactate dehydrogenase levels were significantly higher in the intervention group than
in the control group at the second time point (second window). Since this research, several
clinical studies have examined RIPC; yet, a majority of these evaluated markers of
myocardial necrosis as primary endpoints. Few studies have focused on clinical outcomes and
even fewer have investigated the intracellular effects and mechanisms of RIPC. In 2015,
Heusch et al.*’ conducted a comprehensive review of studies evaluating RIPC in adult and
paediatric cardiac surgery (Table 1.1). Different meta-analysis ashowed reductions in markers
of cardiac injury after RIPC compared to a control group™, while others did not identify any
benefits in terms of troponin release or clinical outcomes. Most relevant meta-analyses are
summirezid in table 1.2. A possible reason for this discrepancy may be related to differences
in the baseline characteristics of each study population (e.g., age and sex), the use of different
anaesthetic regimens, sample size, and the interference of preoperative medications such as -

adrenergic antagonists'*” and statins'**.
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TABLE 1.1 Studies evaluating the effectiveness of remote ischaemic preconditioning in cardiac surgery

Authors, year N of patients Operation type Type and dose of RIPC Outcome measured Conclusions
(intervention/control)
Giinaydin et al., 2000"* 4/4 CABG Upper limb CK No effect
2 cycles I/R (3/2 min) (sampled via coronary
perfusion catheter 5 min
after declamping)
Cheung et al., 2006% 20/17 Upper limb TnT TnT
Paediatric cardiac surgery
4 cycles I/R (5/5 min) (AUC 24 h after surgery) (AUC 24 h after surgery)
Postoperative inotropic  Postoperative inotropic
need need
Lung function Lung function
Hausenloy et al., 2007 30/27 CABG Upper limb TnT 43% reduction of TnT

3 cycles I/R (5/5 min)

(AUC 72 h after surgery)
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Venugopal et al., 2009'%

Hong et al., 2010’

Rahman et al., 2010"*!

Thielmann et al., 20102

Li et al., 2010

Zhou et al, 2010"

22/23

65/65

82/80

26/27

27/26

30/30

CABG

(cold blood cardioplegia)

CABG

(off-pump)

CABG

CABG

(crystalloid

arrest)

Valve replacement

Paediatric cardiac surgery

cardioplegic

Upper limb

3 cycles I/R (5/5 min)

Upper limb

4 cycles I/R (5/5 min)

Upper limb

4 cycles I/R (5/5 min)

Upper limb

3 cycles I/R (5/5 min)

Lower limb

3 cycles I/R (4/4 min)

Upper limb
2 cycles I/R (5/5 min)

24 and 1 h prior

TnT

(AUC 72 h after surgery)

Tnl

(AUC 72 h after surgery)

TnT

(AUC 48 h after surgery)

Tnl

(AUC 72 h after surgery)

Tnl

(AUC 72 h after surgery)

CK-MB

Inflammatory biomarkers

(plasma levels 2, 4, 12, and

42% reduction of TnT

26% reduction of TnT, NS

No effect

45% reduction of Tnl

40% reduction of Tnl

Reduced

CK-MB

and

inflammatory biomarkers

Improved

postoperative
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Wagner et al., 2010

Ali et al., 2010"°

Karuppasamyet al.,

201136

Wu et al., 2011%

Kottenberg et al., 2012

34/32

50/50

27127

25/25

19/20

CABG
(cold crystalloid
cardioplegia)

CABG

CABG

Mitral valve replacement

CABG
Propofol vs. isoflurane

anaesthesia

operation

Upper limb
3 cycles I/R (5/5 min)
18 h prior to operation
Upper limb

3 cycles I/R (5/5 min)

Upper limb

3 cycles I/R (5/5 min)

Upper limb

3 cycles I/R (5/5 min) and
3 cycles I/R (5/5 min) + 2
cycles I/R (10/10 min)
Upper limb

3 cycles I/R (5/5 min)

24 h after surgery)

Lung function

Tnl

(AUC 24 h after surgery)

CK-MB

(plasma levels 8, 16, 24,
and 48 h after surgery)

Tnl

(AUC 48 h after surgery)

Tnl
(plasma levels 4, 8, 12, 24,

48, and 72 h after surgery)

Tnl

(AUC 72 h after surgery)

lung function

Reduction of Tnl

Reduced CK-MB

No effect

Reduction of Tnl with 3
cycles I/R (5/5 min)+ 2
cycles I/R (10/10 min) but
not 3 cycles I/R (5/5 min)

Reduction of Tnl with
isoflurane, but not with

propofol anaesthesia
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Young et al., 2012"’

Heusch et al., 2012°

Lee et al., 2012'®

Pavione et al., 2012'¥

Lucchinetti et al., 2012'%

48/48

12/12

28/27

10/12

28/27

Cardiac surgery (high-risk

CABG and valve surgery)
CABG

Pulmonary  hypertensive
infants receiving

ventricular septal defect

repair

Paediatric cardiac surgery

CABG

Opioids and propofol for
anaesthesia induction and
isoflurane for anaesthesia

maintenance

Upper limb

3 cycles I/R (5/5 min)

Upper limb

3 cycles I/R (5/5 min)

Lower limb

4 cycles I/R (5/5 min)

Lower limb

4 cycles I/R (5/5 min)

Lower limb

4 cycles I/R (5/5 min)

TnT

(plasma levels 6 and 12 h
after surgery)

Tnl

(AUC 72 h after operation)
Phosphorylation of STATS
Tnl

AUC 24 h after surgery

Tnl

(plasma levels 4, 12, 24,
and 48 h after surgery)

TnT

(plasma levels 24, 48, and

72 h after surgery)

No effect

Reduction of Tnl

STATS activation

No effect

No effect

No effect
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Xie et al., 2012™! 35/38 Valve surgery Upper limb Tnl Reduction of Tnl
3 cycles I/R (5/5 min) (plasma levels 6, 12, 24,

48, and 72 h after surgery)

Thielmann et al., 2013* 167/162 CABG Upper limb Tnl 27% reduction of Tnl
(cold crystalloid 3 cycles I/R (5/5 min) (AUC 72 h after surgery) Reduced all-cause
cardioplegia and mortality

cardiopulmonary bypass)
Ahmad et al., 2014'# 32/35 CABG N/S CK-MB No effect
On-pump (plasma levels 1, 12, 24,
and 48 h after surgery)
Hong et al., 2014'* 636/644 Cardiac surgery Upper limb Clinical outcome No effect

(cardiac  valve surgery, 4 cycles I/R (5/5 min)—2 (composite of:  death,

CABG, combined valve cycles before and 2 cycles myocardial infarction,
surgery, ascending aorta after cardiopulmonary arrhythmia, stroke, coma,
and aortic arch surgery, and bypass renal damage, respiratory
congenital heart defect failure, gastrointestinal
repair) complications, and

multiorgan failure)
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Slagsvold et al., 2014'*

McCrindle et al., 2014'%

Holmberg et al., 2014

Candilio et al., 2014'"

Pinaud et al., 2015'%

30/30

151/148

23/23

90/90

50/50

CABG

Paediatric cardiac surgery

Cardiac surgery

(CABG, valve

surgery,

ascending aorta, myxoma)

Cardiac surgery

(CABG  and/or

surgery)

Isolated AVR

valve

Upper limb

3 cycles I/R (5/5 min)

Lower limb

4 cycles I/R (5/5 min)

Upper limb

3 cycles I/R (5/5 min)

Upper and lower limb

2 cycles I/R (5/5 min)

Upper limb

3 cycles I/R (5/5 min)

Mitochondrial oxidation

Duration of postoperative

hospital stay

TnT

(AUC 72 h after surgery)

Perioperative  myocardial
infarction

(AUC 52 h after surgery)

TnT

(AUC 72 h after surgery)

Improved  mitochondrial

respiration

No effect

25% reduction of TnT, NS

26% reduction of TnT
Reduction of incidence of
AF, renal failure, stay in
the intensive care unit

No effect

Table adapted from Heusch et al., 2015. AF, atrial fibrillation; AUC, area under the curve; AVR, aortic valve replacement; CABG, coronary artery bypass

grafting; CK, creatine kinase; I/R, ischaemia/reperfusion; NS, non-significant; RIPC, remote ischaemic preconditioning; Tnl, troponin I; TnT, troponin T.
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TABLE 1.2 Meta-analysis of the effect of remote ischaemic preconditioning in cardiac surgery

RIPC Trialists’ Group 23 RCTs (n=2200) Not reported No differences in clinical Perioperative MI was non-significantly
(2014)'* outcomes reduced in the RIPC group

Yasin NA'> 17 RCTs (n=1001) Cardiac biomarkers significantly No differences in clinical No statistical difference in short-term clinical
(2014) reduced in RIPC group outcomes outcomes

Yang L' 19 RCTs (n =1235) Troponins (I and T) significantly No differences in clinical Mixed population paediatric cases included
(2013) reduced in the RIPC group outcomes

Heusch G'* 20 RCTs (n=1239) Majority of studies reported No clinical outcomes reported Small sample sizes in included studies

(2013) reductions in cardiac biomarkers

in the RIPC group
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Zhou C'**

(2013)

Pilcher JM'**

(2012)

5
D’Ascenzo F'5°

(2012)

Yetgin T'5
(2012)
Brevoord D'’

(2012)

15 RCTs (n = 1155)

10 RCTs (n= 693)

9 RCTs (n = 704)

13 RCTs (n=891)

15 RCTs (n=1166)

Troponin significantly reduced

in the RIPC group

Troponin significantly reduced

in the RIPC group

Troponin significantly reduced

in the RIPC group

Troponin significantly reduced

in the RIPC group

Troponin and MI significantly

reduced in the RIPC group

No clinical outcomes reported

No clinical outcomes reported

No difference

in

hospital length of stay

terms of

No clinical outcomes reported

No differences

outcomes

in

clinical

Significant heterogeneity due to P-adrenergic
antagonist and volatile anaesthetic use;

protection more significant in valve surgery

Studies with incomplete or no blinding

demonstrated larger effect estimates

Difference held true after adjusting for cross-

clamp fibrillation, off-pump CAB, CABG, and

flurane anaesthesia

High heterogeneity across studies

No reductions in mortality or major adverse

cardiac events
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Alreja G'®

(2012)

Takagi H'®

(2011)

Takagi H'®

(2008)

13 RCTs (n = 814)

5RCTs (n = 252)

4 RCTs (n = 184)

Cardiac biomarkers and MI were
significantly reduced in the

RIPC groups

Cardiac biomarkers were
significantly reduced in the

RIPC groups

Cardiac biomarkers were
significantly reduced in the

RIPC groups

No differences in clinical

outcomes

No differences in clinical

outcomes

No clinical outcomes reported

Significant heterogeneity in results

No reductions in mortality or major adverse

cardiac events

Paediatric cases were included; no between-

study heterogeneity in the results

CABG, coronary artery bypass grafting; MI, myocardial infarction; RCT, randomised controlled trial; RIPC, remote ischaemic preconditioning.
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1.7.2 Recent trials: the ERICCA trial and the RIPHeart study

The ERICCA trial* was a multi-centred study that enrolled 1612 patients who underwent
CABG with or without aortic valve surgery under ischaemic arrest and with CPB using blood
cardioplegia. This study did not use a standardized anaesthesia protocol. Remote ischaemic
conditioning was induced by 4 cycles of 5 min of blood pressure cuff inflation followed by 5
min of deflation administered to the upper limb after anaesthesia induction and before
sternotomy. The primary endpoint was a composite of cardiovascular death, MI, coronary
revascularization, and stroke at 12 months follow-up. A secondary end-point was cardiac
injury reflected by the area under the curve value for hs-cTnT over 72 h post-surgery. There
were no notable benefits in the RIPC group compared to the control group except for some
benefit in the 6 min walking test, although this result may have been due to chance.

The RIP Heart study’ included 1403 patients who underwent cardiac surgery with CPB using
blood or crystalloid cardioplegia. This study specified the use of propofol anaesthesia in all
subjects. As in the ERICCA trial, RIPC was induced by 4 cycles of 5 min of blood pressure
cuff inflation followed by reperfusion administered after anaesthesia induction and before
sternotomy. The primary endpoint was a composite of all-cause mortality, non-fatal MI, new
stroke, and acute renal failure. Secondary endpoints included Tnl and TnT release. Once
again, the study did not demonstrate any benefit of RIPC.

The importance of the EIRCCA and RIPHeart studies is that they were powered to detect
differences in clinical outcomes rather than surrogate biomarkers of cardioprotection.
Nevertheless, these studies did not detect an effect of RIPC on clinical outcomes or
cardioprotection. Considering a lack of immediate protection indicated by troponin release,
the absence of a clinical benefit was expected. Surprisingly, a study conducted at the
institution of the lead authors of the ERICCA study reported that RIPC did in fact decrease
troponin release and improve outcomes after cardiac surgery'*’. These findings raise concern
regarding protocol adherence between participant centres in the multi-centred study.
Additionally, significant heterogeneity in these trials may have affected the results. A

majority of previous trials indicating positive effects of RIPC enrolled patients with coronary
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disease undergoing CABG, whereas 50% of participants in the ERICCA trial underwent an
additional aortic valve replacement and 25% of participants in the RIPHeart study underwent
isolated valve surgery. Given that valve surgery itself increases troponin release, the inclusion
of these patients may have diluted the effect of RIPC. Of note, some reports have described a
positive effect of RIPC for troponin release in patients undergoing valve surgery'®'.

The most realistic explanation for a lack of observed cardioprotection after RIPC is the
widespread use of propofol anaesthesia: propofol was used in about 90% of patients in the
ERICCA trial and in all patients in the RIPHeart study. Propofol administration reduces
cardiac troponin release and may thereby obscure the protective effect of RIPC®. Indeed, the
use of propofol instead of volatile anaesthesia is a common dominator in many studies that
failed to demonstrate cardioprotection after RIPC'*. A chief criticism of the ERICCA and
RIPHeart studies was that although information on propofol conditioning was available in late

2011, the researchers did not modify their protocols accordingly.

1.7.3 RIPC during MI

Evidence on the topic of RIPC during MI comes from various percutaneous coronary
intervention studies without anaesthetics confounders. Yet, the interpretation of these findings
requires the consideration of other important biases. Only a small number of patients with ST-
segment elevation MI have infarcts that are large enough to benefit from adjunctive
therapy'®. In fact, patients presenting with relatively small infarcts related to occlusion of the
right or circumflex artery are less likely to benefit from conditioning techniques than patients
with culprit lesions in the left anterior descending artery'®. The exclusive recruitment of
patients with large infarct sizes is challenging due to the critical state of the disease, while
excluding individuals with small infarcts is likely to bias the population'®*. Another important
confounding factor in studies of RIPC during MI is the ability of the collateral circulation to
influence MI extension'®. Furthermore, pivotal events that immediately follow reperfusion
such as oxidative stress and Ca*" overload require that cardioprotection is induced before

opening of the culprit coronary artery. Thus, RIPC should be performed in the ambulance
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before a percutaneous coronary intervention'®

. Late treatment after acute coronary syndrome
will occur at or after the completion of MI while very late intervention will occur when the
infarct size is too small to yield any conditioning benefit. Heusch et al. accordingly proposed

that there exists a ‘sweet spot’ during which conditioning can confer maximum benefit, and

suggested that this spot is between 3 and 8 h after symptom onset™.

1.8 Confounding factors in RIPC

Eaetors—eonfounding Different elements interfering with the protective effects of RIPC have
prevented researchers from fully understanding the ability of RIPC to prevent I/R injury. The
coronary collateral circulation influences the size of an evolving MI. In patients with ST-
segment elevation MI, substantial collateralization reduces infarct size and the at-risk area.
Increased collateralization thus negatively influences ability to demonstrate cardioprotection
in a patient. This should be considered in cardiac surgical contexts as well, where patients
with extensive collateralization may exhibit less myocardial damage after surgical
revascularization®.

Comorbidities and concurrent medications can also have-strong-eonfounding mask the effects
of RIPC. Different studies have shown that patients with older age'®’ and disease

. PR 168
comorbidities

(e.g., diabetes, hyperlipidaemia, and hypertension) have a higher threshold
for cardiac protection and thus necessitate stronger conditioning stimuli. With regard to
medications, sulfonylureas used for the treatment of type-2 diabetes can attenuate
conditioning responses’’, while metformin or insulin, statins, angiotensin-converting enzyme
inhibitors, antiplatelet agents, and opioids are directly cardioprotective and thereby raise the
threshold for observing additional benefit”. As discussed, certain volatile and intravenous
anaesthetics may directly induce cardioprotection or alternatively inhibit the effects of RIPC
by downregulating cardioprotective signalling’®. Moreover, nitroglycerine and nitroprusside
are cardioprotective and therefore interfere with the observation of cardioprotective efficacy

in interventional studies®. Future research must factor these considerations into cohort

selection and study design.
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CHAPTER 2.

MATERIALS AND METHODS
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2.1 Introduction

This chapter summarises the trial design and methodology used in the present research. The
study was a prospective multicentre trial investigating the effects of RIPC on markers of
cardiac injury, inflammatory and oxidative responses, and cellular changes in the

myocardium during elective on-pump CABG or AVR.

2.2 Ethics and trial registration

The study was conducted at Hammersmith Hospital, London and at the Bristol Heart Institute,
2 specialized regional cardiac surgery centres in the United Kingdom. The study was
approved by the London-Harrow Research Ethics Committee (reference no. 12/L.0O/1361) and
registered with the International Standard Randomised Controlled Trial Number registry (ID
33084113, DOI 10.1186/ISRCTN33084113) and with the UK Controlled Randomised Trial
Number registry (ID 13672). The study was sponsored by the Imperial College of London

and funded by the British Heart Foundation and Biomedical Research Unit.

2.3 Trial aims and objectives

The aim of this study was to examine the effects of RIPC on markers of cardiac injury,
inflammatory and oxidative responses, and cellular changes in the myocardium in patients
undergoing CABG or AVR surgery. Two conditions were studied in each surgical stratum: no
RIPC and RIPC. RIPC in this study was administered using a blood pressure cuff following
anaesthesia induction and before sternotomy. The control group (no RIPC) represented
standard clinical practice.

Ventricular biopsies were collected at 2 time points during CABG or AVR: prior to CPB and
at the end of ischaemic cardioplegic arrest. Blood samples were collected before, during, and
after the operation (Figure 2.1). Changes in cellular and serum markers of ischaemic stress
over time before CPB were interpreted as effects of RIPC without the added influence of CPB

and cardioplegic arrest.
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FIGURE 2.1 Trial schema.

2.4 Trial design

The study was a multi-centre randomised controlled trial investigating the effects of RIPC in
patients undergoing isolated CABG or AVR surgery with CPB. Participants were randomised
to receive standard cardioplegia with RIPC or control treatment (standard clinical practice
with sham cuff inflation beside the patient). Randomisation was computer generated and
performed by a research nurse who also administered the RIPC intervention in the operatory
theatre. Participants, clinicians, and other trial personnel were blinded to group assignments.
The Hammersmith Campus of Imperial College Healthcare NHS Trust and the University

Hospitals of Bristol NHS Foundation Trust participated in this study.

2.4.1 Timing of biopsies and blood sampling in relation to RIPC

RIPC was applied immediately after anaesthetic induction and before sternotomy, and
included 4 cycles of ischaemia for 5 min and reperfusion for 5 min administered to the left
upper arm using an inflatable blood pressure cuff. Four ventricular biopsies (samples from the

right and left ventricles taken before cardioplegic arrest and at 20 min after the end of
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cardioplegic arrest; arrow boxes in Figure 2.2) were collected from each patient. A total of 7

blood samples were collected before, during, and after surgery (thick blue arrows, Figure 2.2).

Control
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A l il Setting up|
| |
| |
J B

FIGURE 2.2 Timing of biopsy and blood sample collection.

2.4.2 Trial population
The study included in-patients undergoing elective or urgent first-time CABG or AVR. The

. . . . . . . 412
exclusion criteria were similar to those used in previous studies® '*’

and included: age < 18 or
> 80 years; cardiogenic shock or cardiac arrest; significant peripheral artery disease affecting
the upper limbs; hepatic dysfunction (bilirubin > 20 mmol/L, prothrombin ratio > 2.0);
pulmonary disease (forced expiratory volume in 1 s < 40% predicted); renal failure
(glomerular filtration rate < 30 mL/min/1.73m?); glibenclamide or nicorandil use (as these

medications may interfere with RIPC); pregnancy; participation in another interventional

study; and refusal to provide written informed consent.

2.4.3 Trial intervention
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Eligible patients were randomised to 1 of 2 groups:

Control: This group received anaesthesia, sternotomy, CPB, and cardioplegic arrest applied in
accordance with a standard protocol.

RIPC: This group received RIPC after anaesthesia induction and before sternotomy, CPB,

and cardioplegic arrest.

2.4.4 Primary and secondary outcomes

The primary outcome was myocardial injury assessed by measuring myocardial Tnl in serum
from blood samples collected preoperatively, post RIPC/sham and 6, 12, 24, 48, and 72 h
after the end of ischaemic cardioplegic arrest. Secondary outcomes included tissue sample
analyses, blood sample analyses, and clinical outcomes as follows: for tissue samples, GTP,
guanosine diphosphate (GDP), guanosine monophosphate (GMP), inosine monophosphate
(IMP), ATP, ADP, hypoxanthine (Hypo), AMP, nicotinamide adenine dinucleotide (NAD+),
inosine, adenosine, alanine, and glutamate concentrations; for blood samples, IL-6, IL-8, IL-
10, TNFa, plasma lactate, and pH; and for clinical outcomes, cross-clamp and bypass times,
intensive care unit and hospital stay durations, inotropic support (quantity and duration), need
for an intra-aortic balloon pump, arrhythmia, M1, and serum creatinine as an indicator of renal

function. Adverse events were also recorded.

2.5 Methods

2.5.1 Description of randomisation and code breaking

Random allocations were generated by computer prior to study commencement (after the
provision of informed consent and before operation) using block randomisation with varying
block sizes to ensure approximate balance in patient group allocations. Patient allocations
were accessed using a secure internet-based randomisation system to ensure concealment

until the confirmation and documentation of participant identities and eligibility.
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2.5.2 Blinding

As mentioned above, a single research nurse (designated in the delegation log) performed
patient randomisation. Participants were blinded because the intervention was delivered in the
operatory theatre after anaesthesia induction and there were no visible signs of RIPC after the
procedure. Operating staff was blinded because a single member of the research team applied
the cuff for administering RIPC to both groups. The cuff was inflated under the operating
cover during each procedure: in the intervention group, the cuff was placed around the
participant’s arm, whereas the cuff was placed next to the patient’s arm in the control group.
This ensured that all operating staff other than the research nurse placing the cuff perceived

cuff inflation regardless of actual treatment allocation.

2.5.3 Research procedure

Participants were required to complete the following items specifically for this research.
Before cardiac surgery, patients were asked to read a patient information leaflet about the
study. During the hospital stay, patients provided written informed consent for study
participation and underwent blood and tissue sampling. At 3 months post-procedure, patients

completed a postal questionnaire and returned it to the research team.

2.5.4 Anaesthesia and surgery

Anaesthetic management, CPB, cardioplegia, surgical techniques, and other aspects of pre-
and postoperative management were performed in accordance with existing protocols at both
centres. Briefly, anaesthetic management was similar at the 2 institutions and included
premedication with 10-30 mg temazepam 1-2 h before induction; induction with midazolam
and 5-10 mg/kg fentanyl with or without up to 1 mg/kg propofol for muscle relaxation as per
standard practice; maintenance before CPB with isoflurane/sevoflurane plus boluses of
fentanyl as indicated (up to 20 mg/kg); maintenance on CPB with propofol target controlled

infusion (initial target 3 mg/mL as per the estimated ideal body weight) titrated to response;
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and maintenance after CPB with propofol target controlled infusion converted to propofol
infusion (not target controlled) for transfer to cardiac intensive care.

Surgery proceeded as per routine and was similar at both institutions. For CABG: after
sternotomy, the left internal mammary artery and great saphenous vein were harvested. The
pericardium was opened, heparin was administered, and CPB was instituted by cannulating
the ascending aorta and right atrium with a double-staged cannula. After cross-clamping,
cardioplegia was delivered into the aortic root and this was repeated every 20 min. Distal
anastomoses were performed with prolene 6-0 or 7-0 as per consultant preference. After
cross-clamp release, proximal anastomoses were performed with prolene 6-0 or 5-0 as per
consultant preference. Direct current shock was administered in cases of ventricle arrhythmia
and an atrio-ventricular pacemaker was used in cases of atrio-ventricular block. After CPB
weaning, protamine was administered, accurate haemostasis was performed, and closure was
carried out as per routine. For AVR: after sternotomy, the pericardium was opened, heparin
was administered, and CPB was instituted by cannulating the ascending aorta and right atrium
with a double-staged cannula. An accessory vent was inserted into the right superior
pulmonary vein or pulmonary artery. After cross-clamping, cardioplegia was delivered into
the root. The ascending aorta was then transected 2 cm above the coronary ostia. The aortic
valve was inspected and removed and the aortic annulus was accurately decalcified. After
sizing, an aortic prosthesis (either tissue or mechanical depending on the patient’s age) was
implanted with 3 running prolene 2-0 sutures or with single pledgeted stitches using T-chron
2-0 in a sub-annular position. The aorta was closed with prolene 4-0. After de-airing, the
cross-clamp was removed and the rest of the operation was carried out as per routine.
Cardioplegia composition and delivery differed at the 2 institutions. At Hammersmith
Hospital, ‘Calafiore’ warm blood cardioplegia was used for both CABG and AVR. The
composition was as follows: potassium chloride (15%, 2 mmol potassium ion/mL) and
magnesium sulphate (50%, 2 mmol magnesium ion/mL) mixed in a potassium
ion:magnesium ion ratio of 4:1. A 60-mL syringe was prepared with 20 mL potassium

chloride and 5 mL magnesium sulphate and loaded into a syringe driver. A roller pump drew
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oxygenated blood from the oxygenator and the potassium/magnesium ion mixture was added
downstream by the syringe pump. At Bristol Hospital, cold blood cardioplegia was used for
AVR only: 1 litre Harefield Hospital Formulation (Ivex Pharmaceuticals) contained 8.6 g
sodium chloride British Pharmacopoeia (BP), 6.252 g potassium chloride BP, 16.262 g
magnesium chloride BP, 330 mg calcium chloride BP, and 1364 mg procaine hydrochloride
BP. The following was used dissolved in water for injections: 147 mmol sodium, 84 mmol
potassium, 80 mmol magnesium, 2 mmol calcium, 3 mmol procaine, and 400 mmol chloride.
A 500-mL prebagged solution was used for procedures. A roller pump drew oxygenated
blood from the oxygenator and cardioplegia was added in a 4:1 blood:cardioplegia ratio. Cold
cardioplegia was administered at a temperature of approximately 4°C by antegrade or
retrograde delivery (or a mixture of both) as per local protocol. For CABG, warm blood

cardioplegia was used as described above.

2.5.5 RIPC induction

The RIPC protocol was adopted from previous studies™ '**. Briefly, RIPC included 4 cycles of
upper limb ischaemia induced by inflation of a blood pressure cuff to 200 mm Hg for 5 min
followed by deflation and reperfusion for 5 min. For patients with systolic blood pressure >
185 mm Hg, the cuff was inflated to at least 15 mmHg above the patient’s systolic blood

pressure.

2.5.6 Sample and data collection

Medical staff responsible for patient care collected blood samples by venous or arterial line.
The first ventricular biopsies were collected after mammary artery harvest and prior to CPB,
and the second biopsies were collected 20 min after the termination of ischaemic cardioplegic
arrest (Figure 2.2). Baseline demographic and clinical data (e.g., MI events and the need for
an intra-aortic balloon pump or inotropic support) and postoperative data (e.g., atrial
fibrillation and intensive care unit/hospital stay durations) were recorded during visits.

Follow-up data was collected by postal questionnaire at 3 months post-procedure.
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2.5.7 Blood sample preparation and analysis

A total of 7 blood samples were collected from each patient: 1 sample was collected
preoperatively, 1 after RIPC/sham, and 5 postoperatively at 6, 12, 24, 48, and 72 h. For each
time point, 10 mL of blood was collected and processed for plasma and serum analyses
(described below). Tnl concentrations were measured in serum samples. Plasma
concentrations of other biomarkers were determined using commercially available enzyme
immunoassay kits. The inflammatory response was characterised by measuring 1L-6, IL-8,
IL-10, and TNFa. ATP catabolises were measured using high-performance liquid
chromatography (HPLC) and enzymatic assay kits. Plasma lactate and blood pH were used to

monitor systemic metabolic stress.

2.5.8 Ventricle biopsies

Ventricle biopsies were used for the extraction and measurement of cellular metabolites in the
myocardium. No additional incisions were required. Biopsies were collected from the apex of
the bilateral ventricles using a Tru-Cut needle, snap frozen in liquid nitrogen, and stored at
—80°C until processing. Metabolites were measured using HPLC and other commercially

available kits in accordance with standard laboratory protocols (described below).

2.5.9 Tru-Cut (hand-cut) biopsy needle

The Tru-Cut biopsy needle is designed for the manual capture of high-quality tissue samples
and can be used for either open or percutaneous biopsies. The needle is disposable with an
anatomical plastic handle, an outer cannula, and an inner notched rod. The notched rod has
cm-depth markings that assist in needle placement. The tissue sampled is trapped in the rod
and then withdrawn using a guillotine mechanism. A scalpel-sharp steel cutting edge makes it
possible to retrieve clean, quality specimens with minimal trauma to the organ. To obtain a
tissue sample, the needle is inserted with gentle pressure at a 40° angle and the rod is

advanced into the tissue. In cases of tissue resistance, the sample area is changed. After the
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plastic handle operates the guillotine mechanism, the needle is retrieved with the obtained
sample. Overall, this is a non-traumatic process and is commonly used to take lung, liver, and

heart biopsies.

2.5.10 Data sampling

Data confirming subject identity and eligibility were entered in a computerised database for
the generation of randomised allocation codes. Baseline demographic and clinical data
included age, sex, preoperative co-morbidities, and operative details. A member of the
research team tracked each patient and prompted staff to take the required samples at the
designated times. This research team member was also responsible for the secure storage of
samples until laboratory analysis.

Data collection included the following elements: (1) a log of in-patients undergoing elective
cardiac surgery specifying individuals who were approached for the trial (including the date
that patients were provided with the patient information leaflet); (2) patients approached and
assessed against the eligibility criteria and reasons for ineligibility when applicable; and (3)
consent and baseline information (e.g., medical history, comorbidities, and details of the

planned operation) collected prior to randomisation.

2.5.11 Data sources

The primary data source was patient medical notes, which contained routinely collected data,
complications, and discharge information. Laboratory reports were a primary data source for
blood and tissue sample analyses. All relevant data were transferred to study case report

forms.

2.5.12 Preparation of cardiac biopsy tissues
Materials for the extraction included 4.8% perchloric acid (PCA; 8 mL 60% PCA in a total
volume of 100 mL diluted with water) and 0.44 M K,CO; (6.08g K,CO; dissolved in 100 mL

water). Snap-frozen biopsy tissues were crushed in liquid nitrogen using a mortar and pestle
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and the fragments were transferred to a pre-weighed LP3 tube containing 0.5 mL 4.8% PCA
cooled on ice. The tube was then centrifuged at 4500 rpm (3645 % g) for 10 min at 4°C and
quickly reweighed before rewarming. A measured volume of supernatant (e.g., 400 uL) was
pipetted into another cooled tube and the same volume of cooled K,CO; was added and
mixed thoroughly. After 2 min, the solution was mixed again and centrifuged at 4500 rpm for

5 min at 4°C. The supernatant was stored at —20°C until use.

2.5.13 HPLC systems

HPLC instrumentation included a pump, injector, column, detector, and data recording
system. The critical system component is the separation column. A high-pressure pump is
required to move the mobile phase through the HPLC column containing a stationary phase
composed of micrometer-size porous particles. First, a solute is injected onto the column.
Component separation occurs as the analyte(s) and mobile phase are pushed through the
column. The phases are selected so that components of the sample have different solubilities
in each phase. A component with high solubility in the stationary phase will take longer to
travel through the column than a component with low solubility in the stationary phase but
good solubility in the mobile phase. Eventually, components are eluted from the column as
narrow bands (or peaks) registered on the recorder. Detector responses to eluted components

are summarised on a chromatogram (Figure 2.3).
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A) Autosampler
B) Buffer

C) Pump

D) Column

E) Detector

F) Chromatogram

FIGURE 2.3 High-performance liquid chromatography system.

2.5.14 Determination of adenine nucleotides and purines in myocardial extracts
Nucleotide determination in myocardial biopsies is a widely accepted tool for investigating
myocardial protection from I/R injury. Although ATP levels are chiefly important,
information about nucleotides and nucleotide degradation products characterizes the ability of
the heart to recover after ischaemia. HPLC is widely used for this purpose. A modified
reverse-phase procedure using a fully end-capped 3-um octadecylsilica packing material was
implemented to allow the separation of all major purine metabolites with improved peak
shape, decreased run time, and better sensitivity compared to other methods.

HPLC reagents included HPLC-grade acetonitrile, potassium dihydrogen orthophosphate,
potassium chloride, Milli-Q water, and standards for ATP, ADP, AMP, B-NAD, inosine,
adenosine, IMP, hypoxanthine, creatine, and phosphocreatine (Sigma Aldrich) as adapted
from the method of Ally and Park 1992. The instrumentation used included a Beckman

System Gold 507¢ autosampler, Beckman System Gold 125 solvent module pump, 3-um
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ODS Hypersil column (150 mm % 4.6 mm), and Beckman System Gold 166 detector. The
chromatographic conditions are described below:
Eluent A: 150 mM potassium dihydrogen orthophosphate
150 mM potassium chloride
Adjusted to pH 6.0 with potassium hydroxide
Eluent B: 15% (v/v) solution of acetonitrile in eluent A
The composition of the mobile phase was controlled by a low-pressure gradient mixing

device. The amount of eluent B was changed linearly as described in Table 2.1.

TABLE 2.1 Chromatographic parameters for adenine nucleotide and purine detection

Time (min) Flow speed (mL/min) % A % B
0 0.9 100 0
0.1 0.9 97 3
3.0 0.9 91 9
7.0 0.9 0 100
8.5 0.9 100 0

The re-equilibration time was 3.5 min, resulting in a cycle time of 12 min between injections.
The sample injection volume was 20 pl and the flow rate was 0.9 mL/min. The analytical
column was maintained at a constant temperature in the range 17—-19°C. Peaks were analysed
by absorption at 254 nm (Figure 2.4).

Area under the curve calculations were used to determine the number of moles (pmol) of each
metabolite in each injected sample. The calculation was as follows: for a sample diluted 2% in
K,CO; in a total volume of 500 pl, the number of moles in the injected sample x 2 x (500/20)
would yield the total number of moles in the sample. This value was then divided by the

weight of the tissue (pmol/mg wet tissue) and converted to nmol/mg wet tissue.
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FIGURE 2.4 Chromatographs for metabolites from a standard (A) and sample (B) measured

using high-performance liquid chromatography.

2.5.15 Determination of amino acid content in myocardial extracts

Amino acids in tissue extracts were detected using the Waters Pico-Tag method. A volume of
100 pL extract was dried immediately post-extraction with 100 pL 0.1N HCIl by vacuum
centrifugation (Savant SV160). Free amino acids were derivatized using phenylisothiocyanate
(PITC). The reagents were HPLC-grade acetonitrile, sodium acetate, triethylamine (TEA),
glacial acetic acid, methanol, PITC, Milli-Q water, and amino acid standard H (product no.

20088, Thermo Scientific). The instrumentation used included a Beckman System Gold 507¢
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autosampler, Beckman System Gold 125 solvent module pump, Pico-Tag column from
Waters, and Beckman System Gold 166 detector. The chromatographic conditions are
described below:
Eluent A: 140 mM sodium acetate

0.05% (v/v) TEA

Adjusted to pH 6.4 with glacial acetic acid

60 mL of every final litre was replaced with 60 mL acetonitrile
Eluent B: 60% (v/v) solution of acetonitrile
The composition of the mobile phase was controlled by a low-pressure gradient mixing

device. The amount of eluent B was changed linearly as described in Table 2.2.

TABLE 2.2 Chromatographic parameters for amino acid detection

Time (min) Flow speed (mL/min) % A % B
0 1 100 0
13.5 1 97 3
15 1 0 100
25 1 0 100
27 1 100 0

The re-equilibration time was 7 min, resulting in a cycle time of 32 min between injections.
The flow rate was 1 mL/min. The analytical column was maintained at a constant temperature

of 46°C. Peaks were analysed by absorption at 254 nm.

2.5.16 Assessment of cardiac energetics

ATP/ADP, ATP/AMP, GTP/GDP and GTP/GMP ratios were calculated to reflect
cardiomyocyte phosphorylation potential. Energy charge was calculated as an indication of
tissue energy status using the following formula:

Energy charge = (ATP + [0.5 x ADP]) x (ATP + ADP + AMP) — 1

where an energy charge of 1 indicates 100% ATP and 0 indicates 100% AMP.

70




2.5.17 Cytokine determinations

The expression of relevant cytokines was assessed using the MILLIPLEX® MAP Human
High Sensitivity T Cell Magnetic Bead Panel. The reagents were Luminex Sheath Fluid
(product no. 40-50000) and Luminex Drive Fluid (product no. #MPXDF-4PK, Luminex
Corp.). The materials and instrumentation included a Branson Ultrasonic Cleaner model
#B200; Titer Plate Shaker (Lab-Line Instruments model #4625); Luminex 200™, HTS,
FLEXMAP 3D®, or MAGPIX® with xPONENT® software; and an automatic plate washer
for magnetic beads (BioTek® 405 LS or 405 TS or product no. 40-094, 40-095, 40-096, or
40-097, EMD Millipore) or Handheld Magnetic Separation Block (product no. 40-285, EMD
Millipore).

Whole blood samples were coagulated with EDTA and centrifuged for 10 min at 1000 x g
within 30 min of collection. Plasma was removed and assayed immediately in accordance

with kit manufacturer instructions or aliquoted for storage at —20°C until use.
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CHAPTER 3.

STATISTICAL ANALYSIS
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3.1 Introduction
This chapter describes the study statistical analysis plan. The appendix includes the scripts

used for practical analysis.

3.2. Sample size

As described in the study methods (chapter 2), cardiac Tnl was assessed at 7 time points. The
required sample size was estimated using parameters from our previous investigation
indicating an average pre-post correlation of0.3 and an average post-post correlation of
0.5'”. We proposed to recruit 30 patients per group per surgical stratum, yielding a sample
size of 60 patients per surgical stratum (total n = 120). This sample size is consistent with that
used in a previous trial of RIPC in patients undergoing CABG surgery'”. Using an analysis
of variance and covariance, this sample size had 90% power to detect a standardized
difference in serum markers of 0.43 between groups providing that there was no interaction
between intervention/control and pathology. If an interaction was present, the sample size had
80% power to detect a standardized difference in serum markers of 0.55 between groups
within each pathology stratum.

Using an analysis of variance and covariance without repeated measures, the sample size of
60 per group (assuming no interaction between intervention/control and pathology) had 90%
power to detect a standardized difference in cellular markers of 0.6 between groups. If an
interaction was present, the sample size had 80% power to detect a standardized difference in
cellular markers of 0.72 between groups within each pathology stratum. These magnitude

differences were plausible based on our previous research analysing myocardial biopsies' .

3.3 Statistical analysis

3.3.1 Repeated measures

Data were checked for normality using the Shapiro-Wilk test. Normality was also explored
using graphical representations of the data. If skew was observed, the data were transformed

to log base 2—e¢ 10 values (or using log[10] + 1 to avoid negative values). The primary
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outcome (Tnl) and secondary outcomes (e.g., creatinine, pH, lactate and cytokines) were
measured multiple times in each patient and thus analysed by fitting multilevel mixed effect
linear regression models. These models were suitable for fixed effects (e.g., intervention,
surgical stratum, centre, time, and the interactions intervention x time and intervention X
centre) and a random effect. The fixed effects were analogous to standard regression
coefficients and were estimated directly. The random effect was summarized in accordance
with its estimated variance and covariance. When available, baseline measures and post-
intervention measures were analysed together. When the interaction of group x surgical
stratum was statistically significant at the 10% level, treatment effects were reported
separately for each stratum; otherwise, an overall treatment effect was reported. If the
interaction of group x time or group X centre was statistically significant at the 10% level,
treatment effects were reported separately for each time point. Analyses were adjusted for
stratification factors (surgical procedure and centre) and based on the intent-to-treat
population. The results are reported as effect sizes with 95% confidence intervals. The
frequencies of complications and conversions are tabulated descriptively by pathology. This
trial was not powered to detect between-group differences in the frequencies of adverse

events.

3.3.2 Ventricle biopsies

Bilateral ventricle biopsies were harvested after RIPC or sham and before I/R injury
(indicated by cross-clamp time) and after 20-min I/R injury (at the time of cross-clamp
removal). The aim of this approach was to detect differences at the level of the left and right
ventricles between the RIPC and control groups before and after reperfusion. No intra-group
analyses were planned (e.g., comparisons between pre- and post-I/R in the same group).

Data were checked for normality using the Shapiro-Wilk test and by review of graphical
representations of the data. Values are expressed as the mean = standard deviation or, if the

data was heavily skewed, as the median and interquartile range. Differences between the
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control and RIPC groups were analysed using unpaired t-tests. The threshold for statistical

significance was p < 0.05.

3.3.3 Subgroup analysis

No subgroup analyses were planned.

3.4 Appendix: Models for repeated measures

Data were checked for normality using the Shapiro-Wilk test and, when necessary,
transformed to log(10) + 1 values. Population normality was visually inspected before and
after transformation.

The proposed liner mixed model entails a dependent variable dv = troponin (t), fixed effect
(diabetes [categorical variables: a, no diabetes; b, insulin-dependent diabetes mellitus; ¢, non-
insulin-dependent diabetes mellitus; and d, diet controlled], sex [a, female and b, male],
centre [B, Bristol and H, Hammersmith], type of operation [type I, CABG and type I, AVR],
patient ID, time [1, 6, 12, 24, 48, and 72 h], or allocation [a, RIPC and b, SHAM]), and a

random effect represented by the interaction of patient ID and time (intercept).

First, the null model is constructed:

> model.null<-lmer(t~diabetes+studyid+sex+type+subj+time+(1|subj)*(1[time),
REML~=FALSE, data=linear)

Then, the alternative (reduced) model is constructed by adding the effect studied:

> model.null<-lmer(t~group+diabetes+studyid-+sex-+type+subj+time+(1|subj)*(1|time),
REML=FALSE, data=linear)

In order to determine significance as per the likelihood ratio, the 2 models are compared as
follows:

> anova(model.null, model.alt)

Then, the likelihood of type I error is obtained.
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In the second model, the variable group (sham vs. RIPC) is tested with a Shatterwise type 111
analysis of variance as follows:

> Imer(t ~group-+time+(1|subj)+(1+time)) or

> Imer(t ~group+time+(1|subj)*(1+time))

A p-value (Shatterwise) is obtained as follows:

> anova(lmer)

In the third model, an analysis of variance with error (subject/time) is used as follows:
> analysis<-aov(troponina~(group*time)+ error(subj/time), data=linear)
And the probability of type I error is obtained as follows:

summary(analysis)

Finally, interactions and collinearity are checked with the following script:

>Imer(t ~group*diabetes+(1|subj)+(1+time))
>Imer(t ~group+diabetes+(1|subj)+(1+time))

and the probability of type I error is obtained by comparing the 2 models.

All analyses and plotting were performed in R project using the aov, graphics, Imer, and stat

packages (R Core Team, 2014; URL: http://www.R-project.org).
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CHAPTER 4.
EFFECT OF RIPC ON MYOCARDIAL INJURY AND CLINICAL

OUTCOMES
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4.1 Introduction
This chapter summarizes the effect of RIPC on markers of myocardial injury (Tnl) and
clinical outcomes in patients operated on for non-emergent (elective and urgent) conventional

on-pump CABG or AVR. The effect of RIPC on renal function is also reported.

4.2. Recruitment

Between March 2012 and April 2014, 316 patients were screened at both centres for study
inclusion. Sixty-four were ineligible (Figure 4.1). Of 252 eligible patients, 124 agreed to
participate in the study (64 in the CABG population and 60 in the AVR population) and were
randomised to receive RIPC or sham treatment.

The primary analysis included all randomised participants (i.e., the intent-to-treat population).
Participants were followed for 3 months after randomization. Safety data at 3 months were

available for all participants.

Assessed for eligibility (n=316)

Patients excluded (n=182)

Ineligible (n=64)

Age<18 or >80 (3); Not having elective/urgent CABG or AVR using CPB (6); Unable to give informed consent
(1); Previous cardiac surgery (0); Combined CABG and AVR (14); Emergency or salvage operation (0); Current
congestive heart failure (0); Chronic renal failure requiring dialysis (3); LV fraction < 30%(0); Hepatic
dysfunction (0); Peripheral arterial disease (5); Participating in another clinical trial (1); Taking medication
interfering with RIPC (2); No arms available for RIPC (0) Reasons unknown (0); Other (23)

Not approached (=37)
Staff not available(5); Insufficient time to read the PIL (3); Clinical decision (1); Logistical reasons (7); Other
(21)

Did not consent (=87)
No reason given (11); Wants standard procedure (21); Personal reasons (20); Patient did not received/read

PIL (3); Other (32)

Post-consent exclusion (=0)

‘ Randomized (n=124) ‘

‘ CABG Randomized (n=64) I I AVR Randomized (n=60) ‘
RIPC Sham RIPC Sham
(n=32) (n=32) (n=31) (n=29)
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FIGURE 4.1 CONSORT diagram. Flow of participant enrolment. AVR, aortic valve
replacement; CABG, coronary artery bypass grafting; LV, left ventricular; PIL, patient

information leaflet; RIPC, remote ischaemic preconditioning.

4.3 CABG population

4.3.1 Baseline data

Baseline data for the CABG population are reported in Table 4.1. The mean age was 64.1 +
10.3 years. Compared to the RIPC group, patients in the sham/control group were more likely
to have previous MI (9.3% vs. 40.6%, respectively) and type 2 or non-insulin-dependent
diabetes mellitus (NIDDM; 15.6% vs. 40.6%, respectively). Other demographic

characteristics were similar between the 2 groups.

TABLE 4.1 Baseline characteristics in the coronary artery bypass grafting population

Randomised to Randomised to Overall
RIPC sham (n=64)
(n=32) (n=32)

Age (years) 63.4+89 62.9+16.3 64.1+£10.3
Male (%) 28 (87.5) 27 (84.3) 55 (85.9)
Body mass index 28.2+45 292+£5.6 28.7£5.1
NYHA I (%) 10 (31.2) 12 (37.5) 22 (34.4)
NYHA II (%) 17 (53.1) 18 (56.2) 35 (54.7)
NYHA I (%) 4 (12.5) 2(6.2) 6(9.3)
NYHA IV (%) 1(3.1) 0 1(1.6)
CCS 1 (%) 9 (28.1) 8 (25) 17 (26.6)
CCS 1I (%) 17 (53.1) 19 (59.4) 36 (56.2)
CCS I (%) 5(15.6) 3(9.3) 8 (12.5)
CCS 1V (%) 0 0 0
(unstable angina)
Previous MI (%) 3(9.3) 13 (40.6) 16 (25)
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Atrial fibrillation (%)
Permanent pacemaker (%)
Temporary pacemaker (%)
Defibrillator (%)

LV good > 50% (%)

LV moderate < 50, > 30% (%)
LV less <30% (%)

Smoker (current) (%)
Ex-smoker (> 1 month) (%)
Family history CAD (%)
Hypercholesterolemia (%)
Hypertension (%)
Hypothyroidism (%)

Chronic pulmonary disease (%)
CVA/TIA (%)

Neurological dysfunction (%)
IDDM (%)

NIDDM (%)

Oral diabetes treatment (%)
Extracardiac arteriopathy (%)
Active endocarditis on antibiotics
(%)

Creatinine

Number of coronary vessels
disease

Left main stem involvement (%)
One-vessel disease (%)
Two-vessel disease (%)

Three-vessel disease (%)

0
13.1)
1(3.1)
1(3.1)

26 (81.2)
6 (18.7)
0
15 (46.9)
5 (15.6)
24 (75)
29 (90.6)
26 (81.2)
0
5 (15.6)
4(12.5)

0
13.1)

5 (15.6)

1 (3.1

1 3.1

0

82+ 14

2.7+0.5

9(28.1)
13.1)
5(15.6)

26 (81.2)

13.1)
0
0
23 (71.8)
9(28.1)
0
17 (53.1)
2 (6.2)
23 (71.8)
31(96.9)
30 (93.7)
13.1)
7(21.9)
13.1)
0
3(9.3)
13 (40.6)

0

13.1)

95.1 £20.7

2.7+£0.5

7(21.9)
13.1)
6 (18.7)

25 (78.1)

0
2(3.1)
1(1.6)
1(1.6)

49 (79.6)

15 (23.4)

0
32 (50)
8 (12.5)

47 (73.4)

60 (93.7)

56 (87.5)
1(1.6)

12 (18.7)
5(7.8)

0
4(6.25)
18 (28.1)

1(1.6)

1(1.6)

1(1.6)

88.6 + 18.7

2.7+£0.5

16 (25)
2(3.1)
11 (17.1)

51(79.7)
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Four(+)-vessel disease (%) 0 0 0
Elective operative priority (%) 28 (87.5) 30(9.4) 58 (90.6)

Urgent operative priority (%) 4 (12.5) 2(6.2) 6(9.4)

Values are presented as median (interquartile range), mean + standard deviation, or n (%). CABG,
coronary artery bypass grafting; CAD, coronary artery disease; CCS, Canadian Cardiovascular
Society; CVA, cerebral vascular accident; IDDM, insulin-dependent diabetes mellitus; LV, left
ventricle function; MI, myocardial infarction; NIDDM, Non-insulin-dependent diabetes mellitus;

NYHA, New York Heart Association; TIA, transient ischaemic attack.

Preoperative medications in the CABG population are described in Table 4.2. Compared to

the RIPC group, more patients in the sham group were taking warfarin, oral nitrates, and

diuretics (3.2% vs. 12.5%, 21.8% vs. 37.5%, and 6.2% vs. 31.2%, respectively).

TABLE 4.2 Preoperative medications in the coronary artery bypass grafting population

Randomised to Randomised to Overall
RIPC sham (n=64)
(n=32) (n=32)

Aspirin (%) 28 (87.5) 30(93.7) 58 (90.6)

Clopidogrel (%) 10 (31.5) 8 (25) 18 (28.1)
Heparin/clexane (%) 0 2(6.2) 2 (3.1)
Warfarin (%) 1(3.2) 4(12.5) 5(7.8)
B-adrenergic antagonists (%) 24 (75) 24 (75) 48 (75)

Calcium antagonists (%) 9 (28.1) 9 (28.1) 18 (28.1)

Oral nitrates (%) 7 (21.8) 12 (37.5) 19 (29.6)
Intravenous GTN/nitrates (%) 1(3.1) 0 1(1.5)

Statins (%) 29 (90.6) 30 (93.7) 59 (92.1)
Other lipid lowering agents (%) 1(3.1) 1(3.1) 2 (3.1)

ACE inhibitors (%) 22 (68.7) 22 (68.7) 44 (68.7)
Angiotensin 2 inhibitors (%) 1(3.1) 2(6.2) 3(4.6)
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Anti-arrhythmia medication (%) 0 2(6.2) 2(3.1)

Diuretics (%) 2(6.2) 10 (31.2) 12 (18.7)
Digoxin (%) 0 2(6.2) 2 (3.1)

Other (%) 12 (37.5) 9(28.1) 21 (32.8)
Aspirin stop (days) 3.6+5.6 21+£29 28+4.4
Clopidogrel stop (days) 5.1+2.7 53+53 55+3.9
Warfarin stop (days) 0 35+0.5 42+1.6
Heparin stop (days) 0 1+14 1+14

Values are presented as median (interquartile range), mean + standard deviation, or n (%). ACE,

angiotensin converting enzyme; GTN, glyceryl trinitrate.

4.3.2 Operative details in the CABG population

Operative, cross-clamp, and total bypass times were similar between the RIPC and sham
groups (Table 4.3). The mean duration of surgery was 3.7 h and that of CPB was
approximately 80 min. On average, total bypass time was 7.5 min longer and cross-clamp
time was 1.5 min longer in the sham group compared to the RIPC group. Forty-six of 64
patients (71.8%) received tranexamic acid (mean dose, 2.2 = 0.9) and 25 of 64 (39%) required
noradrenaline support (Table 4.3). The number of coronary anastomoses was similar between

groups (mean, 4.2 + 0.9). All participants received blood cardioplegia.

TABLE 4.3 Intraoperative details in the coronary artery bypass grafting population

Randomised to Randomised to Overall
RIPC sham (n=64)
(n=32) (n=32)
Operation duration (h) 3.6 (34) 3.7(3.34.1) 3.7(3.24.1)
Cross-clamp time (min) 40.5 (32.5-49.5) 42 (33-49) 42 (32.5-49.5)
Total bypass time (min) 77.5(71.5-85.5) 85 (68.5-95) 79.5 (70.5-94)
Direct current shock after 3(9.3) 1(3.1) 4(6.2)

cross-clamp release (%)
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Sinus rhythm after cross-
clamp release (%)

AV block (%)

AF/flutter (%)
Ventricular tachycardia (%)
Ventricular fibrillation (%)
IABP intraop (%)

Use of tranex (%)

Dose of tranex

Intraop RBC

Intraop FFP

Intraop PLT

Intraop cryo (%)
Noradrenaline (%)
Dobutamine (%)
Enoximone (%)

Insulin (%)

Need for pacemaker (%)
Vasodilator (%)

Cell saver (%)

Cell saver volume (mL)
Total number of coronary

anastomoses

28 (87.5)

1(3.1)
13.1)
13.1)
13.1)
13.1)
23 (71.8)
1.8+0.7
0.06+0.3
0308
0.4+0.7
0
14 (43.7)
0
13.1)
8 (25)
13.1)
9 (28.1)
30 (93.7)
480.3 + 122

44+£0.8

28 (87.5)

2(6.2)
1(3.1)
0
0
23 (71.8)
25+1
0.6+1
0.2+0.7
0.5+0.7
0
11 (34.3)
0
0
5(18.7)
13.1)
9 (28.1)
30 (93.7)
561 £256

41+09

56 (87.5)

1(1.5)
3 (4.6)
23.1)
1(1.5)
1(1.5)

46 (71.8)

22409

03+0.8

02+0.7
0.5+0.7
0
25 (39)
0
1(1.5)

13 (20.3)
2(3.1)

18 (28.1)

60 (93.7)

520 + 203

42+09

Values are presented as the median (interquartile range), mean + standard deviation, or n (%).

AF, atrial fibrillation; AV, atrio-ventricular; cryo, cryoglobulin; FFP, fresh frozen plasma; IABP,

intra aortic balloon pumping; intraop, intraoperative; PLT, platelets; RBC, red blood cell count.

4.3.3 Effect of RIPC on myocardial injury in the CABG population

Myocardial injury following index ischaemia and reperfusion was determined by measuring

cTnl release before and after CABG (Figure 4.2, Table 4.4). Preoperative concentrations were
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similar between the 2 groups (30 of 32 patients [93.7%] in the RIPC group had concentrations
below the detectable limit and there was a median concentration of 0.25 ng/L among
participants with detectable cTnl; 30 of 32 patients [93.7%] in the sham group had
concentrations below the detectable limit and there was a median concentration of 0.007 ng/L
among participants with detectable ¢Tnl). cTnl concentrations were increased following
surgery and peaked at 6 h; these values were, on average, 8% lower in RIPC group than in the

sham group (geometrical mean ratio, 0.92 [0.78-0.98], p = 0.24).
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FIGURE 4.2 Cardiac troponin I (Tnl) responses over time in the coronary artery bypass
grafting (CABG) population. Mean Tnl values and 95% confidence intervals (Cls) plus the
geometrical mean ratio (GMR) and 95% ClI for the effect of remote ischaemic
preconditioning (RIPC) vs. sham on cardiac Tnl release are shown. Preoperative levels of Tnl

were not detectable. ‘Post’ refers to the troponin value after RIPC/sham.

TABLE 4.4 Troponin I concentrations (ng/L) in the coronary artery bypass grafting population

Troponin I sample time Randomised to Randomised to
RIPC sham
(n=32) (n=32)
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Preoperative < 14 ng/L (%)
Preoperative > 14 ng/L

Post-RIPC/sham

After reperfusion (h)
6

12

24

48

72

30 (93.7)
0.2(0.2)

0.0003 (0.001)

0.65 (0.61)
0.43 (0.5)
0.23 (0.29)
0.14 (0.21)

0.06 (0.12)

30 (93.7)
0.007 (0.04)

0.0005 (0.001)

0.46 (0.45)
0.43 (0.36)
0.3 (0.38)
0.13 (0.22)

0.08 (0.16)

Data are presented as the n (%) or median (interquartile range). Numbers of missing data in each

group at each time point are as follows (RIPC group, sham group): preoperative: 0 (0, 0); post-

RIPC/sham: 2 (1,1); 6 h: 1 (0, 1); 12 h: 1 (1,0); 24 h: 0(0,0); 48 h: 3 (2, 1); and 72 h: 7 (5, 2).

4.3.4 Postoperative outcomes in the CABG population

There was no in-hospital mortality. Adverse events are reported in Table 4.5.

TABLE 4.5 Postoperative details in the coronary artery bypass grafting population

Randomised to Randomised to Overall
RIPC sham (n=64)
(n=32) (n=32)

Total ventilation time (h) 8 (6-12) 7.5 (5-10) 7.7 (5-12)
Time in ICU (h) 15 (12-18) 9 (3.6-14.4) 12 (8.1-17.1)
Time on ward predischarge (h) 3(2-5) 4 (3-5) 3(3-5)
Length of hospital stay (days) 6.5 (6-8) 6.5 (6-8) 6.5 (6-8)
In hospital mortality (%) 0 0 0
Myocardial infarction (%) 13.1) 0 1(L.5)
Supraventricular 5(15.6) 5(15.6) 10 (15.6)
tachycardia/atrial
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fibrillation requiring treatment
(%)

Ventricular
fibrillation/ventricular
tachycardia requiring
intervention (%)

Pacing permanent (%)
Reopening for bleeding (%)
Inotropes used (%)
Intra-aortic balloon pump used
(%)

Vasodilators used (%)

Low cardiac output (%)
Reintubation/ventilation (%)
Tracheostomy (%)

Mask continuous positive
airway

Pressure (%)

Pneumothorax or effusion
requiring

Drainage (%)

Deep vein thrombosis (%)
Pulmonary embolism (%)
Respiratory infection (%)
New hemofiltration/dialysis
(%)

Peptic ulcer/gastrointestinal
bleed/perforation (%)

Other gastrointestinal

complications (%)

0
0
17 (53.1)

0

8 (25)

9 (28.1)

2(6.2)

13.1)

0
1(3.1)
15 (23.4)

0

6 (18.7)
0
0
0

6 (18.7)

3(9.3)

13.1)

1(1.5)

(50)

(21.8)

15 (18.7)

5(7.8)

23.1)
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Permanent stroke (%) 0 0 0
TIA (%) 0 0 0
Wound dehiscence requiring 0 0 0

reoperation (%)

Values are presented as median (interquartile range), mean + standard deviation, or n (%). There were

no missing data. ICU, intensive care unit; TIA, transient ischaemic attack.

The effect of RIPC on renal function is shown in Figure 4.3 and summarized in Table 4.6.
Creatinine was 15% lower in the RIPC group than in the sham group (p = 0.74); however, the

RIPC group also had lower baseline creatinine.
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FIGURE 4.3 Creatinine responses over time in the coronary artery bypass grafting
population. Mean creatinine values and 95% confidence intervals (Cls) plus the geometrical
mean ratio (GMR) and 95% CI for the effect of remote ischaemic preconditioning (RIPC) vs.

sham on creatinine are shown.

TABLE 4.6 Creatinine concentrations (mcg/mol/L) in the coronary artery bypass grafting

population
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Creatinine sample time Randomised to Randomised to

RIPC sham

(n=32) (n=32)
Preoperative 79 (21) 91.5 (22.5)
After reperfusion (days)
1 69 (20.5) 78.5 (24.5)
2 71 (20.2) 76 (27)
3 67 (13.5) 76.5 (26.2)
4 71 (15) 81(25)
5 74.5(22.2) 91 (26)
6 73 (11) 87 (22)
7 80 (23.5) 92.5(9.7)

Data are presented as the median (interquartile range). Numbers of missing data in each group at each
time point are as follows (RIPC group, sham group): preoperative: 0 (0, 0); day 1 after reperfusion: 0
(0, 0); day 2: 0 (0, 0); day 3: 3 (1, 2); day 4: 9 (7, 2); day 5: 23 (10, 13); day 6: 42 (19, 23); and day 7:

43 (22, 21).

4.4 AVR population

4.4.1 Baseline data

Baseline data for the AVR population are reported in Table 4.7. The mean age was 68.9 + 15
years and the 2 groups showed good homogeneity. By chance, patients allocated to the RIPC
group had slightly higher creatinine than those in the sham group (87.3 £22 vs. 78.6 + 16.2,
respectively). Four patients had coronary disease and underwent concomitant CABG (3 in the

RIPC group and 1 in the sham group) but were included in the intent-to-treat analysis.

TABLE 4.7 Baseline characteristics in the aortic valve replacement population

Randomised to Randomised to Overall
RIPC sham (n=60)
(n=31) (n=29)
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Age (years)

Male (%)

Body mass index

NYHA I (%)

NYHA II (%)

NYHA 1II (%)

NYHA IV (%)

CCS 1 (%)

CCS 1I (%)

CCS 111 (%)

CCS IV (unstable angina) (%)
Previous MI (%)

Atrial fibrillation (%)
Permanent pacemaker (%)
Temporary pacemaker (%)
Defibrillator (%)

LV good > 50% (%)

LV moderate < 50 > 30% (%)
LV less <30% (%)

Smoker (current) (%)
Ex-smoker (> 1 month) (%)
Family history CAD (%)
Hypercholesterolemia (%)
Hypertension (%)
Hypothyroidism (%)

Chronic pulmonary disease (%)
CVA/TIA’s (%)

Neurological dysfunction (%)
IDDM (%)

NIDDM (%)

714+ 168
19 (61.3)
292+6.8
19 (61.3)
4(12.9)
17 (54.8)
10 (32.2)
4(12.9)
10 (32.2)
2(6.4)
0
2(6.4)
2(6.4)
1(3.2)
0
0
26 (83.9)
4(12.9)
1(3.2)
15 (48.4)
1(32)
12 (38.7)
16 (51.6)
23 (74.2)
3(9.7)
1(32)
3(9.7)
0
0

4(12.9)

662+ 126
20 (69)
28.7£5.5
20 (69)
2(6.9)
19 (65.5)
8 (27.6)
6 (20.7)
7(24.1)
0

1 (3.4)

1(3.4)
1(3.4)
0
0
26 (89.6)
3(10.3)
0
10 (34.5)
6 (20.7)
13 (44.8)
17 (58.6)
20 (68.9)
3(10.3)
13.2)
3(10.3)
1(3.4)
1(3.4)

4(13.8)

689+ 15
39 (65)
29+6.2
39 (65)

6 (10)
36 (60)
18 (30)

10 (16.6)
17 (28.3)
2(3.3)

1(1.6)
2(33)
3(5)
2(33)
0
0

52 (86.6)
7 (11.6)

0

25 (41.6)
7(11.6)

25 (41.6)
33 (55)

43 (71.6)
6 (10)
2(3.3)
6 (10)
1(1.6)
1(1.6)

8(13.3)
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Diabetes Oral treatment (%)
Extra cardiac arteriopathy (%)
Active endocarditis on antibiotics
(%)

Creatinine

Number of coronary vessels
disease

Left main stem involvement (%)
One-vessel disease (%)
Two-vessel disease (%)
Three-vessel disease (%)
Four(+)-vessel disease (%)
Elective operative priority (%)

Urgent operative priority (%)

1 (3.4)

1(3.2)

87.3+£22

0

1(3.2)
1(32)
0
0
1(3.2)
29 (93.6)

2(6.4)

1 (1.6)

2(6.9)

78.6 £16.2

0.08 £0.5

1 (3.4)
0
0
0
0
27 (93.1)

2 (6.9)

2 (1.6)

3(5)

83.1+£19.7

14+14

2(33)
1(1.6)
0
0
1(1.6)
56 (93.3)

4(6.6)

Values are presented as the median (interquartile range), mean =+ standard deviation, or n (%).

AVR, Aortic valve replacement; CAD, coronary artery disease; CCS, Canadian Cardiovascular

Society; CVA, cerebral vascular accident; IDDM, insulin-dependent diabetes mellitus; LV, left

ventricle function; MI, myocardial infarction; NIDDM, non-insulin-dependent diabetes mellitus;

NYHA, New York Heart Association; TIA, transient ischaemic attack.

4.4.2 Operative details in the AVR population

Operative, cross-clamp, and total bypass times were similar between the RIPC and sham

groups in the AVR population (Table 4.8). The mean duration of surgery was 3.1 h and that

of CPB was approximately 90 min. On average, total bypass time was 2 min longer and cross-

clamp time was 3 min longer in the RIPC group compared to the sham group. Fifty-two of 60

patients (86.6%) received tranexamic acid (mean dose, 2.6 = 1.5) and 11 (18.3%) required

noradrenaline support (Table 4.7). All participants randomised at the Bristol centre received

cold cardioplegia and 21 randomised at the Hammersmith centre received warm antegrade

cardioplegia.
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TABLE 4.8 Intraoperative details in the aortic valve replacement population

Randomised to  Randomised to Overall
RIPC sham (n =60)
(n=31) (n=29)

Operation duration (h) 3.1(2.9-3.5) 3.1(2.9-34) 3.1(2.9-34)
Cross-clamp time (min) 66 (55-79) 63 (52-85) 64 (52-81)
Total bypass time (min) 93 (75-112) 91 (80-110) 93 (77.5-111)
Direct current shock after cross-clamp 6 (18.7) 7 (24.1) 13 (21.6)
release (%)
Sinus rhythm after cross-clamp release 20 (64.5) 20 (68.9) 40 (66.6)
(%)
AV block (%) 3(9.6) 3(10.3) 6 (10)
AF/lutter (%) 1(3.2) 134 2(3.3)
Ventricular tachycardia (%) 3(9.6) 1(3.4) 4 (6.6)
Ventricular fibrillation (%) 3(9.6) 3(10.3) 6 (10)
IABP intraop (%) 1(3.2) 1(34) 2(3.3)
Use of tranex (%) 27 (87) 25 (86.2) 52 (86.6)
Dose of tranex 23+1 29+1.8 26+1.5
Intraop RBC 02+0.6 0.03 £0.1 0.1+0.3
Intraop FFP 0 0 0
Intraop PLT 0.1£04 0.1+0.3 0.1+0.3
Intraop cryo (%) 0 0 0
Noradrenaline (%) 6 (19.3) 5(17.2) 11 (18.3)
Dobutamine (%) 0 0 0
Enoximone (%) 3(9.6) 2(6.9) 5(8.3)
Insulin (%) 0 2(6.9) 2(3.3)
Need for pacemaker (%) 5(e6.1) 6 (20.6) 11 (18.3)
Vasodilator (%) 2(6.4) 6 (20.6) 8(13.3)
Cell saver (%) 17 (54.8) 14 (48.2) 31 (51.6)

91



Cell saver volume (mL) 542.7+£221.8 741.5 £474 632.4 £ 365

Total number of coronary anastomoses - - -

Values are presented as the median (interquartile range), mean + standard deviation, or n (%).
AF, atrial fibrillation; AV, atrio-ventricular; cryo, cryoglobulin; FFP, fresh frozen plasma; IABP,

intra aortic balloon pumping; intraop, intraoperative; PLT, platelets; RBC, red blood cell count.

4.4.3 Effect of RIPC on myocardial injury in the AVR population

cTnl concentrations are shown in Figure 4.4 and summarized in Table 4.9. Preoperative
concentrations were similar between the 2 groups (31 of 31 patients [100%] in the RIPC
group and 28 of 29 patients [96.5%] in the sham group had concentrations below the
detectable limit). cTnl concentrations were increased following surgery and peaked at 6 h;
these values were, on average, 10% lower in RIPC group than in the sham group (GMR, 0.9

[0.35-1.44], p = 0.65).
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FIGURE 4.4 Cardiac troponin I (Tnl) responses over time in the aortic valve replacement
population. Mean Tnl values and 95% confidence intervals (Cls) plus the geometrical mean
ratio (GMR) and 95% CI for the effect of remote ischaemic preconditioning (RIPC) vs. sham
on cardiac Tnl release are shown. Preoperative levels of Tnl were not detectable. ‘Post’ refers

to the troponin value after RIPC/sham.

92



TABLE 4.9 Troponin I concentrations (ng/L) in the aortic valve replacement population

Troponin I sample time

Randomised to

Randomised to

RIPC sham
(n=31) (n=29)
Preoperative < 14 ng/L (%) 31 (100) 28 (96.5)

Preoperative > 14 ng/L

Post RIPC/sham 0.003 (0.008) 0.005 (0.009)
After reperfusion (h)

6 0.5(0.4) 0.5(0.3)
12 0.47 (0.31) 0.37 (0.27)
24 0.34 (0.13) 0.3 (0.18)
48 0.18 (0.79) 0.145 (0.1)
72 0.11 (0.49) 0.11 (0.77)

Data are presented as the n (%) or median (interquartile range). Numbers of missing data in each
group at each time point are as follows (RIPC group, sham group): preoperative: 2 (1, 1); post-

RIPC/sham: 0 (0, 0); 6 h: 0 (0, 0); 12 h: 0 (0, 0); 24 h: 0 (0, 0); 48 h: 4 (2, 2); 72 h: 8 (3, 5).

4.4.4 Postoperative outcomes in the AVR population

There was no in-hospital mortality. Adverse event are reported in Table 4.10.

TABLE 4.10 Postoperative details in the aortic valve replacement population

Randomised to Randomised to Overall
RIPC sham (n=60)
n=31) (n=29)
Total ventilation time (h) 8 (4-12) 7.2 (5-13) 7.5 (4-13)
Time in ICU (h) 13.2 (9-24) 12 (4.5-20) 12 (6.6-21)
Time on ward predischarge (h) 3.5(3-6) 3 (2-5) 3 (2.5-6)
Length of hospital stay (days) 7 (6-9) 6 (5-8) 7 (6-8.5)
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In hospital mortality (%)
Myocardial infarction (%)
Supraventricular

tachycardia/atrial

fibrillation requiring treatment

(%)

Ventricular
fibrillation/ventricular
tachycardia requiring
intervention(%)

Pacing permanent (%)
Reopening for bleeding (%)

Inotropes used (%)

Intra-aortic balloon pump used

(70)

Vasodilators used (%)

Low cardiac output (%)
Reintubation/ventilation (%)
Tracheostomy (%)

Mask continuous positive
airway

Pressure (%)
Pneumothorax or effusion
requiring

Drainage (%)

Deep vein thrombosis (%)
Pulmonary embolism (%)
Respiratory infection (%)
New hemofiltration/dialysis

(%)

0

0
18 (58)

2 (6.4)
1(3.2)
15 (48.3)

0

13 (41.9)
1(3.2)
0
0

5(16.1)

1(3.2)

0
0
4(12.9)

0

0

0

12 (38.7)

0
0
17 (58.6)

0

10 (34.4)
0
1(3.4)
1(3.4)

1(3.4)

1 (3.4)

0
0
4(13.7)

0

0

0
30 (50)

2(3.3)
1(1.6)
(53.3)

0

23 (38.3)
1(1.6)
1(1.6)
1(1.6)

6 (10)

2(3.3)

0
0
8 (13.3)

0
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Peptic ulcer/gastrointestinal 0 0 0
bleed/Perforation (%)
Other gastrointestinal 0 0 0

complications (%)

Permanent stroke (%) 0 0 0
TIA (%) 0 0 0
Wound dehiscence requiring 0 1(3.2) 1(1.6)

reoperation (%)

Values are presented as median (interquartile range), mean + standard deviation, or n (%). There were no

missing data. ICU, intensive care unit; TIA, transient ischaemic attack.

The effect of RIPC on renal function is shown in Figure 4.5 and summarized in Table 4.11.

Creatinine was 7% lower in the sham group compared to the RIPC group (p = 0.56).
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FIGURE 4.5 Creatinine responses over time in the aortic valve replacement population.
Mean creatinine values and 95% confidence intervals (Cls) plus the geometrical mean ratio
(GMR) and 95% CI for the effect of remote ischaemic preconditioning (RIPC) vs. sham on

creatinine are shown.
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TABLE 4.11 Creatinine concentrations (mcg/mol/L) in the aortic valve replacement population

Creatinine sample time Randomised to Randomised to
RIPC sham
(n=31) (n=29)
Preoperative 87 (22.5) 74 (19)

After reperfusion (days)

1 84 (32) 71 (27)
2 89 (45) 73 (31.7)
3 83.5(39.2) 73 (28.7)
4 80 (34.7) 72 (26)

5 81(28.2) 63.5(19.2)
6 80 (26) 76 (17)
7 93 (35) 72.5 (26)

Data are presented as the median (interquartile range). Numbers of missing data in each group at each
time point are as follows (RIPC group, sham group): preoperative: 0 (0, 0); 1 day after reperfusion: 0
(0, 0); day 2: 0 (0, 0); day 3: 3 (1, 2); day 4: 9 (7, 2); day 5: 23 (10, 13); day 6: 42 (19, 23); day 7: 43

(22,21).

4.5 Discussion

4.5.1 RIPC had no effect on troponin I release after CABG or AVR

In general, RIPC did not provide any advantage in terms of cTnl release after CABG or AVR
(the primary outcome). Similarly, RIPC did not decrease postoperative mortality or
morbidity. Nonetheless, RIPC was not associated with adverse events, indicating its safety.
The present findings are consistent with 2 recent major trials, the ERICCA* and RIPHeart’
studies. Unlike these studies, we selectively included patients with coronary disease or aortic
valve disease in the intent-to-treat population. The original rationale for this approach was
that individuals with coronary disease may be preconditioned at baseline by previous episodes
of angina, MI, or percutaneous angioplasty, while patients with isolated aortic disease and no

previous exposure to angina are ‘naive.’
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There are several possible explanations for the negative results of the present study. First,
patients in our study received both propofol and volatile (sevoflurane) anaesthesia as per the
discretion of the anaesthesiologist. As described in the introduction, both of these anaesthetic
regimens have been implicated in cardioprotection. In one small study, propofol anaesthesia
attenuated the observable effects of RIPC, and a recent meta-analysis of 15 trials showed that
volatile anaesthetics attenuate cardioprotection by RIPC'*. Notably, our anaesthetic
management was similar to that in the ERICCA trial*, where both propofol and volatile
regimens were used.

This trial was conducted between two centres. The majority of CABG cases were randomized
at Hammersmith, while the majority of AVR were recrutited at Bristol; two different
cardioplegia solutions were used for bypass and aortic valve surgery and that may have added
a certain element of heterogeneity in the study.

Troponin I may not be the most sensible indicator of myocardial infarction; some studies on
preconditioning have shown that RIPC still reduce the infarct size as proved by SPECT and
MRI'"".

Unlike the ERICCA trial*, our population strata had mid-to-low surgery risk. It can be
anticipated that patients with high risk for surgery will experience larger and more clinically
significant benefit from interventions designed to lower troponin release.

Confounder may play a significant role in attenuating the potential RIPC effect; consistent
number of patients randomized to either RIPC or sham in our study was taking beta-blockers
as pre-operative medication, was diabetic or had history previous myocardial infarction®.
Particularly in the CABG population, the sham strata had, by chance, far more history of
myocardial infarction than the group randomized to RIPC.

Remote ischemic preconditioning was achieved using 4 cycles of 5 minutes inflation of blood
pressure cuff at 200 mmHg. This ‘dose’ of conditioning is the most used, yet other protocol
(e.g. higher blood pressure cuff inflation \ prolonged ischemic time \ lower limb inflation)

. 161
may be considered'®'.
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At present it is not known if and how remote preconditioning influence the myocyte; several
studies have suggested release of humoral factors (e.g. adenosine, bradykynin etc.), other
studies have proposed a central role of the autonomic nervous system response after
pheripheral I/R stimulation and local (central) release of triggers. However it may be
hypothesized that there is a vascular and autonomic nervous system heterogeneous response

after the I/R injury stimulus and this may profoundly influence the effect of the RIPC’.

4.5.2 RIPC did not reduce postoperative mortality or morbidity

Our study was not powered to detect statistically significant between-group differences in
mortality and morbidity, and accordingly differences were not detected. Mortality (defined as
per intra-hospital mortality) was 0% in all strata. This is in line with the absence of a
difference in troponin release between groups and the relationship between troponin release
and early and late mortality. These findings are also similar to those of the ERICCA* and
RIPHeart’ studies, which failed to detect benefits in terms of postoperative mortality or
morbidity after RIPC.

It may be agued that assessing the impact of RIPC on myocardial damage by the aim of
Troponin (primary outcome) is a surrogate biochemical end-point while the trial hard point
should rather be clinical outcome'®*. To do so, a numerous sample size has to be considered.
The main rational of our study lays in fact in the investigation of the effect on RIPC on
myocardial injury paired with biochemical markers of energy preservation; hence a smaller

sample size is justified.

4.5.3. RIPC was not associated with adverse events

Under certain conditions, it is plausible that RIPC may do more harm than good’. Lucchinetti
et al. reported a higher incidence of composite adverse event endpoints such as postoperative
arrhythmias and MI in patients who received RIPC'*. In a randomised cohort of 1280

patients undergoing on- or off-pump CABG, Hong et al. observed poorer outcomes in
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0 Yet the vast majority of the

subjects who received RIPC compared to those who did not
studies have not shown negative or paradoxal results in the strata subjected to RIPC'.
Our findings were neutral; although the trial was not powered to detect statistically significant

differences in postoperative/clinical end points, RIPC was not associated with poorer

outcomes in the population examined.
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CHAPTER 5.
EFFECT OF RIPC ON LEFT AND RIGHT VENTRICLE METABOLITE

CONTENT, PHOSPHORYLATION POTENTIAL, AND ENERGY CHARGE
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5.1 Introduction

This chapter reports the effects of RIPC on energy charge in left and right ventricle
cardiomyocytes after RIPC and before cross-clamping (index ischaemia) and after cross-
clamp release and 20 min of reperfusion. Metabolites of interest included GTP, GDP, GMP,
IMP, ATP, ADP, Hypo, AMP, NAD+, inosine, adenosine, alanine, and glutamate. Blood
lactate and pH were also investigated as markers of systemic acidosis and cellular ATP

depletion after I/R injury.

5.2 Effect of RIPC on ventricular cardiomyocyte metabolites in the CABG population
Table 5.1 shows the results for 13 metabolites analysed in left ventricle biopsies in the CABG
population. ‘Pre’ refers to biopsies of the left ventricle taken after RIPC or sham but before
I/R and ‘Post’ refers to biopsies taken after RIPC or sham and after index I/R injury. Figures
5.1 and 5.2 show graphical representations (boxplots) of these data. Respective data for right
ventricle biopsies are shown in Table 5.1 and Figures 5.3 and 5.4. There were no statistical

differences in pre-injury versus post-injury metabolite values in the RIPC or sham groups.

TABLE 5.1 Metabolite analysis of left ventricle biopsies taken before and after

ischaemia/reperfusion injury in the coronary artery bypass grafting population

RIPC Sham RIPC Sham
nmol/mg pre LV pre LV p-value post LV post LV p-value
GTP 0.1£0.1 0.1+0.1 0.69 0.08+0.07 0.07+0.07 0.7
GDP 0.1+0.04 0.1£0.1 0.45 0.07+0.05 0.08+0.07 0.6
GMP 0.04+0.04 0.06+0.08 0.15 0.04+0.04 0.04 +0.07 0.7
IMP 0.6+1.1 1.3+2.1 0.15 0.6+0.7 0.7+1.1 0.49
ATP 22+1.2 22+1.8 0.91 1.1£09 1.2+1 0.83
ADP 2+0.8 2.1+1.3 0.68 1.4+£0.7 1.6+1.4 0.55
Hypo 0.1£0.1 02+0.3 0.2 0.1+0.1 02+0.3 0.14
AMP 1.1+£0.6 1.1£0.7 0.93 I.1£1.1 09=+1 0.69
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NAD+
Inosine
Adenosine
WWmg
Glutamine

Alanine

0.5+0.1

03+0.3

03+0.2

26+1.5

10.1£3.9

3.7+£23

0.5+0.3

0.6+0.8

0.5+0.6

23+13

12.3+£8.8

4439

0.60

0.12

0.24

0.25

0.84

0.69

0.3+0.1

03+0.2

04+0.5

26=+1.1

6+3.8

33+£2.1

0.3+0.3

0.6+0.7

04+0.5

25+13

6.4+49

39+3.1

0.09

0.82

0.74

0.35

0.7

0.6

Values are presented as the mean + standard deviation. Pre RIPC, n = 22 except for GMP (n = 21),

Hypo (n =20), Glutamine (n = 23), and Alanine (n = 23); Pre sham, n = 25 except for Glutamine and

Alanine (n = 24); Post RIPC, n = 23 except for GMP (n = 21) and Hypo (n = 23); and Post sham, n =

25. ADP, adenosine diphosphate; AMP, adenosine monophosphate; ATP, adenosine triphosphate;

GDP, guanosine diphosphate; GMP, guanosine monophosphate; GTP, guanosine triphosphate; Hypo,

hypoxanthine; IMP, inosine monophosphate; LV, left ventricle; NAD+, nicotinamide adenine

dinucleotide; Post, biopsies taken after RIPC or sham and after ischaemia/reperfusion injury; Pre,

biopsies taken after RIPC or sham but before ischaemia/reperfusion; RIPC, remote ischaemic

preconditioning; WWmg, wet tissue weight in mg.
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FIGURE 5.1 Left ventricle metabolites before ischaemia/reperfusion (I/R) injury in the

coronary artery bypass grafting (CABG) population. ADP, adenosine diphosphate; Ala,

alanine; AMP, adenosine monophosphate; ATP, adenosine triphosphate; GDP, guanosine
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diphosphate; Glu, glutamine; GMP, guanosine monophosphate; GTP, guanosine triphosphate;
Hypo, hypoxanthine; IMP, inosine monophosphate; NAD, nicotinamide adenine dinucleotide;

RIPC, remote ischaemic preconditioning.
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FIGURE 5.2 Left ventricle metabolites after ischaemia/reperfusion (I/R) injury in the
coronary artery bypass grafting (CABG) population. ADP, adenosine diphosphate; Ala,
alanine; AMP, adenosine monophosphate; ATP, adenosine triphosphate; GDP, guanosine
diphosphate; Glu, glutamine; GMP, guanosine monophosphate; GTP, guanosine triphosphate;
Hypo, hypoxanthine; IMP, inosine monophosphate; NAD, nicotinamide adenine dinucleotide;

RIPC, remote ischaemic preconditioning.

TABLE 5.2 Metabolite analysis of right ventricle biopsies taken before and after

ischaemia/reperfusion injury in the coronary artery bypass grafting population

RIPC Sham RIPC Sham
nmol/mg pre RV pre RV p-value Post RV post RV p-value
GTP 0.07 £0.05 0.1+£0.2 0.7 0.07+0.06 0.05+0.04 0.9
GDP 0.06+0.04 0.09+0.2 0.6 0.05+0.03 0.06+0.04 0.86
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GMP
IMP
ATP
ADP
Hypo
AMP
NAD+
Inosine
Adenosine
WWmg
Glutamine

Alanine

0.02+0.03

04+0.9

1.5+1.2

1.3+0.7

0.1£0.1

0.6+04

03+0.2

03+04

03+0.2

26+1.5

59+34

35+22

0.03+0.05

0.5+0.6

2.6+8.1

22+58

02+0.2

1+2.3

0.5+1.5

0.5+0.9

0.8+2.8

29+1.2

8.1+21.1

43+6.4

0.7

0.49

0.83

0.55

0.14

0.69

0.6

0.09

0.82

0.74

0.35

0.7

0.03+0.03

0.6+0.7

1.3+£1

1.1£0.5

0.1£0.2

0.5+0.2

0.2+0.1

03+0.3

03+0.2

29+1.5

62+33

28+1.6

0.04 +£0.03

0.6+0.7

0.8+0.7

1+£0.7

0.1+£0.1

0.6+0.5

0.2+0.1

03+0.2

0.3+0.3

28+14

42421

3+2.1

0.97

0.67

0.53

0.42

0.78

0.22

0.48

0.67

0.3

0.81

0.21

0.94

Values are presented as the mean + standard deviation. Pre RIPC, n = 25; Pre sham, n = 25 except for

Glutamine and Alanine (n = 24); Post RIPC, n = 24; and Post sham, n = 25. ADP, adenosine

diphosphate; AMP, adenosine monophosphate; ATP, adenosine triphosphate; GDP, guanosine

diphosphate; GMP, guanosine monophosphate; GTP, guanosine triphosphate; Hypo, hypoxanthine;

IMP, inosine monophosphate; NAD+, nicotinamide adenine dinucleotide; Post, biopsies taken after

RIPC or sham and after ischaemia/reperfusion injury; Pre, biopsies taken after RIPC or sham but

before ischaemia/reperfusion; RIPC, remote ischaemic preconditioning; RV, right ventricle; WWmg,

wet tissue weight in mg.
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FIGURE 5.3 Right ventricle metabolites before ischaemia/reperfusion (I/R) injury in the

coronary artery bypass grafting (CABG) population. ADP, adenosine diphosphate; Ala,

alanine; AMP, adenosine monophosphate; ATP, adenosine triphosphate; GDP, guanosine

diphosphate; Glu, glutamine; GMP, guanosine monophosphate; GTP, guanosine triphosphate;

Hypo, hypoxanthine; IMP, inosine monophosphate; NAD, nicotinamide adenine dinucleotide;

RIPC, remote ischaemic preconditioning.
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FIGURE 5.4 Right ventricle metabolites after ischaemia/reperfusion (I/R) injury in the
coronary artery bypass grafting (CABG) population. ADP, adenosine diphosphate; Ala,
alanine; AMP, adenosine monophosphate; ATP, adenosine triphosphate; GDP, guanosine
diphosphate; Glu, glutamine; GMP, guanosine monophosphate; GTP, guanosine triphosphate;
Hypo, hypoxanthine; IMP, inosine monophosphate; NAD, nicotinamide adenine dinucleotide;

RIPC, remote ischaemic preconditioning.

5.3 Effect of RIPC on ventricular cardiomyocyte metabolites in the AVR population
Table 5.3 shows the results for 13 metabolites analysed in left ventricle biopsies in the AVR
population. ‘Pre’ refers to biopsies of the left ventricle taken after RIPC or sham but before
I/R and ‘Post’ refers to biopsies taken after RIPC or sham and after index I/R injury. Figures
5.5 and 5.26 show graphical representations (boxplots) of these data. Respective data for right
ventricle biopsies are shown in Table 5.4 and Figures 5.7 and 5.8. There were no statistical

differences in pre-injury versus post-injury metabolite values in the RIPC or sham groups.

TABLE 5.3 Metabolite analysis of left ventricle biopsies taken before and after

ischaemia/reperfusion injury in the aortic valve replacement population

RIPC Sham RIPC Sham
nmol/mg pre LV pre LV p-value post LV post LV p-value
GTP 0.2+0.1 0.2+0.09 0.41 0.1+0.1 0.1+0.1 0.61
GDP 0.1 +£0.06 0.1+0.05 0.64 0.07+£0.05 0.08+0.04 0.9
GMP 0.02+0.03 0.07+0.1 0.21 0.01£0.01 0.02+0.02 0.53
IMP 02+04 05+1.4 0.42 02+04 0.1+0.02 0.71
ATP 3.6+2.3 2.8+1.3 0.2 2.1+1.8 2.1+£1.3 0.95
ADP 24+13 22+1 0.5 1.6+0.8 1.6 £0.7 0.98
Hypo 0.04 +0.09 0.1£0.1 0.32 0.06£0.07 0.07=+0.08 0.85
AMP 1£0.5 1.5+19 0.31 0.7+0.3 0.7+0.5 0.85
NAD+ 0.5+0.1 0.6+0.2 0.72 04+0.2 04+0.2 0.5
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Inosine 03+0.3 0.5+0.8 0.36 0.3+0.2 0.3+0.1 0.49

Adenosine  0.2+0.1 0.2+0.1 0.39 0.2+0.1 0.2+0.1 0.84
WWmg 29413 29+1.6 0.68 33+14 3.6+£1.7 0.82
Glutamine 12.7+74 12.1+3.8 0.41 7.2+4.8 7.5+4.5 0.61
Alanine 33+£19 32419 0.64 29+15 31+1.5 0.9

Values are presented as the mean + standard deviation. Pre RIPC, n = 22; Pre sham, n = 25 except for
Glutamine and Alanine (n = 24); Post RIPC, n = 22 except for IMP (n = 24); and Post sham, n = 25.
ADP, adenosine diphosphate; AMP, adenosine monophosphate; ATP, adenosine triphosphate; GDP,
guanosine diphosphate; GMP, guanosine monophosphate; GTP, guanosine triphosphate; Hypo,
hypoxanthine; IMP, inosine monophosphate; LV, left ventricle; NAD+, nicotinamide adenine
dinucleotide; Post, biopsies taken after RIPC or sham and after ischaemia/reperfusion injury; Pre,
biopsies taken after RIPC or sham but before ischaemia/reperfusion; RIPC, remote ischaemic

preconditioning; WWmg, wet tissue weight in mg.
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FIGURE 5.5 Left ventricle metabolites before ischaemia/reperfusion (I/R) injury in the aortic
valve replacement (AVR) population. ADP, adenosine diphosphate; Ala, alanine; AMP,
adenosine monophosphate; ATP, adenosine triphosphate; GDP, guanosine diphosphate; Glu,
glutamine; GMP, guanosine monophosphate; GTP, guanosine triphosphate; Hypo,
hypoxanthine; IMP, inosine monophosphate; NAD, nicotinamide adenine dinucleotide; RIPC,

remote ischaemic preconditioning.
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AVR Left Ventricle Biopsies RIPC vs SHAM post I/R
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FIGURE 5.6 Left ventricle metabolites after ischaemia/reperfusion (I/R) injury in the aortic

valve replacement (AVR) population. ADP, adenosine diphosphate; Ala, alanine; AMP,

adenosine monophosphate; ATP, adenosine triphosphate; GDP, guanosine diphosphate; Glu,

glutamine; GMP, guanosine monophosphate; GTP, guanosine triphosphate; Hypo,

hypoxanthine; IMP, inosine monophosphate; NAD, nicotinamide adenine dinucleotide; RIPC,

remote ischaemic preconditioning.

TABLE 5.4 Metabolite analysis of right ventricle biopsies taken before and after

ischaemia/reperfusion injury in the aortic valve replacement population

RIPC Sham RIPC Sham
nmol/mg pre RV Pre RV p-value post RV post RV p-value
GTP 0.1+0.1 0.1+0.1 0.71 0.1£0.07 0.1+0.06 0.29
GDP 0.06+0.04 0.07+0.05 0.49 0.06+£04  0.06=+0.04 0.81
GMP 0.02+0.02 0.02+0.02 0.93 0.02+0.03 0.03+0.07 0.66
IMP 02+04 03+£0.7 0.64 0.5+0.6 04+12 0.78
ATP 24+18 25+14 0.91 1.9+1.7 1.6+0.9 0.31
ADP 1.5+£0.7 1.7+£0.8 0.31 1.8+1.6 1.6+0.8 0.38
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Hypo
AMP
NAD+
Inosine
Adenosine
WWmg
Glutamine

Alanine

0.06 0.1

06+04

04+0.2

04+0.2

02+0.2

33+1.8

7.8+4.5

3+£2.1

0.08 £ 0.1

0.8+0.5

04+0.2

04+0.2

02+0.1

62+14.4

83+44

3+2.1

0.7

0.11

0.62

0.71

0.86

0.86

0.91

0.71

0.1+£0.2

0.9+0.7

04+0.2

04+0.5

0.2+0.1

27+13

6.6 4.5

38+1.9

0.1£04

0.8+0.6

04+0.3

0.5+£0.9

03+0.2

23+1.2

5.8+34

46+39

0.67

0.4

0.37

0.76

0.64

0.33

0.56

0.29

Values are presented as the mean + standard deviation. Pre RIPC, n = 22; Pre sham, n = 17; Post RIPC,

n=19; and Post sham, n = 18. ADP, adenosine diphosphate; AMP, adenosine monophosphate; ATP,

adenosine triphosphate; GDP, guanosine diphosphate; GMP, guanosine monophosphate; GTP,

guanosine triphosphate; Hypo, hypoxanthine; IMP, inosine monophosphate; NAD+, nicotinamide

adenine dinucleotide; Post, biopsies taken after RIPC or sham and after ischaemia/reperfusion injury;

Pre, biopsies taken after RIPC or sham but before ischaemia/reperfusion; RIPC, remote ischaemic

preconditioning; RV, right ventricle; WWmg, wet tissue weight in mg.
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FIGURE 5.7 Right ventricle metabolites before ischaemia/reperfusion (I/R) injury in the

aortic valve replacement (AVR) population. ADP, adenosine diphosphate; Ala, alanine;

AMP, adenosine monophosphate; ATP, adenosine triphosphate; GDP, guanosine
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diphosphate; Glu, glutamine; GMP, guanosine monophosphate; GTP, guanosine triphosphate;
Hypo, hypoxanthine; IMP, inosine monophosphate; NAD, nicotinamide adenine dinucleotide;

RIPC, remote ischaemic preconditioning.
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FIGURE 5.8 Right ventricle metabolites after ischaemia/reperfusion (I/R) injury in the aortic
valve replacement (AVR) population. ADP, adenosine diphosphate; Ala, alanine; AMP,
adenosine monophosphate; ATP, adenosine triphosphate; GDP, guanosine diphosphate; Glu,
glutamine; GMP, guanosine monophosphate; GTP, guanosine triphosphate; Hypo,
hypoxanthine; IMP, inosine monophosphate; NAD, nicotinamide adenine dinucleotide; RIPC,

remote ischaemic preconditioning.

5.4 Effect of RIPC on phosphorylation potential and energy charge in the CABG
population

The effects of RIPC on phosphorylation potential and energy charge in biopsies from the left
and right ventricles in the CABG population are summarized in Table 5.5 and depicted in

Figures 5.9, 5.10, 5.11, and 5.12. No significant between-group differences were observed.
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TABLE 5.5. Phosphorylation potential and energy charge estimated from ventricular biopsies in

the coronary artery bypass grafting population

RIPC Sham RIPC Sham

nmol/mg LV LV p-value RV RV p-value

ATP/ADP 0.74+042 0.72+0.37 0.84 0.87+0.54 0.81+0.52 0.71

ATP/AMP 1.39+£1.08 149+1.22 0.76 1.99+95 1.94+2.03 0.92

GTP/GDP 1.45+199 1599+75 0.43 1.7+£3.63 1.13+£1.22 0.47

0.9 (0.59)9

GTP/GMP 371456 3.32+3.44 0.73 59+£9.7 5.02+6.67 0.49

Energy charge 0.49+0.14 0.51+0.11 0.65 0.52+0.14 0.52+0.14 0.69

Energy charge was calculated as follows: ATP + (0.5*ADP)/ATP + ADP + AMP. Values are presented

as the mean + standard deviation. ADP, adenosine diphosphate; AMP, adenosine monophosphate;

ATP, adenosine triphosphate; GDP, guanosine diphosphate; GMP, guanosine monophosphate; GTP,

guanosine triphosphate; LV, left ventricle; RIPC, remote ischaemic preconditioning; RV, right

ventricle.

4| Value heavily skewed and thus presented as the median (interquartile range).
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FIGURE 5.9 Phosphorylation potential estimated from left ventricular biopsies in the

coronary artery bypass grafting (CABG) population. Left: adenine nucleotides, right: guanine

nucleotides.
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FIGURE 5.10 Energy charge estimated from left ventricular biopsies in the coronary artery

bypass grafting (CABG) population. Energy charge was calculated as follows: ATP +

(0.5*ADP)/ATP + ADP + AMP.
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FIGURE 5.11 Phosphorylation potential estimated from right ventricular biopsies in the

coronary artery bypass grafting (CABG) population. Left: adenine nucleotides, right: guanine

nucleotides.
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FIGURE 5.12 Energy charge estimated from right ventricular biopsies in the coronary artery
bypass grafting (CABG) population. Energy charge was calculated as follows: ATP +

(0.5*ADP)/ATP + ADP + AMP.

5.5 Effect of RIPC on phosphorylation potential and energy charge in the AVR
population

The effects of RIPC on phosphorylation potential and energy charge in biopsies from the left
and right ventricles in the AVR population are summarized in Table 5.6 and depicted in

Figures 5.13, 5.14, 5.15, and 5.16. No significant between-group differences were observed.

TABLE 5.6. Phosphorylation potential and energy charge estimated from ventricular biopsies in

the aortic valve replacement population

RIPC Sham RIPC Sham

nmol/mg LV LV p-value RV RV p-value

ATP/ADP 1.23+£0.45 1.29 £ 0.67 0.74 1.36+0.70 1.26 £ 0.66 0.67

ATP/AMP 32+2.13 3.68 £2.87 0.50 38+3.61 3.96+3.93 0.89
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GTP/GDP 222+1.1 2.06+0.9 0.62 3.1+£3.03 234+1.89 0.32
GTP/GMP 13.67+£11.5 1522+0.72 0.73 17.7+£19.6  13.73+£15 0.48

Energy charge  0.63+0.09  0.63+096  0.65  0.63+0.12 0.62+0.14  0.78

Energy charge was calculated as follows: ATP + (0.5*ADP)/ATP + ADP + AMP. Values are presented
as the mean + standard deviation. ADP, adenosine diphosphate; AMP, adenosine monophosphate;
ATP, adenosine triphosphate; GDP, guanosine diphosphate; GMP, guanosine monophosphate; GTP,

guanosine triphosphate; LV, left ventricle; RIPC, remote ischaemic preconditioning; RV, right

ventricle.
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FIGURE 5.13 Phosphorylation potential estimated from left ventricular biopsies in the aortic

valve replacement (AVR) population. Left: adenine nucleotides, right: guanine nucleotides.
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FIGURE 5.14 Energy charge estimated from left ventricular biopsies in the aortic valve

replacement (AVR) population. Energy charge was calculated as follows: ATP +

(0.5*ADP)/ATP + ADP + AMP.
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FIGURE 5.15 Phosphorylation potential estimated from right ventricular biopsies in the

aortic valve replacement (AVR) population. Left: adenine nucleotides, right: guanine

nucleotides.
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FIGURE 5.16 Energy charge estimated from right ventricular biopsies in the aortic valve
replacement (AVR) population. Energy charge was calculated as follows: ATP +

(0.5*ADP)/ATP + ADP + AMP.

5.6 Effect of RIPC on lactate and pH in the CABG population

The effects of RIPC on ventricle lactate and pH over time in the CABG population are shown
in Figures 5.17 and 5.18. Lactate concentrations were, on average, 7% lower in the RIPC
group compared to the sham group (GMR 0.93 [0.87, 0.99], p = 0.9). pH was not statistically

different between groups (p = 0.26).
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FIGURE 5.17 Lactate responses over time in the coronary artery bypass grafting population.
The mean and 95% confidence interval (CI) is shown for each time point. The geometrical
mean ratio (GMR) for the effect of RIPC versus sham on lactate release and 95% CI are

shown at the top.
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FIGURE 5.18 pH responses over time in the coronary artery bypass grafting population. The

mean and standard deviation (SD) is shown for each time point. The mean difference (MD)
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for the effect of RIPC versus sham on pH level and 95% confidence interval are shown at the

top.

5.7 Effect of RIPC on lactate and pH in the AVR population

The effects of RIPC on ventricle lactate and pH over time in the AVR population are shown
in Figures 5.19 and 5.20. Lactate concentrations were similar between groups (GMR 1.01
[0.89, 1.27], p = 0.63). pH level was, on average, 10% lower in the RIPC group compared to

the sham group (mean difference 0.9 [0.89, 1], p = 0.85).
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FIGURE 5.19 Lactate responses over time in the aortic valve replacement population. The
mean and 95% confidence interval (CI) is shown for each time point. The geometrical mean

ratio (GMR) for the effect of RIPC versus sham on lactate release and 95% CI are shown at

the top.
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FIGURE 5.20 pH responses over time in the aortic valve replacement population. The mean
and standard deviation (SD) is shown for each time point. The mean difference (MD) for the

effect of RIPC versus sham on pH level and 95% confidence interval are shown at the top.

5.8 Discussion

5.8.1 RIPC was not associated with metabolite changes in the bilateral ventricles

This study is, to our knowledge, one of the largest research studies on the effects of RIPC on
cardiac metabolites in humans. Yet, the results did not demonstrate an association of RIPC
with any significant changes in terms of metabolites, phosphorylation potential, or energy
charge in the bilateral ventricles. We examined the effects of RIPC in 2 distinct pathologies
that have been associated with distinct patterns of proteomic expression’’. Moreover,
differences in protein expression can exist between the left and right ventricles. Although
future work is necessary to validate our findings, we conclude that RIPC did not induce
specific changes in metabolite expression in the left or right ventricles after RIPC and before
reperfusion injury. Of note, we did not analyse right versus left ventricle differences within
groups, and previous evidence suggests the existence of proteomic crosstalk between

ventricles”’. There are different factors and confounder that may explain these neutral results
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and those were discussed in chapter 1 and in chapter 4. More importantly these findings are in

line with the no effect on Troponin release.
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CHAPTER 6.

EFFECT OF RIPC ON THE SYSTEMIC INFLAMMATORY RESPONSE
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6.1 Introduction
This chapter summarizes the effects of RIPC on circulating inflammatory markers (IL-6, IL-
8, IL-10, and TNFa) measured at different time points in patients operated on for non-

emergent (elective and urgent) conventional CABG or AVR.

6.2 IL-6 in the CABG population

IL-6 concentrations before and after index I/R injury in the CABG population are depicted in
Figure 6.1 and summarized in Table 6.1. Preoperative concentrations were similar between
the RIPC and sham groups (2.37 pg/mL vs. 2.19 pg/mL, respectively). IL-6 concentrations
increased following surgery and peaked at 6 h post-reperfusion; on average, these values were

15% lower in the sham group compared to the RIPC group (GMR 0.85 [0.76, 0.95], p = 0.62).
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FIGURE 6.1 Interleukin 6 (IL-6) responses over time in the coronary artery bypass grafting
population. The mean and 95% confidence interval (CI) is shown for each time point. The
geometrical mean ratio (GMR) for the effect of RIPC versus sham on IL-6 release and 95%

CI are shown at the top. ‘Pre’ and ‘post’ refer to the RIPC/sham procedure.
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TABLE 6.1 IL-6 concentrations (pg/mL) in the coronary artery bypass grafting population

IL-6 sample time Randomised to RIPC Randomised to sham
(n=32) (n=32)

Preoperative 2.37 (2.01) 2.19 (3.37)
Post-RIPC/sham 2.22 (1.85) 2.44 (2.61)
After reperfusion (h)
6 130.61 (189.63) 213.47 (179.81)
12 146.15 (111.92) 158.14 (132.69)
24 79.43 (66.65) 109.52 (122.04)
48 45.29 (46.71) 69.78 (56.14)
72 20.76 (26.73) 25.91 (30.4)

Data are presented as the median (interquartile range). Numbers of missing data in each group at each
time point are as follows (RIPC group, sham group): preoperative: 4 (4, 0); post-RIPC/sham: 8 (6, 2);

6h: 1(1,0); 12h: 0 (0,0); 24 h: 1 (0, 1); 48 h: 7 (3, 1); and 72 h: 9 (5, 4).

6.3 IL-8 in the CABG population

IL-8 concentrations before and after index I/R injury in the CABG population are depicted in
Figure 6.2 and summarized in Table 6.2. Preoperative concentrations were similar between
the RIPC and sham groups (6.92 pg/mL vs. 7.63 pg/mL, respectively). IL-8 concentrations
increased following surgery and peaked at 6 h post-reperfusion; these values were similar

between groups (GMR 1 [0.78, 1.22], p =0.72).
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FIGURE 6.2 Interleukin 8 (IL-8) responses over time in the coronary artery bypass grafting
population. The mean and 95% confidence interval (CI) is shown for each time point. The
geometrical mean ratio (GMR) for the effect of RIPC versus sham on IL-8 release and 95%

CI are shown at the top.

TABLE 6.2 IL-8 concentrations (pg/mL) in the coronary artery bypass grafting population

IL-8 sample time Randomised to RIPC Randomised to sham
(n=32) (n=32)

Preoperative 6.92 (6.25) 7.63 (4.10)
Post-RIPC/sham 7.55 (6.45) 7.51 (4.03)
After reperfusion (h)

6 35.82(35.39) 23.91 (22.92)

12 27.55(21.51) 34.87 (22.2)

24 29.82 (12.27) 18.22 (9.08)

48 16.86 (14.24) 20.64 (10.89)

72 14.02 (9.34) 18.18 (12.98)

Data are presented as the median (interquartile range). Numbers of missing data in each group at each
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time point are as follows (RIPC group, sham group): preoperative: 2 (1, 1); post-RIPC/Sham: 0 (0, 0);

6h:0(0,0); 12h:0(0,0); 24h: 2 (2,0);48h:3 (2, 1);and 72 h: 7 (2, 5).

6.4 IL-10 in the CABG population

IL-10 concentrations before and after index I/R injury in the CABG population are depicted
in Figure 6.3 and summarized in Table 6.3. Preoperative concentrations were similar between
the RIPC and sham groups (6.59 pg/mL vs. 7.94 pg/mL, respectively). IL-10 concentrations
increased following surgery and peaked at 6 h post-reperfusion; these values were, on

average, 10% lower in the sham group compared to the RIPC group (GMR 1.1 [0.98, 1.22], p

=0.73).
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FIGURE 6.3 Interleukin 10 (IL-10) responses over time in the coronary artery bypass
grafting population. The mean and 95% confidence interval (CI) is shown for each time point.
The geometrical mean ratio (GMR) for the effect of RIPC versus sham on IL-10 release and

95% CI are shown at the top. ‘Pre’ and ‘post’ refer to the RIPC/sham procedure.
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TABLE 6.3 IL-10 concentrations (pg/mL) in the coronary artery bypass grafting population

IL-10 sample time Randomised to RIPC Randomised to sham
(n=32) (n=32)
Preoperative 6.59 (10.05) 7.94 (10.48)
Post-RIPC/sham 6.81 (7.65) 6.39 (11.1)

After reperfusion (h)

6

12

24

48

72

31.13 (30.05)
21.59 (54.93)
15.94 (22.87)
11.38 (18.6)

9.22(10.92)

23.91 (22.92)
20.79 (29.51)
14.22 (25.79)
10.16 (15.06)

10.26 (13.38)

Data are presented as the n (%) or median (interquartile range). Numbers of missing data in each

group at each time point are as follows (RIPC group, sham group): preoperative: 7 (3, 4); post-

RIPC/sham: 11 (6,5); 6 h: 2 (1, 1); 12h: 1 (1,0); 24 h: 3 (1, 2); 48 h: 7 (6, 1); and 72 h: 12 (7, 5).

6.5 TNFa in the CABG population

TNFa concentrations before and after index I/R injury in the CABG population are depicted

in Figure 6.4 and summarized in Table 6.4. Preoperative concentrations were similar between

the RIPC and sham groups (6.47 pg/mL vs. 5.34 pg/mL, respectively). TNFo concentrations

increased following surgery and peaked at 6 h post-reperfusion; these values were, on

average, 7% lower in the sham group compared to the RIPC group (GMR 1.07 [0.96, 1.18], p

=0.81).
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FIGURE 6.4 TNFa responses over time in the coronary artery bypass grafting population.
The mean and 95% confidence interval (CI) is shown for each time point. The geometrical
mean ratio (GMR) for the effect of RIPC versus sham on TNFa release and 95% CI are

shown at the top. ‘Pre’ and ‘post’ refer to the RIPC/sham procedure.

TABLE 6.4 TNFa concentrations (pg/mL) in the coronary artery bypass grafting population

TNFa sample time Randomised to RIPC Randomised to sham
(n=31) (n=29)
Preoperative 6.47 (4.38) 5.34 (6.31)
Post-RIPC/sham 7.44 (5.68) 5.37(6.17)
After reperfusion (h)
6 11.32 (8.41) 12.93 (9.73)
12 9.51(5.2) 8.26 (8.54)
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24 7.52(6.57) 6.6 (7.55)
48 9.05 (7.14) 6.45 (5.17)

72 8.06 (8.9) 9.55 (6.99)

Data are presented as the median (interquartile range). Numbers of missing data in each group at each
time point are as follows (RIPC group, sham group): preoperative: 1 (1, 0); post-RIPC/sham: 3 (2, 1);

6h:0(0,0); 12h:1(1,0); 24 h: 2 (1,1); 48 h: 4 (4,0); and 72 h: 11 (7, 4).

6.6 IL-6 in the AVR population

IL-6 concentrations before and after index I/R injury in the AVR population are depicted in
Figure 6.5 and summarized in Table 6.5. Preoperative concentrations were similar between
the RIPC and sham groups (1.33 pg/mL vs. 1.30 pg/mL, respectively). IL-6 concentrations
increased following surgery and peaked at 6 h post-reperfusion; these values were, on
average, 5% lower in the RIPC group compared to the sham group (GMR 0.95 [0.88, 1.02], p

=0.84).
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FIGURE 6.5 Interleukin 6 (IL-6) responses over time in the aortic valve replacement

population. The mean and 95% confidence interval (CI) is shown for each time point. The
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geometrical mean ratio (GMR) for the effect of RIPC versus sham on IL-6 release and 95%

CI are shown at the top. ‘Pre’ and ‘post’ refer to the RIPC/sham procedure.

TABLE 6.5 IL-6 concentrations (pg/mL) in the aortic valve replacement population

IL-6 sample time Randomised to RIPC Randomised to sham
(n=31) (n=29)

Preoperative 1.33 (1.73) 1.30 (1.28)
Post-RIPC/sham 1.48 (1.55) 1.28 (1.11)
After reperfusion (h)

6 85.43 (37.28) 65.60 (100.46)

12 63.44 (44.5) 64.93 (70.90)

24 54.72 (57.34) 67.82 (78.55)

48 46.1 (42.99) 53.42 (62.70)

72 26.51 (35.24) 26.53 (35.85)

Data are presented as the median (interquartile range). Numbers of missing data in each group at each
time point are as follows (RIPC group, sham group): preoperative: 10 (6, 4); post-RIPC/sham: 8 (6,

2); 6 h: 0(0, 0); 12 h: 0(0, 0); 24 h: 2 (2, 0); 48 h: 5 (2, 3); and 72 h: 8 (3, 5).

6.7 IL-8 in the AVR population

IL-8 concentrations before and after index I/R injury in the AVR population are depicted in
Figure 6.6 and summarized in Table 6.6. Preoperative concentrations were similar between
the RIPC and sham groups (5.19 pg/mL vs. 4.83 pg/mL, respectively). IL-8 concentrations
increased following surgery and peaked at 6 h post-reperfusion; these values were, on
average, 3% lower in the RIPC group compared to the sham group (GMR 0.97 [0.89, 1.05], p

=0.43).
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FIGURE 6.6 Interleukin 8 (IL-8) responses over time in the coronary artery bypass grafting
population. The mean and 95% confidence interval (CI) is shown for each time point. The
geometrical mean ratio (GMR) for the effect of RIPC versus sham on IL-8 release and 95%

CI are shown at the top. ‘Pre’ and ‘post’ refer to the RIPC/sham procedure.

TABLE 6.6 IL-8 concentrations (pg/mL) in the aortic valve replacement population

IL-8 sample time Randomised to RIPC Randomised to sham
(n=31) (n=29)

Preoperative 5.19 (2.93) 4.83 (6.29)
Post-RIPC/sham 5.6 (3.38) 4.95 (6.37)
After reperfusion (h)

6 28.15(27.27) 30.32 (15.89)

12 22.12 (13.58) 22.92 (15.81)

24 21.07 (16.5) 18.22 (9.08)

48 14.80 (8.72) 13.96 (14.33)

72 14.73 (8.52) 14.87 (14.89)

Data are presented as the median (interquartile range). Numbers of missing data in each group at each



time point are as follows (RIPC group, sham group): preoperative: 2 (1, 1); post-RIPC/sham: 0 (0, 0);

6h:0(0,0); 12h:0(0,0); 24h: 2 (2,0); 48 h: 4 (2,2); and 72 h: 7 (2, 5).

6.8 IL-10 in the AVR population

IL-10 concentrations before and after index I/R injury in the AVR population are depicted in
Figure 6.7 and summarized in Table 6.7. Preoperative concentrations were similar between
the RIPC and sham groups (5.65 pg/mL vs. 5.40 pg/mL, respectively). IL-10 concentrations
increased following surgery and peaked at 6 h post-reperfusion; these values were, on
average, 29% lower in the sham group compared to the RIPC group (GMR 1.29 [1.03, 1.54],

p=0.5).

IL-10

E 3 GMR 1.29(1.03,1.54), p=0.5 — RIPC
> — SHAM
o o |
T n
=
~ o _|
= <
o
2
C
F 8-
IS
o o |
£ 2
5

o
& T T T T T T T

Hours after reperfusion

FIGURE 6.7 Interleukin 10 (IL-10) responses over time in the coronary artery bypass
grafting population. The mean and 95% confidence interval (CI) is shown for each time point.
The geometrical mean ratio (GMR) for the effect of RIPC versus sham on IL-10 release and

95% CI are shown at the top. ‘Pre’ and ‘post’ refer to the RIPC/sham procedure.
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TABLE 6.7 IL-10 concentrations (pg/mL) in the aortic valve replacement population

IL-10 sample time Randomised to RIPC Randomised to sham
(n=31) (n=29)
Preoperative 5.65 (8.32) 5.40 (6.64)
Post-RIPC/sham 5.22 (10.65) 4.66 (14.1)

After reperfusion (h)
6

12

24

48

72

26.91 (42.85)
19.15 (36.94)
12.24 (8.68)
8.06 (12.28)

7.82(7.83)

15.58 (19.81)
15.82 (15.88)
9.19 (9.65)
6.24 (11.03)

5.57 (8.67)

Data are presented as the median (interquartile range). Numbers of missing data in each group at each

time point are as follows (RIPC group, sham group): preoperative: 7 (3, 4); post-RIPC/sham: 11 (6,

5);6h:2 (1, 1); 12h: 1 (1,0); 24 h: 3 (1, 2); 48 h: 7 (6, 1); and 72 h: 12 (7, 5).

6.9 TNFa in the AVR population

TNFa concentrations before and after index I/R injury in the AVR population are depicted in

Figure 6.7 and summarized in Table 6.7. Preoperative concentrations were similar in the

RIPC and sham groups (3.72 pg/mL vs. 4.48 pg/mL, respectively). TNFa concentrations

increased following surgery and peaked at 6 h post-reperfusion; these values were, on

average, 11% lower in the sham group compared to the control group (GMR 1.11 [0.87,

1.36], p = 0.28).
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FIGURE 6.8 TNFa responses over time in the aortic valve replacement group. The mean and
95% confidence interval (CI) is shown for each time point. The geometrical mean ratio
(GMR) for the effect of RIPC versus sham on TNFa release and 95% CI are shown at the top.

‘Pre’ and ‘post’ refer to the RIPC/sham procedure.

TABLE 6.8 TNFa concentrations (pg/mL) in the aortic valve replacement group

Randomised to RIPC Randomised to sham
TNFa sample time
(n=31) (n=29)

Preoperative 3.72 (3.79) 4.48 (3.8)
Post-RIPC/sham 4.24 (5.12) 4.17 (6.08)
After reperfusion (h)

6 14.39 (17.68) 9.97 (9.15)
12 6.55(7.78) 7.71 (5.27)
24 4.48 (8.72) 4.96 (5.08)
48 3.93(7.76) 5.99 (5.16)
72 3.93(3.98) 7.66 (6.43)
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Data are presented as the median (interquartile range). Numbers of missing data in each group at each
time point are as follows (RIPC group, sham group): preoperative: 12 (5, 7); post-RIPC/sham: 9 (4,

5); 6 h: 0(0, 0); 12 h: 4 (2,2); 24 h: 6 (4, 2); 48 h: 10 (4, 6); and 72 h: 13 (5, 8).

6.10 Discussion

6.10.1 RIPC was not associated with inflammatory changes

I/R injury and CPB are the primary drivers of systemic injury responses in patients
undergoing CABG and AVR. Increased TNFa after cross-clamp release is at least partly
responsible for myocardial depression, pulmonary dysfunction, and capillary leakage’. The
response is modulated by IL-10, which inhibits the expression of TNFa. In our study, there
were no significant differences in circulating inflammatory markers between the RIPC and
control groups; RIPC was not associated with significant changes in TNFa or other
interleukins in the CABG or AVR cohorts.

Some evidence suggests that RIPC reduces the inflammatory response at 24 h after
reperfusion, consistent with the idea of a secondary window of protection. Although we
extended our analysis up to 72 h after I/R injury, we did not observe any significant late
changes. It is notable that inflammatory markers were secondary outcomes in this study such
that the trial was not maximally powered to detect inflammatory changes. Since CPB is
associated with marked inflammatory activation, it is difficult to separate the effects of I/R
injury from those of CPB itself. Closed or miniaturized circuits were not used in this study to
limit effects on inflammation. Lastly, although differences in inflammatory activation
between CABG and AVR have not been reported, it can be anticipated different underlying
diseases (e.g., ventricular hypertrophy or dilatation in patients with aortic stenosis or coronary
disease) might differentially activate the interleukin network. Future studies should perform
mid- or long-term follow-ups to better investigate the effects of RIPC on inflammatory

markers and late outcomes after CABG and AVR.
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CHAPTER 7.

CONCLUSIONS, LIMITATIONS, AND FUTURE DIRECTIONS
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7.1 Summary and conclusions

This trial examined the cardioprotective ability of RIPC applied prior to cardiac surgery. Two
populations were randomised to receive the RIPC intervention or control (standard
treatment): patients with coronary disease referred for elective and/or urgent CABG and
patients with aortic valve disease who were candidates for elective and/or urgent AVR. The
intervention protocol consisted of an ischaemic stimulus applied at the level of the upper limb
(inflation of a blood pressure cuff for 5 min followed by 5 min of reperfusion for 4 cycles).
This was a double-blind study; both patients and physicians were unaware of treatment
allocation status. The primary outcome (statistical outcome) was Tnl and secondary outcomes
included metabolites in the bilateral ventricles and inflammatory markers as well as
postoperative morbidity and mortality.

The results revealed no between-group differences in terms of Tnl release, indicating that
RIPC did not confer superior cardioprotection compared to standard care alone. Ventricle
biopsy analyses similarly showed no significant between-group differences in metabolites,
energy charge, or phosphorylation potential. Lastly, there were no between-group differences
in circulating inflammatory markers. Postoperative outcomes were similar and no
intraoperative mortality was observed. RIPC was safe, with no procedural complications

reported.

7.2 Study strengths

This study had several strengths. In terms of design, the study was a multi-centred prospective
double-blinded randomised trial that used a sham control (inflation of the cuff under the
surgical drape beside the patient) in order to prevent surgeon or physician bias. The study
included 2 different populations with specific diseases; in the AVR stratum, patients had
normal coronary artery physiology with no anticipated natural preconditioning, whereas a
certain degree of natural preconditioning phenomena was expected in the CABG group due to

previous angina.
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This trial is original because it investigated the relationship between RIPC-induced
cardioprotection and metabolite preservation. Additionally, unlike previous research, this
study also provided data regarding cardiomyocyte status after RIPC but before the onset of

I/R injury.

7.3 Limitations

release;the-incladed population-was-small. The study also had some clinical heterogeneity;

AVR patients were mainly recruited at the Bristol centre and CABG patients were mainly

recruited at the Hammersmith centre. Cardioplegia was also different between the 2 centres as
aforementioned; blood normothermic plegia was used at Hammersmith while cold crystalloid
plegia was used at Bristol. Another issue is that the study included a relatively low risk
population, whereas high-risk strata are more likely to benefit from preconditioning. Perhaps
the biggest study limitation was the use of both propofol and volatile (sevoflurane)
anaesthesia regimens during surgery. Both anaesthetic regimens can potentially interfere with
preconditioning effects. A stratified anaesthesia protocol might have produced different
outcomes. Lastly, mid- and long-term follow-ups were not conducted in this study; however,
survival after surgery is correlated with early troponin release, and we did not observe
between-group differences in this parameter. Therefore, differences in long-term survival

were not expected.

7.4 Future directions

This study comes after the publication of 2 major reports in the New England Journal of
Medicine (the ERICCA and RIPHeart studies) indicating no benefit of upper limb ischaemic
preconditioning in patients undergoing cardiac surgery. Our study provides more evidence
supporting the view that RIPC does not confer additional cardioprotection in patients

undergoing isolated CABG or AVR. Our research also adds an important and original
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element to this topic as it demonstrates that there were no evident effects on metabolites in
bilateral ventricle biopsies of two distincted populations.

Two different pathologies such as coronary disease and aortic stenosis may result in specific
cardiac celluar remodelling of both left and right ventricle. However samples from the left
and right ventricles are rare and little is known about cellular induced remodelling in both
sides of the heart and between different diseases, regardeless the exposure to RIPC. In our
study we collected almost 500 ventricle biopsies from both left and right ventricle that will be
used for further analysis in order to investigate potential inter-disease differential proteomic
expression.

Remote preconditioning may not be equivalent to central preconditioning in terms of potency,
but is less invasive, more reproducible, and very safe. For this reason, there is continued

research interest in RIPC.

~Finally, additional
research is needed at the level of human myocytes in order to understand that way in which
signals are conveyed from the cell surface to mediate mitoprotection as a potentially essential

.. .4
component of conditioning™®.
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