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ABSTRACT

INTRODUCTION: ROCK1/2 (Rho kinases 1 and 2) are important intracellular
kinases which regulate apoptosis, vascular smooth muscle contraction and
organisation of the cytoskeleton (Shimokawa et al., 2016). Fasudil (a ROCK1
and 2 inhibitor) is cardioprotective in vivo during myocardial
ischaemia/reperfusion (I/R). The drug has been used in clinical practice to treat
vasospasm in subarachnoid haemorrhage (Satoh et al., 2014). However, it is
not established whether ROCK1 or ROCK2 is cardioprotective. Vasospasm is
a known pathology of ischaemic microvascular obstruction (MVO). At present
there are no gold standard therapies for MVO, despite its poor prognosis
(Niccoli et al., 2016). This thesis aims to investigate the role of the ROCK2
isoform in myocardial and coronary circulation protection.

AIMS: To investigate i) the expression of ROCK2 mRNA in the heart and its
role in myocardial I/R using selective ROCK2 inhibitors and genetically
modified mice, ii) the role of ROCK2 inhibitors as vasodilators and therefore
potential MVO drugs.

METHODS: An RNAscope assay quantified ROCK1/2 expression in whole rat
hearts. Vascular myography studies were performed to investigate arterial
response to ROCKIi. Male Sprague Dawley rats (250-350g) underwent I/R by
LAD ligation for 30/180-minutes. 15-minutes prior to reperfusion either
selective ROCK2 inhibitor or DMSO control were administered I.P. Hearts were
stained with TTC to measure IS% and Thioflavin S to measure MVO%. ROCK2
(+/-) C57B6/J mice were subject to 30/120 minutes of I/R using transient LAD
infarction.

RESULTS: ROCK2 mRNA expression was greater than ROCK1 mRNA
expression in whole hearts and coronary vasculature (p=0.003,
p=0.03).10mg/kg Fasudil (ROCK1/2 inhibitor) reduced infarct size in vivo
(34.5+£5.7 vs 55.844.7,p=0.02, n=6), however 100mg/kg of the selective
ROCK?2 inhibitor, KD025, did not (43.71£5.5 vs 48.3+4.9, p=0.87, n=8). KD025
did not demonstrate vasodilatory potential ex vivo. Following I/R, no significant
difference in 1S% was observed between genotypes in mice (ROCK2+/-
34.41+4.5 vs WT 37.616.6, p=0.70, n=6). 100mg/kg KD025 (ROCK?2i) reduced
MVQO% in vivo (21.8+2.5 vs 32.2+1.8, p=0.04, n=8) as did Fasudil 3mg/kg
(19.2+4.1 vs 32.2+1.8,p=0.01, n=6).

CONCLUSION: Inhibition of both ROCK1 and 2 with Fasudil was
cardioprotective, however selective ROCK2 inhibition and ROCK2 KO did not
reduce 1S%. This suggests that the ROCK1 isoform may be more important in
myocardial protection.



IMPACT STATEMENT

Although primary percutaneous intervention (PPCI) remains a lifesaving
therapy for patients with ST elevation myocardial infarction (STEMI), a number
of patients still develop heart failure and require prolonged admission to
hospital (Niccoli et al., 2019). The field of cardioprotection aims to investigate
novel therapies to complement PPCI and improve mortality outcomes
(Davidson, Ferdinandy, et al., 2019). Such new therapies can involve
medications or be non-pharmacological and are usually considered at the time
of emergency admission to hospital in the cardiac catheter laboratory.
Research into cardioprotection, benefits clinical Cardiologists and patients
alike, by improving treatment outcomes, reducing recovery times, and making
the admissions process more efficient.

This thesis has explored the use of Rho kinase (ROCK) inhibitors in
cardioprotection and microvascular obstruction (MVO). Many ROCK inhibitors
are available on the market and have undergone phase Il and phase Il clinical
trials for other non-cardiac conditions e.g. KD025 (ROCK?2 inhibitor) (Cutler et
al., 2021). It is therefore of benefit to re-purpose these medications and this is
cost-effective.

In particular, the Interventional Cardiology world has identified a clear need for
new therapies in coronary MVO post-STEMI (de Waha et al., 2017), (Niccoli et
al., 2016). This is not cured by PPCI, and often requires further imaging after
discharge from hospital. Moreover, it is a leading cause of refractory angina
(Bodi et al., 2023). Whilst many translational researchers have aimed to
improve outcomes with regards to infarction size, not as many studies have
addressed this important issue concerning MVO and myocardial haemorrhage.
Those clinical trials that have investigated this, yielded mixed results (Nazir et
al., 2016).

This thesis has aimed to address this, by re-purposing at least one available
ROCK inhibitor, given that these drugs are also known to relieve vasospasm
(Satoh et al., 2014). Finally, it is hoped that improvements in MVO could, not
only bring new original research publications, but could also improve both the
Doctor and patient experience. The work from this thesis has been presented
at both National and International conferences, which suggests that there is a
current appetite for ongoing research into this topic.
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Figure 16. RNAscope imaging of whole hearts and coronary vessels. Panel
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nuclei stained with DAPI (turquoise). Panel B shows the same field of view
with visible ROCK1 (green) and ROCK2 (purple probes) present in the VSMC
tunica media. The ROCK2 probe appears to have stained the tunica media
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Figure 17.The frequency and distribution of ROCK1 and ROCK2 isoforms in
whole heart sections (panels A-D). Panel A compares % cells positive for
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demonstrates an arterial vessel, (red, TAGLN) measured by VSMC wall
thickness (um). Panel B: - a range of coronary vessels analysed from 4-43
(T4 USSP 127
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Panel B — ROCK2 VSMC H+ score is greater than ROCK1 VSMC H+ score
(p=0.03). Panel C — ROCK2:ROCK 1 ratio for % cells positive, is greater in
whole hearts than in VSMC (p=0.04). .....oooiiiiiiii e 130
Figure 20 The biochemical structure of Fasudil Hydrochloride (isoquinolone
derivative). ICs0 1.9uM ROCK2. Re-drawn from (Feng et al., 2016). .................. 137
Figure 21 The aortic ring tissue bath assay apparatus. Two large reservoirs
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individual 45ml water baths (left). Aortic rings are suspended in each water

bath on two transducers which measure changes in forces of contraction
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Figure 22 Aortic ring myography vasoconstriction and vasorelaxation profile
in a control aortic ring. A lab chart recording demonstrating experimental
methods for the basic model of aortic ring myography. n=5 aortic rings were
tested against the basic myography model to demonstrate that experimental

standards could be met. The myography trace below begins after the addition

TOMN Of PASSIVE tENSION. ...

Figure 23 Formula to calculate % relaxation of aortic rings to vasodilators

including Acetyl CholiNe: - ...

Figure 24 Protocol for dose-response experiments, Fasudil & SNP.

Concentrations of both vasodilators log [10°-105] M. .......ccoceoiieieeeecieeeee.
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for Fasudil 10g [1079-10725] M. ....ouiiieeeeeee e

Figure 26 The effects of 100uM L-NAME on endothelial function. L-NAME in
the trace below prevents Ach mediated relaxation following 2nd PE
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relaxation following a 2" challenge of Ach after rings were incubated with L-

NAME). L-NAME is also shown to augment 2nd PE contraction %. ..................

Figure 27 Acetyl choline mediated vasodilation, dose-response curve (n=5).
A 4-parameter NLR curve was fitted to log transformed and normalised data.

True Emax value is shown below for non-normalised data. R? for the curve fit
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Figure 28 Dose response curves for Fasudil (blue) and SNP (green) in
endothelial intact aortic rings (n=5). This figure represents log transformed
and normalised data. Both drugs induced dose dependent vasodilation,
however SNP was more potent as demonstrated by the curve shift to the left.

Emax Value is shown below for non-normalised data. An Emnax value for Fasudil
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Figure 29 Fasudil mediated vasodilation [10°-102°] in control or L-NAME
pretreated aortic rings (n=8). This figure represents log transformed and
normalised data to enable ECso comparison. Emax value is given below for
non-normalised data. A comparison of LogECso values confirmed that one

curve did not fit both datasets (p<0.05), and therefore LogECso (potency) was

significantly different between treatment groups. .........cccoooooeiiii,

Figure 30 A comparison of relative potencies for all vasodilators evaluated
during these experiments, to demonstrate relative potencies. Comparison of

all NLR models confirmed that one curve did not fit all datasets (p<0.05), and

therefore LogECso values were not shared between vasodilators. ....................

Figure 31 Comparison of actual Emax relaxation % values for aortic rings
treated with Fasudil (103.3%) vs Fasudil + L-NAME (102.7%). There were no

significant differences in drug efficacy observed at maximum treatment dose

(920.05). ..ot eeee e eeee e ee e e s e s e et e et e et e et ee e e e s

Figure 32 Experimental protocol for in vivo myocardial ischaemia/reperfusion
experiments, n=6. Animals underwent 30-minutes of LAD ischaemia followed

by 180-minutes of reperfusion as per previous NRF protocols in the literature

(Kloner et al., 2018) .. .o
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Figure 33 Post experimental myocardial tissue sections stained with
Thioflavin S and TTC demonstrating A) The fluorescence of Thioflavin under
UV light in regions of re-flow and the dark regions of MVO/NRF B) TTC
staining of the myocardial infarction zone and surrounding tissue necrosis
used to estimate IMH% (intra-myocardial haemorrhage). TTC can also be

used to identify IMH as dark red regions within the necrosis zone (Kumar et

Figure 34 Fasudil at a dose of 10mg/kg significantly reduced 1S%, MVO%
and IMH% following myocardial I/R (p=0.02, p=0.01, p=0.02, n=6). There

were no significant differences observed in the AAR% of both groups (panels
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Figure 35: A correlation analysis of 1S% and MVO% variables. This figure

demonstrates a moderate positive correlation between the two variables for

this set of experiments (NT6). .......ooii i

Figure 36. The molecular structure of KD025 (C26H24N602). Figure re-drawn

from image published by Fu et al (Fu et al., 2023). ...

Figure 37 The mechanisms of action of the ROCK2 inhibitor KD025 in
disease pathology. The drug has become most well-known for its clinical
applications as an anti-inflammatory drug in GVHD. Original artwork inspired

by (Cutler et al., 2021), (Flynn et al., 2016),(Fu et al., 2023), (Q. Liu et al.,

2022), (LEE €1 Al., 2014). «.vooeeeeeeeeeeeeee oo ee e eeee e eeee e eeee e e e e eeeeeseee

Figure 38 Dose response curve (MAP, mmHg) in response to increasing
doses of ROCKi or DMSO control (n=3) Each drug was administered to

individual animals in the absence of ischaemia/reperfusion (closed chest

model). Protocol for drug quantity defined by table 11. ..........cccon,
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Figure 39 Dose response curve (MAP, mmHg) in response to increasing
doses of ROCKi or DMSO control (n=4) Each drug was administered to
individual animals in the absence of ischaemia/reperfusion (closed chest

model). Protocol for drug quantity defined by table 12 — utilising a smaller
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Figure 40The effects of low dose Fasudil (3mg/kg) or KD025 (20-100mg/kg)

on I1S% (A), and MVO% (B), Vehicle n=5, Fasudil 3mg/kg n=6, KD025

20mg/kg n=6, KD025 100MQG/Kg NZ8......eumiiiiiiiiiieiiiieieee e

Figure 41. The effects of low dose Fasudil (3mg/kg) or KD025 (20-100mg/kg)

IMH% c) or AAR% (D). Vehicle n=5, Fasudil 3mg/kg n=6, KD025 20mg/kg

N=6, KD025 100MQ/KG NT8 .....euiiiiiiiiiiiiiiiee e

Figure 42 RNAscope image of rat aorta clearly demonstrating ROCK2 mRNA

(purple) within the tunica media and ROCK1 mRNA (green) within the

endothelial and elastic lamina layers. DAPI — (turquoise). ...........cccccvvvveieeeeeenen.

Figure 43 A) KD025 [10-9-10-5]M does not induce vasodilation of endothelial
intact aortic rings (n=5). B) Chroman 1 [10-12-10-5]M induced dose
dependent vasodilation of rat aortic rings to a maximum relaxation of 107%
(n=7). Dose response curves have been 1) log transformed and 2)

transformed for (Y=Y-K), where K is mean matched values for a DMSO

[olo] 11 70] Ie {00 ] o A PP POPPPPPPPPP

Figure 44 The molecular structure of Chroman 1 a chroman-3-amide

derivative. Reproduced from the original paper of Chen et al in 2011 (Yen

TING CNEN 20711 ) e e e e e e e e

Figure 45—-Chroman 1 demonstrated a greater potency for cell survival of

human pluripotent stem cells, compared to other ROCK inhibitors. lllustration
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from Chen et al (Chen et al., 2021) (permission from Publishers has been

[0 =T 1 (=T 0 ) TS

Figure 46The G12/13 RhoA/ROCK pathway (right) is activated by the
agonists ET-1, ATIl and TXA2. Conversely, the G-protein Gg11 calcium
dependent pathway (left) is activated by most agonists including NE (left).

Fasudil inhibits both pathways directly as it is also a ca Ca2+ channel blocker.

Image inspired by from (Kawarazaki & Fujita, 2021), (Gohla et al., 2000). .......

Figure 47Experimental protocol for VMSC agonist treated aortic rings.
Vessels are treated with 60mM KCL to achieve maximum contraction. KCL

is washed out, and dose response contraction experiments are commenced

With varying vasoCONSICIOrS. .........ooiiiiiiiiiiii e

Figure 48Experimental protocol for VSMC agonist treated aortic rings with
ROCK:i pre-treatment. Vessels were first treated with 60mM KCL and washed
out. To enable endothelial assessment, vessels were pre-constricted with
1uM PE and then treated with 10uM Ach to confirm endothelial function. PE
and Ach were then thoroughly washed out and the rings were allowed to
stabilise. Vessels were pre-treated with ROCKi or DMSO control for 30-

minutes before ET-1 dose response experiments were performed every 6-

UL . <. e e e e e e e e

Figure 49 Dose response curves for different vasoconstrictor agents in rat
aortic rings (n=5). Original data was log transformed and transformed a

second time for Y=Y-K, where K was mean contraction for an NaCL control

group (n=5). *p=0.013 ET-1 vs PE, ***p<0.0001 ET-1 VS PE....overvvvvererrerrennn.

Figure 50 Dose response curves for ROCKi vs DMSO control treated aortic

rings prior to the addition of increasing concentrations of the vasoconstrictor
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ET-1 (n=5). *p=0.02 Fasudil vs control, **p=0.009 Fasudil vs control,

****p<0.0001 Fasudil vs control. ~~~~p<0.0001 Chroman 1 vs control (n=5).

Figure 510riginal echocardiography images demonstrating the calculation of
LVEF% for in vivo closed chest experiments, A: Echocardiography PLAX
view is demonstrated with a cross section through the left ventricle from
which an M-mode trace is generated (B). LVEDD - left ventricular end
diastolic diameter, IVSd — intraventricular septum diameter in diastole, PWDd

— posterior wall diameter in diastole. Echocardiographic images were

obtained every 15-minutes (N=5)..........uuuiiiiiiiiii e

Figure 52 Addition of Chroman 1 cumulative doses (30-300ug/kg) over time
in a closed chest model (n=5). Following analysis with 2-way ANOVA and

multiple comparisons test, no significant differences in MAP (mmHg) were

observed between the treatment group and DMSO control (n=5).....................

Figure 53The effects of chroman 1 (10-500pg/kg) on A) 1IS%, B) — MVO%, C)

— IMH, vehicle (n=15), chroman 1 10pg/kg (n=8), chroman 1 30ug/kg (n=10),

chroman 1 100pg/kg (n=4), chroman 1 500ug/kg (N=4)......cceeeiiiiiiiriiinn.

Figure 54: A) AAR% between treatment groups for the myocardial I/R model,
B) MVO% from figure B, readjusted for IS%, vehicle (n=15), chroman 1

10pg/kg (n=8), chroman 1 30pg/kg (n=10), chroman 1 100ug/kg (n=4),

chroman 1 S00UG/KG (NT4) ..o

Figure 55: VSMC agonist pathways and the role of MRCK: The G-protein
coupled kinases, ROCK and MRCK, share the common substrates of MLCP

(MYPT1) and MLC2, involved in cellular and VSMC contraction. Original

artwork inspired by (Kawarazaki & Fujita, 2021) ...
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Figure 56 Key differences between cardiomyocyte contraction and VSMC

contraction and the potential differing role of ROCK. Original artwork inspired

by Ito et al(lto et @l., 2022)..........eummiie

Figure 57. An analysis of the control values for IS%, MVO% and IMH% for
each in vivo study. Study 1 (n=6), study 2 (n=5), study 3 (n=15). 2-way

ANOVA with multiple comparisons did not demonstrate any significant

differences between StUAIES. ...

Figure 58: PCR bands visible under UV light. Mutant bands for heterozygous
animals were expected at 354bp, and for wildtype animals 314 bp. The

experiment below demonstrates that animals 42 and 44 were WT animals,

and animal 43 was a heterozygous (ROCK2+/-) animal. ............ccccviiiiiiiieeennn.

Figure 59. Western Blotting quantification process using Image-studio lite©.

Fluorescent bands are converted to units of protein (AU). Shown below for

ROCK2Z, TOO0KDA. ...

Figure 60: A Western blot is shown below for ROCK1, ROCK2 and beta-actin
in KO ROCK2 (+/-) animals (lanes 1-3) and in WT ROCK2(+/+) animals

(lanes 4-6). On visual inspection there appears to be less ROCK2 in lanes 1-

3 compared to ROCK1 and compared to ROCK2 in lanes 4-6. .........................

Figure 61. Protein expression levels for ROCK1 and ROCK2 in KO animals
as a % of the WT. ROCK2 levels in KO animals were approximately 30% of

ROCK2 levels in WT animals (n=3). ROCK1 levels, however appeared

UNCRANGEA. ... e e e e e e e e e

Figure 62. Ischaemia/reperfusion experiments in ROCK2 (+/-) mice vs

control (n=6). Following 40/120 minutes ischaemia/reperfusion no significant

differences in IS (%) were observed between groups (p=0.70). .......covvveennnnnnnn.
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CHAPTER ONE: GENERAL INTRODUCTION

1.1 : PAST AND PRESENT CONCEPTS IN CARDIOPROTECTION

i) Background

We have entered a new era of cardioprotection, where coronary circulation
Ischaemia-reperfusion injury (I/R) is an emerging target for novel therapies
(Hausenloy, Chilian, et al., 2019), (Heusch, 2016). Although primary
percutaneous coronary intervention (PPCI) vastly improves survival during ST
elevation myocardial infarction (STEMI) (Niccoli et al., 2019), a significant
proportion of patients still develop injury because of reperfusion, namely heart
failure (cell death), arrhythmias, myocardial stunning and microvascular
obstruction (MVO) (Konijnenberg et al., 2020). Importantly, MVO results in
regions of “no reflow” (NRF) in the myocardium (Kloner et al., 1974) and is
therefore considered to be a lethal form of reperfusion injury (Hausenloy &
Yellon, 2016), (Yellon & Hausenloy, 2007). This is important, as the extent of
microvascular damage has independent prognostic value, compared to
measures of infarct size (Borlotti et al., 2019), (de Waha et al., 2017),
(Stiermaier et al., 2017). MVO is a complex syndrome of pathologies occurring
within the coronary circulation and capillaries and it is likely that a new multi-

factorial, therapeutic approach is warranted (Davidson et al., 2019).
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Unfortunately, few therapeutic agents have demonstrated coronary vascular
protection in large scale clinical trials (McCartney et al., 2020), (Nazir et al.,
2016) suggesting that there is a pressing need for new drug development. Post
myocardial infarction NRF is not a new concept, and is one of the four key
mechanisms comprising myocardial injury, including myocardial stunning,
reperfusion arrhythmia and lethal reperfusion injury (Yellon & Hausenloy,
2007). It is important to consider how a new era in cardioprotection has

evolved, by revisiting these original concepts.
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i) Lethal reperfusion injury

Lethal reperfusion injury was first described in the 1960’s when it was noted
that independent cardiomyocyte death could occur during the reperfusion
phase of revascularisation (Jennings et al., 1960). Yellon and colleagues
completed further extensive investigations to conclude, that whilst
reperfusion with PPCIl+/- thrombolysis does reduce myocardial infarction size
by approximately 40%, there remains a residual infarcted area that was
otherwise viable, despite adequate reperfusion (Yellon & Hausenloy, 2007).
Reperfusion injury occurs when flow is restored to infarcted myocardium,
bringing a flurry of toxins, immune cells and waste products, (generated
during a period of sustained hypoxia) (Hausenloy & Yellon, 2016). This is
detrimental to the cardiomyocyte, and induces structural damage secondary
to sudden pH restoration, intra-cellular calcium over-load (which contributes
to opening of the mitochondrial permeability transition pore, MPTP), and
myofibril hyper contracture (fig.1) (Yellon & Hausenloy, 2007), (Heusch,
2020). Upon reperfusion, the mitochondria undergo a process known as
reenergization, leading to succinate accumulation and the production of
harmful reactive oxygen species (ROS) (Hausenloy & Yellon, 2016),

(Chouchani et al., 2014).

Elevated levels of ROS induce dysfunction of the cardiomyocyte
sarcoplasmic reticulum and reduce the amount of available nitric oxide (NO).

They are therefore an important source of damage during reperfusion (Yellon
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& Hausenloy, 2007), (Toldo et al., 2018). At lower levels however, ROS can

be cardioprotective (Heusch et al.,2008).

Disruption to Na-H+ and Na-Ca?* ion exchange systems, also leads to
alterations in mitochondrial dynamics, and contributes to calcium overload
(Hausenloy & Yellon, 2013). Davidson et al have recently published an
extensive review of key mitochondrial dependent mechanisms which occur
in I/R, including changes to the homeostasis of mitochondrial fission and

fusion (Sean M. Davidson et al., 2020).

This ‘first phase’ of lethal cardiomyocyte reperfusion injury, is amplified by
neutrophils and immune cells, which infiltrate the infarct zone in response to
danger associated molecular proteins, (DAMPS) (Prabhu & Frangogiannis,
2016). DAMPS such as fragments of RNA, mitochondrial DNA and

extracellular histones, ATP, heat shock proteins (HSP), and high mobility
group box 1 (HMGB1), are released directly from necrotic cells and
macrophages (Prabhu & Frangogiannis, 2016), (Shah et al., 2022), (Zuurbier
etal., 2019). Each DAMP binds to specific receptors within the cardiomyocyte
known as toll-like receptors (TLR) e.g., TLR4, or receptors for advanced
glycation end-products (RAGE). DAMPS can also activate a highly potent
inflammatory molecule known as the NLRP3 inflammasome in a process
known as pyroptosis, (discussed below) (Prabhu & Frangogiannis, 2016).
Moreover, extracellular histones have been shown for the first time, to initiate

a DAMP-like response in absence of the TLR4 pathway (Shah et al., 2022)

Targeting the inflammatory phase of myocardial I/R has gained much interest

over the last decade, especially as it is known to persist into the hours and
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days following infarction (Hausenloy & Yellon, 2013). In preclinical studies,
inhibiting neutrophils, monocyte infiltration and the actions of cardiac
fibroblasts have all had positive effects on myocardial infarction outcomes
(Andreadou et al., 2019). Notable clinical trials of anti-inflammatory therapies
during myocardial infarction have included the use of cyclosporine before
PPCI during STEMI, in the CIRCUS trial (Cung et al., 2015), and post
myocardial infarction colchicine in the COLCOT trial (Tardif et al., 2019).
Cyclosporine is thought to inhibit the actions of cyclophilin D, a protein which
facilitates the opening of the MPTP (Sean M. Davidson et al., 2020).
However, despite large study numbers, (n=797) cyclosporine failed to
improve mortality and heart failure outcomes (Cung et al., 2015). Blockade
of interleukin-1 during myocardial infarction has also received much attention,
and a recent pooled analysis of the three clinical trials (VCUART1-3) has
demonstrated that Anakinra (an IL-1 inhibitor) reduces heart failure
incidence, in addition to reducing c-reactive protein (CRP) (Abbate et al.,
2022). Immune modulating therapies are not without side-effects, and maybe
associated with an increase in serious infections, and damage to the humoral
immune system (Newby, 2019). Other strategies have therefore sought to
target other components in the process of cell death, rather than the immune

cells themselves.

iii)  Cell death & destruction

There are many forms of cell death which contribute to myocardial I/R injury

including, necrosis, necroptosis, and pyroptosis (inflammatory cell death)
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(Sean M. Davidson et al., 2020), (Lodrini & Goumans, 2021). It is now
understood that necrosis and necroptosis play a significant role in
cardiomyocyte death, with contributions from pyroptosis (S. M. Davidson et
al., 2020). The role of apoptosis in cardiomyocyte death is more controversial,
with more evidence suggesting that this process occurs during reperfusion
rather than ischaemia (Krijnen et al., 2002). Apoptosis is distinct to the other
forms of cell death and comprises caspase 3/9 activation, the development
of TUNEL positive nuclei and mitochondrial outer membrane
permeabilization (MOMP) (S. M. Davidson et al., 2020). Apoptosis is inhibited
by upregulation of the JAK-STAT and PI3K/AKT pathways (Krijnen et al.,
2002). This process may be more important several weeks after LAD
infarction, and at the border zone of the infarct (Lodrini & Goumans, 2021).
Necroptosis is a form of caspase independent cardiomyocyte cell death
which can lead to abnormal ventricular remodelling and the development of
heart failure (S. M. Davidson et al., 2020). As with other forms of cardiac cell
death, there is opening of the MPTP and cellular rupture, however this is likely
also driven by receptor-interacting serine/threonine-protein kinase 1 and 3,
(RIP1/3) and phosphorylated mixed lineage kinase domain-like pseudo
kinase (MLKL) (S. M. Davidson et al., 2020), (Lodrini & Goumans, 2021) The
combination of RIP1/3 and MLKL as a linked molecule, is collectively known
as the ‘necroptosome’ which induces cellular damage by formation of the
MLKL pore and impaired Ca2+/Na exchange (Heusch, 2020), (Seo et al.,

2021).
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In contrast, pyroptosis is a form of inflammatory cell death which is closely
linked to formation of the NLRP3 mediated ‘inflammasome’ molecule (Toldo
et al., 2018),(Zuurbier et al., 2019), (Rauf et al., 2019). NLRP3 can both
sense ‘danger’ related signals via its NOD-like receptors, and function as an
instigator of inflammation (Zuurbier et al., 2019). This complex molecule
activates caspase-1, and the formation of Gasdermin -D (GSDM-D) pores on
the cell membrane. GSDM-D stimulates the secretion of important
proinflammatory cytokines, inducing cell lysis and inflammation (Prabhu &
Frangogiannis, 2016). Pyroptosis is triggered by other inflammatory
molecules such as high mobility group box-1 (HMGB1), activation of toll like
receptors (TLRs) and other DAMPS and is therefore a key initiator of the
cytokine cascade (Sean M. Davidson et al., 2020), (Rauf et al., 2019), (Yellon
et al., 2023). There is evidence that targeting multiple processes of cell death
can have an additive effect of cardioprotection (Davidson, Ferdinandy, et al.,

2019), (Heusch, 2020).

When isolated guinea pig hearts underwent treatment with dual necroptosis
and apoptosis inhibitors during myocardial I/R, there was greater protection
observed compared to single agent therapy alone (Koshinuma et al., 2014).
Combination therapies in cardioprotection have previously involved the
activation of specific intra-cellular signalling pathways, capable of reducing
programmed cell death (Davidson, Ferdinandy, et al., 2019). These
important ‘pro-survival pathways are known to attenuate lethal reperfusion
injury and include the reperfusion injury salvage kinase (RISK) pathway

(Yellon et al., 2023), (Rossello & Yellon, 2018), the survivor activating factor
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enhancement pathway (SAFE) (Lacerda et al., 2009) (Lecour, 2009) and their

downstream targets, such as PKC (protein kinase C) (Heusch et al., 2008).

iv) Novel pathways in cardioprotection

RISK was first described in the early 2000’s by Yellon and colleagues,
following the observations that protein kinases including PI3K
(phosphoinositide 3-kinase), MEK (mitogen activated protein kinase), ERK
(extracellular signal related kinase), and PKC (protein kinase C), have
important actions in cell survival (Yellon et al., 2023). PI3K, triggers the
phosphorylation of AKT which is linked to mitochondrial protection and the
inhibition of the MPTP opening (Sean M. Davidson et al., 2020), (Yellon et
al., 2023), (Heusch, 2015), possibly by regulation of the enzyme glycogen
synthase kinase - 3 (GSK-3B) (Comita et al., 2021). Endothelial PI3K also
promotes the bioavailability of nitric oxide (NO) by the increased
phosphorylation of endothelial nitric oxide synthase (eNOS) at SER1177
(Sata & Nagai, 2002). Survival kinases such as PI3K are activated via growth
factors such as urocortin, insulin, various cytokines and autocoids such as
adenosine and bradykinin (Heusch, 2015). Yellon et colleagues have recently
summarised an extensive list of cardioprotective strategies which target the
RISK pathway and PI3K/AKT (Yellon et al., 2023), including both
pharmacological approaches and mechanical means of cardioprotection
such as ischaemic preconditioning (IPC) and remote ischaemic conditioning

(RIC) (Yellon et al., 2023).
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IPC is a phenomenon which is observed when animal hearts are subjected
to short periods of sequential, but non-lethal ischaemia, prior to larger
myocardial infarction (Yellon et al., 1998). Prior IPC reduces the final infarct
size, activates the RISK pathway, and generates low levels of ROS which
enable conditioning (Heusch, 2015). Whilst some cardioprotective drugs are
already well established in clinical practice for conditions such as diabetes
and atherosclerosis (GLP-1 agonists and atorvastatin respectively) (Basalay
et al., 2016), (Bell & Yellon, 2003), both IPC and RIC have proved more
difficult to translate to clinical practice (Hausenloy & Batker, 2019),
(Hausenloy, Kharbanda, et al., 2019), (Pearce et al., 2021). One explanation
for this maybe that the patients who participated in the CONDI-2-ERIC-PPCI
trial, (RIC during ST-elevation MI and prior to reperfusion) may have
belonged to a lower risk cohort who received timely revascularisation, thus
limiting the need for further myocardial protection (Hausenloy & Batker,
2019), (Heusch & Gersh, 2020). RIC is now being investigated in high-risk
patients to ascertain whether this low cost, non- interventional technique can
still be of benefit (Lukhna et al., 2023). However, IPC remains a gold-standard
control in pre-clinical models of myocardial infarction (Hausenloy & Yellon,

2016).

Recent, important advances, have been made by directly activating the
molecule PI3K (of which there is more than one isoform, including a, 8 and
y) (Sata & Nagai, 2002), (Gong et al., 2023). Whilst the a isoform is most
closely correlated with cardioprotection in rodents (Rossello & Yellon, 2018),

the novel compound 1938 (recently identified as a fast-acting agonist of
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PI3Ka and published in Nature© Journal) has demonstrated the ability to
reduce infarct size following myocardial I/R in vivo, by phosphorylation of AKT
(Gong et al.,, 2023). This compound has also been used in studies of
neuroprotection, to stimulate the re-growth of muscular neuronal fibres and
to induce cell proliferation (Gong et al., 2023). 1938 as a direct RISK pathway
activator, is a promising new avenue in cardioprotection, and warrants further

study (Yellon et al., 2023)

The survival activating factor enhancement pathway (SAFE) is a second
important pro-survival kinase pathway, of which the transcription factors
STAT3 and JAK play a pivotal role (Lecour, 2009). The actions of JAK/STAT
are not exclusive to cardioprotection, and this complex also has an important
role in cytokine secretion (Prabhu & Frangogiannis, 2016). There is some
overlap of the RISK and SAFE pathways, considering that ERK and MAPK
may also phosphorylate STAT3 (Lecour, 2009). In terms of its
cardioprotective role, JAK/STAT evokes mitochondrial protection during I/R
by reducing the opening of the MPTP (Lecour, 2009). Many activators of
SAFE have been identified, including tumour necrosis factor alpha, (TNF-a),
insulin, interleukin10 (IL-10) and sphingosine-1-phosphate (Heusch, 2015).
Insulin analogues (known to activate PI3K and RISK) therefore, have the
potential to activate multiple cardioprotective pathways. Despite this,
providing insulin as background therapy during myocardial infarction does not
significantly mitigate immediate major adverse cardiovascular effects
(MACE) in large scale clinical trials (Selker et al., 2012). Insulin does however

improve survival outcomes and reduce heart failure hospitalisation rates after
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1-year, as was observed in a follow-up study of the IMMEDIATE trial (Selker

etal.,, 2014).

The ‘additive’ theory of in vivo cardioprotection, hypothesises that activation
of the RISK pathway, in combination with newer anti-inflammatory drugs,
may lead to better clinical translation (Davidson, Ferdinandy, et al., 2019),
(He et al., 2020). As the SAFE pathway is also a distinct target, future
therapies may aim to therefore activate RISK, SAFE and prevent pyroptosis
in combination (Davidson, Ferdinandy, et al., 2019). Combination therapies
are currently mainstay in other research areas such as stem cell survival
(Chen et al., 2021). Chen et al have recently demonstrated that a cocktail
(known as CEPT) containing Emricasan (pan-caspase inhibitor), Chroman 1
(a potent rho kinase inhibitor), polyamines and trans-ISRIB (inhibited stress
response inhibitor) greatly enhances stem cell survival in vitro. These
survival benefits were also observed in CEPT treated cardiomyocytes (Chen
et al., 2021). Whilst Emricasan is known to reduce pyroptosis and
inflammatory cell death (Stoess et al., 2023), Rho Kinase inhibitors such as
Chroman 1 (ROCK inhibitors) activate the RISK pathway and augment NO
levels in vivo (Huang et al., 2018a). It is yet to be established whether CEPT

confers myocardial protection in vivo.

With regards to the above additive theory of cardioprotection, Cohen et al
propose that this is to only beneficial where two distinct mechanisms of
cardioprotection can be identified. Therefore, mechanisms which exclusively

target the RISK pathway in combination, e.g. agonists of PI3K and
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preconditioning, are not likely to provide protection and be clinically

translatable (Cohen & Downey, 2017).

V) Reperfusion arrhythmia & myocardial stunning

Many traditional cardioprotective interventions are designed to primarily
inhibit the opening of the MPTP, as this is an irreversible step in the cell death
process (Hausenloy & Yellon, 2013). By contrast, myocardial stunning and
reperfusion arrhythmia may be thought of as reversible processes, and in the
case of reperfusion arrhythmia, can be managed with appropriate
pharmacotherapy (Hausenloy & Yellon, 2016). Commonly used agents in the
treatment of reperfusion arrhythmias include beta-blockers, amiodarone and
calcium channel blockers, however cautious selection is required when there
is concurrent haemodynamic disturbance (Niccoli et al., 2019). Reperfusion
arrhythmia refers to the electrophysiological disturbances observed in both
humans and animals at the onset of reperfusion, with most arrhythmias being
ventricular in origin (Taggart & Yellon, 2002). Ventricular fibrillation can be
instantly fatal, whereas other slower idioventricular rhythms may be
sustained for longer periods of time (Bhar-Amato et al., 2017). At a cellular
level, this phenomena arises due to likely damage from ROS, and changes
to myocyte membrane potential, with subsequent disturbances to calcium,
potassium and sodium homeostasis (Kloner, 1993). Vascular smooth muscle
cell (VSMC) contraction and vasospasm is also a potential cause of sudden
reperfusion induced cardiac arrhythmia (Kloner, 1993). The development of
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reperfusion arrhythmias provides a physiological marker of appropriate injury
in preclinical studies of I/R, whereas the relative importance of these events

in the clinical domain, is more controversial (Lie, 1993).

Myocardial stunning is considered by many to represent a sub-lethal form of
ischaemia/reperfusion injury and is the result of ROS inhibiting
cardiomyocyte contractile function, and calcium overload causing
disturbances to ventricular excitation-coupling and contraction (Bolli, 1990).
Stunning results in temporary reduction to left ventricular contractility and so
jeopardises ejection fraction leading to heart failure. This is associated with
brief periods of ischaemia and is fully reversible given that the underlying
myocardium is viable (Heusch, 2021). Heusch et al also describe myocardial
stunning to be least associated with clinical haemodynamic compromise
compared to other kinds of ischaemia/reperfusion injury (Heusch, 2021). The
older more historical concepts of myocardial stunning and hibernation have
recently been called into clinical question, following large-scale clinical trials
such as the REVIVED trial (Perera et al., 2022). This randomised control trial
(RCT) of 700 patients, found that revascularisation of ischaemic but viable
myocardium, did not result in improved heart failure outcomes compared to

medical therapy.

This possibly challenges the traditionally held opinion that viable myocardium
(hibernating) is sub-lethal and entirely reversible with PCI (Perera et al.,
2022), (Perera et al., 2023). It must be stated that the above trial related, to

chronically ischaemic myocardium and is not applicable to acute STEMI.
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vi) Summary - an overview of reperfusion injury

To summarise, myocardial I/R is comprised of cell death, reperfusion
arrhythmia, myocardial stunning and no-reflow Figure 1. All except the latter
concept, have been considered in this introduction section 1.1. Section 1.2
will be dedicated to the pathophysiology of no reflow and microvascular
obstruction (MVO), which is a key focus of this thesis. It has been considered
that cell death is traditionally felt to be the most integral (and potentially the
most modifiable) aspect of I/R. This section has discussed that necrosis,
necroptosis, pyroptosis and apoptosis are some of the key processes
involved in cell death. Many of these mechanisms rely on both mitochondrial
dependent and independent pathways (S. M. Davidson et al., 2020)
Traditionally, pathways such as RISK and SAFE have been fundamental
targets in cardioprotection (Rossello & Yellon, 2018), (Lecour, 2009) however
new frontiers in pharmacotherapy include the combination of treatments,
including those which target the above pathways, and anti-inflammatory
therapies (Davidson, Ferdinandy, et al., 2019). 1938 is a novel compound
which has demonstrated cardioprotective properties in vivo, via direct
activation of PI3Ka (Gong et al., 2023). Further research is awaited with

regards to this promising RISK pathway activator (Yellon et al., 2023).

Several prominent authors have hypothesised that early reperfusion injury

within the coronary vasculature (secondary to microvascular obstruction
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(MVO), vasospasm and immune cell plugging, amongst other processes)
maybe a key event in the development of myocardial damage, and that this
may occur earlier in the sequence of injury than originally thought (Heusch,
2019), (Hausenloy, Chilian, et al., 2019). The pathophysiology and treatment

of MVO will next be considered in more depth in section 1.2.

Figure 1 Key components of lethal myocardial ischaemia/reperfusion injury.
Myocardial infarction and occlusion of the culprit vessel is associated with
myocardial ischaemia, generation of ROS and calcium overload. The MPTP
opens and there is cell death. Reperfusion arrhythmias and myocardial
stunning are reversible changes, whereas opening of the MPTP is
irreversible. Vascular injury is a key contributor to regions of myocardium
which do not reperfuse, (regions of ‘no reflow’). Acute vascular injury leads
to chronic microvascular injury which carries a poor prognosis (Heusch,
2016), (Yellon & Hausenloy, 2007), (Yellon et al., 2023).
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1.2— THE PATHOPHYSIOLOGY AND TREATMENT OF MVO

i) Defining coronary circulation injury

Section 1.1 has established that ‘no re-flow’ is a key concept in myocardial
ischaemia/reperfusion injury (Heusch, 2016), (Hausenloy & Yellon, 2016).
However, it is important to be precise with terminology, to avoid confusion.
Myocardial ‘no reflow’ (NRF) describes the reperfusion failure of distinct
areas of myocardium, despite successful restoration of flow in the infarct
related artery (Kloner et al., 2018), (Niccoli et al., 2016). This is observed in
20-60% of patients during STEMI (Hausenloy, Chilian, et al., 2019).
Myocardial NRF may occur due to continued obstruction of the smaller
vessels of the coronary circulation such as capillaries and smaller arterioles
(MVO) or, because of inflammatory injury to these small vessels, termed
microvascular injury (MVI) (Reffelmann & Kloner, 2006). Whilst often used
interchangeably, in the past few years, ‘MVO’ has been adopted as the main
term denoting microvascular damage following myocardial infarction (Niccoli
et al., 2016). Table 1 summarises these commonly used abbreviations,
including some relevant clinical terms. MVO is most often confused with
angiographic NRF (A-NRF). This refers to the acute vessel closure (AVC) of
a culprit artery after PPCI, observed by a sudden reduction in coronary flow
on fluoroscopy, which is a medical emergency (Reffelmann & Kloner, 2006).
A precursor to this is known as ‘slow flow’ (Niccoli et al., 2016). Despite
obvious differences in A-NRF and MVO, they exist on the same continuum of
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coronary vascular injury and may occur because of the same underlying
pathologies (Heusch, 2019), (Giannini et al., 2018). Important features of
MVO include obstruction due to micro-emboli, erythrocytes and immune-
platelet complexes, structural changes (such as endothelial blebbing and
alterations to endothelial membrane permeability), and compression of small
vessels caused by vascular smooth muscle cell (VSMC) vasospasm,
myocardial oedema (causing external compression) and pericyte constriction
(Reffelmann & Kloner, 2006),(Sanjiv Kaul et al., 2023), (Bonfig, Soukup,
Shah, Olet, et al., 2022), (Kloner et al., 2017) (fig.2). Individual susceptibility,
such as genetic predisposition to vasospasm, can also increase small vessel
obstruction (Hubert et al., 2020). This section aims to describe this complex
syndrome of events in further detail and consider their translational

relevance.

i) Plaque rupture and myocardial infarction

Myocardial infarction occurs via either plaque erosion or spontaneous
plaque rupture, within a culprit coronary artery (the latter being more
commonly associated with ST elevation Ml (STEMI) in 75% of patients)
(Kanwar et al., 2016). The origins of such a sudden atherothrombotic event,
can be explained by the prior development of atherosclerotic plaque in the
coronary circulation (Palasubramaniam et al., 2019). Atherosclerosis begins
with an increase in circulating levels of low-density lipoproteins (LDLs) (Falk,
2006). LDLs are prone to induce inflammation in regions of coronary arteries

which are more vulnerable to plaque, such as areas of the vessel wall which
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are prone to shear stress or structural bifurcation (Bentzon et al., 2014). An
increase in lipoprotein deposition, inflammation, and foam cell involvement,
causes coronary artery VSMC proliferation and remodelling of the tunica
media (Palasubramaniam et al., 2019). A fibrous cap forms, with an
underlying lipid rich core, which is prone to rupture at a crucial moment of
instability (Palasubramaniam et al., 2019), (Bentzon et al., 2014). There is
variation in individuals between the development of unstable coronary
plagues, and this does not explain all STEMIs, including those which are
caused by thrombus alone (Niccoli et al., 2019). However, immune mediated
injury is thought to accelerate plaque instability, via inflammatory molecules
such as CCL2, and the switching of macrophages to an M1 subtype

(Palasubramaniam et al., 2019).

During myocardial infarction sudden rupture of a vulnerable plaque, exposes
the lipogenic core to the blood stream triggering a cascade of pro-thrombotic
events which culminates in the formation of an obstructive thrombus, total
occlusion, and ST-elevation (Niccoli et al., 2019), (Frangogiannis, 2015). Von
Willebrand’s Factor and thrombin contribute to clotting, platelet adhesion and
activation (Bentzon et al., 2014). Complete or near-complete obstruction of
the vessel lumen renders the myocardium in the area at risk (AAR),
ischaemic. Section 1.1 has described the damage to the myocardium during
I/R fuelled by DAMPS and cytokines. Spontaneous plaque rupture is,
however, also the beginnings of post-STEMI MVO (Davidson, Andreadou,

Garcia-Dorado, et al., 2019), (Reffelmann & Kloner, 2002).
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Table 1- Commonly used abbreviations in studies of MVO. Adapted from

(Niccoli et al., 2016), (Reffelmann & Kloner, 2006), (Heusch, 2019).

ABBRIEVIATION

MEANING

APPLICATION

1. NRF

No reflow

Refers to areas of
myocardium which do not
re-perfuse following
successful
revascularisation by PPCI
or thrombolysis

2. MVO

Microvascular

Obstruction

The physical obstruction
of resistance vessels and
capillaries by immune
cells, red cells,
vasospasm, and micro
emboli

3. MVI

Microvascular Injury

Like MVO, however,
refers more specifically to
inflammation without
physical obstruction

4. A-NRF

Angiographic NRF

Visual reduction in
epicardial coronary artery
flow during coronary
angiography. Can result
in AVC

5.AVC

Acute vessel closure

Occurs secondary due to
A-NRF. An epicardial
coronary vessel closes
completely either due to
complex spasm, injury
due to PPCI or thrombus
burden

6. AAR

Area at risk

The area which could
theoretically become
infarcted during regional
ischaemia or myocardial
infarction

7. MSI

Myocardial Salvage

Index

A measure of reperfusion
success. Assessed by
cardiac MRI. The MSl is
the area between the
necrotic zone and the
AAR

8. CMR

Cardiac magnetic
resonance imaging

Specialised MRI imaging
for the heart which is gold
standard in diagnosis of
MVO and MSI
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iii) Microvascular injury during ischaemia

Prior to the PPCI era, Robert Kloner performed experiments in canines, to
investigate the effects of acute myocardial infarction on MVO (Kloner et al.,
1974). Dogs were subjected to varying amounts of ischaemia following LAD
ligation, (40 minutes or 90 minutes) followed by reperfusion of up to 20
minutes. An endothelial tracer known as Thioflavin S, (which is seen to
fluoresce under UV light) was administered systemically prior to sacrifice of
the animals, after the release of a coronary artery ligation (Kloner et al.,
1974). Kloner subsequently studied the ultrastructural changes observed
under electron microscopy in a demarcated region of ‘no re-flow’; defined as
the region of myocardium where no ultra fluorescence was observed after
reperfusion (Kloner et al., 1974). Endothelial changes observed during
ischaemia, included the formation of large tissue blebs and amorphous
bodies, which were seen to obscure capillary lumens and impede
microvascular flow. Meanwhile in reperfusion, other changes were observed
including microvascular clumping of erythrocytes and ‘occasional’ thrombi
(Kloner et al., 1974). This work has formed the basis of what is known today
about the structural microvasculature changes involved in NRF, including the
distinction between pathological changes in ischaemia and reperfusion

(Kloner et al., 1974).

Specific to the ischaemia phase, there are formation of ‘in-situ thrombi’ which

occur due to intra-vascular stasis (Sezer et al., 2018). 50 years later, the role
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of micro-emboli in post-infarct MVO remains controversial (Kleinbongard &
Heusch, 2022), (Coffey & Adamson, 2021) and the limited evidence for
thrombolytics in clinical trials will be considered below in section Vvii).
Endothelial swelling during ischaemia induces damage to the endothelial
glycocalyx, causing changes in membrane permeability which contributes to
capillary haemorrhage (Figure 2). Intra-myocardial haemorrhage because of
vascular reperfusion injury is a poor prognostic sign, and often signals

irreversible endothelial damage (Reffelmann & Kloner, 2002).

Myocardial oedema, which is known to be a phenomenon of ischaemic injury,
may also cause external compression of the microvasculature leading to
obstruction and a reduction in blood flow (Niccoli et al., 2016), (Bonfig, Soukup,
Shah, Olet, et al., 2022). Furthermore, these microcirculation ischaemic
changes, as described by Kloner and colleagues (Kloner et al., 1974), were
noted to be proportional to the duration and extent of hypoxia (Niccoli et al.,

2016).

iv) Microvascular injury during reperfusion

Neutrophils and NETs

Kloner’s original work demonstrated that the greatest extent of microvascular
damage during STEMI occurs during reperfusion (Niccoli et al., 2016), (Sezer
et al., 2018). Moreover, the zone of MVO, can expand for up to 8 hours

following the onset of this phase (Hausenloy, Chilian, et al., 2019). Upon
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reperfusion, there is an initial period of hyperaemia, followed by a sudden
return of blood flow, to parts of the microvascular network (Niccoli et al., 2016).
Within the regions of NRF or slow flow, there is a large extent of capillary
damage secondary to immune cell plugging, inflammation, further structural
damage and an increase in vasoconstriction caused by inflammatory
mediators such as endothelin-1 (ET1) and thromboxane (Figure 2) (Niccoli et
al., 2016), (Sezer et al., 2018). Platelets and neutrophils are likely to be some
of the first cell types to contribute to significant MVO (Sezer et al., 2018).
Moreover, neutrophils and platelets may form complexes and migrate through
the endothelium together causing obstruction (Reffelmann & Kloner, 2006),
(Ziegler et al., 2019). Neutrophils are attracted to regions of endothelial
dysfunction in the microvasculature where there has been damage to the
protective glycocalyx, and subsequent upregulation of P-selectin and ICAM-1
(Niccoli et al., 2016), (Brandt et al., 2021). High mobility group box-1 (HMGB1)
has also been identified as an important source of vascular neutrophil and

immune cell recruitment, especially given its role as a DAMP like molecule.

HMGB1 can bind to either toll-like receptors (TLRs), or RAGE receptors,
(receptor for advanced glycation end products) to encourage endothelial
cytokine secretion (IL-6 and tumour necrosis factor alpha (TNF-a)), which then
recruits further immune cells (Prabhu & Frangogiannis, 2016). Platelet derived
micro-particles also secrete HMGB1 (Zhao et al., 2023). In a study of 44
STEMI patients, HMGB1 was found to be upregulated in platelets from the

infarct related artery, of those patients with angiographic NRF (A-NRF) (Zhao
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et al., 2023). In addition to the above, neutrophil extracellular traps, (NETs)
which are novel inflammatory molecules, may also contribute to small vessel
obstruction (Rada, 2019). Neutrophils attached to activated endothelium
produce increased NAPDH and ROS, promoting the release and explosion of
extracellular ‘NETs’; an obstructive meshwork of neutrophil chromatins,
granular components, histones and myeloperoxidase (MPO) (Zdanyte et al.,
2023). These NETs and intracellular waste products can cause obstruction in
situ or migrate downstream to the small resistance vessels and contribute to

I/R injury (Bonaventura et al., 2020).

The role of monocytes and monocyte/platelet aggregates

Mononuclear leucocytes such as monocytes and macrophages have an
important role in inflammation and myocardial reperfusion injury. In addition,
increased white cell count is an adverse prognostic marker in patients with
acute myocardial infarction (Dutta & Nahrendorf, 2015), (Peet et al., 2020) .
Monocytes and macrophages are recruited to the infarction zone in two
distinct waves and secrete fibronectin, thus having a key role in myocardial
repair (Dutta & Nahrendorf, 2015). Ly-6¢ ‘high’ monocytes are a more
inflammatory subtype of monocytes and are associated with the secretion of
pro-inflammatory cytokines such as TNF-a and IL-13. Whereas, Ly-6C ‘low’
monocytes may have a role in repair from inflammation (Peet et al., 2020).
During myocardial infarction, there is an overall increase in adrenergic
signalling, which stimulates secretion of hematopoietic stem cells from the

bone marrow (under influence from hormones such as CXCL2) leading to
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secretion of monocytes (Dutta & Nahrendorf, 2015). These differentiate via
capillaries into the infarct zone and become macrophages. The role of
inflammatory processes such as the above in myocardial reperfusion injury
is well reported, and has been discussed elsewhere in this thesis (Prabhu &

Frangogiannis, 2016), (Zuurbier et al., 2019).

In addition to the role of mononuclear leucocytes in myocardial inflammation,
several authors have suggested a role for monocytes as contributing factors
to the vascular no reflow phenomenon (Niccoli et al., 2016), (Rezkalla et al.,
2017). Notably, this is distinct from the role of neutrophils and NETS (other
leukocytes causing capillary obstruction) as described in the section above,
and by Robert Kloner, in his original no reflow work in canines (Kloner et al.,
1974). In an important literature review by Niccoli et al, it is suggested that
cardiac monocytes in the infarct zone may alter the ratio of superoxide: nitric
oxide, therefore altering coronary circulation vasodilatory reserve (Niccoli et
al., 2016). Similarly, Rezkalla et al suggest that monocytes/macrophages
can lead to microvascular plugging in the same manner as neutrophils and
NETs (Rezkalla et al., 2017). Several important monocyte ratios have also
been explored in relation to the development of no reflow. Balta et al,
investigated the role of monocyte to HDL-C ratio in a cohort of 600 PPCI
patients undergoing treatment for STEMI (Balta et al., 2016). In the study
there was noted to be a greater incidence of monocytes found in patients
with no reflow. The authors postulated that this was likely secondary to the
integral role of monocytes in atherosclerosis and plaque rupture (Balta et al.,
2016). Therefore, monocytes may play a role in plaque instability associated

with no reflow in humans, but potentially not in animal ligature models (which
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do often not involve atheroma unless this is related to a specific genotype).
These findings by Balta et al, were further corroborated in a study by Wang
et al, which demonstrated that monocyte counts were elevated overall in
acute STEMI patients with angiographic no reflow (Wang et al., 2016). The
predictors and experimental biomarkers under investigation for MVO, are

discussed elsewhere in this chapter.

The role of platelets in no reflow will also be considered separately, however,
it is important to mention here that specifically, platelet-monocyte aggregates
during acute myocardial infarction have also been associated with
microvascular obstruction (Mavroudis et al., 2011), (Rolling et al., 2023).
Platelet-monocyte aggregates (MPA) are known to be pro-inflammatory and
form as a result of increased P-Selectin markers on platelets, and CD40
ligands, tissue factor (TF) on monocytes (Rolling et al., 2023). The baseline
level of MPA in the general population is estimated to be around 5-20%,
however this increases significantly in atheroma, acute myocardial infarction
and microvascular obstruction (Dong et al., 2015), (Furman et al., 2001),
(Mavroudis et al., 2011). Similarly to NETs, MPAs likely provide mechanical
obstruction during acute MVO, and are involved in the cytokine cascade

(considered below) (Rolling et al., 2023).

Inflammation & reactive oxygen species (ROS)

During myocardial infarction, cytokines and inflammation promote endothelial

membrane leakage, and capillary haemorrhage via interruptions to VE
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Cadherin and gap junctions, (Figure 2) (Reffelmann & Kloner, 2006).
Pyroptosis in endothelial cells, and the production of the NLRP3
inflammasome, further heightens vascular inflammation and microvascular
damage (Heusch, 2019). Sun et al recently demonstrated in mice, and in in
vitro studies using cardiac microvascular cells, (CMECs) that caspase-4
mediated pyroptosis is important in MVO (Sun et al., 2021). Despite these
findings there is, perhaps, less of a role for cell death in MVO overall, and
rather it is the inflammatory based changes to vascular physiology and
structural integrity, which are most deleterious (Reffelmann & Kloner, 2006).
The TLR/MyD88/NF-kf pathway of inflammation has been implicated in
micro-emboli related MVO, in rats (Su et al., 2018). These inflammatory
changes were reversed by administration of nicorandil, a dual NO donor and
Katp channel opener (Su et al.,, 2018). ROS molecules generated by
endothelial cells, as well as neutrophils, can precipitate MVO by inducing
changes in mitochondrial dynamics and inducing apoptosis. H202 in small
amounts, may be cardioprotective as it encourages mild vasodilation,
however in larger amounts this is harmful and pro-apoptotic (Shaw et al.,
2021). Kloner’s group investigated the role of an antioxidant administered to
rats undergoing LAD infarction (Dai et al., 2022). Compound OP113 both
encouraged mitochondrial protection and was found to reduce the area of
NRF%. However, it is unclear how much of this effect was secondary to
accompanying cardiomyocyte protection and a reduction in infarct size %

(Dai et al., 2022).

Other anti-inflammatory agents and peptides which have been found to limit
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MVO in animal models have included imatinib, (a tyrosine kinase inhibitor)

(Konijnenberg et al., 2023) and the Gl hormone relaxin (Gao et al., 2019),
(which may have both vasodilatory and anti-inflammatory actions, and is thus
cardioprotective). Increased levels of inflammation within the coronary
circulation evoke a pro-thrombotic state, which contributes to the

development of micro-emboli.

Micro-emboli

Coronary plaque rupture and upregulation of the coagulation cascade
secondary to thrombin has previously been described. The resulting
microembolization is often a consequence of iatrogenic injury to the
epicardial coronary artery, during PPCI as the index lesion is crossed
(Kleinbongard & Heusch, 2022). Fragments of atherothrombotic plaque are
dislodged by instrumentation, along with other vascular debris, which leads
to downstream propagation of clotting products (Niccoli et al., 2016).
Angiographically visible thrombi are reported in approximately 11-15% of
patients (Sezer et al., 2018). MVO occurs in animal models of myocardial
infarction (ligature models), in the absence of plaque rupture and thrombus,
suggesting that the primary plaque is not the sole origin of downstream
thrombi (Kloner et al., 2018). Moreover, micro-infarcts, (forming islands of
necrosis and apoptosis) can occur in myocardial territory not supplied by the
infarct related artery (Kleinbongard & Heusch, 2022). The mixed results of
clinical trials of thrombolysis in myocardial infarction and MVO, (considered
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in section vii), have re-affirmed the hypothesis that MVO must encompass
more than simply distal emboli (Coffey & Adamson, 2021), (McCartney et al.,
2020). Kleinbongonard et al describe the limitations of investigating coronary
micro-emboli (CME) in animal models (Kleinbongard & Heusch, 2022).
Specialised micro-spheres have been used in pigs to simulate thrombus
fragmentation; however, this method does not accurately induce the native

clotting cascade, and hence this method is less translational (Su et al., 2019).

Platelets and Vasospasm

Activated and aggregated platelets, (mediated via Glycoprotein lIb/llla) are
known to contribute to small vessel obstruction in the coronary circulation

(Heusch, 2019), (Ziegler et al., 2019). In an original study by Golino et al in
1987, New Zealand rabbits with hypercholesterolaemia, had pronounced
areas of MVO following myocardial infarction, which could be abrogated by
anti-platelet serum (APS) (Golino et al., 1987). APS also reduced myocardial
infarct size (Golino et al., 1987). Anti-platelets are now the mainstay of
treatment for STEMI alongside PPCI, however this has not entirely solved the
problem of MVO (Coffey & Adamson, 2021). There are many available
antiplatelets licensed for clinical practice, however pre-clinical studies can still
provide important insights into the roles of platelets during myocardial
infarction. Hjortbak et al administered different anti-platelet agents to male
Sprague Dawley rats undergoing in vivo LAD ligation and found that only

ticagrelor was able to diminish infarct size (Hjortbak et al., 2021). Comparable
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results were not observed with clopidogrel and prasugrel. Kleinbongard et al
have proposed that these results may be secondary to the ability of ticagrelor

to influence adenosine mediated vasodilation (Kleinbongard et al., 2021).

J

Preclinical science has acknowledged the existence of a ‘platelet paradox.
This is the concept that whilst platelets contribute to clotting, inflammation,
and platelet-leucocyte complexes, they may also be cardioprotective
(Kleinbongard et al., 2021). Davidson et al reported that platelets can release
cardioprotective substances during I/R such as stromal derived factor
(SDF1a), (which activates the pro-survival RISK and SAFE pathways) and
protective exosomes (Davidson, Andreadou, Barile, et al., 2019). Both
activated platelets and fragments of the original coronary plaque rupture, may
secrete vasoconstrictors such as tissue factor (TF), thromboxane (TXA:), and
histamine (5-HT) (Reffelmann & Kloner, 2002). In addition to promoting
vasospasm, these substances also encourage activation of the coagulation
cascade and micro-emboli propagation (Kleinbongard & Heusch, 2022).
Platelet derived micro-particles also secrete HMGB1 (Zhao et al., 2023). In a
study of 44 STEMI patients, HMGB1 was found to be upregulated in platelets
from the infarct related artery, of patients with angiographic NRF (A-NRF)
(Zhao et al., 2023). Niccoli et al, who have extensively reviewed the topic of
STEMI associated MVO (Niccoli et al., 2016), suggest that endothelin-1

(ET1) is the most important vasoconstrictor involved in this phenomenon.
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Endothelin-1

Endothelin-1 type A receptors are expressed on both endothelial cells and
VSMCs and have an integral role in mediating VSMC via g-protein coupled
mechanisms such as the RhoA- Rho Kinase pathway (Hubert et al., 2020),
(Tona et al., 2023). The Rho kinase pathway of VSMC will be discussed in
greater detail in section 1.3. Tona et al, recently investigated a link between
MVO and ET-1 A receptor seropositivity in 50 STEMI patients (Tona et al.,
2023). MVO was found to have occurred in 48% of patients, with a
significantly higher number displaying ET-1A seropositivity (Tona et al.,
2023), leading to the investigators to conclude that preventing ET-1 mediated
constriction may be a future target in MVO therapy. Furthermore, in 2012, a
small RCT of n=57 STEMI patients, demonstrated that pharmacological ET-
1A blockade, was safe and associated with improvements in myocardial
perfusion and IS% (Adlbrecht et al., 2012) . Endothelial and VSMCs may not
be the only cell types central to microvascular spasm; the role of other VSMC-
like cells, such as pericytes, are now being explored closely (O'Farrell et al.,

2017).

Pericytes

Following the investigation of I/R in the brain, pericytes have been identified
as an important source of MVO and vasoconstriction (Kloner et al., 2018).

There are many notable parallels between NRF which occurs due to stroke,
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and that which occurs due to myocardial infarction. There are similar
predisposing factors, pathological changes and anti-platelet treatments
recommended in both conditions (Kloner et al., 2018). Whilst NRF in the heart
may lead to adverse remodelling and heart failure, NRF in the brain may
result in longer term changes in cerebral perfusion and cognitive function
(Uemura et al., 2020). Pericytes are VSMC-like cells that are poorly
understood compared to other cell types, despite their abundance in the
heart. These mural cells are responsible for capillary bed blood flow
regulation and are found encasing capillaries at regular intervals (Sanjiv Kaul
et al., 2023). Pericyte intervals correspond well with regions of capillary
obstruction and MVO in animal models, when this is visualised under

electron microscopy (O'Farrell et al., 2017).

There has been much less research into the physiology of pericyte
constriction compared to VSMCs, but recent studies have suggested that
pericytes enable capillary constriction via changes to intracellular Ca?*
currents and the G protein coupled receptor GPR39 (Methner et al., 2021).
When GPR39 is knocked out in animal models of myocardial infarction, there
are significantly smaller zones of MVO and infarct size observed (Methner et
al., 2021). As pericytes are phenotypically like VSMC, (other mural cells),
they have been difficult to isolate in pure form in animal models (Avolio et al.,
2023), which may offer an explanation as to why research is limited. Pericytes
are known to constrict the capillary bed during both ischaemia, and
reperfusion, which can lead to irreversible vascular change (Sanjiv Kaul et

al., 2023), (O'Farrell et al., 2017).
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O’Farrell et al successfully administered adenosine to rats undergoing
myocardial infarction to reduce pericyte constriction, thus providing an
important mechanistic insight into pericyte mediated mechanisms of
contraction (O'Farrell et al., 2017). The authors concluded that pericyte
constriction is a major contributor to ischaemic MVO and induces
approximately 40% capillary obstruction despite adequate reperfusion.
Moreover, in the O’Farrell study, neutrophils (as stained with ICAM-1 or
neutrophil elastase) were not felt to significantly contribute towards capillary
obstruction, which is contrary to the traditionally held opinion that immune
cells are important aggravators of MVO (Reffelmann & Kloner, 2006),
(O'Farrell et al., 2017). Whilst the understanding of cellular specific changes
is important during MVO, the coronary circulation is a dynamic organ, and its

physiology must be considered.

V) Coronary physiology during ischaemia

The coronary circulation is a highly specialised and complex network of
arteries, veins and capillaries with different properties and functions (Sezer
et al., 2018). As part of normal homeostasis, the coronary circulation adjusts
to changes in myocardial oxygen demand via a process known as
autoregulation (Goodwill et al., 2017). Autoregulation allows the maintenance
of adequate coronary blood flow (CBF) between coronary perfusion
pressures of 40130mmHg (Johnson et al., 2021). This is achieved by
changes to resistance vessel lumen diameter (i.e., vasoconstriction and
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vasodilation) using a combination of endothelial, neurohumoral, metabolic
and myogenic mechanisms (Brandt et al., 2021). Coronary pre -arterioles
(100-500uM) and arterioles (10-100uM) as the main resistance vessels, are
subject to greater changes in myogenic tone, whereas smaller capillaries
(<10uM) contain few VSMC and are more sensitive to changes in the levels
of metabolic mediators such as reactive oxygen species, adenosine and ATP
(Brandt et al., 2021). Neurohumoral factors include the influence of the
autonomic nervous system and neurotransmitters such as acetylcholine
(Ach) and noradrenaline (NE) (Brandt et al., 2021). Overall, vagal tone is
thought to contribute less to coronary autoregulation, however coronary

resistance vessel response to Ach is species dependent (Brandt et al., 2021).

When there is an increase in myocardial oxygen demand, during normal
exercise, the sympathetic nervous system (SNS) induces vasodilation of the
coronary conduit vessels and larger arteries via stimulation of alpha-
adrenergic receptors, to allow CBF to be maintained (Goodwill et al., 2017).
Whilst this response predominates during exercise, the resistance arterioles
enhance blood flow further, via alterations in the balance of alpha and beta
mediated adrenergic stimulation (vasoconstriction and vasodilation
respectively) (Brandt et al., 2021), (Goodwill et al., 2017). During total
epicardial coronary occlusion, perfusion pressure rapidly drops across the
network and there is no flow (Sezer et al., 2018). There may be an initial
compensatory vasodilation in the coronary arterioles, possibly mediated by
an increase in pC02, adenosine, and increased SNS activity (Sanjiv Kaul et

al., 2023). This is likely to occur early in ischaemia, as with prolonged hypoxia
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these adaptive responses are lost (Sezer et al., 2018). In humans, individual
responses may also differ depending on prior remodelling of the coronary
circulation, absence of pre-conditioning, diabetes, the formation of collaterals

and underlying genetic factors (Brandt et al., 2021).

Endothelial factors such as nitric oxide (NO), prostacyclin, (PGI2),
endothelin-1 (ET-1) and endothelium derived hyper-polarising factor (EDHF)
are also important in coronary circulation autoregulation (Johnson et al.,
2021), especially during reperfusion in the smaller arterioles and capillaries.
Whilst there is vasodilation of the coronary arterioles during ischaemia, the
pericytes constrict to induce contraction of the capillary bed. Conversely,
when coronary perfusion pressure rises above the window of autoregulation,
there is constriction of the arterioles, but a dilation of the capillary bed

regulated by pericytes (S. Kaul et al., 2023).

In reperfusion, homeostasis is more difficult to maintain leading to loss of
vasodilatory reserve in the resistance vessels and irreversible pericyte
damage (Goodwill et al., 2017). It is according to this rationale that
vasodilators have traditionally been administered during STEMI (Sezer et
al., 2018). Figure 2 summarises the pathological changes that are described

in sections a-e.
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Figure 2The pathophysiology of MVQ in the coronary circulation. MVO is a phenomenon of downstream small vessel red cell
clumping, leucocyte-platelet complexes, immune cell infiltration and external compression secondary to oedematous
myocardium. Vasospasm is induced by endothelial dysfunction and the production of ET-1, TXA2 and a reduction in NO. Free
radicals and generation of ROS species also contribute to MVO. Endothelial pyroptosis induced by DAMPS and activation of
TLR’s leads to activation of the NLRP3 inflammasome and the generation of pro-inflammatory cytokines. Neutrophils rupture to
release NETs and DNA products into the extracellular space, which combine with other immune cells creating further obstruction.
Inflammation is a pro-thrombotic state and increases the likelihood of clot formation. ROCK — Rho kinase, eNOS — endothelial
nitric oxide synthetase, TXAZ2 — thromboxane A2, 5-HT — serotonin, ET-1 — endothelin 1, ATIl — angiotensin I, MVS —
microvascular spasm, ROS — reactive oxygen species, SOD - superoxide dismutase, H202 — hydrogen peroxide, PGI2 —
prostacyclin, DAMPs — danger associated molecular proteins, TLR — toll like receptors, TNF — a — tumour necrosis factor alpha.
Original illustration inspired by (Reffelmann & Kloner, 2006)
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VI) The importance of prognosis in MVO

The urgent need to develop new treatments for STEMI related MVO, relates
to its poor prognosis. This is particularly relevant considering that the
incidence of acute MVO during STEMI is approximately 5-60%, depending
on which imaging modality is used to estimate this (Niccoli et al., 2016),
(Durante et al., 2017). The most accurate prognostic information has been
derived from several important analyses of cardiac MRI (CMR) studies of
STEMI, using both early and late gadolinium enhancement techniques
(EGE/LGE) (de Waha et al., 2017), (Durante et al., 2017), (Wu et al., 1998)
and MRI remains the gold standard in MVO detection (Niccoli et al., 2016).
From the results of these trials, it is apparent that the presence of MVO post
STEMI, is closely correlated with mortality (fig.3) (de Waha et al., 2017),
event free survival (Durante et al., 2017), adverse LV remodelling and heart
failure (Wu et al., 1998). Importantly, this remains the case when data is
adjusted for infarct size (de Waha et al., 2017). De Waha et al performed an
important analysis of seven large randomised controlled trials (RCTs) of

STEMI and MVO outcomes, (n=1688).

Figure 3 shows that a graded response was present between the extent of
MVO present on CMR, and MACE, (major adverse cardiovascular events)
(de Waha et al., 2017). Findings of Intra-myocardial haemorrhage (IMH) on
CMR, (T2 weighted) may be associated with an even worse prognosis, and
the development of worsening heart failure compared with MVO alone

(Berry & Ibanez, 2022), (Carrick et al., 2016). From a pathological
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perspective, IMH may correlate closely with the necrotic infarct zone,
harbouring more cell death, immune cells, and inflammatory molecules such
as cytokines (Bochaton et al., 2021). In a prospective study of STEMI
patients by Carrick et al, IMH was seen to occur less frequently but occurred
later in the time course compared to MVO, and in some cases persisted

even after MVO had resolved (Carrick et al., 2016).

Considering MVO, it has been hypothesised that improved knowledge of
predictive factors, and advancing diagnostic techniques may be most
beneficial in improving outcomes, i.e., an approach which favours
prevention over cure (Niccoli et al., 2016). Over the past 5-years, there has
been the increasing recognition that predictive factors for MVO may be
gender specific, e.g., MVO with unobstructed coronary arteries (MINOCA)
may be more common in women, due to differences in coronary anatomy
and vasoreactivity. Women have a greater in-hospital mortality around the
time of STEMI, but this may be related to older age at presentation

(Reynolds et al., 2022).

Predictive factors of STEMI related reperfusion failure can be further
divided into angiographic, pre-hospital factors, biochemical markers, and
demographic features. To date, excluding troponin T, (which is used as a
marker of myocardial damage) there is no one specific biomarker of
microvascular damage used in clinical practice (Niccoli et al., 2016).
Angiographic features such as pre-procedural high TIMI (thrombolysis in

myocardial infarction) flow score, length of culprit lesion, LAD culprit vessel
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and high thrombus burden are all associated with incomplete restoration of

coronary flow (Niccoli et al., 2016), (Kirma et al., 2008), (Stajic et al., 2022).

Demographic features such as the presence of diabetes, smoking and
advancing age >65 are also associated with worsening MVO or
angiographic NRF (A-NRF)(de Waha et al., 2017), (Durante et al., 2017),
(Stajic et al., 2022), whereas ischaemia time, symptom to balloon time
(SBT) and circadian rhythms are time dependent factors which predict
suboptimal reperfusion (Bonfig, Soukup, Shah, Davidson, et al., 2022),
(Redfors et al., 2021). In the Durante et al study, LVEF% at presentation,
and the presence of IMH were also predictive of both MVO and A-NRF
(Durante et al., 2017). Other markers of more general endothelial
dysfunction such as VEGF (vascular endothelial growth factor) are

described as being predictive of reperfusion failure (Garcia et al., 2019).

In a large, multi-centre study of STEMI patients, (PREGICA, n=147) both
troponin and higher VEGF-A levels in plasma were independently
associated with CMR MVO, and this effect was observed in patients with
TIMI 3 flow, (i.e. MVO but no A- NRF) (Garcia et al., 2019). Other
experimental inflammatory biomarkers of interest have included soluble
growth stimulation expressed gene 2 protein (ssT2) (Sendergaard et al.,
2023), (Zhang et al., 2022) , TXA2 (thromboxane A2) (Niccoli et al., 2008),
lymphocyte to monocyte ratio (Kurtul et al., 2015) and perilipin 2 (Russo et
al., 2021). Of note, the intra-cellular protein Rho Kinase (ROCK), (which can
influence coronary VSMC vasoreactivity) is upregulated during STEMI but

has not been investigated as a specific marker of MVO (Li et al., 2016).
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Where MVO cannot be prevented or predicted prior to myocardial infarction,
intervention with pharmacotherapies before PPCI may be required (Niccoli
etal., 2016). There has been a recent move to assessing acute MVO during
STEMI, using invasive measures (Niccoli et al., 2016). As the
microcirculation cannot be imaged directly, indirect measurements of
resistance and flow must be obtained using parameters such as IMR, (index
of microcirculatory resistance), RRR, (resistive reserve ratio) (De Maria et
al., 2019), (Maznyczka et al., 2020) and thermodilution techniques
(Maznyczka et al., 2021) . The intricacies of these techniques are outside
the scope of this thesis; however, it is important to be aware of these
emerging imaging modalities when considering the results of clinical trials,

as below.
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Figure 3 The effects of worsening MVO on MACE outcomes. — In a large,
pooled analysis of 7 STEMI RCT’s (n=1688), extent of MVO on CMR was
directly proportional to all-cause mortality (%) and heart failure
hospitalisation (%), and inversely proportional to the time to first event
(p<0.001). From De Waha et al with publisher permission granted for use
(de Waha et al., 2017).
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VIl) Treatment of MVO - an overview clinical trials 2018-23

Emerging themes

A detailed review article by Heusch et al, entitled ‘Coronary microvascular
obstruction: a new frontier in cardioprotection’ previously provided a detailed
meta-analysis of clinical trials in interventions for MVO (2012-2019) in
context of STEMI (Heusch, 2019). In 2019, there were few positive clinical
trials which had improved CMR outcomes for MVO, especially when
considering 1S% as the primary outcome and MVO% as the secondary
outcome (Heusch, 2019). At the time of Heusch'’s publication, a large clinical
trial by Ibanez et al (METOCARD-CNIC) had previously demonstrated
positive outcomes following the administration of IV metoprolol during
STEMI. IV metoprolol was associated with both improvements in IS% and

myocardial salvage index (MS1%) on CMR (lbanez et al., 2013).

Heusch’s group have recently undertaken preclinical studies in swine to
argue that metoprolol may be less cardioprotective than previously thought,
demonstrating that it is associated with an increase and not a reduction, in
%NRF when administered in vivo (Kleinbongard et al., 2023). Whilst these
two studies are not directly comparable, this may throw some doubt onto
the consistency of the use of beta-blockers acutely, in the prevention of
MVO. Many clinicians may also have concerns regarding the safety of
routine metoprolol during STEMI, due to the potential for negative inotropic

effects and AV block in inferior infarction (Rezkalla et al., 2017).
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At the time of Heusch'’s previous review, two important large scale clinical
trials had considered the benefits of adenosine and nitrate derivatives for
STEMI related MVO; RE-OPEN AMI (2013) and REFLO STEMI (2016)
(Nazir et al., 2016), (Heusch, 2019), (Niccoli et al., 2013). Unfortunately,
these studies provided conflicting results, at a time when both therapeutic
agents were used in the cardiac catheterisation lab as a treatment for A-
NRF. In RE-OPEN AMI, intra-coronary adenosine significantly improved
both ST-elevation resolution and TIMI flow following thrombus aspiration,
(both markers of A-NRF), whereas sodium nitroprusside did not (Niccoli et
al., 2013). There were no significant differences in MACE outcomes
observed between treatment groups. Conversely, several years later in the
REFLO-STEMI trial, concerns over the effectiveness and even safety, of
intracoronary adenosine were raised by Nazir et al (Nazir et al., 2016). In
the trial, not only were there no significant improvements in STEMI related
MVO outcomes following the administration of intracoronary adenosine, but
this was associated with both an increase in MACE outcomes and a

deterioration in LVEF%.

These findings were interpreted as a potential harm signal and
recommendations were made that adenosine should no longer be
considered in clinical practice (Nazir et al., 2016). As adenosine functions
as a VSMC dilator, induces hyperaemia and increases coronary
vasodilatory reserve, it was hypothesised that it potentially worsens
reperfusion injury by over-dilating the resistance vessels, leading to a
sudden and uncontrolled increase in CBF (Nazir et al., 2016). Despite these
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results, several recent important review articles of MVO do not discount
adenosine as a potential treatment option (Rezkalla et al., 2017), (De Marco
et al., 2022). The clinical trials which have contributed to this decision will

be considered in more detail in the next paragraph.

A PUBMED/MEDLINE indexed search was performed on 15t August 2023
for the terms STEMI, STEMI+MVO and STEMI+NRF. This search identified
39 randomised controlled trials (RCTs) with MVO related outcomes between
2018-2023 (5-year period). Proof of concept trials, and trials without a
control arm were discounted, as were study population sizes of less than
n=50 patients. Sub studies of >50 patients from original RCT’s meeting the
above criteria were included. The remaining n=23 studies are displayed in
figure 4, and arranged according to whether the tested intervention was
pharmacological, device related or preconditioning related, and whether
these trials were positive. Positive trials for the purpose of this analysis were
considered as showing either: - an improvement of perfusion-based MVO
outcomes by an appropriate imaging modality e.g., CMR, or an
improvement of angiography-based outcomes and NRF e.g., TIMI flow,

corrected TIMI frame count (cTFC) or myocardial blush grade (MBG).

Using these definitions a total of 57% of trials had at least one positive MVO
or NRF outcome (Garcia-Méndez et al., 2018), (Feng et al., 2019),
(Naghshtabrizi et al., 2020), (Broch et al., 2021), (Qian et al., 2022),
(Sadeghian et al., 2022), (Qian et al., 2023), (Pelliccia et al., 2021), (Aguiar
et al., 2020), (Scarsini et al., 2022), (Nepper-Christensen et al., 2022), (Ma

et al., 2022), (Traverse et al., 2019) 39% were neutral for any MVO or NRF
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outcome (Wang et al., 2019), (McCartney et al., 2020), (Stahli et al., 2022),
(Hosseini et al., 2022), (Kakavand et al., 2023), (Freund et al., 2019), (Kim
et al., 2022), (Garcia Del Blanco et al., 2021), (Francis et al., 2021) and 2
trials were negative and associated with increased harm (Soylu et al., 2018),

(Figure 4).
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Figure 4. Randomised controlled trials STEMI related MVO 2018-23
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Pharmacological agents

Most interventions were pharmacological, (Figure 4). In response to the
previous findings of REFLO-STEMI and RE-OPEN AMI (Nazir et al.,
2016), (Niccoli et al., 2013), two further studies have explored the effects
of intra-coronary (IC adenosine) on A-NRF (Naghshtabrizi et al., 2020),
(Sadeghian et al., 2022). Naghshtabrizi et al, found that a bolus of IC
adenosine before and after PPCI, was associated with improvements in
TIMI flow from 0 to 3 compared to placebo, (p=0.002) however there were
no significant improvements in secondary outcomes such as MACE and
cardiac arrhythmias (Naghshtabrizi et al., 2020). Unlike REFLO-STEMI
there were no harmful events identified following the use of adenosine
(Nazir et al.,, 2016). In a second study (Sadeghian et al., 2022) IC
adenosine was administered prior to PPCI only, in a cohort of STEMI
patients at an Iranian Heart Centre. Similarly significant outcomes were
observed for improvement of TIMI flow and corrected TIMI frame count

(cTF), but no other secondary outcomes were analysed.

Other vasodilators and anti-anginal drugs such as IV nicorandil and
trimetazidine have been investigated by the same group, and
investigators of the recent CHANGE trial (Qian et al., 2022), (Qian et al.,
2023). The CHANGE trial compared IV nicorandil vs placebo in a STEMI
cohort of n=238 patients, and is one of few recent trials to report positive
results across a range of outcomes, including a reduction in infarct size
(IS%), reduction in incidence of MVO%, improvement in LVEF% and

improvement in A-NRF (Qian et al., 2022). Nicorandil is a well-
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established anti-anginal drug with dual properties both as a Karp channel
opener and NO donor, resulting in coronary arterial vasodilation (Pearce
et al., 2023). The CHANGE trial is evidence that vasodilators can
mitigate MVO and suggests that they do not necessarily worsen I/R injury
(Qian et al., 2022). Further large-scale trials are required to explore the
effects of Nicorandil during STEMI on both infarct size, A-NRF/MVO and

MACE outcomes.

Similarly, Nicorandil has been shown to improve MVO outcomes
compared to placebo in patients undergoing thrombectomy for heavy
thrombus burden (Feng et al., 2019). This should be interpreted with
some caution however, as manual thrombus aspiration, is not advised
routinely in A-NRF (following the results of both historical (Jolly et al.,
2015) and more recent clinical trials (Freund et al., 2019)). In the previous
TOTAL trial, (a large cohort of 10,732 STEMI patients) manual thrombus
aspiration did not significantly improve coronary flow and moreover, was
associated with increased cerebral vascular events at 30-days (Jolly et
al., 2015). Thrombolytic agents such as alteplase have equally had

limited success in improving MVO outcomes (McCartney et al., 2020).

The T-TIME trial was a prospective study of n=440 STEMI patients
receiving either alteplase (thrombolysis) 20mg vs placebo or a 10mg lower
dose of alteplase (McCartney et al., 2020). Not only did alteplase not
significantly improve MVO outcomes, a sub-analysis in patients with an

ischaemic time >4hours demonstrated that there was a dose dependent
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increase in MVO and intra-myocardial haemorrhage, and the intervention
was therefore associated with significant harm (McCartney et al., 2020).
Since the trial there has been a move away from testing IC lytic therapy,
however intravenous GPIIb/llla agents are still indicated at operator
discretion for heavily thrombotic occlusions (Collet et al., 2021). Since the
outcomes of both the CIRCUS and COLCOT trials were revealed
(investigating the benefits of anti-inflammatory agents in myocardial
infarction) there has been increasing interest in suppressing inflammation
in MVO. In addition, the recent COVID-19 pandemic has highlighted the
novel role of immune suppression, in certain high-risk patients (Group,
2022). AMI associated with COVID-19 has been observed to be both more

thrombotic and inflammatory in origin (Fanaroff et al., 2021).

Since 2018, there have been three key trials of immune suppressants in

STEMI related MVO, including IL-6 suppression with Tocilizumab (Broch et
al., 2021), the use of an mTOR inhibitor, (mammalian target of rapamycin)
(Stahli et al., 2022) and trial of oral colchicine in the PodCAST-PCI trial
(Hosseini et al., 2022). Of these interventions, the use of Tocilizumab in the
ASSAIL-MI trial, (a biological agent and IL-6 inhibitor, used in the treatment
of rheumatoid arthritis) was associated with the most positive MVO
outcomes (Broch et al., 2021). ASSAIL-MI was an RCT conducted at three
large PPCI centres in Norway where, n=199 patients were randomised to
receive either pre-PPCI Tocilizumab infusion or placebo. In the study IL-6
suppression was associated with an improvement in myocardial salvage

index (MSI) and extent of MVO%, but not a reduction in final infarct size.
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CRP levels during index hospital admission were found to be significantly
lower (Broch et al., 2021).

Conversely, in a larger trial of STEMI patients receiving oral colchicine
before and after PPCI (n=451), treatment was not associated with benefits
in any outcome, including reduction in A-NRF, vascular inflammatory
markers such as P-selectin and CRP, and MACE (Hosseini et al., 2022).
This is disappointing given that COLCOT reported a reduction in the risk of
MACE in patients with recent AMI (Tardif et al., 2019), however it did not
measure MVO outcomes, hence the two trials are not directly comparable
(Tardif et al., 2019). It is also quite likely that colchicine via an oral route, is
not adequate to prevent immediate A-NRF as suggested by the
investigators of the Hosseini et al trial (Hosseini et al., 2022). Given that the
original COLCOT trial reported an increase in the incidence of severe
pneumonia due to innate immune suppression (Tardif et al., 2019), it is
important to note that none of the recent trials of anti-inflammatories
described, raised infection related safety concerns following short term
administration (Broch et al., 2021), (Stahli et al., 2022), (Hosseini et al.,

2022).

Device related interventions & ischaemic conditioning

There have been more trials of pharmacological therapies than device
related interventions in the treatment of A-NRF and MVO (Figure 4). This
does not include PPCI itself, which has revolutionized treatment of STEMI

and grossly improved mortality rates (Niccoli et al., 2019). The limited
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success, and associated risks of manual thrombectomy have previously
been discussed (Freund et al., 2019), (Jolly et al., 2015). Other novel PPCI
strategies analysed have included direct stenting, (without prior balloon pre-
dilation which can dislodge thrombi), changes to balloon inflations and the
deferral of PCI to a later stage after successful balloon reperfusion (Ma et

al., 2022), (Kim et al., 2022), (Soylu et al., 2018).

One of the larger trials to investigate delayed stenting in STEMI was the
DANAMI-3-DEFER trial and associated 2022 update, (the latter considered
in this analysis) (Nepper-Christensen et al., 2022), (Kelbak et al., 2016;
Lagnborg et al., 2017). These trials were in response to an earlier trial in
2014 called DEFER-MI (Carrick et al., 2014), which demonstrated a benefit
in A-NRF following delayed stenting. A previous 2017 sub-analysis of
DANAMI-3DEFER enrolled n=510 patients and included CMR data to
extend outcomes to MSI| and MVO. Unfortunately, direct stenting did not
significantly improve either of these parameters in the study (Lgnborg et al.,
2017). Fig.4 includes a summary of the recent 2022 update of the DANAMI-
3-DEFER trial, where n=1205 patients underwent either immediate PCI or
delayed stenting by 24 hours after restoration of TIMI2/3 flow, followed by
systemic bivalirudin, (direct thrombin inhibitor) or GPIIb/llla (Lanborg et al.,
2017). Of note there was a greater proportion of patients in the treatment
group who received GPlIb/llla, which is an important limitation. The updated
sub-analysis found a significant benefit in A-NRF outcomes and observed
reduced distal embolization (assessed angiographically), especially in high-

risk patients >65 years (Nepper-Christensen et al., 2022).
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Similarly, other interventions associated with improved outcomes have
included micro-bubble catheter directed thrombolysis, (Sono thrombolysis)
and use of the PISCO device (pressure-controlled intermittent coronary

sinus occlusion) (Aguiar et al., 2020), (Scarsini et al., 2022).

PISCO was investigated as an intervention by the investigators of the large
OX-AMI registry (Scarsini et al., 2022). This involves the angiographic
placement of a catheter directed balloon into the coronary sinus, which then
undergoes cyclical inflations and deflations, to a maximum pressure of
>800mmHg for twenty minutes, to provide intermittent increases in coronary
sinus pressure, and increase blood flow to the ischaemic area (Scarsini et
al., 2022). The results of this small trial, (=108 patients) demonstrated that
use of the PISCO device significantly improved %MVO on CMR in both
anterior and inferior STEMI. In addition, use of PISCO was associated with
improvement in 1IS% at 6 months (Scarsini et al., 2022). The study is one of
the few studies analysed to provide complex parameters of microcirculatory
function during angiography, (IMR and RRR) in addition to CMR and follow-
up parameters. The results of the larger PISCO-AMI trial are currently

awaited, (NCT03625869).

The concept of intermittent coronary sinus occlusion bears some similarity
to the concept of ischaemic pre-conditioning (IPC). First discovered in
animal models of myocardial infarction, this is a phenomenon where
intermittent and sub- lethal ischemia and reperfusion protects the
myocardium from subsequent lethal/reperfusion injury. (Yellon et al., 1998).
Although gold standard in animal models of cardioprotection, there has

been difficulty translating this into humans, leading to much discussion
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surrounding the most important mechanisms involved, e.g., whether IPC
evokes changes to coronary pressure and flow, humoral factors, neural or
metabolite mediated pathways (Yellon et al., 1998). IPC can also be
performed via a distant delivery site in a process known as remote
ischaemic conditioning (RIC). This involves placing a tourniquet or blood
pressure cuff around a remote limb to occlude blood flow temporarily and
sequentially (Yellon et al., 1998). In animal models RIC reduces infarct size
in myocardial infarction, but these beneficial effects have only been
demonstrated in proof-of-concept studies but not in large RCT’s. With
respect to the latter, RIC has been investigated as a potential intervention
for MVO (Figure 4) as part of a separate sub-analysis of the large multi-
centre CONDI2/ERIC PPCI trial, however there were no significant
differences in MVO outcomes observed following sequential 5-minute
inflations (4-cycles) to a total pressure of 200mHg, prior to PPCI (Francis et
al., 2021). Section 1.1 has detailed the plans to conduct further trials of RIC

in high-risk STEMI patients (Lukhna et al., 2023).

VIll) Summary - Future perspectives for MVO therapy

Ischaemic MVO is a multi-factorial phenomenon and likely requires more
than one treatment strategy (Reffelmann & Kloner, 2006). Originally
described as one of the key concepts in ischaemia/reperfusion injury, there
is now an emerging school of thought that ‘no reflow’ and MVO, require
independent attention (Davidson, Andreadou, Garcia-Dorado, et al., 2019),

(Heusch, 2019), (Wu et al., 1998). Whilst micro-emboli were first thought to
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be the most significant contributing factor, there has been a move away
from this concept (Coffey & Adamson, 2021), to consider previously
overlooked pathologies such as inflammation and pericyte constriction
(Sanjiv Kaul et al., 2023), (O'Farrell et al., 2017). Although the overall
prognosis of myocardial infarction has improved drastically since the
introduction of PPCI (Niccoli et al., 2019), MVO still creates significant
prognostic concern, especially in the additional presence of intra-
myocardial haemorrhage (Berry & Ibanez, 2022). Both are associated with
long term adverse effects such as pathological left ventricular remodelling
(de Waha et al., 2017). A recent analysis of clinical trials 2018-23 (Figure
4), has demonstrated mixed efficacy of treatment options for MVO. This
analysis has considered any positive MVO or NRF outcome, however very
few treatments demonstrated a combined improvement in infarct size, MVO
and long-term outcomes, which Heusch identifies as an important future
aim (Heusch, 2019). One such exception is the drug Nicorandil, which has
demonstrated improvements across multiple categories in the recent
CHANGE trial (Qian et al., 2022). Nicorandil is clinically safe and would
need to only be re-fashioned from its current purpose as an anti-anginal
drug. Despite this, Nicorandil is a vasodilator and there is only limited
evidence in preclinical studies for its anti-inflammatory mechanisms of

action (Su et al., 2018) .

Rho kinase inhibitors (ROCKIi) as vasodilators, have received little
consideration in acute coronary MVO, yet they have been considered as

therapeutic in cerebral vasospasm secondary to sub-arachnoid
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haemorrhage (Tanaka et al., 2005) and cerebral infarction (Lee et al., 2014).
ROCK:I are versatile drugs with potential actions in vasodilation (Otsuka et
al., 2008), inflammation (H. Liu et al., 2022), and reduction of atheroma
(Matsumoto et al., 2013). The role of rho kinase in the heart and coronary

circulation, will be considered next.
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1.3 THE ROLE OF RHO KINASE IN THE HEART

i) Introduction

Rho kinase (ROCK) is an important intracellular protein kinase
(serine/threonine), with a molecular weight of 160kDa. Since ROCK was
discovered over twenty years ago, more is understood of its wide range of
actions within different cell types (Loirand et al., 2006), (Nakagawa et al.,
1996), (Shimokawa et al., 2016), (Riento & Ridley, 2003). ROCK is an
effector of multiple cellular signalling processes, including VSMC
contraction, actin filament assembly, (and assembly of the cytoskeleton),
nitric oxide metabolism (via eNOS) (Shimokawa & Rashid, 2007) and
apoptosis (Shi et al., 2011) . It is an integral component of homeostasis at
the vascular endothelial/VSMC junction (Alvarez-Santos et al., 2020), and
has over 30 different downstream substrates (Loirand, 2015). ROCK is
activated upstream, by the small G protein coupled molecule RhoA
(Nakagawa et al., 1996), in a self-regulating process involving conversion
of GDP to GTP by GTPase (Loirand et al., 2006). ROCK can also be
activated directly by LPS (arachidonic acid), and by a self-regulating
mechanism involving auto phosphorylation (Loirand, 2015), (Noma et al.,

2006).

The RhoA/ROCK pathway is stimulated by VSMC agonists, including
angiotensin Il (ATIl), 5-HT, endothelin-1 (ET-1), and norepinephrine (NE)
(Shimokawa et al., 2016). Activation of G-protein coupled receptors by

these agonists leads to VSMC contraction and calcium sensitisation (Wang
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etal., 2009). ROCK plays a role within the endothelium in mechano-sensing
of turbulent flow, and coupling changes to NO metabolism, (ROCK inhibits
eNOS and reduces available NO). It may also have a role in endothelial
insulin receptor signalling and promoting inflammatory pathways

(Shimokawa et al., 2016).

Due to its wide range of downstream functions, ROCK is pathological in
many cardiovascular disorders including ischaemic heart disease (IHD)
(Huang et al., 2018a), atherosclerosis (Matsumoto et al., 2004), atrial
fibrillation (Chen et al., 2018), heart failure (Do e et al., 2013), (Ocaranza et
al., 2011), hypertension (Tsai et al., 2017), vasospastic angina (Masumoto
et al., 2002) and pulmonary hypertension (Loirand et al., 2006). In the last
few years, it has also been recognised as a contributor of inflammation in
non-cardiac disorders such as graft vs host disease, (a multi-organ
complication of bone marrow transplant) (Cutler et al., 2021). There are two
isoforms of ROCK: ROCK1 and ROCK2. These isoforms share a 92%
genetic identity (Shi et al., 2011) and are located on chromosome 18 and 2

respectively (Loirand et al., 2006).

As ROCK2 resides within the cell cytoplasm, this was the first isoform to be
discovered, whereas ROCK1 is thought to be located closer to the
endothelial cell layer (Loirand, 2015). Few isoform-specific substrates have
been identified; therefore, it is challenging to separate activity of ROCK1
from ROCK2 entirely. Moreover, documentation of isoform specific ROCK
expression is variable in the literature (Hartmann et al., 2015). ROCK2 is

the predominant isoform in the heart, and VSMC, whereas ROCK1 is
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expressed the liver, lungs, spleen, and immune cells (Loirand, 2015).
ROCK?2 -/- deficient mice do not survive, and ROCK1 -/- deficient mice are
born with eyelids open (Loirand et al., 2006). Heterozygous ROCK1 or
ROCK2 mice can be used to investigate isoform specific effects, as can
ROCK inhibitors (ROCKi), which have been in development since the
1990’s and were first pioneered in the treatment of post sub-arachnoid
haemorrhage vasospasm and glaucoma (Noma et al., 2006). There are
now over 170 available ROCKi on the market, all with varying potency and
selectivity for ROCK1/2. The following sections will consider in further
detail, the role of ROCK in VSMC contraction, and cardiovascular disorders

relevant to ischaemia- reperfusion.

i) ROCK regulates VSMC contraction

VSMC contraction is a complex process which is governed by multiple
pathways, all converging to promote the phosphorylation of myosin light
chain kinase (MLC20), actin polymerisation and vascular contraction
(Touyz et al., 2018). It is an agonist mediated process, which is also under
neurohumoral control (Touyz et al., 2018). Firstly, an increase in Ca2+ ion
concentration activates calcium dependent pathways such as the calcium-
calmodulin complex, and G-protein coupled receptor (GQ11) increases in
IP3 and protein kinase C (PKC). Ca2+-calmodulin activates myosin light
chain kinase (MLCK), an enzyme which encourages the phosphorylation of
MLC20 and subsequent contraction. Simultaneously, there is a calcium

independent pathway of VSMC contraction which is regulated by ROCK
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(Wettschureck & Offermanns, 2002). Like the calcium dependent pathway,
this is stimulated by the agonists angiotensin Il (ATIl), 5-HT, endothelin-1
(ET-1), thromboxane A2, (TXAZ2) and norepinephrine (NE), via the small G-
protein coupled molecule (G12/13), RhoA (Shimokawa et al., 2016).
Activated ROCK, induces VSMC contraction via the phosphorylation of
myosin light chain kinase (MLC) and the inhibition of myosin light chain
phosphatase, (MLCP) (Figure 5). ROCK inhibits MLCP by interrupting the
usual binding of this protein to MLC20 (Touyz et al., 2018). Two intermediary
proteins are also able to regulate the ROCK/MLCP pathway including ZIPK
and CPII7 (Hartmann et al., 2015). MLCP activity is regulated at the myosin
binding sub-unit ‘MYPT1’, which contains ROCK specific binding sites such
as Ser507/Thr853 (Alvarez-Santos et al., 2020), whereas MLC is also
phosphorylated by other protein kinases and is not ROCK specific (Alvarez-
Santos et al., 2020). For this reason, MYPT1 is most often relied upon as
a measure of downstream ROCK activity, but even this is not completely

exclusive to ROCK (Loirand, 2015).

As part of in vitro investigations, Wang et al suggested that ROCK2 is the
most important isoform in VSMC contraction (Wang et al., 2009). It was
proposed that whilst both isoforms initiate contraction, only ROCK2 binds
to MYPT1 directly (Wang et al., 2009). Similarly, endothelin-1 dependent
constriction of murine mesenteric arteries has been shown to be ROCK2
dependent, and can be inhibited by the selective ROCK2 inhibitor, KD025
(Bjorling et al., 2018). In the same study, a greater expression of ROCK2 in

mesenteric arteries was noted with advancing age, leading to the authors
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to conclude that disorders such as chronic hypertension may be mediated
by the ROCK2 isoform, over ROCK1 (Bjorling et al., 2018). Loirand et al
state that ROCK must be upregulated for ROCKi to have blood pressure
lowering effects, i.e. they are ineffective in absence of disease pathology
(Loirand, 2015). The ROCK pathway of VSMC may be more pronounced
in those with vascular disease, due to an increase in abnormal G-proteins
or ‘GEFs.” This occurs secondary to an increase in sodium concentration
and chronic secretion of ATIl (Kawarazaki & Fujita, 2021). In this setting
Rho dependent vasoconstriction is especially associated with activity of
G12/13, rather than Gg11 (Kawarazaki & Fujita, 2021) Conversely, patients
with Gittleman’s disease, (salt-wasting) have deficient amounts of ROCK,
which leads to normotension in the presence of persistently high ATII levels
(Kawarazaki & Fujita, 2021), (Calo et al., 2005). The significant role of
ROCK in VSMC contraction and calcium sensitization has led to much
interest in its role in hypertension and arterial remodelling. This research is
relevant to the coronary circulation as many patients with ischaemic heart

disease, have undergone vascular remodelling secondary to hypertension.

iii) ROCK and endothelial barrier function

ROCK is a major regulator of eNOS metabolism and reduces production of
NO by endothelial cells (Noma et al., 2006). ROCK inhibitors therefore
encourage vasodilation two-fold; firstly, via reducing VSMC contraction, and
by increasing the production of AKT and NO (Shimokawa & Rashid, 2007).

The effects of activated ROCK on endothelial membrane permeability, may
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be relevant to NRF and the development of IMH (Figure 2). The control of
endothelial membrane permeability is complex, and endothelial cells are
initially resistant to damage during the ischaemia phase of I/R (Hausenloy,
Chilian, et al., 2019). During reperfusion, cytokines and changes to calcium
homeostasis cause the endothelium to become activated and adhesion
molecules to appear, (ICAM1). Some of the protective function of the
glycocalyx is lost, and gap junctions emerge, increasing membrane
permeability and facilitating capillary haemorrhage (Hausenloy, Chilian, et
al., 2019), (Heusch, 2019), (Hubert et al., 2020). Other inflammatory
molecules such as VEGF, MPO and endothelial NLRP3 also contribute to

changes in permeability (Hausenloy, Chilian, et al., 2019).

Several studies have implicated ROCK in increasing endothelial membrane
permeability, in different diseases (Huang et al., 2011), (Lee et al., 2020).
The mechanisms by which ROCK enhances permeability, are not well
understood, however VSMC contraction may prompt the development of
gap junctions by the movement of F-actin fibres (van Nieuw Amerongen et
al., 2007) (Figure 5). Others have postulated that ROCK interacts with VE-
cadherin molecules and occludins to directly facilitate an increase in
permeability (Grothaus et al., 2018). Despite these sources suggesting that
ROCK is deleterious to endothelial membrane function, a small amount of
basal ROCK activity is required to maintain homeostasis (Loirand, 2015).
Further research is needed to investigate the role of ROCK in

coronary/microvascular barrier function.
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Figure 5_Agonist induced pathway of ROCK dependent VSMC
contraction. G proteins activate RhoA, which activates ROCK. ROCK
inhibits MLCP and so promotes the phosphorylated form of MLC,
leading to contraction. This pathway is distinct to the calcium dependent
pathway of VSMC contraction and so provides calcium sensitisation.
Movement of F-actin fibres during VSMC results in the development of
GAP junctions and increases endothelial barrier permeability. ROCK
inhibits eNOS and reduces the amount of available NO. Original
drawing based on the concepts from (Kawarazaki & Fujita, 2021),
(Touyz et al., 2018), (Shimokawa et al., 2016)
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iv) ROCK inhibitors in studies of Cardioprotection

Many new ROCK inhibitors (ROCKi) have entered the clinical arena since
Fasudil (isoquinolone derivative, HA-1077) was discovered in 1995 (Feng
et al,, 2016). ROCKi were first licenced for the treatment of cerebral
vasospasm (Satoh et al., 2014), but now have applications in the treatment
of glaucoma, asthma, cancer, kidney disease, pulmonary fibrosis and
degenerative neurological conditions (Feng et al., 2016), (Knipe et al.,
2015), (Loirand et al., 2006), (Shimokawa & Rashid, 2007). Fasudil is the
most tested ROCK:i in preclinical studies. The drug is readily accessible, but
is associated with a greater systemic side-effects, (such as hypotension)
compared to other newer ROCKIi (Feng et al., 2016). For this reason, the
therapeutic window of Fasudil is narrow, unless the drug is applied topically,
or is chemically modified so that its active metabolites do not remain in the
systemic circulation, (‘soft-ROCK’) inhibition (Defert & Boland, 2017).
Substitution with hydroxyfasudil, the active metabolite of Fasudil, may
minimise any unwanted off-target effects (Shimokawa & Rashid, 2007)
However, both compounds still have affinity for other protein kinases such
as protein kinase C (PKC). Fasudil is also known to have a calcium channel

blocking effect (Liu et al., 2020).

Selective ROCK2 inhibitors, such as KD025, (SLX-2119) appear promising
in the treatment of non-cardiac disorders such as psoriasis (Yoon et al.,

2020), (Zanin-Zhorov et al., 2017) and GVHD (Cutler et al., 2021). KD025
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has 200-fold higher selectivity toward ROCK2 (ICso 105 nmol/L) compared

with ROCK1 (ICso 24 umol/L). (Lee et al., 2014) .

In human studies, ROCKi have been tested in cardiovascular disorders
such as vasospastic angina (Masumoto et al., 2002), (Shimokawa et al.,
2002), PCI induced coronary injury (Kikuchi et al., 2019) and ischaemic
stroke (Shibuya et al., 2005). A small retrospective study, n=36 using
Fasudil in the treatment of reduced coronary flow post PCI, (including
routine procedures) was promising, however significant hypotension
complicated a proportion of cases, and patients required inotropic support
(Kikuchi et al., 2019). Trial participants were treated with intra-coronary
Fasudil where slow-flow/no-reflow was resistant to initial intra-coronary
nitrate administration. The most common aetiology observed was micro-
emboli (69%), followed by vessel spasm (22%) and iatrogenic coronary
dissection (8%). Fasudil significantly improved TMI flow in treated patients,
(p<0.05) (Kikuchi et al., 2019). To date, no other clinical studies have

investigated ROCK:i in the specific management of STEMI related MVO.

Huang et al (Huang et al., 2018a), provide a comprehensive meta-analysis
of 19 pre-clinical studies of myocardial I/R, where the ROCKi Fasudil has
been used as a therapeutic intervention (n=400). With respect to this
analysis, Fasudil treated animals showed reduced infarct size (IS%),
improved LV function, a reduction in troponin levels and improved survival
(p<0.05). Mechanisms of cardioprotection discussed were coronary
vasodilation mediated by increased levels of NO, attenuation of apoptosis

(caspase 3 mediated) and a reduction in oxidative stress (OS) associated
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compounds (Huang et al., 2018a). Fasudil at doses of 10mg/kg was most
frequently used, both in vivo and ex vivo. Further to this meta-analysis
(Huang et al., 2018a), another study investigated Fasudil, (3-10mg/kg) in a
rodent model of chronic myocardial infarction (Zhou & Ma, 2020). The
ROCK inhibitor Fasudil was administered for 4-weeks prior to the induction
of I/R, and outcomes were measured 4-weeks following myocardial
ischaemia. There was a significant increase in ROCK1 & 2 expression
reported, (by real-time PCR) and ROCK activity, (measured using levels of
P-MYPT1) was increased in control animals. In the Fasudil treated group,
there was a significant reduction in 1S%, improved left ventricular ejection
fraction (LVEF%), reduced levels of SOD1/2, (superoxide dismutase),

caspase-3 and caspase 9, (apoptosis) (Zhou & Ma, 2020).

Similarly, Y-27632 (a potent ROCK1/2 inhibitor) significantly attenuated
myocardial I/R in male Wistar rats, following LAD ligation and reperfusion
for 5 days (Dong et al., 2019). Treatment with Y-27632 (5mg/kg)
significantly reduced IS%, improved ST-segment elevation, and diminished
levels of the pro-inflammatory cytokines (IL-6, TNF-aand IL-1B) (p<0.05). In
control animals, I/R significantly increased myocardial expression of RhoA
and ROCK1 from baseline, (which was attenuated by prolonged treatment
with Y27632). I/R also increased phosphorylation of ERK 1/2 which is
associated with ROCK activity (Dong et al., 2019; Feng et al., 2016). In
animal studies of cardioprotection to date, ROCK1/ROCK2 inhibitors have
been investigated, however, KD025, (a ROCKZ2i) has not been evaluated in
myocardial I/R, although it has been investigated in cerebral I/R (Lee et al.,

2014). KD025 significantly reduced cerebral infarct volume in mice, (pre-
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treated PO 2 -days, 100-300mg/kg). Effects were sustained for 6hrs after
I/R, suggesting that there was a large therapeutic window. Moreover,

KD025 was well haemodynamically tolerated (Lee et al., 2014).

In vascular models, Yada et al (Yada et al., 2005) were amongst the first to
demonstrate that hydroxyfasudil significantly attenuates 5-HT induced
constriction of epicardial coronary and resistance vessels, in canines.
Administration of hydroxyfasudil significantly improved coronary and
microvascular blood flow in a dose dependent manner, (p<0.05) (Yada et
al., 2005). In pre-clinical studies, ROCKIi have also been studied in vascular
models of in-stent restenosis and neo-intimal formation (Hsiao et al., 2016).
Fasudil at doses 30mg/day significantly reduced in-stent restenosis of the
carotid artery, following balloon angioplasty in a porcine model (Hsiao et al.,
2016). Statins, (HMG-CoA reductase inhibitors) are understood to act
synergistically with ROCK:i to inhibit RhoA/ROCK activation and reduce the
development of atherosclerosis (Matsumoto et al., 2013), (Rikitake & Liao,
2005). ROCKi demonstrate a multitude of vascular protective actions
including vasodilatation, angiogenesis, reduced in-stent
restenosis/atheroma formation and reduced vascular inflammation (Hsiao

etal., 2016), (Shimokawa & Rashid, 2007), (Yada et al., 2005).

91



V) Summary - Is ROCK inhibition a potential target for coronary no
reflow?

In summary the role of ROCK is well established in the heart, especially
with regards to VSMC and hypertension (Noma et al., 2006), (Shimokawa
et al., 2016). Moreover, the non-selective ROCKi Fasudil, has been well
researched in preclinical studies of ischaemia/reperfusion (with regards to
myocardial protection) (Huang et al., 2018a). Fasudil however, is a low
potency drug with a side-effect profile that may not be desirable in STEMI
patients (Kikuchi et al., 2019). Whilst Fasudil is protective in animal models,
there have been no largescale clinical trials of ROCK inhibitors during
STEMI. The theoretical benefits of this might be a combination of
vasodilation, and reduction in inflammation and apoptosis, which may be of
benefit in the NRF phenomenon. NRF is mentioned here, and not MVO, as
ROCKIi may have the potential to mediate both processes on this continuum

of vascular injury.

Selective ROCK2 inhibitors are newer drugs and have shown better side
effect profiles in complex patients such as those with GVHD (Cutler et al.,
2021). As ROCK?2 is implicated in VSMC contraction (Wang et al., 2009)
then ROCK2 specific inhibiton may be a novel future target in

cardiovascular protection.
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CHAPTER 2: GENERAL HYPOTHESES

The research that is undertaken is based upon the following hypotheses:

Each chapter that follows outlines individual experimental objectives: -

1. ROCK 1/2 isoforms are expressed in rat myocardium and coronary

circulation

2. VSMC agonists such as ET-1 will induce vasoconstriction of rat aortic

rings

3. ROCK inhibitors including selective ROCK2 inhibitors will alleviate

agonist mediated arterial vasoconstriction (e.g. PE, ET-1)

4. Asvasospasm is a known feature of myocardial I/R injury and no reflow,

selective ROCK2 inhibitors will be cardioprotective with respect to i)

Infarct size% and ii) MVO%
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CHAPTER 3: ROCK2 mRNA IS EXPRESSED IN HEALTHY RAT HEART &
CORONARY VASCULATURE

3.1: BACKGROUND

i) Introduction

The two main ROCK isoforms, (ROCK1 and ROCK2) were first identified in
1996, following original research by Nakagawa et al (Nakagawa et al.,
1996). Prior to this, there was much uncertainty surrounding different ROCK
forms and downstream substrates. The above investigators performed
experiments using a human platelet probe for ROCK (human P160) to
screen mouse DNA libraries for different genetic sequences (Nakagawa et
al., 1996). Review articles which describe ROCK expression as ‘ubiquitous’
(Loirand et al., 2006), (Shimokawa & Rashid, 2007) are sourcing the work
of this original paper (Nakagawa et al., 1996). Where ROCK1 was identified
as abundantly expressed in all tissues studied, ROCK2 was found to be
expressed more specifically in the brain, heart, lung, skeletal muscle, and
placenta. ROCK2 was not noted to be highly expressed in liver or kidney
(Nakagawa et al., 1996). Most of the literature refers to ROCK1 and ROCK2
as ‘isoforms’ of rho kinase (Loirand, 2015), (Shimokawa et al., 2016). They
are protein isoforms in a functional sense, but not strictly genetic isoforms,
as they reside at different loci (homologs) (Julian & Olson, 2014). Since the
original Nakagawa work (Nakagawa et al., 1996), there have been very few
studies of ROCK expression in healthy hearts and vasculature, despite
much interest regarding the role of ROCK in the cardiovascular system and
improving genetic techniques (Lu & Thum, 2019).
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i) ROCK1/2 molecular structure

Figure 6 demonstrates the similarities in the genetic structure of ROCK1
(Ch18) and ROCK2 (Ch2). The ROCK molecule is made up of three main
regions including a kinase domain (N-terminal responsible for catalytic
activity), a coiled-coiled domain (containing the rho binding domain for
RhoGTP) and a cysteine rich domain (which may be involved in a kinase
autoinhibitory loop) (Loirand, 2015). The isoforms are 90% homologous at
the kinase binding domain and share an overall 65% genetic identity
(Loirand, 2015). Most diversity exists at the cysteine rich domain
(containing pleckstrin homology) (Julian & Olson, 2014). The kinase binding
domain bares most similarity to other kinases such as those regulated by
CD42 (and not RhoA) i.e. myotonic dystrophy related kinase (MRCK)
(Julian & Olson, 2014). Chapter 1 has discussed the agonist-based
activation of ROCK, including direct activation by LPS (Loirand, 2015), and

by RhoA and RhoC at the Rho binding domain (Julian & Olson, 2014).

ROCK1 is activated via an additional auto-regulatory mechanism by
cleavage of the C-terminal (caspase-3 mediated), and similarly for ROCK2
via granzyme B (Matoba et al., 2020). This occurs in relation to apoptosis,
as activation results in uncontrolled VSMC contraction, and contraction of
the cytoskeleton, which enables formation of cellular blebs and apoptotic
bodies (rho independent mechanism) (Loirand, 2015), (Julian & Olson,
2014). RhoE is another small GTP binding molecule which can deactivate
ROCK1 in the kinase binding domain and reduce stress fibre assembly
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(Julian & Olson, 2014). There are therefore multiple mechanisms involved
in the autoregulation of ROCK1 and ROCK2, some common to both
proteins and others, more

isoform specific (Loirand, 2015).

Figure 6The molecular structure of ROCK1 and ROCKZ2 which share a
65% overall identity. ROCK1 resides on Ch18 whereas ROCKZ2 is found
on Ch2. KD — kinase domain, C-C — coiled coiled domain, RBD — rho
binding domain, PH — pleckstrin homology on the cysteine rich domain.
Original image based on illustrations of ROCK isoforms from (Loirand,
2015), (Koch et al., 2018)
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iiij ROCK1/2 isoform expression in studies of the heart

Several studies have examined ROCK1/2 protein expression in diabetic
hearts using immunohistochemistry (IHC) and Western Blotting techniques
(Pearson et al., 2013), (Waddingham et al., 2015). Both Pearson et al, and
Waddington et al demonstrated only modest ROCK1/2 protein expression
using IHC in control rat hearts. Although non-significant, there was a trend
to greater ROCK2 protein expression at baseline in control animals
(compared to ROCK1). In both studies, there were no significant differences
in ROCK1 vs ROCK2 protein expression in diabetic animals, however a
trend towards greater ROCK2 protein expression was observed (Pearson
et al., 2013), (Waddingham et al., 2015). In addition, Wang et al
demonstrated that both ROCK1&2 proteins are expressed in rat aortic
VSMC, as part of a pivotal paper which concluded that ROCK2 is the most
important isoform in VSMC contraction (Wang et al., 2009). The pathway in
which ROCK2 binds to MYPT1 to phosphorylate MLC20, has been

discussed in section 1.3.

Such is the importance of ROCK2 in the vasculature, that pathological
polymorphisms have now been identified, such as those associated with
aortic stiffening (Liao et al., 2015). Similarly, the ROCK2 isoform has been
detected in vitro, in cultured coronary microvascular endothelial cells
(CMECs) (Tiftik et al., 2008). In the latter experiments, CMEC cells were
isolated and cultured from rat hearts perfused with Langendorff apparatus.

Western blot analyses were performed to demonstrate a change in ROCK2
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protein expression after 16 hours incubation with thrombin (agonist

mediated pathway) (Tiftik et al., 2008).

It is important to distinguish between ROCK expression (mRNA or protein),
and ROCK activity. Recent studies have detected significant changes to
gene expression in the first 24 hours after myocardial infarction (Li et al.,
2019) However, persistent upregulation of ROCK activity, can lead to
eventual changes in gene transcription over time, and therefore changes to
ROCK mRNA and protein expression. ROCK activity is best assessed by
measuring changes to the phosphorylation of the proteins involved in
downstream VSMC contraction such as MLC, MLCP and MYPT1 .However,
in practice it is difficult to distinguish ROCK1 activity from ROCK2 activity,
since both isoforms either directly or indirectly lead to phosphorylation of
MLC20 (Loirand, 2015). Due to these complexities, most modern
investigations have favoured haplosufficient genetic models to measure
functional parameters in disease e.g., ROCK2 specific changes in

pulmonary hypertension (Knipe et al., 2018).

In their paper demonstrating ROCK homology and function, Julian et al also
describe the tissue specific expression of ROCK1/2, as defined by results
from the TIGER database (tissue specific gene expression and regulation)
(Julian & Olson, 2014). The TIGER database is a resource compiled by
investigators at John Hopkins, first described in 2008, detailing human
tissue specific profiles for >20,000 genes (Liu et al., 2008). An analysis of
this database demonstrated a greater concentration of ROCK2 expression

in the heart compared to ROCKH1, this was also the case in brain tissue
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(Julian & Olson, 2014). Since the early 2000’s there have been advances
in genetic techniques, and new single cell sequencing (ScRNA-seq)
methods are considered the most accurate way of assessing gene

expression in various cell types. These will be discussed below.

IV) ROCK1/2 expression in cardiovascular single cell sequencing
databases (scRNA-seq)

RNA sequencing techniques (scRNA-seq) and proteomics have become
novel techniques in enhancing the understanding of cardiac cell types in
health and disease (Lu & Thum, 2019), (Miranda et al., 2023). There are
now multiple databases containing results from scRNA-seq investigations
in both human and animal hearts, which can be interrogated for any gene
of choice (Tucker et al., 2020), (Chaffin et al., 2022). scRNA-seq is a
complex technique which involves the digestion of the target organ with
separation into its single cells/single cell nuclei components. Once single
cells are captured, they must undergo reverse transcription and
amplification to create RNA/DNA sequencing. These sequences are then
matched to genetic information and compiled onto a database for each cell
type (Paik et al., 2020). This is done on a large scale, with many databases
acquiring genetic information from over 500,000 cells (Chaffin et al., 2022).
As cardiomyocytes are relatively large compared to other cell types in the
heart, a sequencing technique isolating single cell nuclei is often used in

cardiac studies (snRNA-seq) (Paik et al., 2020).
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In a recent dataset of over 600,000 nuclei from both healthy and failing
human hearts, ROCK1 mRNA was expressed in 37% of normal hearts, and
ROCK2 mRNA in 40% of normal hearts (Chaffin et al., 2022). Another
database of post-natal mouse hearts demonstrated a greater number of
pericyte/VSMC cells expressing ROCK2 in control mice (58%) vs %
pericytes/VSMC cells from control mice expressing ROCK1 mRNA (50%)

(Figure 7) (Hu et al., 2018).

Chapter 1 has discussed the potential importance of pericytes in MVO and
the NRF phenomenon (O'Farrell et al., 2017). As ‘VSMC- like’ cells, it is not
surprising perhaps, that ROCK has been linked to pericyte activity in the
brain (Hartmann et al., 2021). In a study by Hartmann et al, pericyte
constriction of brain capillary networks was found to be slower and more
sustained, however this could be reversed by ROCK inhibition (Hartmann
et al., 2021). Due to embryonic similarities, it is technically very challenging
to differentiate pericytes from VSMC entirely (Sanjiv Kaul et al., 2023). In
the same dataset demonstrated by Figure 7, there were notably, a large
amount of lymphocytic endothelial cells expressing ROCK2 VS ROCK1 (Hu
et al., 2018). Other datasets demonstrate that adipocytes express a
substantial proportion of ROCK2 mRNA (Tucker et al., 2020). Single
development of these databases, ROCK2 has been closely associated with
adipogenesis (Wei et al., 2020) Whilst these techniques have provided
robust quantifiable background information on the ROCK1/2 isoforms in the

cells of the cardiovascular system, further studies are necessary to
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visualise the localisation of ROCK1 and ROCK2 in the coronary circulation,

and across different vessel types.

Figure 7. Dot plot from single nuclear RNA data base created by (Hu et
al., 2018), The above database was interrogated for P10 (control) mice,
(n=3, >12,000 nuclei) for ROCK1 and ROCK2 mRNAs across 14 cell
type clusters. ROCK2 is notably present in pericytes and VSMC, and
lymphocytic endothelial cells. ROCK1 is also present in pericytes and
VSMC. Accessed at
https.//singlecell.broadinstitute.org/single cell/study/SCP283.
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Following these observations, experiments were designed to further
investigate both ROCK protein and mRNA expression in rat hearts and
coronary circulation. A set of immunohistochemistry experiments were
devised to firstly, localise ROCK1/2 proteins to cardiac and coronary tissue,

before considering other more complex quantitative genetic techniques.
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3.2: ROCK1/2 PROTEIN LOCALISATION (IMMUNOHISTOCHEMISTRY)

i) Objectives

1. To develop an immunohistochemical staining technique for healthy rat

hearts

2. To investigate the localisation of ROCK1/2 proteins in rat myocardium

and coronary circulation

i) Methods

Unless otherwise stated, methods for IHC were adapted from the following
protocols (ABCAM), (Laboratories, 2022). With thanks to Miss Alice Baker

(BSc student) for her help with slide preparation.

Animals

Adult male SD rats (Charles-River Laboratories) 250-300g were obtained
from the central animal facility at University College London (UCL). Animal
handling protocols were followed in accordance with ASPA 1986 and the
UK Home Office. Experiments were conducted at the Hatter Cardiovascular
Institute, University College London. Anaesthesia was undertaken with 60
mg/kg sodium pentobarbitone via intraperitoneal injection and 1000
units/ml heparin for anti-coagulation. A thoracotomy was performed to
remove the heart under full surgical sedation, (confirmed by absence pedal

reflexes) and this was flushed thoroughly with a syringe of H20 to remove
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erythrocytes and blood components. n=4 animals were sacrificed for these

experiments.

Sectioning

Irrigated, whole heart samples were placed in 10% neutral buffered formalin
for 24hrs and then transferred to 70% ethanol solution. Samples were
immediately transferred to the Department of Neuro-histopathology at
Queen’s square, University College London, for paraffin fixation and
sectioning. Slides containing tissue sections (5uM thickness) were returned

to the Hatter Cardiovascular Institute.

Day one

Deparaffinization

Heart sections were rehydrated with xylene and decreasing concentrations

of ethanol according to the protocol in Table 2. |HC deparaffinisation

protocol, adapted from ABCAM guide to IHC-P(ABCAM), (25 minutes).
Care was taken to keep slides immersed in H20 prior to antigen retrieval, to

avoid the tissue drying out.

Antigen retrieval

Heat induced antigen retrieval was performed to break methylene bridges
and reveal antigenic binding sites. Sections were immersed in sodium
citrate buffer (10mM, 0.05% tween 20, pH 6.0), and placed in an 850W
scientific microwave on high heat for 3 minutes to achieve a temperature of
95°C. This temperature was maintained for a further 15 minutes on a
low/medium heat setting. Temperature was measured with a thermometer

at regular intervals to ensure it did not exceed this target.
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Table 2. IHC deparaffinisation protocol, adapted from ABCAM guide to
IHC-P(ABCAM)

i) Xylene 6 minutes

i) Xylene: 100% 3 minutes
Ethanol

iii)  100% Ethanol 6 minutes

iv) 70% Ethanol 3 minutes

V) 50% Ethanol 3 minutes

vi) Tap H20 4 minutes

Immunohistochemical staining

Immunohistochemical staining was conducted with the VECTASTAIN®
horseradish peroxidase ABC kit, (Vector laboratories) which uses an
avidin/biotin binding complex to bind to an appropriate primary antibody.
The VECTASTAIN® kit uses horseradish peroxidase (HRP) for further
staining and DAB chromogen (3,3’-Di amino benzidine) to produce a brown
pigment in target antigen regions. Sections were quenched with 3%
hydrogen peroxide solution for 5 minutes at room temperature, to remove
endogenous peroxidase activity. Due to a high amount of background

staining in heart specimens, (

Figure 8. Optimisation of myocardial tissue sections for background staining

was required (panel A) when sections were incubated with 5 minutes of 3%

hydrogen peroxide. 30 minutes of 3% hydrogen peroxide improved

104



background staining but caused tissue damage (panel B). Panel C is a
negative control (DAB chromogen + haematoxylin only) quenched in
BLOXHALL® solution for 10 minutes, which effectively removed all
background staining. All images 10X magnification.) optimisation steps
were performed to evaluate different incubation periods for hydrogen
peroxide, (5-30 minutes). Background staining could not be abolished
without visible tissue detachment. Modifications were made to switch to a
‘BLOXHALL'© endogenous blocking solution (Vector Laboratories), which
is a dual peroxidase and phosphatase inactivator. In the final protocol,
samples were incubated in BLOXHALL® for 10 minutes, prior to primary

antibody application.

Slides were washed with PBS (10mM sodium phosphate, pH7.5, 0.9%
saline) for 5 minutes and then blocked in normal goat serum solution for 20
minutes, to prevent non-specific binding. This was prepared according to
the VectaStain© kit instructions as 3 drops, (150ul of normal serum) in
10mls of PBS buffer. Primary rabbit anti-ROCK1 and 2 antibodies, (ABCAM
97592 and 228000) and primary rabbit alpha smooth muscle actin (a-SMA)
antibodies (ABCAM 124964), were prepared according to manufacturer’s
instructions in normal goat serum. An optimisation panel was performed for
varying concentrations of ROCK1/2 primary antibodies, (1:500 — 1: 100)
(Figure 9). Final concentrations of 1:100 were used for all three primary

antibodies. Sections were incubated in primary antibody at 4% overnight.

Day two

The following day, slides were washed once with PBS for 5 minutes and

incubated for 30 minutes with diluted biotinylated secondary antibody. After
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a further 5-minute PBS wash, slides were incubated for 30 minutes with
prepared VECTASTAINO® Elite ABC Reagent. The PBS wash was repeated
and DAB chromogen, (ImmPACT® DAB substrate kit, Vector laboratories)
was applied for 4-minutes. Slides were rinsed in H20 for 5-minutes and
immersed in haematoxylin for 4 minutes, to counterstain the cell nuclei
purple. Dehydration protocol was performed in the reverse order to table.2
(i.e., steps vi-i) and slides were mounted with non -organic mounting media
and allowed to dry overnight. Finally, slides were visualised under the light

microscope.

For each animal, a negative control slide was included, (DAB chromogen
and counterstaining only). A second slide was stained only with secondary
antibody, DAB, and haematoxylin, to control for non-specific secondary
antibody binding. Anti- a smooth muscle actin antibody was used as a
positive marker of the tunica media layer of coronary vasculature, to enable
further localisation of ROCK isoforms to the coronary circulation. In these
set of experiments a separate primary antibody (not relevant to these
studies) was not utilised (Figure 9). However, this could be considered in

future work, as evidence of a primary antibody positive control.

iii) Results

a — Smooth muscle actin protein was expressed in the coronary vasculature
(Figure 10 panel B, C). Both ROCK1 and ROCK2 proteins were localised

to myocardium, however only ROCK2 protein was observed clearly in the

tunica media of coronary vasculature (Figure 11, panel D, E).
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Figure 8. Optimisation of myocardial tissue sections for background

staining was required (panel A) when sections were incubated with 5
minutes of 3% hydrogen peroxide. 30 minutes of 3% hydrogen peroxide
improved background staining but caused tissue damage (panel B).
Panel C is a negative control (DAB chromogen + haematoxylin only)
quenched in BLOXHALL® solution for 10 minutes, which effectively
removed all background staining. All images 10X magnification.

Figure 9. Antibody optimisation panel for three concentrations of
ROCK1 and 2 primary antibodies (1:500, 1:200, 1:100). Antibodies
were diluted accordingly in normal goat serum. Left to right: - Control
panel (C) was stained with secondary antibody and DAB chromogen
only, R1 — ROCK1 1:500, 1:200, 1:100, R2 — ROCK2 1:500, 1:200,
1:100.
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Figure 10-_a-SMA expression in rat myocardium and coronary
vasculature. Left to right, panel A is a primary antibody control at 20X
magnification (secondary antibody, DAB chromogen and haematoxylin
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applied). Panel B (10X), and panel C (40X) demonstrate coronary
vessel tunica media (VSMC layer) stained with a-SMA antibody. V —
vessel.

IV) Conclusions

In this initial set of qualitative experiments, the ROCK1 isoform protein was
localised to healthy rat myocardium, but not the coronary vasculature,

whereas the ROCK2 isoform protein was clearly localised to both healthy

rat myocardium and the coronary vasculature. A more detailed and

quantifiable, method of ROCK1/2 expression was next sought. An
RNAscope®© assay was selected to investigate ROCK1 and ROCK2 mRNA

expression in healthy heart tissue.
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Figure 11- ROCK1 &2 protein expression in rat myocardium and coronary vasculature. Left to right, panel A (10X) demonstrates
a section stained with ROCK1 1:100 and is a view of myocardium. Panel B (20X) is also stained with ROCK1 1:100, and
demonstrates a larger vessel seen in cross section with no visible ROCK1 staining. Below: - Panel C (20X) shows a section

stained with ROCKZ2 1:100 and is a view of myocardium, panel D (20X) demonstrates a vessel in cross section and is stained
with ROCK2 1:100.
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3.3: ROCK1/2 mRNA EXPRESSION (RNAscope®© assay)

i) Objectives

1. To use an RNAscope®© technique to visualise ROCK1/2 mRNA
expression in healthy rat hearts and coronary vasculature
2. To quantify ROCK1, ROCK2 mRNA expression within the coronary

vasculature using a quantifiable method of mMRNA detection

i) Methods

All methods for the RNAscope®© assay were obtained from ACD Bio (Bio,
2022), unless otherwise specified. Many thanks to Dr Alhanoof Almalki for her
practical advice regarding this technique. Animal sacrifice and preparation
were as detailed in section 3.2. All reagents were supplied by ACD Bio unless
otherwise stated. Paraffin embedded whole heart 5 uM sections from 3.2b)

were used for these experiments (n=4).

Probe design

The target mMRNAs were identified as ROCK1, ROCK2 and Transgelin
(TAGLN or SM22a), which is a marker of differentiated VSMCs. Target probes
were designed by the genetics team at ACD Bio, with accompanying control
probes for cardiac and vascular tissue. Probes were designed carefully to not

cross detect each ROCK isoform.
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RNAscope © fluorescent multiplex assay

The RNAscope multiplex fluorescent assay is a novel technique which uses
an in-situ method of hybridization (ISH) to visualise multiple RNA targets in the
same sample. Specialised gene specific probes are designed to target
MRNAs of interest. Probes are hybridized to their target mMRNAs, and this
genetic sequence is then amplified and assigned to one of three channels
(C1,2,3). Different fluorophores are assigned to each channel, creating a

distinct fluorescent signal which is visible under the confocal microscope.

It can be considered that using the above assay provides an unbiased
approach to mRNA quantification, as it relies less heavily on user

interpretation of transcripts.

Day one

Deparaffinization

Slides were carefully placed in a rack and baked in a dry oven for a period of
1 hour, to preheat. Deparaffinization was performed with serial agitations of
xylene (200mls for 5 minutes x2) followed by 100% alcohol (200mis for 2
minutes x2). Care was taken not to fully submerge samples in solution and
damage mRNA. Slides were carefully removed from the rack and allowed to

air dry on absorbent paper.

Quenching

Dry, deparaffinized slides were quenched with 5-8 drops of RNAscope®©

hydrogen peroxide solution and incubated at room temperature for 10
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minutes. Quenching removes background staining and endogenous

peroxidase activity.

Target retrieval

A method of manual target retrieval was performed to reveal RNA binding sites
(Figure 12). 300mls of RNAscope®© target retrieval reagent was prepared by
adding 30mls of 10x target retrieval reagent to 270mls of distilled water. This
was added to a beaker covered with tin foil, and mixed and heated on a hot
plate to 95°C. The slide rack was slowly submerged into the beaker and left
for 15 minutes (standard protocol). Care was taken to ensure that the solution
did not exceed 95°, nor overboil. After 15 minutes slides were transferred to
distilled water and agitated for 2 minutes. Finally, samples were washed in
100% alcohol for 2 minutes and allowed to dry fully at room temperature. A
hydrophobic pen was used to carefully trace around the tissue, to form a

hydrophobic barrier. Specimens were left overnight at room temperature.

Day 2

Protease plus application

At the beginning of day 2, the dry oven was turned on to 40 degrees to preheat
RNA probes and reagents for the upcoming RNAscope© assay. A protease
plus solution was applied to each slide to cover each section. Slides were then
placed facing upwards into a hybridization oven at 40°C for 30 minutes

(standard protocol).
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Figure 12: - Apparatus used during manual target retrieval for

RNAscope technique

Thermometer

Beaker containing target
retrieval agent heated to 95°C

v

Hot plate

RNAscope®© assay

Excess liquid was removed from slides and probe mix was applied to fully
cover each heart section. For n=1, a total of four slides were used, including
one slide for positive and negative control probes, and two slides each
containing 3 target probes, (ROCK1, ROCK2 and Transgelin (TAGLN, VSMC).
All target probes were prepared to a final concentration of 1:50. Channel 1
corresponded to ROCK1 probe, Channel 2 corresponded to TAGLN probe
(VSMC) and channel 3, to the ROCK2 probe. Positive and negative control
probes were prepared and applied separately to control slides. After applying
the probes, slides were inserted into the hybridization oven at 40° for 2 hours,
and then removed from the oven and washed in pre-prepared wash buffer, for
2 minutes at room temperature. The slides then underwent signal

amplification (Table 3). Sections were covered in amplification solution,
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washed in pre-prepared wash buffer, and then returned to the hybridization

oven. This process was repeated three times.

Fluorophore application

Fluorophores are fluorescent labels which are assigned to each hybridization
channel to produce a distinct excitation, emission wavelength and
corresponding fluorescent colour, when visualised under laser microscopy.
Opal®© dyes 520, 570 and 690 were purchased from Akoya Biosciences and
reconstituted in 75uL of DMSO according to manufacturer’s instructions,
(these solutions must be protected from the light to avoid decomposition).
Each fluorophore was applied to the slides individually following the addition
of a paired RNAscope®© multiplex fluorescent solution (HRP) to bind to the
amplified probe signals. This process was repeated for each channel

sequentially on the same slide (Table 4).

Counterstaining & DAPI

Excess liquid was removed from the slides and 4 drops of DAPI (6-diamidino2-
phenylindole) were added to each section to stain cell nuclei (30 seconds
incubation time). Slides were mounted with 1-2 drops of Prolong®© Gold
Antifade Mountant, and a glass coverslip was applied. Slides were stored in a

darkened room overnight to dry.
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Table 3 RNAscope Hybridization amplification steps

STEP SOLUTION INCUBATION
AMPLIFICATION 1 Amp1 30 min, 40°%
WASH 2x Wash buffer 2 min, room
temperature

AMPLIFICATION 2 Amp2 30 min, 40°%
WASH 2x Wash buffer 2 min, room
temperature

AMPLIFICATION 3 Amp3 15 min, 40°%
WASH 2x Wash buffer 2 min, room
temperature
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Table 4.Fluorophore application steps (multiplex protocol). C1— green,

C2 —red, C3 — clear (assigned purple)

STEP

SOLUTION

INCUBATION

HRP-C1

15 min, 40%

2x Wash buffer

2 min, room temperature

Opal dye 520

30 min, 40°

2x Wash buffer

2 min, room temperature

HRP BLOCKER

15 min, 40%

2x Wash buffer

2 min, room temperature

HRP-C2

15 min, 40°%

2x Wash buffer

2 min, room temperature

Opal dye 570

30 min, 40°

2x Wash buffer

2 min, room temperature

HRP BLOCKER

15 min, 40%

2x Wash buffer

2 min, room temperature

HRP-C3

15 min, 40%

2x Wash buffer

2 min, room temperature

Opal dye 690

30 min, 40°

2x Wash buffer

2 min, room temperature

HRP BLOCKER

15 min, 40°%

2x Wash buffer

2 min, room temperature
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Day 3

Confocal microscopy

Slides were imaged with the Leica© microsystems confocal microscope and
accompanying Leica© microsystems software. The confocal laser microscope
uses point to point scanning, and short wavelength continuous wave (CW)
lasers to create high-intensity excitation light and illuminate a sample stained
with fluorophores (Elliott, 2020). Lasers must be programmed to detect various
fluorophores which are recognisable by their specific excitation emissions
detailed by the fluorophore manufacturer. For example, Opal dye 520
produces a green colour, Opal dye 570 (red) and Opal dye 690 is clear. 690
was assigned a purple colour by Leica© microsystems software. Excitation

wavelengths were 494nm, 550nm and 676 nm, respectively.

Halo®© analysis (quantification method)

HALOQ® software (Indica labs) is an artificial intelligence (Al) platform used to
quantify gene expression and multiplex ISH, on a cell-to-cell basis. This
platform has been used in published RNAscope®© studies (Khatib et al., 2022)
to quantify fluorescently labelled RNA probes, by producing an automated ‘H+

score.” H+ score takes account of both the number of probes present per cell

(RNA transcripts) and the intensity of each signal. This model was not

previously set up at our laboratory and was installed with the help of Indica

labs, software tutorials and guided remote sessions.
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Channel assignment

Images were saved as individual channel files from Leica microsystems and
imported into the Halo software platform. Once opened in HALO®, single
channel images were fused together. For each sample of n=4, five different
fields of view were obtained for each analysis. Firstly, each individual image
was allocated four channels, corresponding to each probe of interest: - e.g.
turquoise (DAPI), green (ROCK1), purple (ROCK2) and red (VSMC)

(Figure 15).

Parameter setting (optimisation)

Prior to running an automated analysis, the assay must be validated by
screening 5 fields of view and performing an auto-tuning optimisation process
(Figure 13). This begins with a review of the sensitivity settings and minimum
intensity thresholds for the DAPI probe (cell nuclei). Cell detection parameters
utilized the HALO AI™ nuclear segmentation algorithm "Al Default’ for the
DAPI channel. Real time auto-tuning must be performed until HALO has
correctly identified all cell nuclei present, this is important as RNA counts are
analysed as a % of total cells. Next the auto-tuning process is performed for
each probe and individual channel. For these analyses, the default settings for
ROCK1/ROCK2 RNA minimum size and spot intensity thresholds were
adhered to. This ensures that any fluorescent pigmentation identified on the
screen corresponds correctly to one RNA transcript and that regions of
autofluorescence are not included in the analysis. Once the validation slides
have been completed then these settings are saved and applied to each

analysis (Figure 13).
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Figure 13.Image processing steps in HALO® software (L-R). The first image (L) demonstrates cell nuclei detection via DAPI

(turquoise). In the middle image, an autotuning window is open to optimise the detection of all ROCK1, ROCK2 and VSMC FISH
probes. The image on the right demonstrates the original fused image in the absence of DAPI channel and depicts a coronary
vessel in cross section (red) surrounding by myocardium containing ROCK1 (green) and ROCK?2 (purple), probes. Settings were
programmed to detect mRNA within the whole cell.
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Outputs and quantification methods

Running a Halo®© analysis produces multiple outputs including, total cell
count, total probe dot count (RNA transcripts), average dots per cell, %
positive cells for a single probe, % cells which are dual or triple probe
positive, and a quantifiable H+ score from 0-400 for each probe of interest.
There are two aspects in calculating the quantifiable H+ score. The first is
the programme’s ability to auto-detect signal intensity (based upon control
minimum signal intensity) and dot size (again based upon controls). When
these parameters have been standardised, Halo automatically counts RNA
transcripts per cell and places them into one of 5 bins (Table 5). This is
distinct from other semi quantifiable programmes, where the signal intensity
is not considered and is not automatically calculated. Results can therefore
be expressed as a standard semi-quantifiable score histogram or using the

more comprehensive full H+ score.

Table 5 - HALO® scoring protocol based on number RNA transcripts per
cell

BIN (SCORE) CRITERA

0+ No staining or <1 dot per 10
cells

1+ 1-3 dots per cell

2+ 4-9 dots per cell

3+ 10-15 dots per cell (<10%
clusters)

4+ >15 dots per cell (>10%
clusters)

All data was quantified according to ACD recommendations (Labs, 2022)
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iii)  Results - Qualitative analysis

Multiplex positive control probes confirmed the presence of detectable
MRNA. The negative control probe confirmed no significant false positive
staining or autofluorescence (Figure 14). On general inspection, the C2
probe (red, TAGLN) had successfully stained the tunica media of coronary
vasculature (Figure 15, Figure 16). Figure 15 demonstrates that when
ROCK1 and ROCK2 channels were viewed separately to DAPI and VSMC,
there appeared to be a greater concentration of ROCK2 (purple) within the
arterial vessel wall, compared to ROCK1 (green). Both ROCK2 and ROCK1

MRNA could be visualised in the myocardium.

Figure 14. RNA scope control panels. Panel A shows negative control slides

with dapB probe (universal negative). Panel B demonstrates triplex positive
control probes, (Polr2a — green, PPIB — red, UBC — purple). Image
magnification 40X.
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Figure 15. Single channel RNAscope analysis. Images were split across four channels, DAPI (turquoise), VSMC (red), ROCK1

(green) and ROCK?2 (purple). A smaller coronary vessel is shown in cross section, with adjacent capillary. Image magnification
40X.




Figure 16. RNAscope imaging of whole hearts and coronary vessels. Panel A is a view of a large coronary arterial vessel stained
for VSMC (red) and cell nuclei stained with DAPI (turquoise). Panel B shows the same field of view with visible ROCK1 (green)
and ROCK?2 (purple probes) present in the VSMC tunica media. The ROCK2 probe appears to have stained the tunica media
and the ROCK1 appears to have stained the endothelium. V — vessel lumen, M — myocardium. Magnification 40X.
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Quantitative analysis — whole hearts (n=4)

A quantitative analysis was performed, to measure ROCK1, and ROCK2
mMRNA in whole heart sections. 20 images were analysed in total (n=4, each
with 5 fields of view). % ROCK1 and % ROCK2 positive cells, and respective
H+ scores were compared using a paired student’s t-test (data passed
normal distribution testing) (Table 6 & Figure 17). There was greater
expression of ROCK2 vs ROCK1 mRNA in whole hearts as measured by
both % cells positive and Halo© H+ score, (p=0.0008, p=0.0032,

respectively.)

VSMC wall thickness (um) (n=4)

A second analysis was performed to measure the wall thickness of the
tunica media of the 18 coronary vessels seen across n=4 samples. Wall
thickness was measured to scale, using a ruler tool across the widest part
of the vessel wall (Figure 18a). Vessel wall thickness diameter ranged from
4-43um. Figure 18 below (panel A) is a single channel image which,
demonstrates one of the larger vessel's being measured to scale. The
greatest number of vessels measured had a wall thickness of <10um,
however panel B demonstrates that a range of coronary vessel sizes were

included in the analysis.
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Table 6— HALQO quantitative analysis of whole heart sections

CELLS MEAN

(% WHOLE +SEM

HEARTS) n=1 n=2 n=3 n=4
% ROCK1 48+-4
positive 45 55 51 39
% ROCK1 5344
0+ 55 45 49 51
% ROCK1 40+3
1+ 33 45 42 37
% ROCK1 712
2+ 10 7 8 2
% ROCK1 1+0
3+ 2 2 1 0
% ROCKA1 0x0
4+ 1* 0 0 0
ROCK1 H+ 61 68 61 40 5816
score
%ROCK2 93+-1
positive 94 94 91 91
%ROCK2 711
0+ 6 6 8 9
%ROCK2 255
1+ 9 31 32 29
%ROCK2 37+3
2+ 29 43 38 40
%ROCK2 1312
3+ 20 9 10 14
%ROCK2 1617
4+ 37 10 1" 8
ROCK2 H+ 185+1
score 272 187 184 183
%VSMC 1541
positive 14 17 17 13
VSMC H+ 41 54 54 35 46+5
score
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Figure 17.The frequency and distribution of ROCK1 and ROCKZ2 isoforms
in whole heart sections (panels A-D). Panel A compares % cells positive
for ROCK1 and ROCK2 (p=0.0008), panels B and C are histograms
demonstrating mRNA bin frequency in whole hearts. Panel D compares
final Halo H+ scores for ROCK1 and ROCK2 (p=0.0032).
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Figure 18:_An_analysis of coronary vessel wall thickness. Panel A demonstrates an arterial vessel, (red, TAGLN) measured by
VSMC wall thickness (um). Panel B: - a range of coronary vessels analysed from 4-43 (um).
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Co-expression of ROCK1/2 in VSMC

A sub-analysis was performed using VSMC areas only, depicted by
VSMC probe positivity (vessels were traced around freehand and then
automated analysis performed for these areas). There were a greater
number of ROCK2 positive VSMC compared to ROCK1 positive VSMC,
(p=0.03). The VSMC H+ score has a high SEM (Table 7, row 4), which
can be explained by the fact that different sized coronary vessels were
analysed in each field of view. To adjust for this, VSMC ROCK1 and
ROCK2 H+ scores were normalised as a % of the total VSMC H+ score,
for each field of view. VSMC ROCK2 H+ score was greater than VSMC
ROCK1 H+ score (p=0.03). This suggests that there is a greater
expression of ROCK2 mRNA in the tunica media of coronary vasculature,
compared to ROCK1 (Figure 19). There was a greater ROCK2:ROCK1
ratio (1.9) in whole hearts, compared to a ROCK2:ROCK1 ratio of 1.3 in
VSMC (p=0.04). Therefore, the relative proportion of ROCK1 was greater

in VSMC compared to whole hearts (Figure 19c).

iv)  Conclusions

This RNAscope analysis has demonstrated that both ROCK1 and
ROCK2 mRNAs are expressed in healthy rat heart tissue and coronary
vasculature VSMC. Both on qualitative inspection and quantitative
analysis of 20 images (n=4) using the Al program HALO®, it has been

demonstrated that there is greater expression of ROCK2 mRNA in both

whole heart sections and VSMCs compared to ROCK1.
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However, considering % cells positive, ROCK2:ROCK1 ratio is smaller in
VSMC compared to whole hearts, indicating that there is a greater relative

proportion of ROCK1 in VSMC compared to whole hearts.

Table 7— Co-expression of ROCK1/2 mRNA (as % of VSMC)

CELLS n=1 n=2 n=3 n=4 MEAN+SEM

% VSMC 74 61 76 88 755
ROCK1
positive

%VSMC 99 93 90 97 9412
ROCK2
positive
VSMC H+ 319 280 275 327 300+13
score

VSMC 32 28 40 51 3815
ROCK1
H+ score
(as %
VSMC H+
score)

VSMC 102 68 64 82 799
ROCK2
H+ score
(as %
VSMC H+
score)
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Figure 19- ROCK1,2 mRNA expression in VSMC. Panel A
demonstrates that there is a greater % of ROCK2 +ve VSMC compared
to ROCKT1 (p=0.03). Panel B— ROCKZ2 VSMC H+ score is greater than
ROCK1 VSMC H+ score (p=0.03). Panel C—- ROCK2:ROCK 1 ratio for
% cells positive, is greater in whole hearts than in VSMC (p=0.04).
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3.4 CHAPTER DISCUSSION

The findings that ROCK2 mRNA and protein are present in the heart and
coronary vasculature, are supported by previous studies (as detected by
Northern blotting and analysis of the TIGER genetic tissue database)
(Nakagawa et al., 1996), (Julian & Olson, 2014). Moreover, the latter
source as quoted by Julian et al, found that ROCK2 was increased
compared to ROCK1 in cardiac tissue, in similar proportions to these
results (Julian & Olson, 2014), (Liu et al., 2008). However, there appears
to greater variation of results when considering ROCK1/2 RNA
expression in the heart in SCRNA-Seq/SnRNA-Seq databases (Chaffin et
al., 2022), (Hu et al., 2018). In the study by Chaffin et al(Chaffin et al.,
2022) , ROCK isoform ratio appeared more balanced in human control
hearts, however this technique investigated nuclear RNA, whereas
ROCK2 mRNA may also reside in the cytoplasm, therefore potentially
underestimating total ROCK2 expression (Julian & Olson, 2014), (Chaffin

et al., 2022).

In a similar Sn-RNA-Seq study of murine hearts, a greater % of
VSMC/Pericytes were found to express ROCK2 compared to ROCK1
(Figure 7) therefore it is likely that there is species dependent variation
(Hu et al., 2018). The marker of VSMC for this work was TAGLN (aSMA-
22). As TAGLN is also expressed by pericytes in sScCRNA-seq studies, it is
possible that some pericytes have also been analysed by the VSMC
probe (Hu et al., 2018). In practice it is difficult to find markers which
separate VSMC from pericytes (Sanjiv Kaul et al., 2023). ROCK1/2

expression in pericytes is useful information however, given that pericytes
131



have a likely role in MVO and the NRF phenomenon (Sanjiv Kaul et al.,
2023).

Figure 18 has demonstrated that 18 coronary vessels were identified in
the RNAscope®© experiments with a range of different wall thickness
measurements. In practice, it is more challenging to identify these
vessels, in the same way as the human coronary circulation, due to much
less published literature on the wall diameter size of rodent coronary
vasculature. Given the range expressed, it is likely that arterioles and
resistance vessels were included in this analysis, in addition to some
branch epicardial coronary vessels. It is also difficult to exclude larger
coronary veins (containing a thin VSMC layer) from this analysis,
however vessels were selected by the presence of an elastic lamina
(Figure 16). A high-resolution 3D study of the coronary circulation in mice,
demonstrated a comparable wall-thickness range of 13-37um in the main
coronary tree (Bonanno et al., 2015), however these measurements are
likely to be smaller compared to rats. Wall thickness was chosen above
vessel diameter, due to vessels fixed in cross-section which may have
provided misleading measurements. However, in future work, vessel
diameter would strengthen this analysis to correctly identify the

subdivisions of the coronary tree.

Considering the VSMC-only analysis, ROCK1/2 H+ score was adjusted
for total vascular H+ score for each sample n number. This should have
normalised ROCK1/2 expression for different vessel sizes across the

samples.
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These results showed that ROCK2 remained the most abundant isoform
in VSMC. Moreover, ROCK2 was observed visually in both smaller and

larger coronary vessels whereas ROCK1 was not (Figure 15).

The IHC results have provided information regarding the localisation of
ROCK1 and ROCK2 protein, however they have the limitations of
qualitative results. RNAscope®© was selected to provide a more advanced
technique of ROCK1/2 mRNA expression, localised to VSMC, which was
quantified using the Al program HALOQ®. This is a more robust method of
quantifying RNA expression as it removes human error from RNA
transcript counting and improves user bias. In addition, the technique can
provide information on mMRNA localisation and cellular co-expression.
Multiplex technique is possible for more than one gene of interest, and
the assay is highly sensitive and specific (Atout et al., 2022). Considering
RNAscope®© limitations, some of the optimisation processes are,
however, still mildly subjective (e.g. probe/cell auto-tuning) and protocols
must be kept constant across all samples to maintain uniformity. As
ROCK2 has been localised to the heart and coronary circulation, it is

therefore a potential target in cardioprotection and MVO.

As these experiments using RNAScope do not provide evidence for the
role of ROCK activity in arterial vasospasm, this will be examined in the
next chapter (4) by investigating the vasoactive properties of ROCK

inhibitors.
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CHAPTER 4: FASUDIL (A ROCK 1,2 INHIBITOR) INDUCES
VASORELAXATION AND ATTENUATES MVO IN VIVO

4.1 : BACKGROUND

i) The evolution of ROCK inhibition — Fasudil (ROCK1 & 2
inhibitor)

Fasudil (manufactured as Fasudil Hydrochloride) was first produced in
Japan in 1995 and used to treat the vasospasm associated with intra-
cerebral haemorrhage (Feng et al., 2016), (Shimokawa et al., 2016).
ROCK:Ii were developed from a larger reservoir of protein kinase inhibitors
which were first recognised by the Japanese scientist Hidaka in 1984
(Hidaka et al., 1984) . Japan is currently the only country which has
licenced the ROCKI, Fasudil for cerebral vasospasm in humans (in
addition to Ripasudil for glaucoma), (Liao et al., 2007). Despite a lack of
licenced clinical applications outside of the preclinical research domain,
Fasudil remains the ‘gold-standard’ in biochemical assessments of
ROCK inhibition, both ex vivo and in vivo. Many author’s challenge this
traditionally held status, as there are now over 170 ROCK inhibitors
available on the market, with superior biochemical and pharmacological

properties (Feng et al., 2016).

Nevertheless, Fasudil represents the most common starting point for
many researchers in studies of ROCK inhibition, as the drug is well tested
and readily available (Feng et al., 2016). It is particularly useful for
investigating vasodilation in models of hypertension (Kawarazaki &

Fujita, 2021), and other aetiologies where vasoconstriction and intimal
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remodelling are problematic e.g., pulmonary hypertension (Abedi et al.,
2023). Fasudil (compound 28/HA-1077) as described by Feng et al
(Feng et al., 2016)) is an isoquinolone based derivative (fig.20) which is
actively metabolised to another well-known ROCK inhibitor, known as
hydroxyfasudil. Fasudil is both a ROCK1 and ROCK2 inhibitor with Ki of
0.33uM for ROCK1 and 1.9uM for ROCK2 (Feng et al., 2016),

(Shimokawa et al., 2016), (Liao et al., 2007).

Fasudil is non-selective for ROCK and inhibits other protein kinases including
protein kinase C (PKC), protein kinase A (PKA) and myosin light chain kinase
(MLCK), it also a calcium channel antagonist (Feng et al., 2016), (Hidaka et
al., 1984). The active metabolite of Fasudil, hydroxyfasudil, is also
nonselective for ROCK1/2 (Liao et al., 2007). This variety of pharmacological
actions is responsible for a wide range of side-effects, which include
hypotension, deranged liver function and white cell depletion (Liao et al.,
2007). Although hypotension was not significant in the original clinical study
which investigated the effects of Fasudil in cerebral SAH, a smaller study in
stable patients undergoing coronary intervention, demonstrated that patients
receiving intra-coronary administration of the drug, subsequently required

inotropic support (Kikuchi et al., 2019; Shibuya et al., 1990).

Because of the observations that poor ROCK selectivity is undesirable,
researchers aimed to develop, firstly, selective ROCK inhibitors (without
affinity for other PKC like targets) and then secondly, ROCK2 specific
inhibitors (Lorenz et al., 2021). To achieve this, further research was required

concerning the mechanism of action, of these drugs.
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i) Mechanism of ROCK inhibition
Feng et al report that most ROCK:i are type | ATP competitive kinase inhibitors

(Feng et al., 2016). These mechanistic insights were originally derived from
the original protein kinase work by Hidaka et al (Hidaka et al., 1984). Kinase
inhibitor type molecules were found to mimic adenine residues in the ATP
binding region of the kinase, therefore directly competing with them and
inhibiting the future transfer of Y-phosphate onto its serine/threonine targets
(Lorenz et al., 2021). This process can be better visualised in studies of crystal
formation (Lorenz et al., 2021). ROCK inhibitors bind to ATP binding sites on
ROCK in the previously discussed kinase domain (depicted by figure

6). Original PKs were also vasodilators, due to their antagonism of calmodulin
(involved in the calcium dependent pathway of VSMC contraction) (Liao et al.,
2007). ROCK inhibitors such as Fasudil, are ATP competitors as per these
original studies, and they subsequently prevent ROCK from phosphorylating
SER/THR residues on the rho binding site (MYPT1) of the enzyme MLCP

(Loirand, 2015).

As described previously in chapter 1, MLCP is part of the calcium independent
pathway of VSMC contraction (thus helping to sensitize the calcium
response), where MLCP leads to VSMC relaxation, unless this is inhibited by
activated RhoA/ROCK. ROCK inhibitors, release this inhibition of relaxation
by ROCK, therefore promoting the inactive form of MLC (the end effector of
contraction in VSMC) and VSMC relaxation (see fig.5) (Shimokawa et al.,
2016), (Kawarazaki & Fujita, 2021), (Loirand, 2015). ROCKi induced

vasodilation is multi-factorial, as these drugs also prevent the inhibition of
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eNOS (Shimokawa & Rashid, 2007), thus increasing NO levels. Increased NO
levels leads to vasorelaxation by increasing amounts of cGMP within the
VSMC. ROCK:i therefore act on both the endothelium and the VSMC to induce
vascular

protection (Liao et al., 2007).

Figure 20 The biochemical structure of Fasudil Hydrochloride
(isoquinolone derivative). ICso 1.9uM ROCK?2. Re-drawn from (Feng et
al., 2016).

FASUDIL HYDROCHLORIDE HA-1077
NH
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iii) Fasudil in preclinical models of Ischaemia/reperfusion

Fasudil has been tested in animal studies in a wide range of cardiovascular
diseases including hypertension (Yuan et al., 2019), atherosclerosis
(Matsumoto et al., 2013), heart failure (Santos et al., 2019) and
ischaemia/reperfusion (Huang et al., 2018b). Chapter 1 has already discussed
the important meta-analysis by Huang et al (Huang et al., 2018b), which
analysed the effects of the drug (following myocardial ischaemia/reperfusion)
in 19 pre-clinical studies, with total n=400 (Huang et al., 2018b). To recap,
Fasudil administered prior to reperfusion, was associated with improvements
in infarct size (Wu et al., 2014), cardiac enzymes (Jiang et al., 2013), (Zhang
et al., 2018), and ST- elevation resolution (Huang et al., 2018b) in animals
undergoing myocardial I/R. Both in vivo and ex vivo studies (Langendorff)
were included in the paper, with the latter technique enabling the further
analysis of coronary blood flow (CBF) (Huang et al., 2018b), (Hamid et al.,

2007).

Huang et al concluded that the observed cardioprotection induced by Fasudil,
may have been secondary to i) reduction of ROS and apoptosis, 2) an
increase in NO mediated vasodilation and 3) upregulation of PISK/AKT (i.e.
The RISK pathway) (Huang et al., 2018b), (Wu et al., 2014), (Hamid et al.,
2007). Moreover, the protective effects of Fasudil can be reversed by
Wortmannin in another study (Hamid et al., 2007). A more recent study in 2022
by Gao et al (Gao et al., 2022) linked remote ischaemic conditioning (RIC) to
the inhibition of ROCK, via autophagy and the upregulation of the RISK

pathway. In this study, 60 male SD rats underwent myocardial ischaemia-
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reperfusion and were treated with either Fasudil, RIC or combination therapy.
There was no extra protection conferred from combination therapy (RIC +
Fasudil), and treatments were individually attenuated by Wortmannin, an
inhibitor of the RISK pathway. RIC was observed to reduce levels of the
phosphor-MYPT1 protein, which is a downstream effector of ROCK (Gao et

al., 2022).

In summary, the cardioprotective effects of Fasudil are well known, however
the drug has not been well investigated with regards to post MI microvascular

obstruction.

iv)  Scope of this work

Before investigating the effects of Fasudil in an in vivo rat model of MVO/NRF,
it was important to first investigate/confirm the vascular mechanism of the drug
and its potential as a vasodilator, although as above, this is also well
documented in the literature (Goel et al., 2007). Nevertheless, it was important
to introduce two new experimental models (aortic ring tissue bath assay) and
the thioflavin model of MVO assessment, before expanding investigations to
more novel and selective ROCK2 inhibitors. Fasudil is therefore a useful

positive control for these models.

It must be acknowledged that the aorta is a conduit vessel and responds in a
different physiological manner to resistance vessels, such as coronary

arterioles (Wenceslau et al., 2021). The next model to be introduced, was not
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used as a surrogate for these vessels; however, it provides an insight into

potential drug potency and mechanism of action.

4.2: FASUDIL INDUCES DOSE-DEPENDENT VASODILATION OF RAT
AORTIC RINGS

i) Objectives

1) To investigate the vasoactive effects of Fasudil in rat aorta using a wire
myography model.
2) If Fasudil is confirmed to be an arterial vasodilator, to proceed to

investigate the potency and efficacy of the drug in rat aorta.

i) Methods

With thanks to Dr Catherine Wilder and Miss Alex Jamieson for their helpful

advice and guidance on setting up this model.

Animals

Animals were handled and anaesthetised according to section 3.1. Adult male
Sprague-Dawley (SD) rats were selected for these experiments (250-300g). A
thoracotomy was performed to remove the heart and ascending aorta under
full surgical sedation as detailed previously in chapter 2, (confirmed by
absence of pedal reflexes). The remaining thoracic aorta was carefully

removed and placed into ice-cold Krebs-Ringer Solution (NaCl 118mM;
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CaCl2H20 2.5mM; Glucose D (+) 11.1mM; NaHCO03 25mM; MgS04 1.2mM;

KH2P04 1.2mM; KCL 4.8mM). This buffer is specialised for vascular tissue.

Aortic ring tissue Preparation

The thoracic aorta was dissected whilst submerged in ice-cold Krebs-Ringer
solution. Surrounding connective tissue was removed, with care not to
damage the overlying endothelium of vessels. Once any residual blood and
connective tissue were removed, the vessel was divided into 3mm sections

and gently cut into rings.

Tissue bath apparatus (wire myography)

The water-bath apparatus (wire myography) for vascular tissue, was
assembled as shown in figure 21, and as previously described in our
laboratory (A Jamieson, 2018), (Wilder et al., 2018). Two reservoirs containing
2L Krebs-Ringer solution, were heated to 37 degrees and maintained via a
(Radnoti©) heater pump. Buffer solution, which was heated from each
reservoir, was supplied to 4 x 45ml water baths, via a 3-way tap system, so
that a total of 4 rings could be investigated simultaneously. The Krebs-Ringer
buffer was oxygenated with 95% 02; CO2throughout. Following the preparation
of the aortic rings, oxygenated buffer was allowed to run through all 4 water

baths before filling to a total volume of 45mls.

The aortic rings were mounted onto transducer wires, carefully separated, and
submerged into the water bath. Transducers were connected to Lab Chart 7
Software to measure the change in force of the contraction of the rings, in
millinewtons (mN) throughout. All four transducer wires were calibrated prior

to the addition of vascular tissue. In addition to the resting tone of the vessel,
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10mN of tension was added to each ring as passive stretch. This final starting
force was then recorded as baseline. Following this, aortic rings were left to

equilibrate in buffer for a period of 1 hour.

Figure 21_The aortic ring tissue bath assay apparatus. Two large
reservoirs of Krebs-Ringer buffer solution are heated to 37 degrees and
used to fill four individual 45ml water baths (left). Aortic rings are
suspended in each water bath on two transducers which measure
changes in forces of contraction (millinewtons) (right).

Baseline model (n=5)

For the basic wire myography model, rings were first treated with 60mM KCL
to achieve maximum VSMC vasoconstriction (fig.22). High concentrations of
KCL depolarize the VSMC membrane, and trigger activation of voltage-gated
calcium channels and vasoconstriction (Wenceslau et al., 2021). After
40minutes KCL was washed out thoroughly and rings were pre-treated with
1uM phenylephrine (PE) to induce a second contraction. Phenylephrine is an
alpha-adrenergic agonist and induces VSMC contraction via an agonist
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induced pathway (Grimm et al., 2005). Rings that constricted to 70% of
maximum KCL readings, were included in the analysis (Wilder et al., 2018), (A
Jamieson, 2018). After 5 minutes, (or once contraction had plateaued) 10uM
acetylcholine was added to each water bath to induce vasorelaxation and
confirm endothelial function (A Jamieson, 2018), (Wilder et al., 2018). Ach
induces endothelial dependent vasorelaxation by binding to muscarinic
receptors on the endothelial membrane and increasing the amount of NO via

increases in cGGMP (Kawarazaki & Fujita, 2021).

Figure 22 is a lab chart recording which demonstrates the changes in
contraction and relaxation of a single aortic ring, over the time course of an
experiment, and following the addition of KCL and PE agonists. % Relaxation
to Ach was calculated by the formula as shown in Figure 23. Table 8 below,
demonstrates the inclusion criteria for the basic aortic ring myography model,
which would be adopted for future experiments. For this thesis, all aortic ring
experiments were conducted in endothelial intact rings unless otherwise
stated. Ach and PE were purchased from Sigma-Aldrich and diluted in H20 to

achieve the above desired concentrations.
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Figure 22 Aortic ring myography vasoconstriction and vasorelaxation
profile in _a control aortic ring. A lab chart recording demonstrating
experimental methods for the basic model of aortic ring myography. n=5
aortic rings were tested against the basic myography model to
demonstrate that experimental standards could be met. The myography
trace below begins after the addition 10mN of passive tension.

60mM KCL

f

Calibration period KCL washout 10puM Ach

Mean PE response (% KCL): 95.9, mean Ach relaxation (%PE contraction):

86.4, for n=5
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Table 8 Inclusion criteria for the basic aortic ring myography model.

DRUG MINIMUM CHANGE
PE (1uM) At least 70% of maximum KCL
response
Ach (10uM) % relaxation of at least 70% of PE
contraction

Figure 23_Formula to calculate % relaxation of aortic rings to
vasodilators including Acetyl choline: -

% Ach Relaxation = (PE peak — Ach min [Conc])/ (PE peak pre-constriction x 100)

Dose response experiments log [10-°-10-5]M, (n=5)

After establishing the basic model (figure 22), a further n=5 aortic rings were
contracted with 1uM PE and treated with increasing concentrations of Ach log
[10°-10-°]M, to create a dose response curve. These experiments were
repeated with two other vasodilators, sodium nitroprusside (SNP) log [10°-
105]M and Fasudil hydrochloride log [10-°-10-°] M (the vasodilator of interest).
Fasudil was purchased as Fasudil Hydrochloride (HA-1077) from MedChem
Express and diluted in H20 to achieve desired concentrations. SNP was
purchased from Sigma-Aldrich and diluted in H.0 to achieve desired

concentrations. Inclusion criteria were maintained for dose-response
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experiments to confirm that vascular tissue was viable. Experimental protocol

for SNP and Fasudil experiments is demonstrated below by Figure 24.

Figure 24_Protocol for dose-response experiments, Fasudil & SNP.
Concentrations of both vasodilators log [107°-10°] M.

60mM KCL 1uM PE Vasodilator dose
response
- 1uM PE
Baseline KCL washout 10uM Ach +
washout

Fasudil mediated vasodilation in the presence of L-NAME or buffer
control, (n=8)

L-NAME (NG-Nitro-L-Arginine Methyl Ester) is an eNOS inhibitor which limits
NO mediated vasodilation when incubated with aortic rings (Haesen et al.,
2020). To further investigate an endothelial independent mechanism of Fasudil
induced vasodilation, rings from the same animal were pre-treated with either
1) 100uM L-NAME or 2) buffer vehicle, for 15-minutes directly after Ach
washout equilibration (Figure 25). 1uM PE was then added as per usual
protocol, followed by log [10°-10-2°]M Fasudil at 4-minute intervals. L-NAME
was purchased from Sigma-Aldrich and diluted in H20 to achieve desired
concentration. Figure 26 is included to demonstrate the efficacy of L-NAME,
i.e. that 100uM effectively inhibits Ach relaxation and inhibits endothelial

function to a level appropriate for this work.
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Figure 25 Experimental protocol for experiments described in f). The
effects of L-NAME on Fasudil mediated vasodilation of aortic rings.
Concentrations for Fasudil log [10°-107%5] M.

Treatment 100 uM L-NAME or
control

60mM KCL 1uM PE .
Fasudil dose response
S 1uM PE
Baseline KCL washout 10pM Ach +

washout

Statistical methods

Guidelines from the following vascular standards statement were adhered to
when expressing results for statistical analysis (Wenceslau et al., 2021).
Testing of vasodilators including Ach and ROCK inhibitors, are expressed as
dose response curves, where X is increasing Log concentration of vasodilator
dose, and Y is % relaxation. If data passed Log normality testing, non-logistic
regression analysis was performed with a normalised 4-parameter curve fit
generated by GraphPad Prism© Software and the LogECso (concentration at
which aortic rings were dilated to 50% of maximum) was automatically

calculated.

Statistical power was determined by the following formula: - [sample size =2

SD? (22 + ZP)?/d?], where SD = standard deviation, D= main effect size, and

Z values which correspond to a type 1 error of 5% and 0.80 power. These
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experiments were powered to 0.80, which required n=5 animal aortas per
experiment, based on data from previous pilot experiments in our lab (A

Jamieson, 2018).
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Figure 26 The effects of 100uM L-NAME on endothelial function. L-NAME in the trace below prevents Ach mediated relaxation
following 2nd PE contraction, (93% Ach relaxation following 15 addition of 10uM Ach and 1% relaxation following a 2 challenge
of Ach after rings were incubated with L-NAME). L-NAME is also shown to augment 2nd PE contraction %.

1uM PE 100uM L-NAME ~ 2nd
60mM KCL Ach
|

(—L\

\ ) i ! i T
Y 1 1 1 \—Y—} | | T
e b o oo o B
Calibration period . ) N 0 ! 1 A
KCL washout —r
10uM Ach
2" 1uM PE

Ach washout
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iii) Results

Dose response experiments

Ach dose response curves (n=5)

Mean % PE contraction (as % KCL) was 103.9, which exceeded the minimum
inclusion threshold value of 70%. Ach at concentrations {10°-10-] induced
dose dependent vasodilation of aortic rings to >70% (Figure 27). Best fit

LogECso was calculated to be -7.1, (R? for the model 0.9).

Fasudil vs SNP dose response curves log [10-°-10-%] (n=5)

Fasudil (ROCK1/2) inhibitor [10°-10] induced dose dependent vasodilation
of aortic rings (Figure 28). However, a more commonly used vasodilator
sodium nitroprusside (SNP) was found to be more potent (curve shift to the
left) (Figure 28). The Emax value for Fasudil was not reached at this dose range
and therefore an accurate ECso and non-linear regression model could not be
established. Higher doses of Fasudil were planned for the next set of

experiments to further determine this.

Fasudil dose response curves (L-NAME or control treated rings, n=8)

In a new set of experiments, aortic rings were treated with either L-NAME
100uM or equivalent volume of buffer control, prior to further PE contraction
and Fasudil relaxation (protocol Figure 25). Fasudil was administered every
4minutes up to a concentration of 10-%in n=5 aortic rings and up to 102 in a
further n=3 rings (total n=8) to try to reach the true Emax of the curve which had

not been obtained previously. 1023 is 10mM Fasudil, which requires a large
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quantity of drug and therefore it is not practical to perform many repetitions at
this dose. Dose dependent vasodilation was observed in both treatment
groups; however, the addition of L-NAME was seen to reduce the potency of

Fasudil (Figure 29).

Figure 29 and Figure 30 demonstrate that whilst Fasudil was significantly less
potent compared to other vasodilators, the drug efficacy (actual Emax value)
was not significantly affected by the addition of L-NAME (inducing endothelial
dysfunction). Fasudil therefore, at its Emax dose of 10-2° demonstrates

endothelial independent vasodilation.

151



Figure 27 Acetyl choline mediated vasodilation, dose-response curve
(n=5). A 4-parameter NLR curve was fitted to log transformed and
normalised data. True Emax value is shown below for non-normalised
data. R? for the curve fit 0.9.

1507

*x

©

=

Ll

o 1007

X

c

O

® 507

%

)

)

14

0 | | | | |
-9 -8 -7 -6 -5 -4
Log [Ach] M
LOG [ACH] M MEAN RELXATION SEM
(%)
10[-9] 0.0 4.2
10[-8] 1.3 5.8
10[-7] 57.4 9.5
10[-6] 91.1 10.7
10[-5] 100 8.9
10[-4] 90.2 12.7
Best fit LogECso -7.1, R?=0.9

Emax 88.1 6.0

152



Figure 28 Dose response curves for Fasudil (blue) and SNP (green) in
endothelial _intact _aortic _rings (n=5). This figure represents log
transformed and normalised data. Both drugs induced dose dependent
vasodilation, however SNP was more potent as demonstrated by the
curve shift to the left. Emax value is shown below for non-normalised
data. An Emax value for Fasudil was not reached.
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Figure 29 _Fasudil mediated vasodilation [10°-10%%] in_control or L-

NAME pretreated aortic rings (n=8).

This figure represents log

transformed and normalised data to enable ECso comparison. Emax
value is given below for non-normalised data. A comparison of LogECso
values confirmed that one curve did not fit both datasets (p<0.05), and
therefore LogECso (potency) was significantly different between

treatment groups.
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Figure 30 A _comparison of relative potencies for all vasodilators
evaluated during these experiments, to demonstrate relative potencies.
Comparison of all NLR models confirmed that one curve did not fit all
datasets (p<0.05), and therefore LogECsy values were not shared
between vasodilators.
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Figure 31 Comparison of actual Emax relaxation % values for aortic rings
treated with Fasudil (103.3%) vs Fasudil + L-NAME (102.7%). There
were no significant differences in drug efficacy observed at maximum
treatment dose (p>0.05).

150
o - Fasudil
o~
c = Fasudil + L-NAME
= 1007
b
(1°]
[
x 507
£
Ll

0-

Q’b

iv)  Conclusions

Fasudil (a ROCK1,2 inhibitor) induces dose dependent vasodilation of aortic
rings, however it is of lower potency compared to SNP and ACh, (other well-
known vasodilators). Despite its lower potency, the efficacy of Fasudil is not
significantly different compared to other vasodilators, and drug efficacy is not
significantly affected by endothelial dysfunction and the presence of L-NAME.
This may make it a useful drug in the study of myocardial infarction, where
endothelial function compromised. Endothelial independent mechanisms

(given these results) are further considered in the final chapter discussion.

In vivo studies were next performed to investigate the effects of Fasudil on

infarct size (%) and MVO (%).
156



4.3: THE EFFECTS OF FASUDIL (10MG/KG) IN AN IN VIVO RAT MODEL OF
MYOCARDIAL ISCHAEMIA/REPERFUSION

i) Objectives

1) To investigate the effects of Fasudil hydrochloride on myocardial
infarction size (%) in an in vivo rat model of ischaemia/reperfusion

(primary outcome)

2) To investigate the effects of Fasudil hydrochloride on MVO (%) in an in

vivo rat model of myocardial infarction (secondary outcome)

i) Methods

The in vivo experiments described in this section were performed by Dr David

He. Experiments were designed and analysed by Dr Lucie Pearce.

Animals

Animals were handled according to section 3.1. Adult male Sprague-Dawley
(SD) rats were selected for these experiments (250-350g). Anaesthesia was
performed and maintained with 100mg/kg of phenobarbital, after which

animals were intubated and ventilated with room air and oxygen.
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In vivo model of myocardial ischaemia/reperfusion

Under anaesthesia, surgical thoracotomy was performed, and the left
anterior descending coronary artery (LAD) was identified within the
pericardium. This was ligated for 30 minutes, and myocardial ischaemia
was confirmed by the presence of anterior ST-elevation. After 30 minutes
of ischaemia, the LAD ligature was released, and the vessel was re-
perfused for a period of 180 minutes. 15-minutes prior to the onset of
reperfusion, either Fasudil 10mg/kg, or equivalent volume of DMSO
(control), were injected via the I.P route (Figure 32). The haemodynamic
status and blood pH of the animals was monitored continuously, via right
carotid cannulation.

In accordance with previous in vivo no reflow models (Kloner et al., 1974),
4% Thioflavin S dye was administered at the end of reperfusion, into the
systemic circulation, to measure MVO. Finally, the LAD vessel was re-
occluded with the ligature, and Evans blue dye injected into the systemic
circulation, to demonstrate the area at risk (AAR %). For analysis of the
in vivo work, cardiac tissue was prepared into 2mm sections and stained
with tetrazolium (TTC) to measure infarct size as a % of the AAR. Under
UV light, regions not perfused by the Thioflavin S dye were quantified (%)
and recorded as regions of NRF/MVO (Figure 33). % IS, MVO and IMH
were all estimated for each section using the electronic software, Image
JO. IMH was estimated visually following TTC staining from necrotic
regions of myocardium (Figure 33). Fasudil was purchased as Fasudil
hydrochloride from MedChem Express and diluted in dimethyl sulfoxide

(DMSO) as per manufacturer’s instructions.
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Figure 32 Experimental protocol for in vivo myocardial ischaemia/reperfusion experiments, n=6. Animals underwent 30-minutes
of LAD ischaemia followed by 180-minutes of reperfusion as per previous NRF protocols in the literature (Kloner et al., 2018)
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Figure 33 Post experimental myocardial tissue sections stained with

Thioflavin S and TTC demonstrating A) The fluorescence of Thioflavin

under UV light in regions of re-flow and the dark regions of MVO/NRF

B) TTC staining of the myocardial infarction zone and surrounding

tissue necrosis used to estimate IMH% (intra-myocardial

haemorrhage). TTC can also be used to identify IMH as dark red
TOTHE AAR

regions within the necrosis zone (Kumar et al., 2011)
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Statistics

Statistical power was determined by the following formula: - [sample size =2
SD? (272 + ZP)?/d?], where SD = standard deviation, D= main effect size,
and Z values which correspond to a type 1 error of 5% and 0.80 power.
These experiments were powered to 0.80, which required n=5 animals per
experiment, based on data from previous in vivo ischaemia/reperfusion
experiments in our lab (Rossello et al., 2017). Data was normality tested
and then both groups were analysed with a student’s T-test (if parametric)
and one way analysis of variance (ANOVA) if >2 experimental groups. A
simple linear regression model was used to investigate the correlation

between 1S% and MVO%, providing R? as a measure of correlation.

iii) Results

Fasudil (10mg/kg) injected prior to onset of reperfusion, significantly
improved all outcome measures including 1S%, MVO% and IMH% (Figure
34), whilst there were no significant differences observed between the
AAR% in both groups (p=0.64, n=6). To further investigate the relationship
between IS% and MVO%, a correlation analysis was performed using a
simple linear regression model.

Figure 35 demonstrates a moderate positive correlation between IS% and

MVO%, i.e., Increasing MVO% was associated with larger infarction size.

Fasudil 10mg/kg was associated with significant hypotension 15-minutes after

i.p injection. Mean minimum MAP during this time point was 52mmHg (Table
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9). Unfortunately, one animal did not survive this hypotensive crisis, and
another animal survived, but required intensive oxygen resuscitation. There
were no incidences of bradycardia except prior to arrest of one animal.
Moreover, mean heart rate in the treatment group was significantly higher
compared to vehicle, which was likely a compensatory response to
hypotension (423.7 vs 397.8 bpm respectively, p=0.014). Table 9 and Table 10
below demonstrate the haemodynamic measurements for these sets of

experiments.

Table 9 Mean arterial pressure (mmHg) during myocardial I/R
experiments (n=6). Data provided for 1) Mean MAP throughout period
2) Mean minimum MAP value and 3) MAP range throughout period

MAP (mmHg) DMSO VEHICLE FASUDIL P VALUE
10mg/kg
MEAN + SEM 88.5£3.4 71.6+3.9 0.008**
MIN + SEM 68.8+3.4 52.0+£3.9 0.009**
MAP RANGE + SEM 47.5+3.4 55+3.9 0.40

Table 10 Mean heart rate response (BPM) during myocardial I/R
experiments (n=6). Data provided for 1) Mean HR throughout period 2)
Mean minimum HR value and 3) HR range throughout period

HEART RATE (BPM) DMSO VEHICLE FASUDIL P VALUE
10mg/kg

MEAN + SEM 397.9+5.8 423.7+6.1 0.014*

MIN + SEM 366.8+5.8 379.846.1 0.34

RANGE + SEM 77.3£5.8 72.746.1 0.93
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Figure 34_Fasudil at a dose of 10mg/kq significantly reduced 1S%,

MVO% and IMH% following myocardial I/R (p=0.02, p=0.01, p=0.02,

n=6). There were no significant differences observed in the AAR% of
both groups (panels A-D).
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Figure 35: A correlation analysis of IS% and MVQO% variables. This
figure demonstrates a moderate positive correlation between the two
variables for this set of experiments (n=6).
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iv)  Conclusions

In conclusion, Fasudil 10mg/kg has demonstrated cardioprotective effects
in an in vivo rat model of myocardial ischaemia-reperfusion, however this
dose is associated with significant hypotension, which may limit clinical
translation. There is a moderate correlation between increasing 1S% and
MVQO% observed, which makes it more challenging to separate these two
variables when discussing cardioprotective effects, especially with respect
to MVO. However, the in vivo model utilising Thioflavin S dye appears
functional in these pilot experiments and would be suitable to use to further

investigate the potential benefits of ROCK2 inhibitors during myocardial I/R.
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4.4: CHAPTER DISCUSSION

i) The vasoactive properties of Fasudil

Fasudil at doses of [10°-1025] M demonstrated dose-dependent
vasodilation of rat aortic rings, in a wire myography model. This is
consistent with previous literature which has demonstrated that Fasudil
is vasoactive, both in animal studies (Goel et al., 2007) and in humans
with sub-arachnoid haemorrhage (Shibuya et al., 1990). These
experiments have highlighted, that whilst Fasudil is able to induce
vasorelaxation, the drug is of low potency compared to another
commonly used vasodilator, SNP. Nitrate derivatives such as SNP, are
currently used in clinical practice for the treatment of MVO (Niccoli et al.,
2019), and so for the main hypothesis to be upheld, the effects of Fasudil
need to be comparable to alternatives which are currently available and
known to be well-tolerated. The low potency of Fasudil does not make
this drug an ideal candidate as a NRF drug, as the therapeutic doses
required are likely to induce significant hypotension (and off target effects
due to multiple kinase inhibition and calcium antagonism), which is
undesirable in unwell patients with myocardial infarction. These
observations are reinforced by the previously discussed small clinical
study of Fasudil during PCI in the Cath lab, where further inotropic

support was required for patients receiving the drug (Kikuchi et al., 2019).

One strength of Fasudil as a ROCKA1,2 inhibitor is its mechanism of

action. This chapter has demonstrated that in high doses, Fasudil may
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act directly on the VMSC of arteries to induce vasodilation, independently
of other NO based endothelial mechanisms. This may be of benefit when
there is endothelial dysfunction in myocardial infarction leading to post-
STEMI MVO. This can be deduced, given that the compound L-NAME
(an eNOS inhibitor) did not significantly affect the Emax relaxation value
of Fasudil (Figure 31), therefore providing evidence of the uncoupling of
eNOS from actin changes. These experiments did not, however, account
for other mechanisms of vasodilation, such as those which are
prostaglandin mediated. This could be explored in future work. Therefore,
it is only possible to say that Fasudil acts independently of eNOS at

maximum relaxation.

It must also be affirmed that the relaxation responses of the aorta, may not
be reflective of physiology in different vessels such as the mesenteries and
larger arterioles (Wenceslau et al., 2021). One suggestion to overcome a
potentially profound hypotensive response in humans, may be to alter the
route of administration of Fasudil e.g. to use an oral preparation. This may
not be practical however in unwell patients with myocardial infarction, and
the drug may not reach therapeutic concentration in the time frame

necessary to take effect.

i) Fasudil in an in vivo model of ischaemia/reperfusion

Consistent with the literature review, Fasudil was cardioprotective in vivo

and attenuated IS%, MVO% and a measure of IMH% (Huang et al., 2018b).
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Significant hypotension has already been discussed with suggestions to
mitigate this. From a cardioprotection perspective, these results are
promising and have achieved statistical significance at n=6 in all three
outcomes, as is suggested to be gold standard by Heusch et al in preclinical
experiments of MVO% (Heusch, 2019). Mechanisms of Fasudil mediated
cardioprotection are well-documented in the literature, and so it is possible
that protection has occurred secondary to upregulation of the RISK
pathway, and a reduction in apoptosis, although this has not been proven
in these pilot experiments (Wu et al., 2014), (Hamid et al., 2007). It could
be suggested that VSMC relaxation may have been the mechanism behind
an improvement in MVO, as has been demonstrated ex vivo in the aorta.
Another plausible reason for an improvement in MVO may have been an
improvement in infarct size, as evidenced by the positive correlation
between the two variables. This is not surprising given that many predictive
models of MVO list ischaemia time as a prognostic factor, and ischaemia

time is closely related to infarct size (Niccoli et al., 2019).

Once the wire myography model and in vivo model of Thioflavin S (MVO%)
had been established, and anticipated results with Fasudil had been
achieved, it was decided to test the newer selective ROCK2 inhibitors, as
these have not yet been examined in the heart, and moreover the side effect
profile may be considered as more suitable. The selective ROCK2 inhibitor
KDO025 is licenced in humans for graft vs host disease (GVHD, an
inflammatory haematological condition) and was well tolerated in previous
large-scale clinical trials (Cutler et al., 2021). Therefore, the next chapter

will describe the effects of selective ROCK2 inhibition on 1IS% and MVO%.
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CHAPTER 5: THE EFFECTS OF SELECTIVE ROCK2 INHIBITION WITH
KD025 ON ARTERIAL VASOSPASM AND CARDIOPROTECTION IN VIVO

5.1 : BACKGROUND

i) KDO025 - a new selective ROCK2 inhibitor

The selective ROCK2 inhibitor, KD025 (SLX-2119) was introduced to the
pharmaceutical market in 2021 as Belumosudil ©, by Kadmon Biotech (Al
& llyas, 2022). ROCK2 inhibitors such as KD025 evolved from other ROCKi
as early as 2006, to reduce the hypotensive side-effects associated with
ROCK1 inhibition (Feng et al., 2016). KD025 is a yellow powder with a
molecular weight of 548.62g/mol and it is completely insoluble in water.
Unlike Fasudil it is formed from an indoline scaffold (Figure 36) and must
be dissolved completely in DMSO before use (Shah & Savjani, 2016). The
ICs0 of KD025 is estimated to be around 102nm for ROCK2, and 24uM for
ROCK1, and it is deemed to be 200x more selective for ROCK2 over
ROCK1 (Fu et al., 2023). ROCK2 inhibitors compete with ATP to prevent
the phosphorylation of MYPT1 (myosin binding subunit of MLCP) by
SER/THR residues, in the same manner as Fasudil. The exact mechanism
by which ROCK2 inhibitors such as KD025, selectively inhibit ROCK2 is
unclear, however one possibility is that changes to a phosphomimic residue
enable this selectivity (Shah & Savjani, 2016). KD025 has not yet been

investigated in studies of myocardial ischaemia/reperfusion but was found
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to significantly limit cerebral ischaemia/reperfusion injury in the previously

discussed animal study by Lee et al (Lee et al., 2014).

Belumosudil© has become perhaps most well-known since becoming
licenced by the MRHA in 2021 for treatment of graft vs host disease (GVHD)
— a complex inflammatory haematological condition which induces multi-
organ damage post allogenic bone marrow transplantation (Cutler et al.,
2021). GVHD is associated with a high mortality in transplant patients (who
are often unwell with multiple co-morbidities) (Cutler et al., 2021). The
ROCKstar trial has been, to date, the largest clinical trial of a ROCK2
inhibitor (n=132), and it is from this study, that researchers have gained a
greater insight into the pharmacology and mechanism of the actions of
KDO025 (Cutler et al., 2021). Before discussing some of the more important
implications of the ROCKSstar trial in more detail below, Figure 37
summarises the other conditions in which KD025 has been studied, in both
clinical trials and animal models. KD025 was chosen for its potential anti-
inflammatory actions in ROCKstar, which includes the regulation of IL-17,
IL-21, T-helper cells, and the regulation of JAK3/STAT5 (Ali & llyas, 2022).
It is these proposed anti-inflammatory actions which are felt to also benefit
the skin disorder psoriasis, and other auto-immune disorders such as
systemic sclerosis (Zanin-Zhorov et al., 2017), (Gumkowska-Sroka et al.,
2023). Any drug which could reduce pulmonary hypertension would also be
of benefit in scleroderma and this is a known class effect of ROCK inhibitors
(Abedi et al., 2023). ROCK2 inhibitors have also been studied as anti-
fibrotic drugs in the management of idiopathic pulmonary fibrosis in in vivo

models and phase |l clinical trials (NCT05570058) (Gambardella et al.,
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2022). Fu et al, who have worked in re-fashioning KD025 at a molecular
level to improve its selectivity, hypothesise that ROCK2 inhibitors have anti-
fibrotic properties as they can suppress collagen remodelling and a-SMA in
models of chronic disease (Fu et al., 2023). ROCK2 inhibitors as a class of
drug have also been shown to limit liver fibrosis (Zanin-Zhorov et al., 2023).
In theory, KD025 should have vasodilatory properties — as ROCKi prevent
MYPT1 and MLC2 related VSMC of arteries (Liao et al., 2007). However, at
the time of writing this has not been directly investigated in the same way

as ROCK1 inhibitors such as Fasudil (Shimokawa et al., 2016).

Figure 36. The molecular structure of KD025 (C2esH24N60>). Figure re-
drawn from image published by Fu et al (Fu et al., 2023).

T

170



ii) Insights from the ROCKstar trial
The ROCKstar trial (Cutler et al., 2021) was a multi-centre phase I

randomised control trial, which was published in 2021, whilst these PhD
experiments were ongoing. Although KD025 was investigated as an anti-
inflammatory therapy in the trial, the results have provided an insight into
the pharmacodynamics of the drug, mechanism of action, and clinical safety
profile. KD025 when administered via the oral route at doses of 200mg/kg
daily or twice daily, was found to be clinically safe in patients with GVHD,
who had failed at least two lines of systemic therapy, including
dexamethasone (Ali & llyas, 2022), (Cutler et al., 2021). Participants in the
trial received KD025 for a mean period of 14 months (n=732). The primary
endpoint was overall organ response from failure (related to increased T-
cell activity which defines the GVHD disorder) (Cutler et al., 2021). Common
organs affected in this condition are the skin, liver, lungs, and the eyes,
however cardiac GVHD is rare (Dogan et al., 2013), and was not therefore

considered as a trial outcome.

From reported pre-clinical studies by the Kadmon Group, KD025 was found
to be associated with foetal abnormalities in pregnancy and affected male
fertility in a reversible manner. It was therefore not deemed to be suitable in
patients of childbearing age (Przepiorka et al., 2022). This is not unusual for
anti-inflammatory therapies e.g., methotrexate used in the treatment of
rheumatoid arthritis is a well-known teratogen (Perry, 1983). In the trial, 12%
of patients discontinued the drug because of adverse effects and one
patient had a fatal adverse reaction secondary to nausea and vomiting,

leading to multi-organ failure (Cutler et al., 2021), (Przepiorka et al., 2022).
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Mild side effects included nausea, vomiting and headache, shortness of
breath and deranged liver function tests (Cutler et al., 2021). 6% of patients
developed hypertension, which might be considered surprising given that
ROCK inhibitors generally lower blood pressure as a drug class (Liao et al.,
2007). Some patients developed neutropenia and pneumonia because of
immunosuppression with KD025, however this was felt to reside within the
confines of what is expected for immunotherapy (Cutler et al., 2021). The
anti-inflammatory actions of KD025, including the downregulation of STAT3
and upregulation of STATS (in addition to the former T cell related changes
described) were first proven in murine studies of animals undergoing
transplantation (Flynn et al., 2016) (Figure 37). In these pre-clinical studies,
transplanted mice received 150mg/kg po of KD025 for 30-days after GVHD
had been established. The authors performed PK studies for the oral route
of administration, which demonstrated adequate blood serum concentration
of the drug 1 hour after PO administration in doses >100mg/kg (Flynn et al.,

2016).

i) KDO025 - Pharmacokinetics

As a newer ROCK inhibitor, there is significantly less research published
with regards to dose regimes of KD025 in studies of cardio protection. The
oral route of administration is more challenging for studies of acute
myocardial infarction unless rapid absorption is achieved. The main
dilemma that cardiologists face, is that it is not possible to predict who is
going to present with a STEMI, which does not allow for extended periods

of pre-medication. The oral half-life of KD025 has been estimated to be 19
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hours (Przepiorka et al., 2022) in clinical studies, and therefore a steady
state is required for the drug to be effective. Interestingly Lee et al (Lee et
al., 2014) in their preclinical investigations of KD025 in cerebral ischaemia,
also selected the PO route of drug administration. It has already been
discussed previously that KD025 100200mg/kg PO of 5 days was found to
reduce stroke volume in mice and improve neurological outcomes (Lee et
al., 2014). PK studies for the PO route of administration for doses of 100-
200mg/kg, demonstrated peak plasma and tissue (cerebral) uptake
between 2-4 hours after ingestion (Lee et al., 2014) and the authors did not
observe significant hypotension with therapeutic effect. Peak plasma
concentrations reached at any dose, were 9ug/ml (Lee et al., 2014). Yoon
et al are potentially the only investigators to have performed PK studies
following IV administration of KD025, in rats (Yoon et al., 2020). In this
study, intravenous administration achieved peak plasma levels of
approximately Sug/ml after injection of 2mg/kg KD025 (Yoon et al., 2020),

which was achieved at less than 5 minutes.

In the only study of KD025 in a model of chronic cardiac fibrosis (published
2022), transverse aortic constriction (TAC) mice injected intra-peritoneally
with  50mg/kg/day of KDO025 for a period of 4-weeks, demonstrated
significantly less cardiac fibrosis compared to TAC mice receiving vehicle
alone (Q. Liu et al., 2022). Liu et al demonstrated that ROCK2 inhibition in
the heart was associated with improved left ventricular function, reduced
markers of myocardial fibrosis including a-SMA, fibronectin 1 (FN1),

periostin (POSTn) and reduced tumour growth factor beta-1 (TGF-B1) (Q.
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Liu et al., 2022). ROCK?2 inhibitor associated reduction in TGF-31 and a-
SMA is consistent with other investigations of ROCK2 inhibitors functioning
as anti-fibrotics (Nagai et al., 2019; Shah & Savjani, 2016). Figure 37 below
summarises the novel actions of KD025 and ROCK2 inhibition in the studies

discussed.

Figure 37_The mechanisms of action of the ROCK2 inhibitor KD025 in
disease pathology. The drug has become most well-known for its
clinical applications as an anti-inflammatory drug in GVHD. Original
artwork inspired by (Cutler et al., 2021), (Flynn et al., 2016),(Fu et al.,
2023), (Q. Liu et al., 2022), (Lee et al., 2014).
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It is important to clarify the reasons for choosing to investigate the selective
ROCK2i, KD025. Although GVHD and fibrosis are both chronic processes,
the drug has been proven as effective in animal models of cerebral
ischaemia (Lee et al., 2014). Its preferable side-effect profile and clinical
safety rating, also make it worthy of investigation in further acute myocardial

I/R experiments. The next set of experiments were planned to further
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establish an optimal in vivo dose of KD025 in a closed chest model (dose-
response). These studies were also used to try to ascertain a non-lethal
dose of Fasudil, for comparison, and to establish whether doses <10mg/kg

would be effective.

5.2: DOSE RESPONSE STUDIES OF FASUDIL AND KD025 (SELECTIVE
ROCK2 INHIBITOR) IN A CLOSED CHEST RAT MODEL

i. Objectives

1. To establish an appropriate non-lethal dose of Fasudil (ROCK1/2
inhibitor) and optimal dose range for KD025 (selective ROCK2
inhibitor) for further in vivo I/R experiments

2. To record the haemodynamic responses in a closed chest rat model

for the above ROCKi

ii. Methods

The in vivo experiments described in this section were performed by Dr David

He. Experiments were designed and analysed by Dr Lucie Pearce.

Animals

Animals were handled according to section 3.1. Adult male Sprague-Dawley
(SD) rats were selected for these experiments (250-350g). Induction
anaesthesia was performed and maintained with 100mg/kg phenobarbital,

after which animals were intubated and ventilated with room air and oxygen.
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In vivo closed chest model (blood pressure dose-response)

After anaesthesia, intubation and ventilation, male SD rats (250-350g) were
administered increasing doses of either Fasudil (1-10mg/kg) or KD025
(220mg/kg) or an escalating matched volume of DMSO control (0.2-
2mis/kg) (Table 11). Increasing doses of ROCKi or DMSO control were
administered via the i.p route every 15-minutes and mean arterial blood
pressure (MAP) were recorded at each interval. ROCKi doses were
administered cumulatively to achieve the final doses specified and blood
pressure was monitored for a total of 60-minutes. The chest was not opened
during these experiments and ischaemia/reperfusion was not performed.
Therefore, these experiments were solely haemodynamic studies. The
dose -response experiments were conducted firstly, with maximum DMSO
volume of 2mls/kg, to try to ascertain whether this volume of solvent was
contributing to a drop in MAP (mmHg) in absence of I/R (Table 11).
Moreover, it was important to deduce whether these drugs alone can cause
a drop in MAP, or whether this was attributable to their combination with I/R,
in chapter 4. Determining this would be important to avoid further mortality

in upcoming studies.

Chemicals

10mg of KD025 was purchased from MedChem express and dissolved in
1ml 100% DMSO (stock solution of 10mg/ml). MedChem specifies the
maximum solubility of KD025 in DMSO to be at a concentration of 250mg/ml

and for Fasudil 90mg/ml. 10mg of Fasudil hydrochloride was purchased
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from MedChem Express and dissolved in 2mls 100% DMSO to give an
initial stock solution of 5mg/ml. Stock solutions were pipette measured and

drawn up and administered using a fine bore insulin syringe (0.5ml).

Table 11 Protocol for drug administration during closed chest dose
response experiments. The concentration of both ROCKi and
cumulative stock volume added are demonstrated below for a 3009
animal (n=3). Fasudil stock 5mg/ml, KD025 stock 10mg/ml. Table sub-
rows define individual treatment groups. G1: Group 1, G2: Group 2, G3:
Group 3

TIME (min) DRUG CUMULATIVE | CUMULATIVE VOLUME
DOSE STOCK SOLUTION

15 minutes G1: Fasudil 1mg/kg 60uL
Dose 1 G2:KD025 2mg/kg 60pL
G3: DMSO 0.2ml/kg 60uL
30 minutes G1: Fasudil 3mg/kg 180uL
Dose 2 G2:KD025 6mg/kg 180pL
G3: DMSO 0.6ml/kg 180pL
45 minutes G1Fasudil 10mg/kg 600uL
Dose 3 G2:KD025 20mg/kg 600uL
G3: DMSO 2ml/kg 600uL
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iii) Results

In absence of I/R, Fasudil at a cumulative dose of 10mg/kg in 2mls/kg of
DMSO, reduced MAP to a minimum value of 61mmHg at 50 minutes (5
minutes post dose 3 of drug administration, (Figure 38). This was the lowest
reading obtained during the experiment and this correlates with
haemodynamic data from the Fasudil results in chapter 4 during I/R.
Minimum MAP following cumulative additions of KD025 was slightly higher,

although overall MAP range was similar between groups.

It was observed during these experiments that cumulative additions of
DMSO (in absence of I/R) also appeared to reduce MAP throughout the
course of the experiment, to the extent that MAP ranges between DMSO
animals and animals receiving Fasudil were not significantly different
(Figure 38). All animals survived this first set of closed chest experiments

and there were no hypotensive crises observed.

In response to these DMSO observations, further blood pressure closed
chest experiments were planned with a reduced volume of DMSO. To
enable a smaller volume of DMSO to be used for a given drug
concentration, higher stock concentrations of KD025 (50mg/ml), and
Fasudil (10mg/400uL) were prepared (Table 12, n=4). The Results of these
second set of experiments with low volume DMSO are shown in Figure 39.
Two main observations can be derived from these later results 1) reducing

the total volume of DMSO appears to improve the overall MAP range in the
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control group and the KD025 group. However, reducing the DMSO volume

appears to do little to mitigate the hypotensive effects of Fasudil.

Figure 38 Dose response curve (MAP._mmHQq) in response to increasing

doses of ROCKi or DMSQ control (n=3) Each drug was administered to

individual animals in the absence of ischaemia/reperfusion (closed
chest model). Protocol for drug quantity defined by table 11.
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Table 12 Protocol for drug administration during dose response
experiments. The concentration of both ROCKi and cumulative stock
volume are demonstrated below for a 300g animal (n=4). Fasudil stock
10mg/400uL, KD025 stock 50mg/ml. Maximum volume of DMSO
400ulL/kg. G1: Group 1, G2: Group 2, G3: Group 3

TIME (min) DRUG CUMULATIVE | CUMULATIVE VOLUME
DOSE STOCK SOLUTION

15 minutes G1: Fasudil 1mg/kg 12uL
G2:KD025 2mg/kg 12uL
G3DMSO 40pL/kg 12uL

30 minutes G1: Fasudil 3mg/kg 36uL
G2:KD025 6mg/kg 36uL
G3: DMSO 120uL/kg 36uL

45 minutes G1: Fasudil 10mg/kg 120uL
G2:KD025 20mg/kg 120uL
G3DMSO 400pL/kg 120pL
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Figure 39 Dose response curve (MAP._mmHQq) in response to increasing

doses of ROCKi or DMSQ control (n=4) Each drug was administered to

individual animals in the absence of ischaemia/reperfusion (closed
chest model). Protocol for drug quantity defined by table 12 — utilising a
smaller volume of DMSO.
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Iv) Conclusions

In these closed chest experiments all drug doses evaluated were non-lethal,
however Fasudil at a cumulative dose of 10mg/kg induced an unacceptable
hypotensive effect in both sets of experiments, (irrespective of DMSO
volume). In the second set of experiments, MAP range following the addition
on KD025 was more acceptable, compared to the first set of closed chest
experiments. For DMSO alone, a smaller MAP range was observed with the

new lower volume (Figure 39) compared to the first set of experiments.

Following these optimisation studies, it was decided to further investigate
Fasudil at a lower concentration of 3mg/kg, and KD025 20mg/kg in the next
set of I/R experiments using low volume DMSO solvent (400uL/kg). If there
were no significant haemodynamic effects with these doses of KD025, then
KD025 at a high dose concentration of 100mg/kg would also be tested,

consistent with previous literature (Lee et al., 2014).
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5.3: THE SELECTIVE ROCK2 INHIBTIOR KD025 DOES NOT REDUCE
INFARCT SIZE BUT DOES REDUCE MVO IN AN IN VIVO RAT MODEL OF
ISCHAEMIA/REPERFUSION

i) Objectives

1. To investigate the effects of low dose Fasudil (3mg/kg) on IS%

and MVO% in an in vivo rat model of ischaemia/reperfusion

2. To investigate the effects of the selective ROCK2 inhibitor
KDO025, on IS% and MVO% in an in vivo rat model of

ischaemia/reperfusion

i) Methods

All animal handling and in vivo protocols were as described in chapter 4
(section 4.2). Following the results of the above closed chest dose
response experiments (5.1) further experiments were performed to
investigate the effects of low dose Fasudil (3mg/kg) and the ROCK2
inhibitor KD025 (20100mg/kg) on IS% and MVO%. 3mg/kg of Fasudil or
2-100mg/kg of KD025 were administered 15-minutes prior to reperfusion
via the I[P route in male SD rats (250-350g) undergoing
ischaemia/reperfusion (Figure 32). The compound KDO025 was
purchased from MedChem Express and diluted in DMSO as per the

manufacturer’s recommendations. DMSO control was prepared to a
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volume of 400uL/kg. For multiple group experiments, data was confirmed
to be parametric using Shapiro-Wilk’s test (GraphPad Prism®©). Statistical
significance was determined by a one-way ANOVA with post-hoc multiple
comparisons test. Power calculations for ischaemia/reperfusion

experiments were as described in section 4.2.

iii) Results

Figure 40 & Figure 41 A-D demonstrates the effects of Fasudil (3mg/kg)
or KD025 (20-100mg/kg) on A) infarct size%, B) MVO% and C) IMH%.
Figure 41 panel D demonstrates that there were no significant differences
recorded in the area at risk (AAR%) between treatment groups compared
to DMSO control (p>0.05). None of the drugs evaluated significantly
reduced 1S% (panel A) unlike Fasudil 10mg/kg. However, lower dose
Fasudil 3mg/kg did significantly reduce MVO% and IMH% (panels B &
C). No animals died after receiving Fasudil 3mg/kg, and this was well
haemodynamically tolerated (Table 13). KD025 was well
haemodynamically tolerated and did significantly reduce MVO% and

IMH% compared to DMSO control (Table 11,Figure 41).
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Table 13:The effects of Fasudil (3mag/kq) or KD025 (20-100mq/kq) on

infarct size%, MVO% and IMH%, *0<0.05, **p<0.01

MEAN | VEHICLE | FASUDIL KDO025 KD025
+SEM n=5 3MG/KG | 20MG/KG | 100MG/KG
n=6 n=6 n=8
1S% 48.314.9 | 40.0+6.8 | 43.4+3.3 43.715.5
(AAR)
MVO% | 32.2¢1.8 | 19.2+4.1* | 22.0+1.7 | 21.8+2.5*
(AAR)
IMH% | 41.842.4 | 24.1+£3.8** | 29.8+3.0* | 28.3+2.6*
(AAR)
AAR% | 44.2+1.8 | 50.0£3.2 | 47.2+3.9 40.8+4.4
(LV)
DUNNETT'S ADJUSTED | ADJUSTED | ADJUSTED | ADJUSTED
MULTIPLE P VALUE P VALUE P VALUE P VALUE
COMPARISONS 1S% MVO% IMH% AAR%
GROUP
DMSO vehicle vs 0.60 0.01* 0.002** 0.66
Fasudil
3mg/kg
DMSO vehicle vs 0.87 0.06 0.04* 0.90
KD025
20mg/kg
DMSO Vehicle vs 0.87 0.04* 0.01* 0.86
KD025
100mg/kg
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Figure 40The effects of low dose Fasudil (3mg/kg) or KD025 (20-100mg/kq) on IS% (A), and MVO% (B), Vehicle n=5,
Fasudil 3mg/kg n=6, KD025 20mg/kg n=6, KD025 100mg/kg n=8
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Figure 41. The effects of low dose Fasudil (3mg/kg) or KD025 (20-100mg/kq) IMH% c) or AAR% (D). Vehicle n=5,
Fasudil 3mg/kg n=6, KD025 20mg/kg n=6, KD025 100mg/kg n=8
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Table 14. MAP (mmHq) and HR (BPM) values throughout course of I/R

experiments. MAP relates to the mean value across the entire

experiment course of I/R from 0-180 minutes.

MAP (mmHg) DMSO Fasudil KD025 KD025
(n=5) 3mg/kg 20mg/kg 100mg/kg
(n=6) (n=6) (n=8)
MEAN+/-SEM | 84+/-2.3 78+/-3.6 88+/-2.3 92+/-2.9
MIN+/-SEM 70+/-11.1 62+/-4.1 76+/-4.5 80+/-4.5
MAP RANGE 33 54* 33 36
HR (BPM) DMSO Fasudil KD025 KD025
(n=5) 3mg/kg 20mg/kg 100mg/kg
(n=6) (n=6) (n=8)
MEAN +/SEM | 400+/-4.6 | 428+/-3.1 438+/-1.6 432+/-5.3
MIN +/-SEM 374+/-9 405+/-11 428+/-9 406+/-9
HR RANGE 67 55 21** 75

Table 14 demonstrates the effects of Fasudil and KD025 on mean arterial
pressure (MAP) mmHg and HR (BPM) during the I/R experiments. Values
were compared using a 2-way ANOVA with Dunnett’s multiple comparisons
test, to compare each drug with DMSO control. Whilst there were no
significant differences identified between mean and minimum MAP values,
there was a significant difference in MAP range identified between Fasudil
3mg/kg and DMSO control* (p=0.02), however other values were not
significantly different (p>0.05). Baseline HR readings were significantly
different between groups (p=0.01). HR range was significantly less in the
KD025 20mg/kg group compared to DMSO control** (p=0.007), suggesting
that this group maintained a more stable HR overall. The KD025 20mg/kg

group had the lowest MAP range and was comparable to control (Table 14).
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iv) Conclusion

When I/R experiments were repeated with a smaller volume of DMSO and
lower doses of Fasudil, cardio protection was achieved with respect to
MVO% and IMH%. None of the ROCKi evaluated matched the infarct
limiting effects of Fasudil 10mg/kg. Given that all animals survived, Fasudil
3mg/kg and KD025 at all doses were better haemodynamically tolerated
and may be even associated with positive chronotropic effects considering
the haemodynamic results for KD025 20mg/kg. This dose of KDO025,
however, did have the most limited effects on cardio protection with

statistical significance demonstrated only in the IMH% category (Figure 41).

V) Next experiments

It has previously been demonstrated that Fasudil can reduce the arterial
vasospasm of aortic rings (Chapter 4), although the drug is of low potency.
The vasoactive properties of selective ROCK2i’s such as KD025 however,
are unknown. In these in vivo experiments, KD025 has significantly reduced
the vascular phenomenon of NRF and IMH%. However, it has not been
established whether these effects are secondary to vasodilation or another

vascular phenomenon.

Although such experiments would not directly prove a mechanism of action
for the in vivo findings, further experiments using the aortic ring model of

vasospasm were designed to test the vasoactive properties of ROCK2i.
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5.4: KD025 (A SELECTIVE ROCK2i) DOES NOT EFFECTIVELY REDUCE
ARTERIAL VASOCONSTRICTION OF RAT AORTIC RINGS

i) Objectives

1. To demonstrate that ROCK2 mRNA is expressed in rat aorta tunica
media
2. To investigate the vasoactive effects of KD025 (selective ROCKZ2i) in

rat aorta using a wire myography model

i) Methods

RNAscope experiments

RNA scope experiments as described in chapter 3 were repeated according
to protocol, with healthy rat aortic rings, to confirm the presence of ROCK2
MRNA expression within the tunica media. The purpose of this was to
demonstrate that ROCK2 is present in aorta, as it was demonstrated to be
present in coronary arteries, in whole heart sections (Figure 16). All methods
including animal handling, were as described in chapter 3, however
amendments were made to target retrieval and protease plus application
steps, to adjust for the fragile nature of aortic ring tissue and to limit chemical
destruction. Target retrieval was instead performed for 10-minutes, and
protease plus was applied for 15 (and not 30) minutes. All other probes and
fluorophores were applied as per chapter 3 protocol, and slides were

visualised under confocal microscopy, as part of this qualitative analysis.
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Aortic ring wire myography model

Animal handling and myography methods for this chapter are as described
above in chapter 4.2 part ii). Healthy rat aortic rings were isolated and
dissected as described previously. Rings were treated with 60mM KCL, 1uM
PE and 10uM Ach as per protocol in Figure 22, Following a second 1uM PE
constriction, aortic rings were treated with increasing concentrations of
KD025 [10°-10] (n=5), to investigate its vasoactive properties. Rings were
treated every 4-minutes. As for in vivo studies, KD025 was dissolved in
100% DMSO as stock solution (purchased MedChem Express). However,
rings were treated so that not > than 0.1% DMSO concentration was present
in each 45ml water bath to avoid tissue toxicity (Galvao et al., 2014).
Although KD025 was the main agent being investigated, for comparison of
vasoactive properties, a second potent inhibitor of ROCK2i ‘Chroman 1’ was
also prepared in DMSO solution and used in these aortic ring myography

experiments in a separate treatment group. This second ROCK2i will be

introduced in detail in the next chapter. It is included here, as these

experiments were performed together.

Chroman 1 (purchased MedChem Express) is a ROCK1/2 inhibitor with an
ICs0 for ROCK2 of 1pM, and an ICso for ROCK1 of 52pM. It is therefore more
potent as a ROCK2 inhibitor than KD025, but less selective for ROCK2
(Chen et al., 2011). Aortic rings were treated with [10-'2-10-°]M Chroman 1
every 4minutes, to observe for aortic ring relaxation. Relaxation was

calculated as previously by the formula detailed in Figure 23. n=2 aortic
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rings in the Chroman 1 group were treated down to minimum concentrations
of 10-'2 due to the high potency of the drug. A remaining n=5 aortic rings
were treated from concentrations of [10-°-10-3IM (total n=7 rings). A 3" group
of aortic rings were treated with matched concentration DMSO control for
respective drug doses [0.01-0.1%] (n=5) (Table 15). ADMSO control group
is required, as this compound has previously been demonstrated to have
weak vasodilatory properties, at concentrations of > 0.1% in a study by

(Kaneda et al., 2016).

Table 15 Protocol for aortic ring experiments demonstrating the
concentrations of each ROCK inhibitor _investigated (n=5 DMSO,
KD025, n=7 Chroman 1)

WB1 WB2 WB3
DRUG DMSO KDO025 CHROMAN 1
CONTROL
REPORTED ICso N/A 102nM 1pM
ROCK2
[CONC RANGE] M 0.01-0.1% 10-9-10-5 10-12-10-5

Statistical methods

Guidelines from the following vascular standards statement were adhered
to when expressing results for statistical analysis (Wenceslau et al., 2021).
Vasodilator responses are expressed as dose response curves, where X is
increasing Log concentration of vasodilator dose, and Y is % relaxation. If
data passed Log normality testing, non-logistic regression analysis was

performed with a 4-parameter curve fit generated by GraphPad Prism©
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Software and the LogECso (concentration at which aortic rings were dilated
to 50% of maximum) was automatically calculated. Statistical power was
determined by the following formula: - [sample size =2 SD? (Z%? + ZP)?/d?],
where SD = standard deviation, D= main effect size, and Z values which
correspond to a type 1 error of 5% and 0.80 power. These experiments were
powered to 0.80, which required n=5 animal aortas per experiment, based

on data from previous pilot experiments in our lab (A Jamieson, 2018).

iv) Results

Figure 42 RNAscope image of rat aorta clearly demonstrating ROCK2
mRNA (purple) within the tunica media and ROCK1 mRNA (green)
within the endothelial and elastic lamina layers. DAPI — (turquoise).
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Figure 43 A) KD025 [10-9-10-5]M does not induce vasodilation of
endothelial intact aortic rings (n=5). B) Chroman 1 [10-12-10-5]M
induced dose dependent vasodilation of rat aortic rings to a maximum
relaxation of 107% (n=7). Dose response curves have been 1) log
transformed and 2) transformed for (Y=Y-K), where K is mean matched
values for a DMSO control group.
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Table 16% Relaxation values for KD025 and Chroman 1 treated aortic

rings (n=5, n=7).

values.

Table represents data log transformed and
transformed for (Y=YK) where K is matched mean DMSO control group

LOG [CONCI M MEAN RELXATION MEAN RELAXATION
(%) KD025 + SEM (%) Chroman 1 £+ SEM
n=5 n=7
10[-12] n=2
-2.314.8
10[-11] n=2
-1.0+4.4
10[-10] n=2
2.0+4.9
10[-9]
-7.5+0.3 -0.1442.7
10[-8]
-4.3+1.4 15.1£5.3
10[-7]
-2.613.1 55.4+7.0
10[-6]
2.5+4.0 93.2+7.1
10[-5]
4.5+4.2 107.418.4
Best fit LogECso
n/a
-7.0, R*=0.93
Emax (%)
4.5 107.4
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V) Conclusion

Despite rat aorta clearly expressing ROCK2 mRNA, the most selective
ROCK2 inhibitor examined, KD025, did not induce relaxation of aortic rings
at concentrations [10°-10-%'] M. The less selective, but more potent, ROCK2
inhibitor, Chroman 1 did induce dose dependent vasodilation of aortic rings
with an estimated LogeC50 of -7.0; a value comparable to that of Ach.
Chroman 1 has demonstrated a potency greater than Fasudil ex vivo, and

therefore will be considered in the next set of in vivo experiments.
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5.5 CHAPTER DISCUSSION

i) The selective ROCK2i, KD025 reduces MVO% and IMH% in vivo,

but does not reduce myocardial infarction size

Replacing Fasudil (ROCK1/2 inhibitor) with a more selective ROCK2

inhibitor (KD025), did not improve myocardial infarction size following I/R,

however, it did improve MVO% and IMH%. These findings are not entirely
in keeping with the previously reported results from Lee et al (Lee et al.,
2014) who investigated KD025 in cerebral I/R, here, KD025 reduced
cerebral infarction size (Lee et al., 2014). If KD025 had successfully
inhibited ROCK2 (not proven by this work) then it might be reasonable to
propose that, ROCK1 is the most important isoform in myocardial infarction,
with respect to 1S%. There is some literature to support this suggestion,
which implicates the ROCK1 isoform in the cell death cycle (Shi & Wei,
2007), particularly with respect to the regulation of phosphatase and tensin
homolog (PTEN) and p-AKT, (AKT being an integral part of the RISK pro
survival pathway (Rossello et al., 2017). The fact that Fasudil (ROCK1/2i)
at 10mg/kg reduces infarct size, here, and in numerous other pre-clinical
studies, is in keeping with this (Huang et al., 2018b). However, Fasudil at a
dose of 3mg/kg did not reduce infarct size, as compared to the 10mg/kg
dose observed in chapter 4, however, it did have a significant effect in

reducing MVO% and IMH% in these experiments.

It is not possible to deduce from these results whether that is because

MVO% and IMH% are an early marker of cardioprotection (detectable
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before 1S% becomes significant) or whether they are two distinct
pathological processes, - one being cardiomyocyte related, and the other a
purely vascular phenomenon. It has already been proven in studies of
cardioprotection, that pro-survival pathways can be induced in I/R studies
of cardiomyocytes alone (Rossello et al., 2017), however there is less
literature on I/R studies of cell survival pathways in the isolated vasculature.
One of the main reasons why these experiments can be more challenging,
is that arterial vessels are felt to have much greater resilience to hypoxia
than cardiomyocytes and are likely to demonstrate functional damage far
earlier than apoptosis or pyroptosis (Hausenloy, Chilian, et al., 2019). This
does support the rationale for performing the ex vivo functional vascular
experiments; however, it might be useful in future work to

extend these to include models of hypoxia/reoxygenation
in isolated vasculature and measure cell death. In absence of this, I/R is

simulated via vasoconstrictors such as PE and endothelin 1.

If two separate mechanisms are at work and IS% and MVO% outcomes can
exist independently of one another, then the ability of KD025 to reduce
MVO% and IMH%, would need to be explained. It is not suspected that any
anti-fibrotic process has occurred in this model of acute myocardial
infarction, as this is a chronic process (Q. Liu et al., 2022). Moreover, KD025
may have induced anti-inflammatory effects (which are known to be involved
in the phenomenon of NRF, e.g., neutrophils/platelets (Heusch, 2019))
however it is well acknowledged that most of the inflammation occurring in

acute Ml occurs in a second phase of I/R injury (Hausenloy & Yellon, 2010),
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(Shah et al., 2022). Nevertheless, it is possible that ROCK2i with KD025
has reduced inflammation via early neutrophil responses, and cytokine
signalling which has mitigated the NRF. The latter of which has been proven
in other disease pathologies (Cutler et al., 2021). Another possible
explanation for a reduction in MVO and IMH, is that KD025 improves
endothelial barrier function permeability. This was not examined in these
experiments, nor has it been examined in the heart, however KD025 does

improve vascular barrier function in the lungs (Lee et al., 2020).

As a suggestion to explain why these results do not match those observed
by Lee et al in the brain (Lee et al., 2014), it is possible that KD025 has not
demonstrated further cardioprotective effect for pharmacological reasons.

Notably, PK studies were not performed separately here as part of this study.
Therefore, it cannot be said with certainty that 20-100mg/kg of KD025
reached a therapeutic concentration in the plasma and myocardial tissue.
However, in the work by Yoon et al (Yoon et al., 2020), 2mg/kg iv of KD025
was still detectable in the blood plasma of rats after 240 minutes, whereas
these experiments were terminated at 180 minutes. Therefore, based on
these former PK results, the drug should have still been present and at a
higher concentration, given that the doses used in this study were higher
and administered I.P. It would be expected that an intravenous drug would
be eliminated much sooner via the iv route than via the i.p route (Batker et
al., 2018). What is not known, is whether the drug was at a sub-therapeutic
concentration in the latter stages of reperfusion. Future formal PK studies

would be able to establish this.
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ii) KD025 does not reduce arterial vasoconstriction of rat aortic
rings nor demonstrate vasoactive potential

As all ROCKi are felt to inhibit smooth muscle contraction via
RhoA/MYPT1/MLC signalling, it is surprising that KDO025 at
concentrations [10%-10-%] did not display vasoactive properties (Liao et al.,
2007), (Loirand, 2015). Whereas there are lots of previous studies
examining Fasudil in vascular reactivity, there are few other studies
dedicated to the vasoactive abilities of ROCK2 inhibitors. This might
indicate that the literature hypothesis, that both ROCK isoforms are
similar in function, is incorrect. This may have represented a much earlier
school of thought, which has been cast into question since the
development of newer genetic KO models (Liao et al., 2007). The
observations that KD025 did not vasodilate rat aortic rings, in an
otherwise working model (as evidenced by the ROCK2i Chroman 1 as
will be introduced in chapter 6) supports the clinical findings of the
ROCKstar trial that some patients suffered hyper, and not hypotension,
as a side-effect. In this work (especially for Fasudil) aortic ring response
to ROCKi has closely correlated with the in vivo blood pressure

responses following challenge with the drug.

One explanation for the above results, could be potential off-target effects
of KD025 which are gaining more interest in the literature. Given its now
wide clinical application, Park et al (Park & Chun, 2020) have recently
attempted to identify downstream (non-ROCK pathway related) genetic

targets of KD025. Genetic analysis via bioinformatics, has revealed
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involvement of KD025 in stimulating both inflammatory and adipogenesis
related pathways, which are distinct from ROCK signalling (Park & Chun,
2020). It is unclear at present which of these potential pathways might
contribute to hypertension, which is a side effect not induced by other
ROCKI. From an experimental perspective, ROCK2i was not confirmed
here. However, whilst confirming ROCK activity is reduced by measuring
changes to phosphorylation of MYPT1 would confirm ROCK inhibition
had occurred, it would be extremely challenging to demonstrate that
solely ROCK?2 inhibition had occurred. Discrimination between ROCK1
and ROCK2 activity requires genetic KO models (Loirand, 2015). It was
therefore decided to prioritise these techniques in future work as an
alternative to measuring ROCK2 specific activity. Chroman 1 has clearly
induced vasodilation, potentially via also inhibiting ROCK1 inhibition at
the doses tested, or alternatively via other kinases. These Chroman 1
results will further be considered in the next chapter. It may also be the
case, that the balance of ROCK1 and ROCK2 selectivity, is a key driver
in vascular function. These results might indicate that moving away from
ROCK1 selective compounds reduces vasoactive potential. It would be

useful in this respect to test a highly selective ROCK1 inhibitor.

To summarise, the findings that KD025 does not reduce 1S% but may
reduce MVO% and IMH%, could generate many further hypotheses as
discussed above. In the interest of clarity, it was decided to focus future
experiments dedicated to the null hypothesis that the ROCK2 isoform is
more important than ROCK1 in cardioprotection. Further in vivo work was

first planned with the more potent ROCK2i, Chroman 1 (as this has
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demonstrated vascular activity ex vivo at the doses tested) to be followed

by a genetic ROCK2 KO model.
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CHAPTER 6: THE EFFECTS OF THE POTENT ROCK2 INHIBITOR
CHROMAN 1 ON ENDOTHELIN-1 INDUCED VASOCONSTRICTION AND
CARDIO PROTECTION IN VIVO

6.1 : BACKGROUND

i) Introduction to the highly potent ROCK2i, Chroman 1

The previous chapter discussed how there has been an evolution towards
selective ROCK2 inhibition in pharmacology, to improve therapeutic
outcomes and reduce the side effects associated with ROCK1 inhibition
(Shah & Savjani, 2016). In this regard, the clinical safety profile of KD025
has been discussed (Cutler et al., 2021), as have the many clinical trials of
ROCK2i, involving multiple specialities including neurology, haematology,
respiratory medicine, dermatology and rheumatology (Cutler et al., 2021),
(Fu et al., 2023), (Zanin Zhorov et al., 2017), (Lee et al., 2014). Notably
however, less ROCK2 research has taken place in cardiology and any prior
cardiovascular research has largely been undertaken at a pre-clinical level
(Q. Liu et al., 2022). In addition to the introduction of KD025, (a compound
which is predominantly manufactured for its anti-fibrotic and anti-
inflammatory effects) (Fu et al., 2023) other selective ROCK2 inhibitors have
been synthesized to improve potency and increase downstream specificity
for ROCK2 over other kinases including protein kinase A (PKA) (Shah &

Savjani, 2016).

There are three regions where ROCK inhibitors can be manipulated to alter
their potency and selectivity (Pan et al., 2019). Selectivity to ROCK2 from
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molecular docking studies, is thought to be related to additional hydrogen
bonding and hydrophobic regions within the molecule (Shah & Savjani,
2016). Newer ROCK2 inhibitors are being refashioned continuously, and
there are many selective compounds on the market which have been

synthesised even during this research (Fu et al., 2023).

One potent selective ROCK2 inhibitor is Chroman 1 (Yen Ting Chen 2011),
which was first synthesised in 2011 from chroman-3-amides, formerly
described by Chen et al (Chen et al., 2008) (Figure 44). Chroman 1 is
therefore more potent than KD025 (ICso of Chroman 1 for ROCK2 is 1pM
and ROCK1 52pM). Chroman 1 also has activity against myotonic dystrophy
kinase-related Cdc42-binding kinase (MRCKa) (ICso of 150nM) which has
similar downstream targets to ROCK (Zhao & Manser, 2015). MRCK
enables the inhibition of MLCP in vascular smooth muscle and so acts in
parallel to ROCK to enable vascular smooth muscle cell contraction (Zhao

& Manser, 2015).

The efficacy of Chroman 1 was revisited in 2021 by Chen et al, when they
performed further screening of multiple ROCK inhibitors to search for a
therapeutic agent to prevent in vitro human stem cell death (Chen et al.,
2021). The study, which was published in Nature methods, again noted the
increased potency of Chroman 1 for ROCK2, and the investigators
proposed that the drug should be trialled in place of another common and
less potent ROCKIi, Y27632 (ROCK1/2 inhibitor) which was, at the time,
mainstay in stem cell research (Chen et al., 2021). The 2021 paper found

that stem cell survival was greatly improved following treatment with
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Chroman 1, as compared to Y-27632 and Fasudil (ROCK1/2 inhibitors).
Interestingly, although Chroman 1 is known to be active in the picomolar
concentration range, the investigators reported an approximate ECs effect
of the drug at log concentrations of 10-8 (mol) (Figure 45). This is interesting,
as the same investigators performed a kinase ‘hot spot’ assay to determine
that the 1Cso of Chroman 1 for ROCK2 and ROCK1 was 1pM (10-'?) and
52pM (10-") respectively. The authors propose that Chroman 1 improves
cellular survival via reducing myosin related cellular apoptotic contraction
and cell blebbing (Chen et al., 2021). Whilst it useful to reduce vascular
contractility in the right circumstances, it is less desirable to reduce
cardiomyocyte contractility in the setting of myocardial infarction, as this

could potentially lead to a decline in left ventricular function.

Given the promising vasodilatory effects that were observed in the previous
experiments, and the reported increased potency of the drug, it was decided
to proceed with further experiments, both ex vivo and in vivo, with Chroman
1 to ascertain whether this would improve IS% outcomes (in addition to
MVO% and IMH%). Before these experiments, it is important that the
vasodilatory properties of Chroman 1 are again considered. As prior
experiments on the vascular myography apparatus had used phenylephrine
(PE) as a standard vasoconstrictor, it was newly considered, that this may
not be the best activator of the ROCK pathway, compared to other
vasoconstrictors such as endothelin 1 (Kawarazaki & Fujita, 2021). Further
literature was next explored below to further review the agonist activators of

ROCK in VSMC.
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Figure 44 The molecular structure of Chroman 1 a chroman-3-amide

derivative. Reproduced from the original paper of Chen et al in 2011
(Yen Ting Chen 2011)
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Figure 45—Chroman 1 demonstrated a greater potency for cell survival
of human pluripotent stem cells, compared to other ROCK inhibitors.
lllustration from Chen et al (Chen et al., 2021) (permission from
Publishers has been granted).
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ii)ET-1/RhoA/ROCK mediated vasospasm

As an alternative to ex vivo hypoxia/reoxygenation, the functional vascular
damage induced by myocardial infarction, has been simulated by inducing
vasoconstriction with phenylephrine in a standard vascular myography
model (chapters 4&5). Aside from the obvious limitation that this model
utilises i.e. a conduit vessel and not the microvasculature; using PE as a
vasoconstrictor may move further away from the physiological contractile
responses seen in vivo during myocardial infarction and no reflow (Tona et
al., 2023). For example, as has been discussed in chapter 1, it is known that

other vasoconstrictors such as endothelin-1 (ET-1) more closely resemble
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substances released by the injured vasculature during I/R, and ET-1 has
been directly linked to causing coronary no re-flow (Tona et al., 2023),

Moreover, ET-1 is released directly by damaged endothelium, whereas PE
is part of a more general neurohormonal response governing vascular
smooth muscle cell contraction (Niccoli et al., 2016). It is necessary then to
consider agonist VSMC contraction in more detail. Chapter one has broadly
considered this but has not explained specifically the selectivity of various
vasoconstrictor agonists, concerning the ROCK pathway. Kawarzaki et al,
describe ET-1 as being a direct activator of ROCK via RhoA (Ga12/13),
whereas PE as a derivative of NE, may have more affinity for the alternate
Gaqg/11 Ca2+ dependent pathway of VSMC contraction (Kawarazaki &

Fujita, 2021) (fig. 46).

Original research into agonist-induced VSMC by Gohla et al in 2000,
discovered that both calcium dependent and sensitisation pathways are
required for ET-1 mediated contraction (Gohla et al., 2000). However, when
the G12/13 receptor (RhoA activator) was silenced in VSMC, ET-1 did not
induce contraction in 90% of cells (Gohla et al., 2000). This would indicate
that ET-1 mediated contraction (although utilising both pathways) enables
most induced contraction via ROCK. Since this original research, further
investigations have suggested that the two main pathways of VSMC
contraction are perhaps not as distinct as initially thought. Discovery of the
molecule cytosolic protein inhibitor 17 (CPI-17) (Figure 46) has
demonstrated that the two pathways are intricately related and converge via

phosphorylation of this molecule to enable inhibition of MLCP and
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contraction (lto et al., 2022) (Figure 46). It is therefore not possible without
genetic models, to fully separate

ROCK mediated contraction from calcium dependent contraction. Tsai et al,
2022 agree that ET-1 stimulates ROCK specific contraction via RhoA in the
coronary circulation and microvasculature (Tsai et al., 2017). Revisiting this
study from chapter 1, in a TAC mouse model of myocardial pressure
overload, ET-1, induced dose dependent contraction of coronary arterioles
(Tsai et al., 2017). In healthy vessels, this process was not reduced by
treatment with the ROCK inhibitor, H-1152, (ICs0 for ROCK2 of 20nm).
Vessels were however, treated with a H-1152 dose of 10nm which may have
been sub-therapeutic (Tsai et al., 2017). H-1152 did reduce the additional
ET-1 related vasoconstriction, seen in the TAC mice (Tsai et al., 2017).
Therefore, this study suggested that ET-1 mediated RhoA activation and
calcium sensitisation was present in disease pathology, but not healthy

vasculature (Tsai et al., 2017).

To summarise - both important literature reviews and independent studies
document an ET-1/RhoA/ROCK mediated pathway of arterial VSMC
activation (lvey et al., 2008; Tsai et al., 2017), and therefore ET-1 may be a
more robust agonist to investigate in further models of arterial
vasoconstriction. It was therefore decided to investigate the ability of

ROCK?2 inhibitors to reduce ET1 mediated contraction.
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Figure 46The G12/13 RhoA/ROCK pathway (right) is activated by the agonists ET-1, ATIl and TXAZ2. Conversely, the G-protein
Gq11 calcium dependent pathway (left) is activated by most agonists including NE (left). Fasudil inhibits both pathways directly
as it is also a ca Ca2+ channel blocker. Image inspired by from (Kawarazaki & Fujita, 2021), (Gohla et al., 2000).
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6.2: THE POTENT ROCK2 INHIBITOR CHROMAN 1 REDUCES ET+1
INDUCED VASOCONSTRICTION OF AORTIC RINGS

i) Objectives

1. To demonstrate that endothelin-1 (ET-1) is a potent

vasoconstrictor of rat aortic rings

2. To demonstrate that the ROCK2 inhibitor Chroman 1, can

attenuate ET1 induced vasoconstriction of rat aortic rings

i) Methods

The aortic ring myography apparatus and buffers were set up as
previously detailed in chapter 4. Animal handling protocols were followed
as previously described, and male SD rats (250-350g) were selected for
the experiments. Rats underwent terminal anaesthesia with
phenobarbital as described in chapter 4, and the chest was opened and
the aorta carefully removed from surrounding tissue, taking care not to
damage the endothelium. For these set of experiments a slightly different
protocol was applied compared to previous concentration, relaxation

protocols which will now be described.

Testing different vasoconstrictors (n=5)

In the first set of experiments two known activators of ROCK (namely

Endothelin-1 (ET-1) and angiotensin 1l (AT-ll)), were prepared for
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comparison against the previously used vasoconstrictor, phenylephrine
(PE) (cadrenoreceptor agonist). ET-1 was purchased from Hello Bio© as
a powder containing 500ug of peptide. ET-1 is fully soluble in saline buffer
according to the manufacturer’s instructions. AT-Il was also purchased
from Hello Bio© as a vial containing 100ug of powder and is also soluble
in saline buffer. PE was used and prepared as previously described in
chapter 4. Following aortic ring preparation, the rings were pre-
constricted with 60mM KCL and allowed to reach their maximum
contraction over 40-mimutes (protocol Figure 47) before KCL washout.
Rings were allowed to equilibrate after washout and until baseline force

level was achieved (mN).

Next, either PE, ATIl or ET-1 at concentrations Log [10°-107]M were
added to each water bath in step wise increments every 6-minutes. ET-1
was tested to 107 in line with previous literature (Grisk et al., 2012) and
due to the large quantity of ET-1 that this would require, higher doses
were not utilised. These initial experiments were performed to confirm
that these concentrations of the vasoconstrictors were adequate to reach
a peak contraction, that was >70% KCL contraction. Concentration,
contraction curves were then plotted, and contractile responses were
compared between vasoconstrictors. Statistics and power calculations
were applied as described in chapter 4, and as per vascular physiology

best practice guidelines (Wenceslau et al., 2021).
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Testing of ET-1 in ROCK2 inhibitor pre-treated aortic rings (n=5)

If constriction of aortic rings was observed following treatment with
increasing concentrations of ET-1, a further set of experiments were
planned to ascertain whether this vasospasm could be attenuated using
ROCK inhibitors, including the potent ROCK2 inhibitor Chroman 1. The
ROCK inhibitors Chroman 1, and Fasudil (ROCK1/2i) for comparison,
were both prepared in 100% DMSO as a stock solution, alongside DMSO
control vehicle. Ach was prepared as previously described to confirm the
presence of endothelial function in the aortic rings. Stock solutions of
ROCK inhibitors were prepared so that the concentration of DMSO in
each individual water bath did not exceed 0.1%. Following KCL washout
and stabilisation, aortic rings were pre-treated for 30minutes with either
Chroman 1[10°], or Fasudil [10°] (LogECso — parameter calculated from
previous experiments) or matched concentration of DMSO vehicle
(fig.49). As KDO025 did not demonstrate vasodilatory properties
previously, it was not possible to evaluate this drug in these experiments.
Following 30-minutes of ROCK:i treatment, aortic rings were treated with
increasing concentrations log [107-10°]M of ET-1 administered every 6
minutes (Grisk et al., 2012) (protocol shown Error! Reference source

not found.).
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Figure 47Experimental protocol for VMSC agonist treated aortic rings.
Vessels are treated with 60mM KCL to achieve maximum contraction.
KCL is washed out, and dose response contraction experiments are
commenced with varying vasoconstrictors.

60MM KCL KCL WASHOUT

Addition of agonist
Log[10°-107] (M)

Figure 48Experimental protocol for VSMC agonist treated aortic rings
with ROCKIi pre-treatment. Vessels were first treated with 60mM KCL
and washed out. To enable endothelial assessment, vessels were pre-
constricted with 1uM PE and then treated with 10uM Ach to confirm
endothelial function. PE and Ach were then thoroughly washed out and
the rings were allowed to stabilise. Vessels were pre-treated with
ROCKi or DMSO control for 30-minutes before ET-1 dose response
experiments were performed every 6-minutes.

10pM Ach ET-1[10-9 — 10-7]

60MM KCL 1uM WO
PE 30 min treatment ROCKi
ECso
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iii) Results

The 3 vasoconstrictor agents were investigated as described in the
methods section and Figure 47. It was apparent that each agent
produced a different dose response profile. AT-1l produced a biphasic
response (Figure 49) and reached a peak contraction at concentrations
of approximately Log[-8]M. At greater concentrations of ATII, the
contractile responses of the aortic rings were seen to diminish. ET-1 and
PE followed a more typical dose-response pattern, however the Emax
value of either curve was not reached at these concentrations. Given this
difference in concentration curves for each vasoconstrictor, a 2-way
ANOVA with mixed effects model was applied to log transformed data as
an alternative to a non-linear regression model. This is an acceptable
statistical method to use in vascular science (Wenceslau et al., 2021).
Figure 49 demonstrates that the vasoconstrictor ET-1, induced the
greatest contractile response (%KCL) compared to the more typically

used PE, (p<0.0001).

Aortic rings were pre-treated with either ROCKi or DMSO control, prior to
the addition of increasing concentrations of ET-1 Log [10°-107]M (Figure
50). Following analysis with two-way ANOVA and mixed effects model,
both ROCKI investigated, Fasudil and Chroman 1, attenuated ET-1
mediated contraction. However, these effects were greatest in the
Chroman 1 treated aortic rings, suggesting that this was a stronger

inhibitor of ET-1 induced vasoconstriction.
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Figure 49 Dose response curves for different vasoconstrictor agents in

rat aortic _rings (n=5). Original data was log transformed and

transformed a second time for Y=Y-K, where K was mean contraction
for an NaCL control group (n=5). *p=0.013 ET-1 vs PE, ****p<0.0001

ET-1vs PE
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% Contraction (KCL max)

4= Endothelin-1 (%KCLmax)
“*= PE (%KCLmax)
®= Angiotensin Il (%KCLmax)
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10-8 20.3x3.1 10.615.5 16.614.0
10-7.5 18.114.2 32.61£7.5 37.216.9
10-7 10.615.0 64.414.5 113.4£13.9
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Figure 50 Dose response curves for ROCKi vs DMSO control treated

aortic rings prior to the addition of increasing concentrations of the

vasoconstrictor ET-1 (n=5). *p=0.02 Fasudil vs control, **p=0.009
Fasudil vs control, ****p<0.0001 Fasudil vs control. ~~~~p<0.0001

Chroman 1 vs control (n=5).
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iv) Conclusions

In a study of rat aortic rings, the peptide hormone ET-1 was demonstrated to
induce significantly greater vasoconstriction compared to the previously used
PE in pilot studies at the dose range tested. Despite ET-1 being a stronger
vasoconstrictor of aortic rings, Chroman 1 (ROCKZ2i) was able to significantly
attenuate this response. As ET-1 is implicated in the pathology of vascular
injury during myocardial infarction and ROCK activation (Tona et al., 2023)
Chroman 1 would therefore be a promising agent to test in further in vivo

studies of MVO.

V) Next experiments

Chroman 1 has effectively demonstrated vasoactive potential in two studies of

rat aortic rings, as described in chapters 5&6. This is likely via inhibition of a

ROCK mediated VSMC agonist pathway, which leads to the active form of
MLCP being expressed (Figure 46). However, it is not known whether ROCK2
inhibitors also reduce myocardial contractility. It is hypothesised that any drug
that induces changes in myosin/actin binding and cytoskeleton organisation,
may have the potential to affect this (Bers, 2002). This is undesirable in
studies of acute cardioprotection, as a reduction in myocardial contractility
would lead to a potential reduction in left ventricular ejection fraction. Further
studies were planned to explore this, and to investigate the effects on LVEF%
when rats were treated with the ROCK2i in vivo. Following the aortic ring
model findings (which suggest that Chroman 1 might also acutely lower blood
pressure) the next study was also a pilot study of haemodynamic effects of

the drug in vivo, in absence of I/R.
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6.3: THE HIGHLY POTENT ROCK2i CHROMAN 1 DOES NOT REDUCE
LEFT VENTRICULAR SYSTOLIC FUNCTION IN VIVO
(ECHOCARDIOGRAPHY STUDY)

i) Objectives

1. To perform closed chest in vivo experiments to investigate the
haemodynamic effects of Chroman 1 in vivo and to establish a
nonlethal dose range

2. To investigate the effects of Chroman 1 on left ventricular ejection

fraction (LVEF%) using echocardiography

In these sets of experiments, intubation and anaesthesia was performed
by Ms Liyana Yusof. All other aspects of the study including drug
administration and echocardiography were performed independently by

Dr Lucie Pearce.

i) Methods

Haemodynamic studies

Male Sprague Dawley rats (250-350g) were handled and anaesthetised
as per former protocol for the in vivo work in chapter 4&5. Experiments
ran from 0-60 minutes and were undertaken in a closed- chest rat model.
Chroman 1 was purchased from MedChem Express as in chapter 5 and

was prepared in an original stock solution of DMSO to a concentration of
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0.75mg/ml (high potency). Starting at 15 minutes, and then every 15
minutes, animals were administered either increasing doses of Chroman
1 stock solution (0300ug/kg) or a matched volume of DMSO control
(Table 17). After the final cumulative dose was administered at 45-
minutes, the experiment ran for a further 15 minutes to record final
haemodynamic status. Heart rate (BPM), blood pressure (mmHg) and
LVEF% were measured and recorded at baseline and at 15-minute
intervals until the end of the experiment. The rationale for dose selection
in the pg/kg range was due to the high potency of Chroman 1 for ROCK2
and ROCK1. There have been no other doses of Chroman 1 used in vivo
for comparison. Given that Chroman 1 causes aortic ring vasodilation, it
would seem reasonable to suggest that a drop in systemic blood pressure
might indicate drug activity. As was the case for Fasudil, it is not desirable
therapeutically to cause a MAP (mmHg) drop below an average of
70mmHg, this is based on commonly used clinical cardiological

parameters and clinical opinion (Niccoli et al., 2019).

M-mode Echocardiography

In addition to blood pressure and heart rate, left ventricular ejection fraction

(LVEF%) was measured at baseline and every 15 minutes throughout the

experiment using M-mode echocardiography. After anaesthesia, the animal’s

chest was prepared so that the ECHO probe could image the thorax. Both

parasternal long axis (PLAX) and parasternal short axis (PSAX) views were

obtained to measure for each view: - left ventricular intraventricular septal

diameter (IVS), left ventricular end diastolic volume (EDD), left ventricular end
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systolic diameter (ESD) and the left ventricular posterior wall diameter (PWD)
(Figure 51). The results of both PLAX and PSAX views were averaged to

provide a final LVEF% from automated 2D calculation.

Table 17Protocol for Chroman 1 dose response experiments. A stock solution
of 750ug/ml was prepared for Chroman 1 in 100% DMSO. A matched volume
of either Chroman 1 stock or 100% DMSO was added every 15minutes to
provide the cumulative doses described below for a 300g animal. Chroman 1
was added in cumulative dose increments of 30ug/kg, 100ug/kg, and
300ug/kg. Stock solution was pipette measured and administered using a fine
bore insulin syringe (n=5).

TIME (min) DRUG CUMULATIVE | CUMULATIVE VOLUME
DOSE STOCK SOLUTION
0 G1: Chroman 1 0 0
G2: DMSO 0 0
15 G1: Chroman 1 30ug/kg 12uL
G2: DMSO 40pL/kg 12uL
30 G1: Chroman 1 100ug/kg 40uL
G2: DMSO 133uL/kg 40uL
45 G1: Chroman 1 300pg/kg 120uL
G2: DMSO 400pL/kg 120uL
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Figure 510riginal echocardiography images demonstrating the calculation of LVEF% for in vivo closed chest
experiments, A: Echocardiography PLAX view is demonstrated with a cross section through the left ventricle from
which an M-mode trace is generated (B). LVEDD — left ventricular end diastolic diameter, IVSd — intraventricular septum
diameter in diastole, PWDd — posterior wall diameter in diastole. Echocardiographic images were obtained every 15-
minutes (n=>5).

A B

2022 14:22:26
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iii) Results

Haemodynamic studies

Figure 52 demonstrates that addition of 3 cumulative doses of Chroman 1, did
not have a significant effect on blood pressure or heart rate over a 60-minute

period (Table 18).

LVEF%

Similarly, Table 18 demonstrates that 3 cumulative doses of chroman 1 did not
significantly reduce LVEF% in the time studied, compared to matched volume

DMSO controls.

Conclusions

In this closed chest model in vivo study, the potent ROCK2i Chroman 1, did
not significantly reduce LVEF%, blood pressure or heart rate, at doses
between 0-300ug/kg, in the absence of ischaemia/reperfusion. This data
suggested that this dose range was reasonable to test in vivo, in further I/R

experiments, which will be described in the next section.
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Figure 52 Addition of Chroman 1 cumulative doses (30-300ug/kq) over

time in_a closed chest model (n=5). Following analysis with 2-way

ANOVA and multiple comparisons test, no significant differences in
MAP (mmHg) were observed between the treatment group and DMSO

control (n=5).
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TIME (MINUTES) MEAN MAP MEAN MAP P VALUE
DMSO CONTROL | CHROMAN 1
(MMHG) +SEM | (MMHG) +SEM
0 107.243.7 105.7+4.4 0.99
15 101.3+4.0 102.245.8 >0.99
30 95.3+4.3 95.3+7.7 >0.99
45 92.1+2.8 75.4+7.1 0.33
60 85.6+3.4 77.98.2 0.94
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Table 18: Heart rate and LVEF% response respectively to Chroman 1

(30-100ug/kq) in a closed chest model (n=5). There were no significant

differences observed between the treatment groups and the DMSO

control groups.

TIME (MINUTES) MEAN HR MEAN HR P VALUE

DMSO VEHICLE | CHROMAN 1

(BPM) +SEM (BPM) +SEM

0 371.648.6 359.4+19.1 0.98
15 383.046.1 360.8+13.1 0.82
30 383.8+10.5 366.4+11.4 0.93
45 395.0+21.9 366.2+11.6 0.61
60 376.4+12.6 371.2422.1 0.99
TIME (MINUTES) | MEAN LVEF% MEAN LVEF% P VALUE

DMSO VEHICLE | CHROMAN 1

(MMHG) +SEM | (MMHG) +SEM
0 81.412.4 82.612.4 0.99
15 82.412.6 82.812.5 >0.99
30 85.6+2.0 78.8+1.6 0.45
45 84.612.9 79.0£3.4 0.65
60 81.0+4.1 76.614.4 0.83
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6.4: THE HIGHLY POTENT ROCK2 INHIBITOR CHROMAN 1 DOES NOT
ATTENUATE 1S%, OR MVO% IN VIVO DURING ISCHAEMIA
REPERFUSION

i) Objectives

1. To investigate the effects of Chroman 1 on a primary outcome

measure of IS% during in vivo ischaemia/reperfusion

2. To investigate the effects of Chroman 1 on secondary outcome
measures of MVO% and [IMH% during in vivo

ischaemia/reperfusion experiments

A new in vivo, randomised, blinded control study was planned to

investigate the effects of Chroman 1 as detailed in the above objectives.

Experiments were designed by Dr Lucie Pearce, who also undertook the
randomisation procedure. In vivo surgery was conducted by Dr David He,
who was blinded to the treatment groups and performed a blinded
analysis of heart sections using Image J© software. Dr Lucie Pearce

performed final statistical analysis of the data.

i) Methods
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In vivo ischaemia/reperfusion

Animals were handled according to section 3.1. Adult male Sprague-
Dawley (SD) rats were selected for these experiments (250-350g).
Induction anaesthesia was performed and maintained with 100mg/kg
phenobarbital, after which animals were intubated and ventilated with

room air and oxygen.

Under anaesthesia, surgical thoracotomy was performed, and the left
anterior descending coronary artery (LAD) was identified within the
pericardium. This was ligated for 30 minutes, and myocardial ischaemia
was confirmed by the presence of left anterior ST-elevation. After 30
minutes of ischaemia, the LAD ligature was released, and the vessel was
re-perfused for a period of 180 minutes. 15-minutes prior to the onset of
reperfusion, Chroman 1 (at doses 30-500ug/kg) was injected via the |.P
route. The haemodynamic status and blood pH of the animals was

monitored continuously and recorded via right carotid cannulation.

In accordance with previous chapters, 4% Thioflavin S dye was
administered at the end of reperfusion, into the systemic circulation, to
allow further assessment of MVO%. Finally, the LAD vessel was re-
occluded with the ligature, and Evans blue dye injected into the systemic
circulation, to demonstrate the area at risk (AAR%). For analysis of the in
vivo work, cardiac tissue was prepared into 2mm sections and stained
with tetrazolium (TTC) to measure infarct size as a % of the AAR. Under
UV light, regions not perfused by the Thioflavin S dye were quantified (%)
and recorded as regions of NRF/MVO (Figure 33, chapter 4). %lIS,

%MVO and %IMH were all estimated for each section using the electronic
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software program, Image JO. %IMH was estimated visually following TTC
staining from necrotic regions of myocardium and again quantified using

Image J software®© (fig.33, chapter 4) (Kumar et al., 2011).

Statistics

Statistical power was determined by the following formula: - [sample size =2

SD? (22 + ZP)?/d?], where SD = standard deviation, D= main effect size, and
Z values which correspond to a type 1 error of 5% and 0.80 power. These
experiments were powered to 0.80, which required n=5 animals per
experiment, based on data from previous in vivo ischaemia/reperfusion
experiments in our lab (Rossello et al., 2017). Data was normality tested and
then analysed with a one-way analysis of variance (ANOVA) for multiple

groups.

Drugs and stock solutions

10mg of Chroman 1 powder was purchased from MedChem Express as for
the previous experiments. For the I/R experiments two main stock solutions of
Chroman 1 were dissolved in 100% DMSO 1) concentration 75ug/ml and 2)
concentration of 750pg/ml. For doses of Chroman 1 of 10ug/kg and 30ug/kg,
stock solution 1 was used at volumes of 40uL and 120uL respectively (for a
300g animal). Stock solution was measured using a pipette and drawn up from

an Eppendorf tube using a fine bore insulin syringe before I.P administration.

For doses of Chroman 1 of 100pg/kg and 500ug/kg, stock solution 2 was used
at volumes of 40uL and 200uL respectively, for a 300g animal. For the control

animals, matched volumes of 100% DMSO were used in the same manner.
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iii) Results

A range of doses of Chroman 1 (10-500ug/kg) were investigated for both
the primary and secondary outcomes and according to the doses tested
in the previous section of this chapter. Unfortunately, Chroman 1 at any
dose tested, did not significantly reduce 1S%, MVO% or IMH% compared
to DMSO controls, following a period of myocardial I/R (Figure 53-A-C,
table 21,22). Figure 54A demonstrates that there were no significant

differences observed in the AAR% between groups.

Figure 54B demonstrates the MVO% results which have been further
adjusted for 1S%. Despite this adjustment there were no significant
differences in MVO% found, between treatment groups and controls. Of
note, animals in the 500pg/kg cohort (n=4) did become critically
hypotensive to a minimum MAP value of 52mmHg (Table 19), however
all 4 animals survived. For this reason, this dose was deemed not suitable
to continue with greater than n=4. There was no significant hypotension
observed for other doses of Chroman 1, suggesting that these results
were consistent with previous closed chest haemodynamic studies. For
the 100ug/kg cohort, there was an early signal that IS% was increasing
in the treatment group, and it was not felt that proceeding to n=5 for this
dose would be beneficial. Two groups were therefore underpowered for

safety reasons.
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Table 19: Blood pressure and HR responses following addition of
Chroman 1 500ug/kq to n=4 animals. Chroman 1 500ug/kg was the only
dose that had not previously been tested in closed chest haemodynamic
studies. Chroman 1 induced significant hypotension in animals
undergoing I/R.

MAP DMSO Chroman P VALUE
(mmHg) VEHICLE 1
(n=15) 500ug/kg
(n=4)

MEAN = 104.415.0 71.916.3 0.02
SEM

MIN £ SEM 85.7+5.0 52.316.3 0.01
MAP 54.615.0 70.816.3 0.79
RANGE +

SEM

iv) Conclusion

In an in vivo randomised, blinded control study of myocardial
ischaemia/reperfusion, the ROCK inhibitor Chroman 1 at any dose
tested, did not reduce either the primary outcome (1S%) or the secondary
outcomes (MVO% and IMH%). This remained the case when MVO% was
adjusted for 1IS% and not AAR%. The dose group 500ug/kg tested n=4
only, due to animals becoming unacceptably hypotensive with a MAP
around 50mmHg. Doses above 500ug/kg were not haemodynamically
safe, in this study. The chapter discussion will next address a move away
from investigating Chroman 1 and different ROCK inhibitors, to a murine

ROCK2(+/-) KO model.
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Figure 53The effects of chroman 1 (10-500ug/kq) on A) I1IS%, B) — MVO%, C) — IMH, vehicle (n=15), chroman 1 10ug/kq (n=38),

chroman 1 30ug/kg (n=10), chroman 1 100ug/kq (n=4), chroman 1 500uq/kq (n=4)
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Figure 54: A) AAR% between treatment groups for the myocardial I/R model, B) MVO% from figure B, readjusted for IS%, vehicle
(n=15), chroman 1 10ug/kg (h=8), chroman 1 30ug/kq (n=10), chroman 1 100ug/kg (n=4), chroman 1 500ug/kq (n=4)
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Table 20 Mean values + SEM for effects of Chroman 1 (10-500uqg/kq)
on IS%, MVO%, IMH% and AAR%

MEAN DMSO | CHROMAN | CHROMAN | CHROMAN | CHROMAN
+SEM | VEHICLE | 1 10pg/KG | 1 30ug/KG 1 1
n=15 n=8 n=10 100pg/KG 500pg/kg
n=4 n=4
1S% 49.7+4.3 | 47.5+£3.6 39.3+4.9 54.1+1.3 38.9+4.2
(AAR)
MVO% | 24.4+2.7 | 29.3+2.7 20.1+3.0 25.2+2.7 17.314.2
(AAR)
IMH% | 32.0£3.3 | 40.3%4.0 26.6+3.0 39.0+4.0 27.2+4 .4
(AAR)
AAR% | 40.0£2.1 42.3+3.2 39.243.1 33.944.1 40.5+4.8
(LV)
MVO% | 49.6+4.2 61.545.2 51.2+3.7 46.6+5.0 46.9+7.2
(1S)
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Table 21 Multiple comparisons results between Chroman 1 and control
qgroups following one-way ANOVA & Dunnett’s test

P P VALUE | PVALUE | P VALUE P VALUE
VALUE MVO% IMH% AAR% MVO (I1S%)
1IS%
Vehicle vs 0.97 0.87 0.28 0.95 0.12
Chroman 1
10ug/kg
Vehicle vs 0.10 0.40 0.34 0.99 0.99
Chroman 1-
30ug/kg
Vehicle vs 0.96 0.99 0.57 0.63 >0.99
Chroman 1-
100upg/kg
Vehicle vs 0.49 0.60 0.94 >0.99 >0.99
Chroman 1
500ug/kg
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6.5: CHAPTER DISCUSSION

i) Chroman 1 (ROCKi) attenuates ET-1 mediated
vasoconstriction of aortic rings

The justification for testing Chroman 1 (ROCKZ2i) pre-treated aortic rings
with a second vasoconstrictor (ET-1) was to try to mimic the conditions of
I/R more closely (during which ET-1 is released from damaged
endothelium) (Tsai et al., 2017). It must be re-iterated that as the aorta is
a conduit vessel, the results of these experiments may not correlate with
the physiological responses of the coronary circulation. Moreover, the
model was used as a more general model of vasospasm, and to ascertain
which of the ROCK inhibitors are vasodilators. That said, the previous
chapters have demonstrated that ROCK2 mRNA is expressed in both the

aorta and the coronary circulation (chapter 3&5).

Before considering the response to pre-treatment with ROCK inhibitors,
the contractile responses to different vasoconstrictors must be reviewed.
ET-1 is a known activator of ROCK (Kawarazaki & Fujita, 2021). In the
above experiments, ET-1 induced the greatest contractile response of all
the vasoconstrictors investigated. It is likely that ET-1 binds to ETA
receptors in rat thoracic aorta (Ivey et al., 2008). A biphasic contractile
response of aortic rings was observed after addition of AT-l (Figure 49).
This has been reported by other investigators and may possibly be
caused by autosensitisation of AT-Il type | receptors on VSMC, or binding
to AT-II type Il receptors, which induces a depressor response at higher
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concentrations (Scheuer & Perrone, 1993), (Haulica et al., 2003). The
maximum contractile response of ATIl however, was much lower
compared to that observed for ET-1 and PE (Figure 49). ET-1 was
therefore used in further vascular ring studies of the ROCK2 inhibitor

Chroman 1.

To the author’s knowledge, there are no other studies that have tested
the vasoactive properties of the ROCK2i, Chroman 1. Several other
studies have explored ROCK induced vascular contraction in response
to ET-1 with other ROCK inhibitors. One such study by Tsai et al, has
already been addressed in the background section (Tsai et al., 2017).
Another study compared the responses of ET-1 induced vasoconstriction
in both rat coronary arteries and renal resistance vessels, and following
pre-treatment with the ROCKIi, SAR407899 (Grisk et al., 2012).
SAR407899 (an ATP competitive pan-ROCK inhibitor) was noted to
reduce ET-1 mediated constriction in renal resistance vessels, but not in
coronary arteries (Grisk et al., 2012). This suggests that ROCK mediated
VSMC contraction as stimulated by ET-1, may vary in vessel type and
size.

In support of the results from chapter 3 of this thesis, the same study
found a much greater abundance of ROCK2 mRNA in human small
thymic arteries (obtained from consenting patients during CABG
surgery). It was noted that ROCK1 was not present altogether in some
human vessels tested (Grisk et al., 2012). This paper was published in

2012, which pre-dated many of the newer selective ROCK2 inhibitors,
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and thus SAR407899 was selected for use at that time. One final
important point from this paper, is the acknowledgement that ET-1 is
more ROCK specific than other a-adrenoreceptor agonists (Grisk et al.,
2012).

In these thesis experiments, Chroman 1 was able to successfully reduce
ET1 mediated contraction of rat thoracic aorta, to a greater degree than
another well-known vasodilator, Fasudil (Figure 50). It is not apparent
from these experiments, what mechanism is responsible for the
enhanced vasodilatory capabilities of Chroman 1, but possibilities include
either greater ROCK1, ROCK2 or MRCKa inhibition compared to Fasudil.
A greater potency of the drug may be one explanation, however Chen et
al also noted when they originally designed this drug, that Chroman 1
showed affinity for MRCK (Chen et al., 2008). To explain the difficulty in
discriminating between these kinases, it is necessary to describe the
downstream actions of MRCK in more detail (Figure 55). Before this, it is
important to state that there are also no MRCK specific phospho-
antibodies available, which would allow for measuring MRCK activity via

this method (Zhao & Manser, 2015).

MRCK like ROCK, is also a G-protein activated kinase, but it resides
downstream of a molecule called CDC42 rather than RhoA (Wilkinson et
al., 2005). There are three forms of MRCK including a, 3 and y (Ruscetta
et al., 2023) which regulate cell motility within the cytoskeleton, and
smooth muscle migration. They also like ROCK, have implications in
cancer cell replication (Zhao & Manser, 2015). A former study

investigating MRCK expression in different tissues, using Western blot
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analyses, suggested that the kinase is expressed in the heart, but to a
lesser degree than the brain or the lungs (Leung et al., 1998). This study
did not further examine expression within different cell types in the heart.
MRCK is known to inhibit MLCP in the same way as ROCK (via
phosphorylation of MYPT1 at T696/T853), and therefore ‘releases the
break’ on the inhibition of P-MLC2 to induce smooth muscle contraction
(Zhao & Manser, 2015). ROCK and MRCK therefore have common
downstream substrates (Zhao & Manser, 2015) (Figure 55). Unlike
ROCK, there are not many studies in the literature that have examined
the contractile effects of MRCK in smooth muscle.

In a prominent literature review from 2020, only one preclinical study is
identified as investigating the contractile role of the CDC42/MRCK
pathway in canine tracheal smooth muscle (Li et al., 2020). No studies
are identified as having been conducted in vascular smooth muscle (Li et
al., 2020). Some authors have attributed this lack of specific research to
the difficulty in producing a selective MRCK inhibitor which does not also
inhibit ROCK' (Ruscetta et al., 2023). Two known inhibitors of MRCK
include Chelerythrine and the new compound BDP5290 (Zhao & Manser,
2015). BDP5290 has recently been investigated in the heart in the study
of atrial fibrillation (AF) where it was found that inhibiting MRCK in mice
induced AF, by reducing MLC2 phosphorylation and contractility. MRCK
inhibitors were, therefore, not therapeutic, and moreover were
detrimental (Perike et al., 2023). This study did not explore the role of

MRCK in vascular smooth muscle.
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Figure 565: VSMC agonist pathways and the role of MRCK: The G-protein coupled kinases, ROCK and MRCK, share the common
substrates of MLCP (MYPT1) and MLC?2, involved in cellular and VSMC contraction. Original artwork inspired by (Kawarazaki &
Fujita, 2021)
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In summary, it is extremely difficult to discriminate between the actions of
MRCK and ROCK (as is the case for ROCK1 and ROCK2) without KO
studies. It might be possible in further studies to use an MRCK inhibitor
such as BDP5290 in vascular tissue and to observe whether this induces
vasodilation, however this does not directly prove that MRCK inhibition
has occurred in these experiments to explain the vasoactive properties

of Chroman 1. Moreover, this is less relevant to the original hypothesis -

that ROCK2 is the most important isoform in vasodilation and

cardioprotection. This should therefore be considered in future

experiments, but not necessarily as a focus of this thesis. A more general
validation of the ROCK inhibitors tested, using either P-MYPT1 or P-

MLC2 would be useful in future experiments.

i) Chroman 1 is a potent vasodilator, but it does not reduce
LVEF% in vivo

The experiments performed in section 6.3, were performed
predominantly to assess the haemodynamic effects of Chroman 1 in vivo
and to ensure that a range of non-lethal doses were established.
However, it was decided to concurrently measure the LVEF% of animals
receiving the drug, to ensure that no further negative inotropic effects
were observed via a reduction in either myocardial contractility or systolic
function (LVEF%) (Niccoli et al., 2019). Inotropic support was required in
a previous clinical study of Fasudil during myocardial infarction (Kikuchi
et al., 2019) and it is unclear whether this was secondary to an acute
reduction in blood pressure causing a hypotensive crisis or another

mechanism of myocardial compromise. Direct inhibitors of cardiac
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myosin (i.e., the drug Mavacamten) do reduce LVEF% acutely, and so it
was to be established whether a ROCKi mediated reduction in MLC-P,

might also induce similar effects in the myocardium.

It has already been discussed that Chroman 1 reduces the VSMC
contractility of aortic rings by either potently inhibiting ROCK1/2, or the
ROCK like kinase, MRCK. ROCK reduces VSMC contractility by reducing
P-MLC2 mediated actin/myosin contraction via inhibition of MLCP
(Shimokawa et al., 2016). Whether or not similar ROCK contractile
pathways exist in the myocardium and cardiomyocytes, has been
speculated by Shimokawa et al, and identified as an area which requires
further research (Shimokawa et al., 2016). It is important here to state
that the key mechanisms governing cardiomyocyte contraction
(involuntary) and VSMC contraction (voluntary) are distinct (Dirksen et
al., 2022). Cardiomyocyte contraction is initiated by a group of specialised
cells known as pacemaker cells. These trigger cardiac excitation via the
influx of calcium ions through an electrical ‘action potential.” Free calcium
in the cell binds to the Troponin C complex, which moves from its previous
actin binding site, and allows actin to bind to myosin (Bers, 2002).
Actin/myosin  binding subsequently stimulates cardiac muscle
contraction (Dirksen et al., 2022). Cardiomyocyte contraction cycles are
longer than those experienced by vascular smooth muscle, and notably
cardiomyocytes do not fatigue in the same way as other skeletal muscles
(Ito et al., 2022). A review by Ito et al from Nature publications (2022),
has described the uncertainty concerning the role of the MLCP/MLC axis

in cardiac muscle contraction (lto et al., 2022). It is generally felt that
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MLCK and MLC are not primary targets of Ca?* in cardiac muscle. As
described above, troponin C is the primary effector of actin/myosin
mediated contraction in cardiomyocytes (Bers, 2002). The Ito et al, paper
states that just 40% of MLC is phosphorylated at any one time in cardiac
muscle, and this does not fluctuate during the cardiac cycle (lto et al.,
2022). This contrasts with regulation of contraction in VSMC, where
fluctuating amounts of P-MLC determine the extent of contraction (Gohla
et al., 2000). However, Ito et al also describe a possible role for cardiac
muscle specific MLCP in calcium sensitization (Figure 56). It is
hypothesised that calcium sensitisation via the ROCK pathway in cardiac
muscle, can increase isovolumetric force of contraction, however it is not

the main determinant.

The authors conclude that the most important regulatory subunit of MLCP
in cardiac muscle is ‘MYPT2’ (rather than MYPT1 isoform expressed in
VSMC). It is stated that the kinases which phosphorylate MYPT2
however, are largely unknown. The original research providing
information on MYPT2 isoforms was derived from genetic animal models
of MYPT2 overexpression, where such modifications resulted in calcium
desensitisation and reduced contractility (Mizutani et al., 2010). The
earlier review by Shimokawa et al (Shimokawa et al., 2016) highlights
another preclinical study which demonstrated that MLCK and P-MLC2
were implicated in rat papillary muscle contraction (induced by the
aadrenoreceptor agonist, PE) (Grimm et al., 2005). However, whilst an
MLCK inhibitor (calcium dependent pathway) abolished this contraction

entirely, the ROCK inhibitor Y-27632 only reduced PE mediated
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myocardial contraction by 16% (Grimm et al., 2005). Therefore, the
ROCK pathway of calcium sensitisation appeared to contribute less
significantly, in this study. For reasons discussed in the introduction, it is
possible that this was due to the choice of PE as an agonist, being less
G12/13/RhoA/ROCK selective (Grimm et al., 2005). In another study
from 2009, Vlasbolm et al (Vlasblom et al., 2009) linked ventricular

cardiomyocyte contraction to ROCK signalling.

When neonatal ventricular cardiomyocytes had contraction arrested with
the compound BDM (a calcium contraction uncoupler) there was an
observed reduction in RhoA and ROCK signalling leading to
disorganisation and loss of actin filaments (Vlasblom et al., 2009).
Therefore, some evidence may suggest that ROCK mediates
cardiomyocyte contractility in addition to its well-known role in VSMC
calcium sensitisation. It follows then, that a reduction in LVEF% might be
a theoretical risk following ROCK inhibition during myocardial infarction
(Grimm et al., 2005), (Vlasblom et al., 2009), (Niccoli et al., 2019),
(Shimokawa et al., 2016) despite these drugs otherwise being linked to
cardioprotection(Huang et al., 2018b). The results of the experiments in
section 6.3, do not suggest that Chroman 1 reduced LV systolic function
at the doses examined and between 0-60 minutes. Notably, this model
was in absence of ischaemia/reperfusion. LVEF% as an
echocardiographic parameter was selected over Db/DT as this was felt
to be more clinically translatable. Considering other studies which have

reviewed LVEF% as an outcome measure following ROCK inhibition with
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Fasudil, it is difficult to discriminate between the effects of I/R and the

effects of the drug on systolic function.
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Figure 56 Key differences between cardiomyocyte contraction and VSMC contraction and the potential differing role of ROCK

Original artwork inspired by Ito et al(lto et al., 2022)
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Shibata et al performed a study of myocardial I/R in pigs receiving Fasudil,
which was found to reduce infarct size (Shibata et al., 2008). It was noted that
ischaemia alone reduced left ventricular fractional shortening (FS%) but this
was not significantly worsened by Fasudil (Shibata et al., 2008). Similarly,
Miyahara et al performed LAD infarction of male Wistar rats and did not find
any statistical differences in LVEF% between animals which had received
Fasudil 10mg/kg and those which had received vehicle. The authors had
originally hypothesised that Fasudil or Fasudil in combination with ventricular
offloading, might improve LVEF% through reducing ventricular preload, rather
than compromise this (Miyahara et al., 2022). It is important to state here that
a reduction in LVEDP and preload is desirable, and distinct from a direct

reduction in myocardial contractility.

It can be concluded that the findings from section 6.3 are in support of the
literature discussed, which argues that ROCK inhibition does not influence
myocardial contractility directly, nor to the same extent as VSMC contractility
(Ito et al., 2022), (Mizutani et al., 2010). This is not proven directly in these
experiments but could be investigated in future works by inducing contraction
of isolated cardiomyocytes and measuring P-MLC2 both with and without
Chroman 1 pre-treatment. As a further consideration, contractility has been
assessed as global LVEF% and not using another method, Db/DT and
therefore may not have detected earlier changes in myocardial contractility
and LVEDP. Nevertheless, both the haemodynamic profile and the
echocardiographic results indicated that Chroman 1 was appropriate to
consider for further studies of myocardial I/R (primary outcome) and these

results will be discussed in the next section.
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iii) The highly potent ROCK2 inhibitor Chroman 1 does not
attenuate 1S%, or MVO% in vivo during ischaemia/reperfusion

The final set of experiments in this chapter, 6.4, examined the effects of
Chroman 1 in an in vivo model of ischaemia/reperfusion to see if this
would induce cardioprotection in the same way as Fasudil 10mg/kg. The
reason for pursuing chroman 1 above other agents was to try to find a
pharmacotherapy that would attenuate all three outcomes without
causing negative inotropy. It was hoped that this would be achievable due
to the high potency of Chroman 1 for ROCK2 (Chen et al., 2021) with the
drug also demonstrating vasodilatory potential in response to endothelin-

1 in section 6.2.

Unfortunately, Chroman 1 did not attenuate 1S%, MVO% or IMH% at any
dose tested. Firstly, it must be stated that the experiments have not
proved that ROCK inhibition took place in vivo, nor that the drug Chroman
1 effectively reached the target tissue at these doses. It is therefore one
possibility that the drug was not effective for pharmacokinetic reasons.
The solution to this would be to look to perform PK studies in vivo for the
drug — in absence of any other in vivo data from elsewhere. Moreover,
the half-life of Chroman 1 and its derivatives is not directly stated in the
landmark paper which reported on their synthesis (Yen Ting Chen 2011).
Assuming for the sake of argument that Chroman 1 did reach the target
tissue at these doses, one other potential explanation might be that the
drug has inhibited P-AKT, a molecule which is part of the RISK pathway

(Rossello et al., 2017) and an important part of cardioprotection. Several
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papers describing the Chroman-3-amides do refer to possible affinity for
the drug for AKT (Chen et al., 2008), (Yen Ting Chen 2011). This is out of
keeping however with the recent experiments performed by Chen et al in
vitro, which proved that Chroman 1 dramatically improved cell survival
and reduced cell death (Chen et al., 2021). AKT was also not identified
as a target for the drug in the extensive screening which was performed
as part of this most recent study (Chen et al., 2021). Overall, it is
surprising that Chroman 1 has not demonstrated any potential as a
cardioprotective drug, especially considering its key role in the new CEPT
cocktail (Chen et al., 2021). This discrepancy seems to favour a
pharmacological explanation (discussed above) as to why

cardioprotection has not occurred.

One further point to address is the robustness of the Thioflavin S model
as a measure of MVO%, considering control values between the three in
vivo I/R studies (Figure 57). It was noted that there was some variation
across the three studies with mean DMSO control value for MVO% being
18% (Fasudil 10mg/kg), 32% (Fasudil 3mg/kg, KD025) and 24%
(Chroman 1) respectively. However, when this was formally analysed
using a 2-way ANOVA, there was no significant difference found between
studies for control values of MVO% (p=0.25). It does follow however, that
for smaller mean control values (such as in study 3 compared to study 2)
it would require a greater n number to potentially demonstrate a
statistically significant outcome. An n=10 for 30pg/g of Chroman 1 is
reputable and therefore should have been adequately powered to

demonstrate an effect. Arguably chroman 1 500ug/kg was not powered
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highly enough to demonstrate this (n=4) however experiments were

aborted due to animal hypotension.

Figure 57. An analysis of the control values for IS%, MVO% and IMH%
for each in vivo study. Study 1 (n=6), study 2 (n=5), study 3 (n=15). 2-
way ANOVA with multiple comparisons did not demonstrate any
significant differences between studies.

B3 Study 1
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Study 3

% of AAR

iv) Next experiments

In essence, increasing the potency of ROCK2 (and likely ROCK1)
inhibition with Chroman 1, did not lead to increased cardioprotection.
Increasing the potency of ROCK2 inhibition was at the expense of

ROCK2 selectivity for Chroman 1 (compared to KD025 which was >200
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fold more selective for ROCK2). Chroman 1 has only a selectivity index
of approximately x50 fold (Chen et al., 2021) Considering KD025, MVO%
outcomes were better with greater ROCK2 selectivity. However,
conversely, Fasudil demonstrated the greatest cardioprotective effects of

all drugs and this is the least selective and the least potent for ROCK.

Chapter 6 has raised some interesting questions and generated multiple
additional research hypotheses including those concerning the role of MRCK
in vasodilation and of myosin light chain phosphatases in cardiac myocyte
specific contraction. However, it was decided to plan further experiments to try
to prove the original hypothesis that selective ROCK2 inhibition is beneficial
in cardioprotection with an initial primary outcome of 1IS%. As it has not been
possible to prove this definitively with pharmacological inhibition, the next
chapter will discuss myocardial ischaemia/reperfusion in a heterozygous

ROCK2(+/-) KO model.
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CHAPTER 7: THE EFFECTS OF A HETEROZYGOUS ROCK2 (+/-)
MURINE KNOCK OUT MODEL ON INFARCTION SIZE FOLLOWING
MYOCARDIAL ISCHAEMIA/REPERFUSION

7.1 BACKGROUND

i) Previous ROCK2 knock out models in the heart

Genetic models of RhoA deletion (and its downstream effectors such as
ROCK) have been studied since 2003, by groups such as Thumkeo et al
(Thumkeo et al., 2013),(Hartmann et al., 2015),(Thumkeo et al., 2003).
Both mice with homozygous deletions of ROCK1 or ROCK2, and
combination deletions such as (ROCK1+/- & ROCK2-/-) or (ROCK2+/-&
ROCK1-/-) all die before birth, thus demonstrating the integral role of
ROCK in the formation of the cytoskeleton (Thumkeo et al., 2013).
Homozygous deletions also limit vascular development in-utero (Kamijo
et al., 2011). In original work by Thumkeo et al (Thumkeo et al., 2003),
90% of ROCK2 (-/-) animals did not survive to birth, however those that
did survive, were of normal phenotype. Some animals were noted to have
early growth retardation; however, they later matched the body weight of
their littermates (Thumkeo et al., 2003). Surviving animals with global

ROCK?1 deletion are born with their eyelids open (Thumkeo et al., 2013).

Most literature sources agree that ROCK2 homozygous deletion is un-
survivable from an embryonic developmental perspective, unless it is
induced after birth as in certain models (Thumkeo et al., 2013), (Shi et
al., 2019). Or unless it is performed as part of conditional, knock-out

model e.g. cardiomyocyte specific (Sunamura et al., 2018). The
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heterozygous deletion (ROCK1+/-) or (ROCK2+/-) produces a milder
phenotype, and offspring are both developmentally normal and fertile
(Thumkeo et al., 2013), (Hartmann et al., 2015). There are very few
studies which have assessed ROCK1 or ROCK2 deletions in in vivo
models of myocardial ischaemia/reperfusion (Rikitake et al., 2005). This
is possibly because prior attention has been focused on ROCK deletion
to mitigate cardiac fibrosis or hypertrophy (Hartmann et al., 2015), (Shi et
al., 2019). Rikitake et al, produced a whole body murine ROCK1 (+/-)
model to study the effects of the genotype on myocardial fibrosis in mice,
undergoing LAD infarction (Rikitake et al., 2005). There are no published
outcomes regarding infarct size from the study, however the mutation was
found to reduce the development of post ischaemic perivascular
myocardial fibrosis (Rikitake et al., 2005). In the same study, ROCK1 (+/)
mice did not demonstrate reduced hypertrophy, in response to the eNOS
inhibitor (LNAME) (Rikitake et al., 2005). At baseline, ROCK1 (+/-)
animals had comparable systolic blood pressure and LV mass compared
to those of the wildtype animals, which is consistent with previous
findings that haplosufficient mice display a normal cardiac phenotype

(Rikitake et al., 2005), (Hartmann et al., 2015).

Several other models of conditional homozygous and heterozygous
ROCK?1/2 deletion have demonstrated a reduction in cardiac fibrosis (Shi
et al., 2019), (Sunamura et al., 2018), (Shimizu et al., 2017). One such
pathology leading to myocardial fibrosis, is pulmonary hypertension
(Sunamura et al., 2018). Whilst this is less relevant here, it is important

to note that cardiomyocyte specific ROCK2 deletion models have been

252



well utilised to demonstrate that ROCK2 (-/-) deletion is beneficial in
pulmonary hypertension (Shi et al., 2019). Sunamura et al developed a
cardiomyocyte specific ROCK2 (-/-) model to demonstrate that
knockdown mitigates pulmonary hypertension associated fibrosis, by
reducing the levels of reactive oxygen species (ROS) involved in adverse
remodelling (Sunamura et al., 2018). ROS are also a known source of
myocardial damage in ischaemia/reperfusion injury (Yellon & Hausenloy,
2007), suggesting that this mutation may also be beneficial in acute

myocardial protection.

Similarly, VSMC specific ROCK1/2 knockout models have been studied
in the context of pulmonary hypertension (Shimizu et al., 2013). Both
myocardial infarction and pulmonary hypertension are driven by hypoxia
and inflammation, although pulmonary hypertension is a chronic process
(Shimizu et al., 2013), (Yellon & Hausenloy, 2007). In a study by Shimizu
et al, mice with VSMC specific ROCK2 (+/-) deletion, demonstrated
reduced levels of the inflammatory cytokines, interferon-gamma (IFN-y)
and tumour necrosis factor alpha (TNF-a) in response to chronic hypoxia
(Shimizu et al., 2013). However, animals had comparable resting blood
pressure, heart rate and left ventricular end diastolic pressure (LVEDP)
in the presence of normoxia, indicating that this phenotype did not alter
baseline physiology in absence of disease (Shimizu et al., 2013).
Sladojevic et al, developed a platelet specific ROCK2 (-/-) murine model
and investigated the effects of this on cerebral infarction size, in an
embolic clot model of I/R (Sladojevic et al.,, 2017). ROCK2 (-/-plat)

deletion significantly increased intrinsic bleeding time, and reduced
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cerebral injury following I/R, however only when the embolic clot had
originated from the ROCK2 (-/-plat) mice. When clots from other wildtype
animals were implanted into ROCK2 (-/-plat) animals, cerebral injury was
not attenuated. The author’s concluded that platelet specific ROCK2 (-/-)
deletion alters clot formation but does not infer protection from clot

propagation (Sladojevic et al., 2017).

More recently, ROCK2 (+/-) murine models have been explored in
research of insulin resistance and obesity (Soliman et al., 2015). Soliman
et al, bred ROCK2 (+/-) mice to investigate the changes in insulin
resistance, when mutant animals’ vs wildtype were fed with high fat diet.
It was noted that ROCK2 (+/-) deficient animals performed better in
glucose tolerance tests and did not develop obesity induced left
ventricular systolic dysfunction, as observed in other wildtype animals
(Soliman et al., 2015). This has suggested a potential role for ROCK2 in

the development of obesity and insulin resistance.

Another new concept in ROCK2 genetic research, has been the
development of ROCK isoform specific ‘kinase dead’ (KD) mutations (Shi
& Wei, 2022), where ROCK 1 or 2 is inactivated as a functioning
molecule, but protein levels remain unchanged. This is felt to be a
potential solution to overcompensation of one isoform for another, in
homozygous deletion models e.g. increased levels of ROCK1 protein
observed in ROCK2 (-/-) deletion (Shi et al., 2019; Shi & Wei, 2022).
Unfortunately, homozygous (KD) animals for both ROCK1 and ROCK2
do not survive to birth, as is the case for homozygous full KO animals

(Shi & Wei, 2022). ROCK2 (+/KD) (heterozygous kinase dead) mice do
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display reduced levels of phosphorylated myosin light chain kinase (as
would be expected given reduced ROCK activity) and can be used in
experimental studies (Shi & Wei, 2022). Wei et al, used such mice in a
second study investigating the role of ROCK2 in obesity (Wei et al.,
2020). ROCK2 (+/KD) mice were noted to be leaner and displayed
increased thermogenesis compared to wildtype animals (Wei et al.,
2020). It has long been speculated that the phenotype observed from
various ROCK deletions are species dependent, therefore the above

study findings are perhaps not absolute.

ii) Scope of this work

Whilst the above literature demonstrates a previous interest in genetic
ROCK2 KO models in the heart and vasculature (especially concerning
myocardial fibrosis) there is a lack of investigations using such models in
studies of acute myocardial ischaemia/reperfusion. It was therefore
decided to investigate a ROCK2 (+/-) murine model to address the main
hypothesis, that the ROCK2 isoform has a significant role in myocardial

protection.
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7.2 HETEROZYGOUS ROCK2 (+/-) KO DOES NOT REDUCE INFARCT
SIZE IN MICE FOLLOWING MYOCARDIAL ISCHAEMIA/REPERFUSION

i) Objectives

1. To breed and maintain a colony of genetic ROCK2 (+/-) KO mice

for use in further myocardial I/R experiments

2. To ascertain whether ROCK2 (+/-) KO reduces infarct size %
following myocardial I/R

i) Methods

In this chapter, PCR and Western blotting techniques were performed
independently by Dr Lucie Pearce. In vivo ischaemia/reperfusion
experiments were designed by Dr Lucie Pearce and performed by Dr
David He, who was blinded to the KO groups. Dr David He analysed the
Image JO slices and Dr Lucie Pearce analysed the results. With thanks to
Dr Pelin Golforoush for her expertise and teaching of PCR techniques and

to Dr Sapna Arjun for teaching of Western Blotting techniques.

ROCK2 KO Mice (+/-)

Mouse ROCK2 (+/-) embryos were kindly provided by the Centre for Cell
Signalling at the John Vane Science Centre, Queen Mary’s University of
London, and were from the strain C57B6/J OlaHsd (Harlan). This strain
was a targeted whole body ROCK2 deletion (heterozygous) of mild

severity. ROCK2 KO homozygous animals do not survive to birth,
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however heterozygous animals do survive and are fertile (Thumkeo et al.,
2013). Animals from the original strain were produced by Sandra
Kuemper et al (Kimper et al., 2016) in their original work investigating
the role of ROCK isoforms in tumorigenesis, however this study used
further conditional models. n=5 original pups underwent genotyping of
ear clippings at 6 weeks as below. Genotyping revealed 3 HET animals
and 2 wildtype (WT). Breeding was continued as WT vs HET to produce

a combination of WT and HET (haplosufficient) animals.

PCR Protocol

PCR was performed to confirm the presence of ROCK2 (+/-) mutant
DNA. Ear clippings were obtained from pups at 6-weeks of age and
samples were genotyped using DNAPCR. Prior to this, primers specific
to the ROCK2 deletion (heterozygous) were obtained from Sigma

laboratories as:

RK350 (F) 5' gatagcactgacgtgtcccac 3'

RK351 (Rev) 5'gtcaggctacagtacgttgcc 3’

RK11766(Rev) 5' ggctccacacatgcctttaccc 3'

Primers were diluted to a concentration of 1:10 for upcoming PCR
experiments. Ear clippings were first lysed using 200uL of Viagen®© Direct
PCR reagent (containing 0.2- 0.4 mg/ml Proteinase K from Sigma®©).
Samples were heated to 60 degrees Celsius overnight, and then to 85
degrees Celsius for a further 45-minutes the following day, to extract DNA

from the samples. Next ‘PCR mix’ was created using GoTag© DNA
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polymerase (Promega) in combination with the primers as above, and
distilled water. Next lysed DNA samples were spun down using the
centrifuge, and 1pL of this lysed DNA mix was added to each PCR tube.
19uL of PCR mix was added so that the total volume of each tube was
20puL. Tubes were transferred to the PCR machine to undergo

denaturation, annealing and elongation steps (Table 22).

Table 22: PCR protocol for ROCK2 samples

TIME (minutes) TEMPERATURE
3 95%¢
30 95%
30 59%
30 72
5 72

Whilst PCR samples were being incubated, a 1% agarose gel was
prepared using 100mls of 1x Tris-acetate-EDTA (TAE) buffer, 1g of
agarose and 10uL of DNA loading dye (Thermofisher). A small PCR tank
was located and filled with further 1x TAE buffer in preparation for gel
loading. Gel mixture was poured into the PCR tank and allowed to set for
45-minutes with a lane comb in-situ. When the PCR sample programme
was complete, samples were allowed to cool and removed from the PCR
machine. When the gel was set and cooled, the lane comb was removed
and to the pre-prepared gel, 5L of protein ladder was loaded, in addition

to 10uL of each PCR mix sample. To enable gel electrophoresis, the PCR
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tank was connected to the electrodes so that samples ran in the direction
of the anode (red) at 100V for one hour. After this DNA separation
process was complete, the gel was carefully removed, and PCR bands
were visualised under UV light to identify mutant DNA (Figure 58). The

number of mutant and wildtype animals were carefully recorded.

Figure 58: _PCR bands visible under UV light. Mutant bands for
heterozygous animals were expected at 354bp, and for wildtype animals
314 bp. The experiment below demonstrates that animals 42 and 44 were
WT animals, and animal 43 was a heterozygous (ROCK2+/-) animal.

300 bp
200 bp
100 bp
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Western Blotting (n=3 per group)

In addition to confirming the presence of mutant DNA, it was also
important to confirm the phenotype and demonstrate a reduction in
ROCK2 protein in murine hearts. Animals were kept and handled
according to section 3.1. ROCK2 (+/+) (WT) or ROCK2 (+/-) (HET) mice
weighing (25-50g) were selected and anaesthesia was undertaken with
100 mg/kg sodium pentobarbitone via intraperitoneal injection. A
thoracotomy was performed to remove the heart under full surgical
sedation, (confirmed by absence pedal reflexes) and this was flushed
thoroughly with a syringe of H20 to remove erythrocytes and blood
components. n=6 total animals were sacrificed for these Western blot
experiments. Whole hearts were snap frozen in liquid nitrogen and stored

at -80°C until the day of tissue lysis.

Tissue Lysis

100mls of tissue lysis buffer [Tris pH 6.8 100mM; NaCl 300mM; IGEPAL
0.5%; H20] was prepared to pH 7.4 and stored at 4°C. Mouse hearts
were removed from the -80°C freezer and frozen tissue was quickly
weighed without allowing the sample to thaw. EDTA, protease and
phosphatase cocktail were added to tissue lysis buffer to a
concentration of 1:100. Frozen tissue was submerged in lysis buffer, in
a homogenization tube to a volume of 10mls lysis buffer per 1g of tissue.

Remaining lysis buffer was kept on ice throughout. Tissue was then
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homogenized using a Potter-Elvehjem grinder approximately 20 times,
until there was a confluent solution. Homogenized hearts were next
sonicated on ice for 5 seconds (Vibracell sonicator) and then
centrifuged at 10,000 RPM for 10 minutes. Supernatant was removed

in preparation for BCA assay of protein quantification.

BCA Assay (protein quantification)

Next a BCA assay was performed to define the protein concentration
(ug/uL) of each sample. A 96 well plate was selected and labelled
according to sample number, and to set BCA standards of known protein
concentration (Table 23). To complete the assay, BCA reagent was
prepared in CuS04 solution to a ratio of 50:1, to form the base solution of
the assay. 200uL of this assay solution was added to each well, before
addition of either control (10uL H20), sample lysate (1uL + 9uL H20) or
standards of known concentration (10uL). Once all reagents were added
to the 96-well plate, this was transferred to a shaker oven at 37°C for 30-
minutes. After 30-minutes samples were removed and visualised using
the Odyssey scanner, which reads the absorbance value of each sample
(nm). The results of the known standards (1-7) in absorbance (nm) were
used to generate an equation of the line using Graph Pad Prism. This
could then be used to interpolate unknown protein concentrations in each
tissue sample for given absorbance values. R? was analysed for each
prism generated equation to determine the goodness of fit for the line

equation.
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For each sample, the volume required to achieve a protein amount of
20ug was calculated (between 10-12uL). Each sample was then diluted
in lysis buffer to a final volume of 20uL to use for each lane during
electrophoresis. Prior to electrophoresis, samples were denatured in LDS
sample buffer (NuPage®©) containing the reducing agent -
mercaptoethanol, for 30-minutes at 80°C. After this step samples were
allowed to cool and either returned to the -80 freezer or used immediately

for electrophoresis (below).

Gel electrophoresis

To perform gel electrophoresis, first appropriate reagents were selected.
As the ROCK1 and ROCK2 proteins of interest had a molecular weight
of 160kDa (large proteins) a 4-12% gradient Bis-tris gel was selected
(Invitrogen ©). Due to the Bis-tris constituents of the gel, MOPS SDS
running buffer (x10) prepared from NuPage®© was diluted down to a 1X

concentration in 1 litre of distilled H20.
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Table 23. Description of assay volume used for BCA assay of protein
quantification

SAMPLE PROTEIN ASSAY VOLUME
CONCENTRATION

CONTROL 0 1uL lysis buffer + QuL
H20

TISSUE LYSATE (X6) | X 1uL tissue lysate + 9uL
H20

STANDARD 1 0 10uL H20

STANDARD 2 1.25ug/well 10uL standard

STANDARD 3 2.5ug/well 10uL standard

STANDARD 4 5.0ug/well 10uL standard

STANDARD 5 7.5ug/well 10uL standard

STANDARD 6 10.0pg/well 10uL standard

STANDARD 7 15.0pg/well 10uL standard

STANDARD 8 20.0ug/well 10uL standard

Each tissue sample containing 20ug of protein in 20uL was then loaded
to respective lanes of the gradient gel. The first lane contained 7.5uL of
protein ladder (PageRuler Plus, ThermoFIsher®©), to enable molecular
weight identification. Once protein samples were loaded, the
electrophoresis tank was filled with running buffer as above, and samples
were connected to a voltage of 90V for the first 30-minutes, followed by

160V for 1hr 15 minutes (to improve protein band resolution). Gels were
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inspected during the running process to ensure that samples did not run
off the edge of the gel in the given time frame. At the end of the running
period, gels were removed from the electrophoresis tank and prepared

for protein transfer.

Protein transfer

To enable protein transfer, first 10X transfer buffer was prepared (Glycine
1444, Tris base 30g, SDS 10g, distilled H20 1L) and diluted down in 20%
methanol to make 1X transfer buffer. Gels were carefully removed from
their casing material using a chisel and placed carefully on pre-prepared
nitrocellulose membrane paper (taking care for the gel not to tear). Gel
and membrane soaked in transfer buffer, were loaded into cassettes to
form a sandwich, between filter paper and two sponges. The
nitrocellulose membrane was orientated towards the positive anode
(red,+) and the cassette was inserted into a BioRad © transfer system
containing an ice pack. The container was filled with transfer buffer, and
a stirrer and connected to a power supply. Cassettes were run at 100V
for 90-minutes and the system was placed in an additional tray of ice to

prevent overheating.
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Antibody application

Cassettes were removed from the transfer container and the membrane
was placed into an opaque container filed with 10mls of red Ponceau
stain (ThermoFisher), to visualise protein bands. The membrane was
incubated for 30 seconds and then Ponceau stain was washed off with
distilled water. Next the membrane was incubated in 10mls blocking
solution (5% BSA) for 1-hour to remove background staining. Following
blocking steps, rabbit primary ROCK2 antibody was applied at a
concentration of 1:1000 in 10mls of 5% BSA (AB125025). Mouse beta-
actin at a concentration of 1:1000 was applied to the membrane as a
housekeeping control (AB8226). The above process was repeated using
a separate gel and membrane for ROCK1 antibody, 1:1000 (AB134181).
Membranes were allowed to incubate overnight at 4°C with gentle
agitation. Each container was labelled carefully as either ROCK1, or

ROCK2.

The following morning, primary antibody solution was rinsed off with 0.1%
TBS-tween for 15 minutes, on a total of 3 occasions. 0.1% TBS-tween
was produced by adding 1ml of Tween 20 to 1L of pre-prepared TBS (10X
TBS 100mls, 900mls distilled H20). 10X TBS was produced as (249 tris
base, 80g NaCl, 1L distilled water) adjusted with HCL to a final pH of 7.6.
Each container was next treated with fluorescent secondary antibodies
(IRdye 680LT at 1:20000) and (IRdye 800CW at 1:15,000) in 5% BSA.

Samples were allowed to incubate for 1 hour with gentle agitation. At the
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end of this period each membrane was rinsed with TBS-Tween for 15-
miutes on 3 separate occasions. At the end of washing, samples were
visualised using the Odyssey scanner to analyse red and green channels.
ROCK1/2 bands (visualised separately) were expected to be seen as
green at a molecular weight of 160kDa, whereas Beta-actin was expected
to be red, and observed at a molecular weight of 42kDa. Protein bands
were quantified using a standard protocol from Image-studio lite v5.5
(LICOR software®©). Bands were carefully demarcated, and the amount
of fluorescent pigment was converted into arbitrary units of protein for
quantification (Figure 59). Amount of protein between KO and WT groups
for both ROCK1 and ROCK2 membranes were normalised for Beta-actin

controls.

Figure 59. Western Blotting quantification process using Image-studio

lite©. Fluorescent bands are converted to units of protein (AU). Shown
below for ROCK2, 160kDa.
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Myocardial ischaemia/reperfusion (n=6)

Animal breeding, and handling were as described in the methods section

1 and 3 (tissue preparation for Western Blot analyses). 12 mice in total (6

266



WT animals and 6 ROCK2 (+/-) KO animals) were identified by PCR and
selected for myocardial ischaemia/reperfusion experiments at between
2-4 months old. This selection of animals contained both male and female
mice. Mice were anaesthetised for in vivo studies with 100mg/kg of
pentobarbitone and intubated and ventilated with room air and oxygen.
For in vivo work in our lab, mice do not undergo carotid cannulation due
to the risk of tissue damage and body fluid loss that this can cause in
mice of this size. Therefore, MAP readings were not taken in this study.
Under anaesthesia, surgical thoracotomy was performed, and the left
anterior descending coronary artery (LAD) was identified within the
pericardium. This was ligated for 40 minutes, and myocardial ischaemia
was confirmed by the presence of anterior ST-elevation. After 40 minutes
of ischaemia, the LAD ligature was released, and the vessel was re-
perfused for a period of 120 minutes. A shorter period of reperfusion was
selected for these experiments as studies of MVO% were not performed
in this model. As IS% was the primary outcome, this was prioritised as a
parameter in the first instance. Moreover, periods of 180-minutes
required for reperfusion to demonstrate MVO, have been associated with
high mortality in mice in our lab. As per chapter 4, the LAD vessel was re-
occluded with the ligature, and Evans blue dye injected into the systemic
circulation, to demonstrate the area at risk (AAR %). Cardiac tissue was
prepared into 2mm sections and stained with tetrazolium (TTC) to
measure infarct size as a % of the AAR (Figure 33). In vivo power

calculations were as specified in chapter 4.

267



iii) Results

Western Blotting (n=3)

On visual inspection of Western blots, using the Odyssey fluorescent
scanner, there appeared to be less ROCK2 protein present in ROCK2
(+/-) KO animals compared to wildtype (WT) and compared to ROCK1
bands (Figure 60). This was suggestive of successful ROCK2
heterozygous (HET) knockdown. Following normalisation and
quantification methods, ROCK2 levels in HET animals were found to be
approximately 30% of the WT, whilst ROCK1 levels between groups,

remained unchanged (Figure 61).

Figure 60: A Western blot is shown below for ROCK1, ROCKZ2 and beta-
actin in KO ROCK?2 (+/-) animals (lanes 1-3) and in WT ROCK2(+/+)
animals (lanes 4-6). On visual inspection there appears to be less
ROCK2 in lanes 1-3 compared to ROCK1 and compared to ROCK2 in
lanes 4-6.

WHOLE HEARTS

HET WT wT WT

4-12% bis-tris gel, ROCK1 1:1000, ROCK2
1:1000, beta actin 1:1000
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Figure 61. Protein expression levels for ROCK1 and ROCKZ2 in KO
animals as a % of the WT. ROCK2 levels in KO animals were
approximately 30% of ROCK2 levels in WT animals (n=3). ROCK1
levels, however appeared unchanged.
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Myocardial Ischaemial/reperfusion in vivo experiments (n=6)

Following 40 minutes of myocardial ischaemia and 120 minutes of
reperfusion, all animals survived until the end of the experiment. 66.7 %
of all ROCK2 (+/) animals were female, compared to 33.3% male
(p=0.56, Chi Squared). The weight of the ROCK2 (+/-) KO animals was
significantly less compared to WT animals; however, it is possible that
this was confounded by more female mice in the KO group. All female
animals weighed significantly less, compared to all male animals
(p=0.006, not shown). There were no statistically significant differences
observed in either group for IS% or AAR% following

ischaemia/reperfusion experiments (Figure 62). In these analyses %
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proportions for animal gender were compared with a Chi-squared test

and IS% and AAR% parameters were compared using a student’s t test.

Figure 62. Ischaemia/reperfusion experiments in ROCK2 (+/-) mice vs

control (n=6). Following 40/120 minutes ischaemia/reperfusion no
significant differences in IS (%) were observed between groups

(p=0.70).
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Table 24: Differences in weight and I/R outcome measures for WT vs
ROCK2+/- KO animals (n=6). *p<0.05

CATEGORY WILDTYPE ROCK2 (+/-)KO | P VALUE
RESULT + SEM RESULT+ SEM
(n=6) (n=6)
FEMALE (%) 3(50) 4(66.7) 0.56
n=7 3(50) 2(33.3)
MALE (%) n=5
MEAN WEIGHT 37.4+ 2.4 28.8+2.0 0.02*
(9)
MEAN IS (% 37.6+-6.6 34.4+4.5 0.70
AAR)
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MEAN AAR (%
of LV)

41.1+£3.4

49.1+2.3

0.08

iv) Conclusions

In this set of myocardial

ischaemia/reperfusion

experiments,

haplosufficient ROCK2 deletion, ROCK2 (+/-) was not associated with

cardioprotection in vivo.
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7.3: CHAPTER DISCUSSION

i) Protein Expression

In ROCK2 (+/-) animals, Western blot analyses suggested that ROCK2
protein levels were approximately 30% of the wildtype, whilst ROCK1
protein levels appeared unchanged. In theory, a heterozygous ROCK2
(+/-) animal should contain 50% of ROCK2 protein levels compared to
the wildtype. Given the known lethality of the ROCK2 (-/-) mutation
(Thumkeo et al., 2003), it is unlikely that homozygous animals were
included in this study without observing associated increased mortality.
Animals were bred HET vs WT so that theoretically, the homozygous
mutation should not occur. Moreover, these results are comparable to the
protein levels seen in a murine ROCK2 (+/-) heterozygous model utilised
by Soliman et al (Soliman et al., 2015), where normalised ROCK2 levels
were just under <50% of the WT and ROCK1 levels were unchanged.
Reports of ROCK1 overcompensation in genetic models relates to the
study by Shi et al (Shi et al., 2019) investigating the role of ROCK in
myocardial fibrosis, which examined multiple ROCK deletion models. The
investigators initially produced an inducible cardiomyocyte specific
(ROCK1-/, ROCK2-/-) double KO model, which was associated with
globally reduced ROCK activity (p-MLC). Of note, this double deletion
model could not be achieved by conditional breeding due to excess
lethality and therefore required a tamoxifen induction method after birth

(Shi et al., 2019). A cardiomyocyte specific single ROCK2 KO however,
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ROCK2 (-/-) demonstrated increased levels of p-MLC which was
attributed by the authors to increased ROCK?1 activity (Shi et al., 2019).
This phenomenon seems to be reported less in heterozygous models

(Shi & Wei, 2022), (Shi et al., 2019).

The results in this chapter have investigated protein expression levels,
but not changes in ROCK activity (p-MYPT1, p-MLC), which would be an
interesting experiment to perform in the future. Also, in agreement with
the results of this chapter, Baba et al examined changes to ROCK1/2
protein levels following partial ROCK2 deletion (+/-) in the kidney. ROCK2
levels were found to be 40% of the wildtype, with no significant observed
changes to ROCK1 (Baba et al., 2016). Unlike cardiac models, this study
did not find any benefit from ROCK2 reduction in the development of
renal fibrosis following ureteric obstruction. This might suggest that the
anti-fibrotic actions of ROCK2 deletion are organ dependent (Baba et al.,
2016). Finally, a difference of 20% in protein levels (between 50% and
30%) could be explained by semi-quantifiable Western blot analysis, and
a total n number of 3. There is some subjectivity in analysing and tracing
protein bands using Micro-lite software©, which could account for some
degree of error. Fully quantifiable systems (like the program Halo used in
RNAscope analysis) can auto-detect regions of interest without user
dependence. With a greater n number, the results for HET mice may have

demonstrated a ROCK2 level closer to 50%.
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i) Myocardial Ischaemia/reperfusion

To the best of the author’s knowledge this is the only study investigating
ROCK2 (+/-) deletion in a murine model of myocardial
ischaemia/reperfusion, in the published literature (MEDLINE indexed).
There is a lack overall, of ROCK2 research in acute cardioprotection,
despite ongoing developments in cerebral ischaemia/reperfusion and
other anti-inflammatory conditions such as GVHD (Lee et al., 2014),
(Cutler et al., 2021) .There are therefore no direct results to compare this
study to, however the results have suggested that ROCK2 as an isoform
is perhaps not an important target in acute myocardial infarction. Before
considering the implications of this, it is important to state that this
deletion was heterozygous, hence at best, a 50% reduction in the desired
treatment effect would be observed, compared to a homozygous model.
Another option to address this question, would be to repeat these
experiments in a cardiomyocyte specific ROCK (2-/-) model and to see if
this improved 1S% outcomes. This would require an assessment of
ROCK1 and ROCK2 activity to rule out increased ROCK1 levels in a
homozygous model (Shi et al., 2019). As an alternate suggestion it would
be interesting to investigate diabetic or hypertensive hearts undergoing
I/R in either of the above ROCK2 deletion models, as there is evidence
that knock down of ROCK2 is more beneficial in such chronic pathologies
compared to otherwise healthy animals (Soliman et al., 2020), (Shimizu
et al., 2017). The reasons why ROCK2 heterozygous deletion has not

proven cardioprotective, will next be considered as part of a wider, final
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thesis discussion in the next chapter. This section will aim to summarise
the previous chapter discussions and determine whether the original

thesis hypotheses have been proven and explained.
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CHAPTER 8: FINAL DISCUSSION & FUTHER WORK

8.1: FINAL DISCUSSION & LIMITATIONS OF RESULTS

As each chapter has been summarised and discussed with relevant
literature at the end of each section, the aim of this summary discussion
is to address each hypothesis individually, re-summarise the main
conclusions, and to address the limitations of the work. There will then be

statement of suggestions for future investigations.

HYPOTHESIS #1: ROCK2 is differentially expressed in rat myocardium

and coronary circulation

Chapter 3 has demonstrated via two distinct methods
(immunohistochemistry and RNAscope) that both ROCK2 protein and
ROCK2 mRNA are localised to rat coronary vasculature (VSMC) and
myocardium (fig.16). Respective markers of VSMC used to identify
coronary vessels were a-SMA (IHC) and TGLN (RNAscope). It has been
discussed that these results are in keeping with those of large genetic
tissue and SCRNA-Seq/SnRNA-Seq databases, although the proportion
of ROCK2 in cardiac tissues may be species dependent (Julian & Olson,
2014), (Hu et al., 2018). In the results from this thesis, when RNAscope
was quantified with the Al autorecognition programme, Halo©, there was
a greater proportion of ROCK2 mRNA observed in myocardium
compared to ROCK1 (Figure 17). When co-expression analysis of VSMC
were performed, the ROCK2:ROCK1 ratio appeared to normalise,

although large quantities of ROCK2 mRNA were clearly visible in larger
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arterial vessels upon visual inspection (Figure 16). Measurement using
Halo®© of arterial wall thickness, and amount of VSMC mRNA, enabled
the potential range of coronary circulation vessels included, to be
estimated, (4-45um, Figure 22) It is suggested, that the analysis included
some smaller arterial vessels and microvasculature (Figure 18). In
chapter 7, a second estimation of ROCK1 and ROCK2 protein levels was
made in wildtype mice (the littermates of ROCK2 +/- KO animals) via
Western Blotting in whole hearts. In these results the proportions of
ROCK1 and ROCK2 protein levels were similar (Figure 61). The
RNAscope technique may have had two strengths over the other
techniques used, considering firstly, that experimental number and
repetitions were higher (n=4, 5 fields of view) in the RNAscope analysis.
Secondly, RNAscope as a technique has a higher degree of sensitivity
than other methods such as IHC and Western blotting, and this is
documented as reaching near 100% (Atout et al., 2022). However, it is
important to clarify that RNAscope and Western blotting are measuring
different things; mRNA vs protein, and so the quantitative results are not

directly comparable.

CONCLUSION #1: ROCK2 mRNA is expressed in both rat myocardium and

coronary vasculature in greater quantity than ROCK1
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HYPOTHESIS #2: ROCK agonists such as ET-1 will induce
vasoconstriction

of rat aortic rings

Chapters 4,5 &6 utilised a vascular wire myography model to investigate
the functional changes of rat aortic rings subject to vasoactive
substances. The basic model demonstrated that PE induces
vasoconstriction of rat aortic rings which can be relieved by addition of
the commonly used vasodilator acetyl choline (endothelial dependent
vasodilation) (Figure 22). In chapter 6, a new model of aortic ring
vasoconstriction was developed to try to more closely mimic vasospasm
during myocardial infarction, by using the peptide hormone endothelin-1
(Tona et al., 2023). This model was also considered to be more relevant
to the overall hypothesis, as ET-1 is a proven and specific activator of the
RhoA/ROCK pathway (g-protein coupled) (Tsai et al., 2017) compared to
PE. In chapter 6 experiments, ET-1 induced a greater contractile
response than the other two vasoconstrictors PE and AT-II (Figure 49). It
was therefore used in the next set of experiments examining the effects
of ROCK2 inhibition in aortic rings. One strength of the aortic ring
myography model is that functional information is gained, and results are
readily reproducible. It is important to state here, however, that the aorta
is not a suitable physiological surrogate, from which to draw conclusions
about the actions of vasoconstrictors in the coronary circulation (Goodwill

etal., 2017).
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Ideally, these experiments would have been performed in coronary
arteries and microvasculature, however the investigation was limited by
the selection of apparatus which was readily available. These findings
that ET-1 causes vasoconstriction of aortic rings are not novel, but allow

a conclusion to be drawn:

#CONCLUSION 2: ET-1 (known ROCK activator) is a potent
vasoconstrictor of rat aortic rings

HYPOTHESIS #3: ROCK2 inhibitors will alleviate agonist mediated
arterial vasoconstriction (e.q. PE, ET-1)

The last paragraph has concluded that the peptide hormone ET-1 was
found to be a powerful vasoconstrictor of rat aortic rings. This vascular
wire myography model was further used to investigate the potential of
ROCK?2 inhibitors in mitigating ET-1 (ROCK induced) arterial vasospasm.
Fasudil (a non-selective ROCK1/2 inhibitor) has been used previously in
clinical studies of vasospasm, such as that observed following
subarachnoid haemorrhage in the brain (Satoh et al., 2014). As the
vasodilatory actions of Fasudil are well known to be non-kinase specific
(Porras-Gonzalez et al., 2014), it is not possible to deduce whether the
vasodilation observed in the literature in response to this well-known
drug, is secondary to ROCK 1 or 2 inhibition, PKC inhibition, or even

calcium channel blockade (Shimokawa & Rashid, 2007).

In this thesis, Fasudil was proven to be vasoactive and relieved PE
induced contraction, although the drug’s actions were not very potent
compared to another well-known NO donor, sodium nitroprusside (Figure

28). Large quantities of Fasudil were required to reach the maximum
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efficacy of the drug (Figure 28, Figure 29), which occurred around the 10
250r 10mM range. This may limit further clinical translation, as larger dose
requirements of the drug may increase the potential for off-target side-

effects such as systemic hypotension (Liao et al., 2007).

This was the rationale to further explore other ROCK inhibitors with firstly,
greater selectivity for ROCK2. Other in vitro studies have demonstrated
that ROCK2 as an isoform is closely linked to VSMC contraction (Wang
et al., 2009). At the time of designing this research, the most ROCK2
selective inhibitor was KDO025, (200x fold selectivity for ROCK2 over
ROCK?1). It must be kept in mind that ROCK2 selectivity as advertised by
some manufacturers does not always relate to selectivity over ROCK1,
but instead refers to other kinases e.g. PKC. However, in the case of
KDO025, this drug is highly selective for ROCK2 over ROCK1 (Shah &
Savjani, 2016). Moreover, KD025 is a clinically safe drug as evidenced by
the recent large-scale clinical trial “ROCKstar” (Cutler et al., 2021). In the
trial, KD025 was investigated as an anti-inflammatory drug and an anti-
fibrotic therapy however, and not as a vasodilator. Since these thesis
experiments were conducted, a newer more selective ROCK2 compound
called GV101 has been synthesised with a selectivity ratio for ROCK2 of
approximately 4000 (Zanin-Zhorov et al., 2023). The drug has been used
to mitigate liver fibrosis in mice and upregulate p-AKT (Zanin-Zhorov et
al., 2023). This agent may also be useful to investigate in future

experiments.

In chapter 5, KD025 (selective ROCK2 inhibitor) soluble in DMSO, was

investigated in the aortic ring myography model following PE induced
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contraction. Unfortunately, the compound appeared to be mostly non-
vasoactive in rat aorta (Figure 43), despite the same vessels
demonstrating adequate vasodilatory responses to acetyl choline (as part
of the basic model) and to Chroman 1 (another more potent, but less
selective ROCK2 inhibitor), and it also being demonstrated that rat aorta
expresses ROCK2 mRNA. In these experiments therefore, greater
selectivity for ROCK2>ROCK?1 inhibition did not appear to translate to
increased vasodilatory potential. This has not been firmly proven however,
as the assay did not prove that pharmacological ROCK2 inhibition took
place. In practice, this is extremely difficult, as the downstream targets of
ROCK2 (p-MYPT1, p-MLC2) are shared with ROCK1. Many traditional
authors also believe that the functions of ROCK1 and ROCK2 cannot ever
be truly separated (Hartmann et al., 2015). A definitive answer as to
whether arterial vasodilation is ROCK isoform specific, would be gained
from a VSMC conditional (ROCK1-/-) KO model and the investigation of
these murine aortic ring’s vs wildtype. In future work these experiments
might be prioritised, to enable a firm conclusion to be reached, however
this would require the acquisition of a different apparatus such as small
vessel wire myography, suitable for mouse aortic rings which are of
smaller diameter to rat vessels. Another alternative would be to perform
in vitro studies of ET-1 mediated contraction on VSMC from KO mice
(VSMC ROCK1-/-) and to investigate these responses in comparison to

WT VSMCs.

It is true to say that measuring changes to total ROCK activity (via the

phosphorylation of MYPT1/P-MLC2) would have been useful in the
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KD025 ex vivo experiments, as if ROCK activity had decreased overall,
then this is less suggestive of a problem with the reagent. This should,
therefore, also be considered in future studies. Against KD025 not
reaching the target tissue, the same stock reagent had been used in vivo
and demonstrated therapeutic effects (Figure 40). Given the reported ICso
of KD025 for ROCK2 (105nM), concentrations of [10°-10-5]M ex vivo
should have been sufficient to investigate the compound. One possibility
is that KD025 precipitated out of solution in a large water bath of 45mls.
This is a draw-back of this myography setup which requires rings to be

submerged in a large volume of buffer.

In the same sets of aortic rings, Chroman 1 (potent ROCK2 inhibitor) did
demonstrate significant potential as a vasodilator, both in PE constricted
aortic rings and those constricted with the more potent, ET-1. Due to the
increased potency of Chroman 1 (with ICs in the picomolar range), it is
highly likely that the drug inhibited both ROCK1 and ROCK2 at the
concentrations of the drug tested. The approximate selectivity index for
Chroman 1 is around 50x fold and so it is less selective compared to
KD025 (Chen et al., 2021). The Chroman 1 results may also indicate that

ROCK1 is _more important for vasodilatory response than ROCK2,

however this would require a highly selective ROCK1 inhibitor to firmly
prove this. Moreover, the chapter discussion could not exclude that

Chroman 1 had not inhibited MRCK, which is another ROCK like kinase.

MRCK is activated by shared G protein coupled receptors and the

upstream molecule CDC42 (as opposed to RhoA) (Zhao & Manser,
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2015). It is not widely known whether MRCK is a vasodilator of aortic
rings on review of the present literature. A prominent paper which has
investigated the potential role of MRCK in atrial fibrillation, has noted that
this kinase is relatively understudied compared to its ROCK like
counterparts (Perike et al., 2023). It would be interesting in future studies
to treat aortic rings with an MRCK inhibitor, e.g. BDP5290 (Perike et al.,
2023) and observe whether this does induce vasodilation to account for
the Chroman 1 effects. If MRCKIi did not induce vasodilation, then this
would still leave both ROCK1 and ROCK2 isoforms as potential
instigators of Chroman 1 mediated vasodilation, therefore these
experiments are only partially helpful to the hypothesis, and a KO model

is preferential to prove this.

#CONCLUSION 3: These results suggest that increasing the selectivity

of inhibitors for ROCK2 (over ROCK1) reduces vasoactive potential,

however this cannot be firmly concluded from these experiments.

HYPOTHESIS #4: As vasospasm is a known feature of myocardial I/R

injury and no reflow, selective ROCK2 inhibitors will be cardioprotective

with respect to i) Infarct size% and ii) MVO%

Pilot experiments - Fasudil outcomes (ROCK1/2 inhibitor)

In vivo studies of myocardial ischaemia/reperfusion were undertaken to

measure 1S% outcomes using TTC staining (traditional method) and to
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measure MVO% using Thioflavin S dye with analysis under UV light. The
latter method was originally introduced by Robert Kloner in the 1980’s in
the investigation of ischaemic NRF (Kloner et al., 1974), and this remains
a well-recognised method of MVO% assessment in animal studies in the
modern day (Dai et al., 2022), (Kumar et al., 2011). Fasudil is well proven
to be cardioprotective with respect to 1IS% at doses of 10mg/kg (Huang
et al., 2018a), and so these experiments were conducted to demonstrate
a functioning in vivo model and to affirm what is already known in the
literature with regards to ROCK1/2 inhibition. Mechanisms of action for
Fasudil (ROCK1/2i) induced cardioprotection, have previously been
proposed as 1) the drug inducing a potential BCL/caspase mediated
reduction in apoptosis and augmenting NO levels as a downstream
consequence of the RISK pathway, and 2) AKT phosphorylation and
activation (Huang et al., 2011), (Zhang et al., 2014). In keeping with this,
adding Wortmannin (a RISK pathway inhibitor) to hearts treated with
Fasudil during ischaemia/reperfusion, mitigates the protective effects of
the drug with regards to 1IS% (Wu et al., 2014). Much less literature has
considered the effects of Fasudil on MVO% in vivo, compared to 1S%.
One previous study has examined the effects of hydroxyfasudil (the
active metabolite of Fasudil) on the area of MVO% in pigs undergoing
myocardial I/R (Zhao et al., 2009). Hydroxyfasudil was found to reduce
the area of no reflow % (as measured by Thioflavin S dye) in the
treatment group. This study protocol also differed from the experiments

in this thesis, in that the ischaemia time was 3-hours (Zhao et al., 2009).
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In support of prior discussion in this thesis, Zhao et al also describe the
phenomenon of MVO/NRF% as multi-factorial and a likely combination
of small vessel vasospasm, platelet aggregation, immune cell complexes,
capillary rupture and myocardial oedema (Zhao et al., 2009), (Reffelmann
& Kloner, 2002). However, they also conclude that the Karp channel may
be implicated in the protection that hydroxyfasudil provides to the
microvasculature. Furthermore, when hearts were treated with
Glibenclamide (a Karp channel blocker), both the reduction in NRF%,
mediated by hydroxyfasudil and conditioning, were lost (Zhao et al.,
2009). The Karp channel has long been suggested as having a
fundamental role in ischaemia/reperfusion injury and ischaemic
preconditioning (Oldenburg et al., 2002), (Yellon et al., 2023), and it is
thought to reside on the inner mitochondrial membrane. In the context of
ischaemic preconditioning, early opening of Karp channels, results in
generation of ROS species which can provide myocardial protection to a
controlled degree. Note, this is a distinct concept to the description of I/R
injury which involves uncontrolled, and harmful amounts of ROS, which

contribute to I/R injury (Heusch, 2015), (Yellon et al., 2023).

Moreover, other drugs such as Nicorandil, are known to act as openers
of the Karp channel, and these have been associated with myocardial
protection in both humans and animals (Pearce et al., 2023). Although,
this thesis has not proven a direct mechanism for the actions of Fasudil
in vivo, to explain a reduction in either 1IS% or NRF%, one possible

explanation is an increase in activity of the RISK pathway, via AKT
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phosphorylation and subsequent opening of Karp channels (Huang et al.,
2018a), (Zhang et al., 2014). It can be argued that this work has
demonstrated indirectly, a possible mechanism of L-NAME independent
vasodilation exerted by Fasudil (albeit in aorta and these limitations are
already discussed above). However, these findings are not novel, and
Fasudil is known to have vasodilatory actions and can relieve coronary

vasospasm elsewhere (Masumoto et al., 2002).

In this thesis, a moderate correlation was demonstrated between 1S%
outcomes and NRF% outcomes (Figure 35). One major difficulty in
interpreting the MVO% results in vivo, is that it is not known to what extent
the results relate to changes in infarct size, and to what degree these two
outcomes are mutually exclusive (Kloner et al., 2018). Furthermore, the
mechanisms described above with regards to ROCKi related
cardioprotection (reduction in apoptosis, phosphorylation of AKT, &
opening of Karp channels) have often been proven in myocardial tissue
or cardiomyocytes, and not in vascular tissue alone (Huang et al., 2018a),

(Zhang et al., 2014).

Proving that there has been an increase in the activity of the RISK
pathway in coronary artery tissue following ROCK inhibitor treatment in
I/R, may contribute to the argument, that the NRF% can be considered

as a separate treatment target to 1S% in myocardial protection. As it is

difficult to isolate the microvasculature in in vivo studies, this would
require investigations using microvascular cells and models of
hypoxia/reoxygenation to mimic I/R. In the literature, translational work

has favoured investigating the physiological functions of vascular tissue,
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in the presence of vasoconstrictors which are highly active during I/R e.g.
ET-1 (Tsai et al., 2017). This is because blood vessels are resilient to
ischaemia and are far more likely to demonstrate alterations to
vasoreactivity before apoptosis occurs (Heusch, 2016). However, in
future studies, both types of experiments would be useful, to try to prove
that MVO and NRF% are a separate target to I1S% i.e. there is
independent RISK pathway activity (or an unknown equivalent) in the
vasculature to be attenuated. Both Robert Kloner and Gerd Heusch,
(who have previously studied MVO and NRF extensively), believe that
IS% and MVO% are distinct measurable variables, however, Heusch et
al do not feel that targeting improvements in MVO% alone (without a
reduction in IS%) is a useful endeavour, and that state that these
parameters should be considered in combination as a primary outcome

in cardioprotection (Heusch, 2016), (Heusch, 2019), (Kloner et al., 2018).

Regarding the third measured outcome, intramyocardial haemorrhage
(IMH), the results from this thesis demonstrated that Fasudil, at 10mg/kg
and 3mg/kg, significantly reduced IMH% in vivo (Figure 41). Chapter 1
has discussed that IMH is closely related to myocardial necrosis and
capillary rupture and is associated with a worsening prognosis compared
to MVO alone (Konijnenberg et al., 2020) (Berry & Ibanez, 2022). Further
work is required to investigate this phenomenon at a vascular level
(Bonfig, Soukup, Shah, Davidson, et al., 2022), (Carrick et al., 2016). One
possibility behind the mechanism of IMH% is capillary rupture and
damage to the endothelial glycocalyx and basement membrane

(Davidson, Andreadou, Garcia-Dorado, et al., 2019) following
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ischaemia/reperfusion. ROCK inhibitors have been shown to improve
endothelial membrane permeability in other organs e.g. lungs during
sepsis (Lee et al., 2020), therefore it is possible (however not proven) that
a similar mechanism could have occurred here. To the best of the author’s
knowledge there is not any other literature that has explored the effects
of ROCKIi on intramyocardial haemorrhage despite ample interest in

Fasudil in myocardial protection.

At the juncture of the Fasudil findings, one possibility for continued study
would have been to further investigate Fasudil dependent mechanisms
with regards to MVO% and IMH%. However, this was not pursued, as for

other reasons, Fasudil was deemed to be a clinically undesirable drug. In

these experiments, rats suffered severe haemodynamic effects at Fasudil
doses 10mg/kg (required to mitigate IS% in addition to other outcomes)
leading to the death of an animal and another becoming critically unwell.
Attentions therefore turned to the use of ROCK2 inhibitors in

cardioprotection, to try to address the main hypothesis.

ROCK2 inhibition in cardioprotection — 1S% (primary outcome)

Two measures of selective ROCK2 inhibition were examined in this thesis
i) Selective ROCK2 inhibition with KD025 (a drug which is currently
licenced in clinical practice) and ii) ROCK2 (+/-) partial deletion in a
murine model. The author feels that although Chroman 1 is a potent

ROCK?2 inhibitor, it is much less selective for ROCK2>ROCK1 and
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therefore the neutral results are difficult to interpret with respect to this

hypothesis.

Following the addition of KD025 prior to myocardial reperfusion, the
primary aim of reducing IS% was not achieved for any dose of the drug.
These findings are supported by the ROCK2 (+/-) KO mouse model,
where there were also no observed reductions in 1IS% following I/R.
These results might suggest that the ROCK2 isoform is less important in
myocardial protection and cell death following ischaemia/reperfusion.
Moreover, Fasudil, a ROCK1/2 inhibitor, was the only agent to improve
IS% outcomes and so perhaps it is the ROCK1 isoform that is most
important in cardioprotection. Some investigators have stated that the
ROCK1 isoform is able to mediate cell death such as apoptosis, and
caspase mediated activation of the PTEN molecule (which has
deleterious effects on the RISK pathway and p-AKT) (Chang et al., 2006).
This would seem to suggest that at least an element of ROCK1 inhibition
is required to inhibit these processes, increase p-AKT activity, and
therefore reduce infarct size following myocardial infarction (Yellon et al.,
2023), (Rossello & Yellon, 2018). The Chroman 1 results are not

consistent with this however, and these will be further discussed below.

The limitations of not conducting formal PK studies for KD025 and
Chroman 1 have been considered in the individual chapters. KD025, has
however, been validated as a ROCK2 inhibitor previously by Lee et al

(Lee et al.,, 2014) in their studies of brain tissue at similar doses
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(100mg/kg). Chapter 7 has considered the reasons why Chroman 1 (with
increased potency for ROCK2 and ROCK1) was not cardioprotective with
regards to any outcome. This is difficult to explain and raises the
possibility of a pharmacological issue. Significant blood pressure effects
of the drug were noted at doses >500ug/kg however which does suggest
that there was some drug activity at this dose. It is possible that although
the selectivity window is small, the balance of selectivity for
ROCK2>ROCK1 is not in favour of cardioprotection. To try to be as
definitive as possible, the murine ROCK (2+/-) model was developed as
the best way of addressing this main hypothesis. ROCK2 heterozygous
KO was confirmed via Western Blotting which demonstrated reduced
amounts of ROCK2 protein, and no changes to ROCK1 protein levels.
Following I/R experiments ROCK (2+/-) partial deletion was not
associated with cardioprotection as assessed by 1S% alone (Figure 62)
in mice. Although the KO model is the most robust model to draw a
conclusion from, all the results are consistent in that ROCK2 inhibition

was not cardioprotective, when considering 1S% outcomes. Therefore: -

#CONCLUSION 4: Selectivity for ROCKZ2 inhibition is not associated with

a reduction in 1IS% and cardioprotection (primary outcome).

It can be further speculated (but is not proven here) that ROCK1 is the
most important isoform in acute myocardial infarction. It would be useful
to investigate a ROCK1 specific inhibitor in future studies of myocardial

I/R or alternatively, cardiomyocyte specific KO models.
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ROCK2 inhibition in cardioprotection - MVO% (secondary outcome)

As the KO model did not extend to MVO% for technical reasons, it is more
difficult to be more definitive about the role of ROCK2 in MVO. One
ROCK2 inhibitor, KD025, demonstrated some improvements in MVO%
and IMH% in vivo (Figure 40, Figure 41).

As KD025 was not vasoactive in the aortic ring experiments, assuming
ROCK2i has taken place, it could be an alternate mechanism of NRF that
KD025 has attenuated, rather than vasoconstriction of arterial vessels.
This comes with the caveat that simply because KD025 was not
vasoactive in the aorta, this does not prove that it does not have
vasoactive potential in the coronary circulation. As has been
demonstrated in other studies, where different vessel types had different
responses to ROCK inhibitors (Grisk et al., 2012). Moreover, KD025 has
demonstrated some vasoactive properties in mesenteric arteries
challenged with ET-1 (Bjorling et al., 2018). In these small resistance
vessels, this response may be associated with advancing age (Bjorling

etal., 2018).

One possible explanation for KD025 reducing MVO% and IMH% is T-cell
and cytokine mediated inflammation (as in the well-known case of GVHD
(Cutler et al., 2021), or an improvement in endothelial membrane
permeability resulting in preserved vascular architecture as in previous
pulmonary studies (Lee et al., 2020). Further studies which could be
performed to confirm the above, include measuring cytokines such as IL-

17 (Mora-Ruiz et al., 2019)) during I/R, and markers of endothelial
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membrane function such as VE cadherins, in I/R hearts treated with
KD025. ROCK2 inhibition was notably associated with a reduction in IL-
17 in the ROCKstar trial (Cutler et al., 2021) and so this is already a
known target for the drug. As an alternate explanation, KD025 has
previously been shown to have favourable off-target drug effects in other
studies of thermogenesis and obesity (Tran & Chun, 2021). Following
analysis of a large bioinformatics database which has profiled the
downstream targets of KD025 (including those independent of ROCK
signalling) Park et al demonstrated that KDO025 also modulates
expression of STC1 (stanniocalcin1) and the cytokine CXCL8 (Park &
Chun, 2020). The former has previously inhibited vascular leakage in
pulmonary fibrosis (Ohkouchi et al., 2015), and the latter is known to be
associated with inflammation in myocardial infarction (Frangogiannis,
2004). KD025 remains a useful drug to continue to investigate, given that
it is licenced in the UK already, and has passed safety outcome clinical
trials (Cutler et al., 2021). Regarding these safety trials and ROCKstar
findings (Cutler et al., 2021), the potential mild side effects following oral
therapy with KD025, have already been described in chapter 5. Moreover,
this clinical use is for refractory GVHD, therefore some degree of drug
side-effects is accepted, in the same way as chemotherapy side effects
are accepted in patients undergoing cancer treatment, i.e. weighing the

risk vs benefit.

Refractory GVHD is both a debilitating and life-threatening disease

(Cutler et al., 2021). It is appreciated therefore, that the balance of side
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effects vs clinical outcomes may be different in younger patients with
myocardial infarction, especially as STEMI outcomes are optimal
following PPCI, and some patients may have few co-morbidities or those
which are modifiable (Niccoli et al., 2019). The balance of risk regarding
disease modifying therapies and potential side effects would therefore be
different in this patient cohort compared to the end stage GVHD

population.

Related to this, it is known that KD025 is not suitable for those of
childbearing age (men or women) due to its potential teratogenic side
effects (Cutler et al., 2021), this must be considered as a limitation when
considering the drug for alternate medical uses such as in acute
myocardial infarction. Another important consideration/limitation is the
possibility of any kinase inhibitor in humans to modulate the risk of
cancer- and the expression of cancer-causing oncogenes. In fact, ROCKIi
is broadly associated with beneficial outcomes in oncology, given that
ROCK has a role in tumour cell migration, proliferation and metastases
(Kim et al., 2021). ROCK2 over-expression has been associated with
worsening prognosis in bladder cancer, medullary thyroid cancer and
colon cancer (de Sousa et al., 2020). Over-expression of ROCK1 is a
poor prognostic marker in breast cancer according to the same extensive

review by (de Sousa et al., 2020).

Whilst ROCKIi look to suppress tumour proliferation, one possible cause
for concern, is the over expression of either isoform which may occur
because of prolonged therapeutic treatment and modifications to mRNA

expression. Therefore, it is not so much the exact levels of ROCK1 and
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ROCK2 but the balance of these levels and homeostasis, which if
disturbed, could cause unwelcome changes to the cell cycle (Kim et al.,
2021). The new ‘ROCK inhibitory peptides’ which deactivate ROCK
without initiating full kinase inhibition may be one solution to this dilemma
(Abbasgholizadeh et al., 2019). The long term follow up results of patients
in the ROCKstar trial are currently awaited (Cutler et al., 2021).
Conversely, short term treatment with such agents in the catheter lab as
a one-off treatment, may be less of a concern and may not lead to post
translational genetic modifications. Increasing the potency of ROCK2
inhibition with Chroman 1 failed to confer a benefit in MVO% or IMH%,
much like for 1S%. The reasons why this may not have occurred have

been considered above.

In summary, it is not clear whether KD025 has improved MVO%
outcomes because of ROCK inhibition, or another non-canonical
pathway and this should be investigated in the future. As stated
previously, it is not possible to be definitive about the exact role of the
ROCK2 isoform in MVO from these results, although ROCK 1/2, may be

implicated in NRF based on the previous positive Fasudil outcomes.

One possible explanation for some of the discrepancies between MVO%
outcomes for KD025 and Chroman 1, as discussed in the relevant
chapter of this thesis, may be the differences in specificity for ROCK1 and
2 between Chroman 1 and KD025. KD025 has a greater specificity and
selectivity for ROCK2 compared to Chroman 1, whereas Chroman 1 is a
more potent inhibitor of ROCK2 (but less selective). From these results,

therefore it could be further hypothesised that it is the ROCK2 specificity
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that is more important for MVO% outcomes. Whether this is due to
microvasculature vasodilation or improvement in barrier function, it is not

possible to deduce from these results.

Therefore:

#CONCLUSION 5: It is not possible to conclude whether ROCK2 is an

important isoform in MVO% and IMH%.

8.2 SUGGESTIONS FOR FUTHER WORK

This thesis has evoked two principal areas of further research questions,
which are both topics for future investigations. The first topic concerns
MVO% as a treatment target in relation to 1IS%, and whether there is
evidence for an independent protection pathway i.e. RISK pathway in the
vasculature which Fasudil and KD025 can protect independently of the
myocardium. This would not just be of academic interest to establish, as
it is well discussed that improving MVO% improves patient prognosis
post-STEMI independently to infarct size (de Waha et al., 2017). These
experiments have been suggested already in the discussion above, and
entail the measuring of p-AKT in vascular tissue treated with ROCKIi, prior

to myocardial I/R.

The second main research area concerns the continuing pursuit of ROCK
signalling and isoform specific function, in a setting of acute myocardial
protection, which was the overall hypothesis of this thesis. This is a
complex area of research, and for many years it was argued that ROCK1

and ROCK2 were too homologous to demonstrate any functional
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differences in downstream activity (Noma et al., 2006). This was recently
questioned with the new findings of KD025 in the ROCKSstar trial and the
clinical use of KD025 in GVHD as an anti-inflammatory agent,
(demonstrating distinct actions to other non-selective ROCK1/2
inhibitors). However, it is newly emerging, that KD025 may have many
off-target functions which do not utilise the ROCK pathway (Park & Chun,
2020), suggesting that its novel anti-inflammatory effects may not be
isoform specific. Further studies could be planned to investigate other
selective ROCK2 inhibitors, such as the newly described drug, GVO01, in
liver fibrosis by (Zanin-Zhorov et al., 2023) with ~4000 selectivity for
ROCK2. However, this can never fully eliminate the actions of other
kinases to answer the research question definitively. It is the opinion of
the author that these questions can only be answered using genetic KO
models, one of which has been considered in this work to try to best
address the hypothesis. More specifically, a conditional vascular ROCK1-
/- KO could be used to confirm the newly generated hypothesis, that
ROCK1 that is the more important isoform in arterial vasodilation. To
further investigate and consolidate these in vivo results, a cardiomyocyte
specific ROCK2-/- model could be used to confirm that ROCK2 is not a
target in acute myocardial protection. This has the advantage of a double

KO model, but without the lethality.

In the case of KD025, further investigations into the mechanism behind
MVO% and IMH% protection may involve the examination of other off-
target molecules such as STC1 which has been discussed above, as

important in mediating vascular integrity (Ohkouchi et al., 2015). Other
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ROCK inhibitor studies could also be conducted in different models of
disease such as diabetes or hypertension. The author would favour these
as more suitable models to use to continue to pursue the protective
effects of selective ROCK2 inhibitors, as there is a large body of evidence
that ROCK2 signalling, and expression is most enhanced and distinct in
models of chronic disease (Bjorling et al., 2018), (Cutler et al., 2021),

(Shimizu et al., 2013). (Soliman et al., 2020), (Tsai et al., 2017).

Given its observed actions in the aortic ring experiments, Chroman 1 may
also warrant further pursuit as an anti-hypertensive, and this could be

studied in the current model using aortas from hypertensive rats.

8.3 FINAL COMMENTS

This thesis has highlighted, that whilst investigations have been
conducted into ROCK signalling for 40-years, this remains a fast-moving
field. The subdivision of ROCK2 selectivity is slowly gaining traction in
other specialties such as haematology and neurology, and some large-
scale clinical trials are expected within the next few years. Indeed, the
ROCKstar trial was published, and KD025 came into clinical practice,
during this thesis. However, none of these trials planned, at present,

relate to the heart.

Although Fasudil has been well investigated in cardioprotection, the role
of ROCK2 in acute myocardial protection has, prior to this work, been

unexplored. For these reasons, this work has produced a broad overview
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of newer ROCK inhibitors in cardioprotection, rather than investigate a
specific ROCK2 signalling pathway. At present the results of these
investigations are neutral with regards to ROCK2 (considering IS%). It is
therefore hoped with the aforementioned areas of continued research,
that the benefits of selective ROCK2 inhibition can be translated to
myocardial and vascular protection in the future; be this in a more chronic

model of cardiovascular disease.
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