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Abstract
Background:
Despite the effectiveness of primary coronary angioplasty in reducing myocardial
infarct size, ischaemia/reperfusion injury (IRI) accounts for a significant proportion of
the final infarct size and there is a need to identify therapies that can mitigate the
deleterious effects of myocardial IRI. Sodium glucose cotransporter 2 (SGLT2)
inhibitors were initially designed to treat diabetes but recent landmark cardiovascular
outcome trials (CVOT) have revealed an unexpected cardiovascular mortality benefit
from SGLT2 inhibition in type 2 diabetes mellitus (T2DM) patients. As SGLT2
receptors are predominantly found in the kidneys rather than the heart, it is likely that
the cardioprotection conferred by SLGT2 inhibitors occurs in an off-target manner.
This research hypothesised that attenuation of myocardial IRI may account for the
cardioprotection observed in the trials.
Methods and Results:
Firstly, two rat models of T2DM were characterised: The high fat diet/streptozotocin
(HFD/STZ) and the Zucker Diabetic Fatty (ZDF) rat. For the HFD/STZ rat model, the
optimal hyperglycaemic response and survival rates were subsequently established
after 5 batches of serial experiments but this model had multiple disadvantages. As
the HFD/STZ rat phenotype appeared to be more suggestive of type 1 diabetes
mellitus (T1DM), the ZDF rat model, which reflected the obese T2DM phenotype
more closely, became the model of choice.
Neither subcutaneous nor oral administration of Phlorizin (an SGLT1 and SGLT2
inhibitor) to diabetic rats conferred adequate glycaemic control. In contrast, diabetic
rats exposed to oral Canagliflozin (an SGLT2 inhibitor) showed sustained and
improved glycaemic profiles without any adverse events. Hence, Canagliflozin
became the drug of choice for subsequent experiments.
ZDF and non-diabetic Zucker Lean (ZL) rats were then fed either high-fat or standard
chow respectively, with or without fortification with Canagliflozin for 4 weeks. As
expected, ZDF rats were markedly diabetic with evidence of end-organ renal injury.
Canagliflozin improved the blood glucose of ZDF rats and did not cause
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hypoglycaemia in ZL rats. After 4 weeks, the hearts were harvested, Langendorffperfused and subjected to 35 minutes regional ischemia and 2 hours reperfusion.
Canagliflozin pre-treatment led to robust attenuation of myocardial infarct size in both
diabetic ZDF and non-diabetic ZL rat hearts. In contrast, short-term Langendorffperfusion of non-diabetic (Sprague-Dawley) rat hearts with Canagliflozin had no
impact on myocardial infarct size - suggesting that the reduction in myocardial infarct
size by SGLT2 inhibitors occurred independent of blood glucose levels and via an in
vivo mediated hormone signaling mechanism.
Langendorff-perfused hearts of non-diabetic rats pre-treated with oral Canagliflozin
for 24 hours also demonstrated a significant reduction in myocardial infarct size
compared to that of placebo-treated rats. The cardioprotection occurred independent
of blood glucose, insulin, glucagon and ketone levels. Western blot analysis of those
protected hearts showed an association between SGLT2 inhibition and increased Akt
phosphorylation.
Conclusion:
The reduction in myocardial size in diabetic rats by SGLT2 inhibition may explain the
improved cardiovascular outcomes amongst T2DM patients in the SGLT2 inhibitor
CVOTs. Importantly, this is the first demonstration of SGLT2 inhibitor-mediated
cardioprotection in non-diabetic animals by mitigation of myocardial IRI. The
reduction in myocardial infarct size could be seen within 24 hours and was
independent of circulating blood glucose, insulin, glucagon and ketone levels. The
association between SGLT2 inhibition and increased Akt phosphorylation suggests
that involvement of the anti-apoptotic Reperfusion Injury Salvage Kinase (RISK)
pathway of ischaemic conditioning.
This thesis therefore provides new insight into the potential cardiovascular benefits of
SGLT2 inhibition regardless of diabetes status and strengthens the belief that one
day, this novel class of anti-diabetic drugs may be repurposed into highly effective
therapies for heart failure, ischaemic heart disease and arrhythmia patients.
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Impact statement
The advent of primary coronary angioplasty has significantly improved the outcomes
in acute coronary syndrome (ACS) patients. However, despite the effectiveness of
primary coronary angioplasty in reducing myocardial infarct size in ACS patients,
ischaemia/reperfusion injury (IRI) accounts for a significant proportion of the final
infarct size. Thus, there is a need to identify medical therapies that can mitigate the
deleterious effects of myocardial IRI in patients who present with an ACS. This has
been the focus of the basic science research work at the Hatter Cardiovascular
Institute, UCL and this was where I conducted the research described in my thesis.
Sodium glucose cotransporter 2 (SGLT2) inhibitors were initially designed to treat
diabetes but recent landmark cardiovascular outcome trials (CVOT) have revealed
an unexpected cardiovascular mortality benefit from SGLT2 inhibition in type 2
diabetes mellitus (T2DM) patients. The cardiovascular benefits observed were mainly
driven by a reduction in hospitalisation in heart failure.
As SGLT2 receptors are predominantly found in the kidneys rather than the heart, it
is likely that the cardioprotection conferred by SLGT2 inhibitors occurs in an offtarget manner. However, the exact mechanism remains to be elucidated.
The research described in my PhD thesis sought to investigate if the cardioprotection
found in the clinical trials is contributed by a mitigation of myocardial IRI which would
have translated into a reduction in the final myocardial infarct size hence the lower
risk of heart failure.
The main results from my thesis have been published in a peer reviewed
cardiovascular journal and cited at least 50 times so far. My data suggested that
SGLT2 inhibitors confer cardioprotection by mitigating myocardial IRI in both diabetic
and non-diabetic hearts. This was associated with the activation of a well-known
cardioprotective pathway – the Reperfusion Injury Salvage Kinase (RISK) pathway
(first described at the Hatter Cardiovascular Institute).
This thesis therefore provides new insight into the potential cardiovascular benefits of
SGLT2 inhibition regardless of diabetes status and strengthens the notion that one
day, this novel class of anti-diabetic drugs may be repurposed into highly effective
therapies for not just heart failure and renal failure patients but also for patients who
present with ACS.
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Chapter 1

Introduction

1.1 Type 2 diabetes mellitus and cardiovascular disease risk
The World Health Organization (WHO) defines diabetes mellitus as “a
metabolic

disorder

of

multiple

aetiology

characterized

by

chronic

hyperglycaemia” 1. Globally, the prevalence diabetes has risen from 108
million in 1980 to 422 million people in 20142 while in the UK, the prevalence
of diabetes in 2017 was nearly 3.7 million people3. WHO has projected that by
2030, diabetes mellitus will be the seventh leading cause of death2. There are
several forms of diabetes mellitus: type 1 diabetes, type 2 diabetes,
gestational diabetes and intermediate states of hyperglycaemia. Type 2
diabetes mellitus (T2DM) is the most common form of diabetes and makes up
90% of cases globablly1.
The most serious complications of diabetes mellitus are microvascular
(retinopathy, nephropathy and neuropathy) and macrovascular (ischaemic
heart disease, stroke and peripheral vascular disease) injury. It is a wellestablished finding that T2DM is associated with increased cardiovascular
risk4,5,6,7. Interestingly, having diabetes per se confers a mortality risk that is
similar to having had a history of myocardial infarction (MI) or stroke8, a
finding that is similarly shown in other studies9 (see Figure 1-1).
Unsurprisingly, having both diabetes and a history of MI or stroke doubles the
risk of death.

Figure 1-1 The mortality risk associated with diabetes.

Adapted from Di Angelantonio et al where age- and sex-adjusted mortality rates and hazard
8

ratios were obtained from the Emerging Risk Factors Collaboration (689 300 participants) .

26

1.2 Mechanisms by which diabetes increases the risk of
cardiovascular disease
The pathophysiological processes that occur in diabetes are complex but are
generally characterised by defects in insulin secretion, action, or both. This
then leads to disturbances of carbohydrate, fat and protein metabolism.
1.2.1 Hyperglycaemia and its associated pro-atherogenic mechanisms
A key feature of diabetes is hyperglycaemia and this is one of the factors that
may account for the macrovascular complications of diabetes. Gleissner et al
summarised the five different proatherogenic mechanisms associated with
hyperglycaemia10: increased glucose flux through the polyol pathway11,12,
formation of advanced glycation end products (AGE)11, activation of protein
kinase C (PKC)11,13, increased glucose flux through the hexosamine
pathway11 and activation of the 12/15-lipoxygenase (12/15-LO) pathway14,15.
All five mechanisms finally result in increased formation of reactive oxygen
species (ROS) which promote diabetic atherosclerosis (see Figure 1-2).

Figure 1-2 Pro-atherogenic mechanisms of diabetes associated with hyperglycaemia
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Taken from Gleissner et al which illustrates the five hyperglycaemia-related mechanisms by
which diabetic atherosclerosis may be promoted (five different coloured boxes). All five
mechanisms ultimately lead to increased superoxide formation which leads to the progression
10

of atherosclerosis by various mechanisms as depicted in the figure .

1.2.2 Pro-atherogenic mechanisms in addition to hyperglycaemia
Improvement of hyperglycaemia has been demonstrated to attenuate
microvascular

complications16.

However,

despite

the

attainment

of

normoglycaemia, diabetic patients still display a higher risk of developing
atherosclerosis compared to non-diabetic patients16. This suggests the
existence of other mechanisms aside hyperglycaemia that may promote
atherosclerosis. Firstly, T2DM is often associated with metabolic syndrome
(dyslipidaemia, insulin resistance, obesity and hypertension) which in itself is
a risk factor for cardiovascular disease. T2DM per se is associated with
hyperlipidaemia characterised by elevated triglycerides and decreased high
density lipoprotein (HDL) levels17. Interestingly, the mean concentration of low
density lipoprotein (LDL) in T2DM do not differ significantly from non-T2DM
patients. However, T2DM patients tend to have a higher proportion of smaller
and denser LDL particles which are more susceptible to oxidation and hence
more atherogenic18. The insulin resistance and subsequent hyperinsulinaemia
(both key features of T2DM) is associated with multiple mechanisms which
may promote atherosclerosis: alterations in secretion of adipokines from
adipose tissue (adiponectin, apelin and leptin)19–21, fatty acid binding protein
(FABP) aP2 secretion from adipocytes, macrophages or foam cells22,23 and C
peptide

formation

(a

decomposition

product

of

proinsulin)24,25.

The

aforementioned mechanisms are illustrated in Figure 1-3.
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Figure 1-3 Pro-atherogenic mechanisms of diabetes associated with insulin resistance

Taken from Gleissner et al which illustrates the non-hyperglycaemia associated mechanisms
10

which may promote diabetic atherosclerosis . The above mechanisms mainly relate to insulin
resistance and dyslipidaemia and the interventions mentioned above (statins, fibrates, PPARγ
agonists and telmisartan) have been found to mitigate the atherosclerotic effects of T2DM.

1.2.3 Hypertension
Hypertension commonly co-exists with diabetes, with prevalence rates of 30%
in type 1 diabetes mellitus (T1DM) and 60% of T2DM26. The combination of
hypertension and diabetes are closely linked to the development of diabetic
nephropathy27. The stimulation of renal cells by hyperglycaemia leads to the
production of humoral mediators, cytokines and growth factors which are
often responsible for glomerular structural changes such as hyaline
arteriolosclerosis, increased extracellular matrix collagen deposition and
increased glomerular basement membrane permeability28. These structural
changes then lead to increased filtration pressure and a compensatory
activation of the renin-angiotensin system (RAAS). Left untreated, diabetic
nephropathy can progress to nephrotic syndrome. This is characterised by
proteinuria, a hypercoagulable state (due to the loss of anti-thrombin III) and
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hyperlipidaemia, all of which contribute to the increased risk of cardiovascular
disease29,30.
1.2.4 Diabetic cardiomyopathy
Diabetes can contribute to the development of cardiomyopathy indirectly via
atherosclerosis (ischaemic cardiomyopathy) and hypertension (hypertensive
cardiomyopathy), directly (diabetic cardiomyopathy) or a combination of all of
them. The structural and functional changes in diabetic cardiomyopathy can
occur in the absence of coronary artery disease (CAD) and hypertension31,32.
The structural changes described include greater cardiac mass (in particular
left ventricular mass)33,34 and interstitial fibrosis with increased collagen
deposition35. The functional changes observed include reduced diastolic
function (found to occur in 40-75% of diabetic patients with no signs of
CAD36,37) and subtle abnormalities in systolic function38,39 (which may be
related to impairment in myocardial sympathetic innervation and contractile
reserve40). The mechanisms behind this form of cardiomyopathy have not
been widely studied but could relate to: increased adipocyte release of
cytokines (such as leptin and resistin) which have hypertrophic effects on
cardiomyocytes41,42 and increased myocardial triglyceride content43 which is
associated with lipotoxicity and altered myocardial calcium homeostasis44,45.
The aforementioned findings and proposed mechanisms could help explain
the higher prevalence of heart failure, particularly heart failure with preserved
ejection fraction in diabetic patients (16-31% vs 4-6% in the general
population)46.

1.3 Myocardial infarction and ischaemia/reperfusion injury
1.3.1 Myocardial infarction
Although the mortality rates for cardiovascular disease (CVD) have fallen in
high-income and many middle-income countries, cardiovascular death still
remains the leading cause of death globally, accounting for almost one third of
all deaths in 2013

47

. One of the major complications of CVD is a myocardial

infarction (MI); most commonly a type 1 MI (see Figure 1-4) which is
characterised by ischaemia due to a primary coronary event such as plaque
erosion and/or rupture, fissuring or dissection48,49.
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Figure 1-4 Type 1 Myocardial Infarction

Adapted from the European Society of Cardiology (ESC) ‘Fourth universal definition of
myocardial infarction (2018)’
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.

In general, coronary artery plaque rupture/erosion with occlusive thrombus
manifests clinically as an ST-elevation myocardial infarction (STEMI) while a
non-occlusive thrombus clinically manifests as a non-ST elevation acute
coronary syndrome (NSTE-ACS). NSTE-ACS can then be categorised as
either a non-STEMI (associated with a troponin rise) or unstable angina (no
troponin rise)]50. STEMI is associated with a more prolonged duration of
ischaemia and a larger territory of myocardial necrosis than NSTE-ACS50.
The mainstay treatment of STEMI patients is immediate reperfusion by either
primary angioplasty or fibrinolytic therapy with the aim of reducing myocardial
infarct size

51

. Subsequently, a reduction in infarct size may in the long-term

lead to preservation of left ventricular (LV) function and delay in the onset of
heart failure.
1.3.2 Myocardial ischaemia/reperfusion injury
Although the advent of primary coronary angioplasty and advances in
secondary preventive therapies have led to an improvement in inpatient
mortality following an MI (from 20% in the late 1980s to 5-7% in the present)
52,53

, the incidence of heart failure after MI has not declined but continues to

go on an upward trend54. This is because the process of myocardial
31

reperfusion can paradoxically induce further cardiomyocyte death, a
phenomenon known as ischaemia/reperfusion injury (IRI)

55,56

. There are four

recognised forms IRI where the first two are reversible and the latter two are
irreversible:

reperfusion-induced

arrhythmias,

myocardial

microvascular obstruction and lethal myocardial reperfusion injury

stunning,
57

. Of the

four forms of IRI, it has been suggested that lethal myocardial reperfusion
injury may account for up to 50% of the final infarct size which then mitigates
the benefits of myocardial reperfusion (see Figure 1-5)

58

. Several major

contributors to lethal myocardial reperfusion injury have been identified which
include oxidative stress, calcium overload, inflammation, mitochondrial
permeability transition pore (MPTP) opening and hypercontracture56.
Therefore, strategies to tackle lethal myocardial reperfusion injury via any of
the aforementioned potential mechanisms may further ameliorate the effects
of IRI. Unfortunately, despite promising findings pre-clinically, the benefits
have yet to translate clinically and there remains a need to identify effective
cardioprotective strategies for preventing IRI 59–64.

Figure 1-5 The individual contributions of acute myocardial ischaemic injury and myocardial
reperfusion injury to the final infarct size.
58

Obtained from Ovize M et al . The red dash line depicts the theoretical infarct size if no
treatment was administered. Paradoxically, IRI mitigates the primary benefit of angioplasty,
which is the reduction of infarct size. Thus, supplementing primary angioplasty with another
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therapeutic strategy that targets reperfusion injury may further reduce the final infarct size (as
shown by the green dash line).

1.4 Sodium Glucose Cotransporter 2 inhibitors – a novel
class

of

anti-diabetic

drugs

with

an

unexpected

cardioprotective effect
1.4.1 Introduction – the sodium glucose cotransporter (SGLT) family
There are 65 known solute carrier (SLC) families and sodium glucose
cotransporters (SGLT) make up the SLC5 family65,66. In humans there are 12
members within the SLC5 family and they include sodium cotransporters for
sugars, myo-inositol, iodide, short-chain fatty acids and choline67. The 12
SGLT family members can be further categorised into two subfamilies:
1) The first subfamily consists of 7 members: SGLT1, SGLT2, SGLT3,
sodium myo-inositol cotransporter (SMIT), SGLT4 SGLT5 and SGLT 6
(also called SMIT2). They share between 45%-70% protein sequence
identity amongst themselves and are involve in the transportation or
binding of sugar molecules67.
2) The second subfamily consists of 5 members: sodium/iodide symporter
(NIS), sodium-dependent multivitamin transporter (SMVT), choline
transporter (CHT), apical iodide transporter/sodium monocarboxylate
cotransporter 1 (AIT/SMCT1) and SMCT2. They share between 40%50% protein sequence identity amongst themselves and are involved in
the transportation of physiologically important molecules such as
iodide,

ascorbate,

biotin,

pantothenate,

lipoate,

choline

and

monocarboxylates such as lactate67.
The human genome project led to the gene mapping of the first six SGLTs:
beginning with SGLT1 on chromosome 22q12.368, SGLT2 on 16p11.2,
SGLT3 on 21q22.12, SGLT4 on 1p32, SGLT5 on 17p11.2 and SGLT6 on
16p12.169. All members of the SLC5 family code for 60- to 80-kDa proteins
which contain 580-718 amino acids70. As this research centres around the
role SGLT2 inhibitors in cardioprotection, the next two subsections will briefly
focus on the first two and more well known SCL5 family members:
SGLT1/SLC5A1 and SGLT2/SLC5A2.
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1.4.2 SGLT1 and SGLT2: A brief history
The sodium glucose cotransport hypothesis was first proposed by Bob Crane
at the Symposium on Membrane Transport and Metabolism in Prague in
196071. In his model, the energy for uphill glucose transport was generated by
the sodium gradient across the intestinal brush-border membrane and this
sodium gradient was maintained by the Na+/K+ pump. Since then, multiple
studies have been performed to test Crane’s hypothesis but the advent of
cloning has allowed research groups like Wright et al to characterise the
SGLTs, in particular SGLT1 and SGLT2 during the 1980s and 1990s72,73. The
first SGLT sequence to be cloned by Wright et al was the high-affinity, low
capacity sodium-glucose cotransporter SGLT1 in 198772.
1.4.3 Physiology of SGLT1 and SGLT2
Analysis of gene expression in humans using PCR and RNase protection
assays showed that SGLT1 is expressed at high levels in the brush-border
membrane of enterocytes of the small bowel70. In addition, it is also
expressed in the late proximal tubule of the kidney, the brain, heart, lung, liver
and skeletal muscle74. SGLT2 is a low affinity, high capacity sodium-glucose
cotransporter that is expressed almost exclusively in the kidney, in particular
at the early and middle segments of the proximal tubule70,75. This distribution
of expression of SGLT2 mRNA in humans has been evaluated and illustrated
in Figures 1-6 and 1-7. SGLT1 has a higher affinity for glucose than SGLT2
(Michaelis constant, Km for glucose is about 0.4mmol/L and 2mmol/L
respectively)70. SGLT1 is essential for small bowel glucose and galactose
absorption while SGLT2 is essential in renal glucose reabsorption76. Although
SGLT1 and SGLT2 expression are both present in the proximal tubule, under
normoglycaemic conditions SGLT2 accounts for about 90% of renal glucose
reabsorption76.
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70

Figure 1-6 Distribution of SGLT2 mRNA expression in humans. Taken from Wright et al .
Wright et al used RNase protection assays on commercial samples of human mRNA. The amount of
SGLT2 mRNA in each tissue sample was expressed as a percentage of that in the tissue expressing
the highest abundance. mRNA from the duodenum and renal cortex acted as the control group.

75

Figure 1-7 Distribution of SGLT2 RNA expression by qPCR in humans. Taken from Chen et al .
Chen et al used TaqMan quantitative polymerase chain reaction (qPCR) to evaluate SGLT2 tissue
expression using primer/probe set designed in exon 6-7 and 13 of SGLT2. A subset of the 72 human
tissues is shown on the X-axis.
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Renal glucose reabsorption serves an important function in maintaining
glucose homeostasis by preventing valuable energy lost via the urine while
also preventing hyperglycaemia by losing any surplus glucose that cannot be
absorbed77. As long as the plasma glucose concentration does not exceed
the renal threshold for glucose reabsorption (around 10mmol/L), urinary
glucose excretion (glycosuria) will not occur78.
In T2DM, hyperfiltration occurs in the early stages of diabetic nephropathy79.
In addition, the chronic hyperglycaemia will paradoxically increase the renal
glucose reabsorption threshold from 10mmol/L to around 12.2mmol/L due to
upregulation of SGLT2 in the proximal tubule. This phenomenon was
demonstrated by a study which showed increased SGLT2 density on the
apical membrane of the proximal tubule by increased SGLT2 transcription and
translation80. The elevated glomerular filtration rate (GFR) coupled with
upregulation of SGLT2 leads to increased sodium and glucose reabsorption.
This not only aggravates the existing hyperglycaemia but also decreased
sodium delivery downstream at the macula densa and impairment of the
tubuloglomerular feedback (TGF)81. This further perpetuates the vicious cycle
of afferent arteriole vasodilation, hyperfiltration and increased sodium and
glucose reabsorption (see Figure 1-8). With uncontrolled diabetes, where the
plasma glucose concentration exceeds the renal threshold for glucose
reabsorption, glycosuria occurs78.

36

Figure 1-8 Mechanism of tubuloglomerular feedback (TGF) in patients with (A) normal renal
physiology and (B) early diabetic nephropathy.
81

Adapted from Perrone-Filardi et al . In the early stages of diabetic nephropathy, chronic
hyperglycaemia leads to upregulation of SGLT2 which leads to increased sodium and glucose
reabsorption. As the impairment of TGF progresses, the kidneys will reach the maximum capacity for
glucose reabsorption and leads to glycosuria.

1.4.4 The

role

of

SGLT1

and

SGLT2

inhibitors

in

reducing

hyperglycaemia
Phlorizin, a chemical found in apple, pear and cherry tree bark was first
isolated more than 180 years ago82 but its ability to completely inhibit renal
glucose reabsorption to increase urinary glucose excretion was only
discovered in the 1930s83. As a competitive inhibitor of SGLT1 and SGLT2, its
anti-hyperglycaemic properties were only demonstrated in the 1980s where
Rossetti et al showed that diabetic rats receiving sustained phlorizin treatment
had normalized blood glucose concentrations and improvements in β-cell
function and insulin sensitivity84,85. Unfortunately, the use of phlorizin in the
clinical setting was precluded by its poor oral absorption, metabolism to
phloretin (which is a glucose transporter (GLUT) inhibitor and a less potent
SGLT inhibitor) and potential small bowel malabsorption (due to SGLT1
inhibition)76.
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This fueled the drive to develop selective SGLT2 inhibitors and since the first
demonstration of a selective SGLT2 inhibitor (T-1095) as a potential treatment
for diabetes in rodent models in 199986, several SGLT2 inhibitors have been
developed. The three SGLT2 inhibitors currently approved for use in Europe
and the U.S are empagliflozin, canagliflozin and dapaglifozin while in Japan,
luseogliflozin, topogliflozin and ipragliflozin have been approved87. As
illustrated in Figure 1-9, SGLT2 inhibition leads to the restoration of
tubuloglomerular feedback with the normalisation of GFR while reducing
hyperglycaemia due to glycosuria81. Importantly, with SGLT2 inhibition, the
degree of glycosuria decreases as the plasma glucose approaches
hypoglycaemia,

thus

conferring

a

low

risk

of

treatment-induced

hypoglycaemia88.

Figure 1-9 Mechanism of tubuloglomerular feedback (TGF) in patients with (A) normal renal
physiology and (C) following administration of SGLT2 inhibitors.
81

Adapted from Perrone-Filardi et al . The administration of SGLT2 inhibitors restores TGF and improves
hyperglycaemia by promoting glycosuria. The risk of hypoglycaemia is low as the urinary glucose
excretion rate decreases as the plasma glucose approaches hypoglycaemic levels.

38

1.4.5 Cardiovascular outcome trials for SGLT2 inhibitors in diabetes
1.4.5.1 Background – the birth of the cardiovascular outcome trials
The mainstay treatment of diabetes has predominantly centered on reducing
hyperglycaemia with the understanding that having good glycaemic control
may reduce the cardiovascular (CV) risk from diabetes. Anti-diabetic drugs
are designed to reduce hyperglycaemia by targeting at least one of the eight
core mechanisms that contribute to the pathophysiology of T2DM (also aptly
called the “ominous octet”)89,90: reduced insulin secretion, reduced incretin
effect, increased lipolysis, increased glucose reabsorption, decreased
peripheral glucose uptake, neurotransmitter dysfunction, increased hepatic
glucose production and increased glucagon secretion. This is illustrated in
Figure 1-10.

Figure 1-10 The eight pathophysiological processes (“ominous octet”) contributing to the
91
development of T2DM. Figure adapted from Thrasher .
The class of anti-hyperglycaemic drugs are shown in the box. GLP-1 RA = glucagon-like peptide-1
receptor agonist; DPP-4i = dipeptidyl peptidase-4 inhibitor; TZD = thiazolidinedione; MET = metformin;
SGLT2i = sodium glucose cotransporter 2 inhibitor; QR = quick release.

The different classes of anti-diabetic drugs as illustrated above are generally
effective at reducing hyperglycaemia. If hyperglycaemia can be mitigated then
this should translate to a reduction in CV risk. However, due to the mixed
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impact of the previous generation of anti-hyperglycaemic medications on CV
risk (in particular the thiazolidinediones and the increased risk of heart failure
and myocardial infarction 92,93), in 2008 the U.S Food and Drug Administration
(FDA) and the European Medicines Agency (EMA) released a joint guideline
calling for the demonstration of cardiovascular safety of novel antihyperglycaemic drugs in T2DM patients94,95.
Since then there has been a significant growth in the number of
cardiovascular outcome trials (CVOT) with more trials ongoing. A timeline
illustrating the CVOTs for the novel anti-hyperglycaemic drugs is shown in
Figure 1-11. For the purpose of this thesis, the next subsections will focus on
the three recently completed landmark CVOTs for SGLT2 inhibitors, which
yielded

fascinating

results:

EMPA-REG

OUTCOME

(Empagliflozin)96,

CANVAS Program (Canagliflozin)97 and DECLARE-TIMI 58 (Dapagliflozin)98.

Figure 1-11 Timeline of the cardiovascular outcome trials (CVOT) for the novel antihyperglycaemic drugs for T2DM.
99

Taken from Mannucci et al . The green bars represent the SGLT2 inhibitor trials and the next
sections will focus on three recently completed CVOTs: EMPA-REG OUTCOME, CANVAS
and DECLARE-TIMI 58.
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1.4.5.2 EMPA-REG OUTCOME (Empagliflozin)
This was a multicentre, randomised, double-blind, placebo-controlled trial that
enrolled 7020 patients with T2DM with high cardiovascular (CV) risk96.
Patients were randomised to receive either placebo or empagliflozin (either
10mg or 25mg/day) on a background of standard secondary prevention
therapy and anti-hyperglycaemic agents. This trial enrolled a patient
population of high CV risk with a long duration of T2DM and established CVD:
almost 50% of the patients had a history of MI, 75% had multivessel coronary
artery disease and 10% had a history of heart failure. The median follow-up
period was 3 years.
Unexpectedly, patients in the empagliflozin arm had a significant 14%
reduced risk for the primary composite outcome of major adverse
cardiovascular events (MACE) comprising CV death, non-fatal MI and nonfatal stroke. Specifically, the primary outcome occurred in 10.5% patients in
the pooled empagliflozin group vs 12.1% in the placebo group, with a hazard
ratio of 0.86 in the empagliflozin arm (95%CI 0.74-0.99; p <0.001 for noninferiority and p = 0.04 for superiority). This reduction in MACE was driven
primarily by a 38% reduction in CV death (HR 0.62; 95%CI 0.49-0.77; p
<0.001). In addition, empagliflozin led to a significant 35% reduction in
hospitalisation for heart failure (HR 0.65; 95%CI 0.50-0.85; p = 0.002). There
was a non-significant 13% reduction in fatal/non-fatal MI (HR 0.87; 95%CI
0.70-1.09; p = 0.23) and non-significant 18% increase in fatal/non-fatal stroke
(HR 1.18; 95%CI 0.89-1.56; p =0.26). Finally, empagliflozin reduced the
overall mortality by 32% (HR 0.68; 95%CI 0.57-0.82; p <0.001). With an
absolute risk reduction of 2.6%, this translates to a number-needed-to-treat
(NNT) of 39 over 3 years to prevent one death.
What made the results even more fascinating was the early separation of
curves (see Figure 1-12), suggesting an early cardioprotective effect that may
be occurring at a molecular or cellular level. The only significant adverse
event reported was an increased rate of genital infection with empagliflozin
(1.8% in the placebo arm vs 6.4% in the empagliflozin arm) which was
consistent with previous studies.
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Figure 1-12 Cardiovascular outcomes and mortality rates from the EMPA-REG OUTCOME trial

Taken from Zinman et al

96

which shows the cumulative incidence of the primary composite

outcome (A), CV mortality (B), all-cause mortality (C) and hospitalisation for heart failure (D).
Note the early separation of curves in the empagliflozin arm (red curve).

Following the findings of the EMPA-REG OUTCOME trial, Wanner et al used
the results of a pre-specified secondary objective of EMPA-REG to examine
the effects of empagliflozin on microvascular outcomes, in particular the
progression of renal disease in T2DM100. They found that T2DM patients on
empagliflozin had a slower progression of renal disease and lower rates of
clinically relevant renal events. Specifically, patients on empagliflozin had a
lower risk of incident/worsening nephropathy, doubling of serum creatinine
and initiation of renal-replacement therapy. As renal function declines in
T2DM, reduced urinary glucose excretion may result in reduced potency for
glucose lowering. However, in a recent study by Wanner et al, they showed
that T2DM patients with established CVD and chronic kidney disease (eGFR
30-60 mL/min/1.73m2) still benefited from empagliflozin101. These patients had
a 29% reduction in CV mortality, 24% reduction in all-cause mortality and 39%
reduction in risk of hospitalisation for heart failure.
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1.4.5.3 CANVAS Program (Canagliflozin)
This was a multicentre, randomised, double-blind, placebo-controlled study
that evaluated the CV safety of canagliflozin using integrated data from two
trials involving a total of 10,142 patients with T2DM and high cardiovascular
(CV) risk97. The two trials that made up the CANVAS Program were the
Canagliflozin Cardiovascular Assessment study (CANVAS)102 and CANVASRenal (CANVAS-R)103 trials. CANVAS was initiated in December 2009 to
assess cardiovascular safety and was first approved by the FDA in March
2013 using interim data from CANVAS. As the data had to be unblinded and
in order to meet its post-approval cardiovascular safety commitment to the
FDA, a second trial, CANVAS-R was created in order that data could be
analysed jointly with CANVAS to increase the statistical power.
In the CANVAS Program, patients were randomised to receive either placebo
or canagliflozin (either 100mg or 300mg/day) on a background of standard
secondary prevention therapy and anti-hyperglycaemic agents. This trial
enrolled a T2DM patient population that were either: at least 30 years old with
a history of symptomatic CVD or at least 50 years old with at least 2 of the
following CV risk factors - hypertension, diabetes duration of at least 10 years
old, current smoking, micro- or macroalbuminuria or a low HDL level
(<1mmol/L). 66% of patients had a history of prior CVD (compared to 99% in
EMPA-REG OUTCOME) and 14% had a history of heart failure (compared to
10% in EMPA-REG OUTCOME). The median follow-up period was 29months
although this was longer in CANVAS (68 months) compared to CANVAS-R
(25 months).
Similar to EMPA-REG OUTCOME, patients in the canagliflozin arm had a
significant 14% reduced risk for the primary composite outcome of major
adverse cardiovascular events (MACE). Specifically, the primary outcome
occurred in 26.9 participants per 1000 patient-years in the pooled
canagliflozin group vs 31.5 participants per 1000 patient-years in the placebo
group, with a hazard ratio of 0.86 in the canagliflozin arm (95%CI 0.75-0.97; p
<0.001 for non-inferiority and p = 0.02 for superiority). This reduction in MACE
was driven primarily by a 33% reduction in hospitalisation for heart failure (HR
0.67; 95%CI 0.52-0.87). There was a non-significant 13% reduction in allcause mortality (HR 0.87; 95%CI 0.74-1.01), non-significant 11% reduction in
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fatal/non-fatal MI (HR 0.89; 95%CI 0.73-1.09) and non-significant 13%
decrease in fatal/non-fatal stroke (HR 0.87; 95%CI 0.69-1.09). Unlike EMPAREG OUTCOME, the separation of primary outcome curves was less
pronounced in the CANVAS Program (see Figure 1-13).
Although the pre-specified hypothesis testing sequence for renal outcomes
were not significant, there was a possible benefit of canagliflozin with regard
to progression of albuminuria (HR 0.73; 95%CI 0.67-0.79) and composite
outcome of a sustained 40% reduction in eGFR, need for renal replacement
therapy or renal mortality (HR 0.60; 95%CI 0.47-0.77).
The significant adverse events reported were consistent with previously
reported risks associated with canagliflozin (genital infection, fracture and
volume depletion) except for an increased rate of amputation (HR 1.97;
95%CI 1.41-2.75) primarily at the level of the toe or metatarsal.

Figure 1-13 Cardiovascular outcome in the integrated CANVAS Program.

Taken from Neal et al

97

which shows the cumulative incidence of the primary composite

outcome on CV mortality. The inset shows the same data on an enlarged y axis. Note that the
separation of curves in the canagliflozin arm (blue curve) is less pronounced than that of
EMPA-REG OUTCOME.
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1.4.5.4 DECLARE-TIMI 58 (Dapagliflozin)
The most recently completed CVOT on SGLT2 inhibitors, this was a multicentre randomised, double-blind, placebo-controlled study that evaluated the
CV outcome of dapagliflozin (10mg daily) in T2DM patients with either
multiple CV risk factors or established CVD98. The DECLARE-TIMI 58
(Dapagliflozin Effect on CardiovascuLAR Events) trial evaluated 17,160 T2DM
patients with a median follow-up of 4.2 years. Patients were randomised to
receive either placebo or dapagliflozin (10mg/day) on a background of
standard secondary prevention therapy and anti-hyperglycaemic agents. This
trial enrolled a patient population with established CVD or multiple CV risk
factors but compared to EMPA-REG OUTCOME and CANVAS, there was a
high proportion of T2DM patients without evidence of CVD (10, 186 patients).
In other words, 59.4% of patients were in the primary prevention group and
40.6% in the secondary prevention group. In addition, DECLARE-TIMI 58
excluded patients with a creatinine clearance <60ml/min while EMPA-REG
OUTCOME and CANVAS included all T2DM patients with an eGFR above
30ml/min/1.73m2. The primary safety outcome was MACE and the two
primary efficacy outcomes were MACE and a composite of CV death or
hospitalisation for heart failure.
Dapagliflozin met the pre-specified criterion for non-inferiority to placebo with
respect to the primary safety outcome (p<0.001 for non-inferiority). In terms of
the primary efficacy analyses, there was no significant difference in MACE
(8.8% in the dapagliflozin group and 9.4% in the placebo group; HR 0.93;
95%CI 0.84-1.03; p = 0.17) but patients in the dapagliflozin arm had a
significant

17%

reduced

risk

in

the

composite

outcome

of

CV

death/hospitalisation for heart failure (HR 0.83; 95%CI 0.73-0.95; p = 0.005).
This was driven by a 27% lower rate of hospitalisation for heart failure (HR
0.73; 95%CI 0.61-0.88). See Figure 1-14.
The authors acknowledged that since there was only one out of two
statistically significant outcome in the primary efficacy analyses, subsequent
analyses of the additional outcomes were hypothesis-generating. The
incidence of the renal composite endpoint which consisted of a reduction in
eGFR, new end-stage renal failure or death from renal, or CV causes was
4.3% in the dapagliflozin group and 5.6% in the placebo group. (HR 0.76;
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95%CI 0.67-0.87). There was no difference in all-cause mortality (HR 0.93;
95%CI 0.82-1.04). The two significant adverse events that occurred with
dapagliflozin were diabetic ketoacidosis (0.3% vs. 0.1%; p =0.02) and genital
infections (0.9% vs. 0.1%; p <0.001).

Figure 1-14 Cardiovascular outcomes, mortality rates and renal endpoint from the DECLARETIMI 58 trial.

Taken from Wiviott et al

98

which shows the cumulative incidence of two primary outcomes of

CV death/hospitalisation for heart failure (A), MACE (B), renal composite (C) and all-cause
mortality (D). Note the early separation of curves in panel A in the dapagliflozin arm (blue
curve).

1.4.6 Meta-analysis of all three CVOTs
A recent systematic review and meta-analysis published in the Lancet
incorporated data from all three CVOTs on SGLT2 inhibitors (EMPA-REG
OUTCOME, CANVAS and DECLARE-TIMI 58)104. From a combination of all
three trials, there were 34 322 patients of which 60.2% had established
cardiovascular disease (secondary prevention population). SGLT2 inhibitors
reduced MACE by 11% (HR 0.89; 95%CI 0.83-0.96; p = 0.0014) with the
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benefit only seen in the secondary prevention population group [HR 0.86
(0.80-0.93)] but not in the primary prevention population group [HR 1.00
(0.87-1.16), p for interaction = 0.0501]. Regardless of the presence of
established cardiovascular disease and history of heart failure, SGLT2
inhibition reduced the risk of cardiovascular mortality or hospitalisation for
heart failure by 23% (HR 0.77; 95%CI 0.71-0.84; p < 0.0001). Additionally,
there was a reduction in the risk of progression of renal disease by 45% (HR
0.55; 95%CI 0.48-0.64; p < 0.0001) in patients with or without established
cardiovascular disease.

1.4.7 Summary of findings from the SGLT2 inhibitor CVOTs
See table 1-1 for a summary of the three aforementioned landmark CVOTs
and the ongoing CVOTs on SGLT2 inhibitors in T2DM patients. It is worth
noting that not all SGLT2 inhibitors are ‘created equal’ in terms of the potency
of SGLT2 inhibition despite being in the same class. Therefore, the IC50 for
SGLT2 (concentration of the drug required to achieve 50% maximal
inhibition/effect) of the different SGLT2 inhibitors are also listed105,106.
Trial, Drug name

SGLT2

Median

Patient

Result:

Result:

& dosage, total

IC50

Follow-up

characteristics

Primary outcome

Secondary

patients (n)

nmol/L

(years)

(All T2DM)

3.1

Established CVD

Composite of CV

Primary outcome +

OUTCOME

99% patients

death, non-fatal MI

hospitalisation for

-Empagliflozin

eGFR>30

& non-fatal stroke

unstable angina: No

History of:

in favour of

significant difference

MI - up to 50%

Empagliflozin

(p=0.08 for

CAD 75%

(HR 0.86, p=0.04

superiority)

Heart failure 10%

for superiority)

2.4

eGFR>30

Composite of CV

Possible renal

Program

CANVAS

Either:

death, non-fatal MI

benefits but renal

-Canagliflozin

= 68

1) Age≥30 years &

& non-fatal stroke

outcomes were not

months

symptomatic CVD

in favour of

statistically

CANVAS-

2) Age≥50 years &

Canagliflozin

significant on pre-

R = 25

≥2 CV risk factors

(HR 0.86, p<0.001

specified hypothesis

months

Established CVD

for non-inferiority,

testing.

66%

p=0.02 for

EMPA-REG

3.1

(Jardiance)
-10 or 25mg
- n = 7020
CANVAS

2.7

(Invokana)
-100 or 300mg
- n = 10,142

outcome

superiority)

DECLARE-TIMI

1.2

4.2

Either:

Safety endpoint:

Hypothesis-

58

1) Established

MACE -CV death,

generating

-Dapagliflozin

CVD (40.6%)

MI & ischaemic

1) Renal composite

2) Multiple CV risk

stroke: p<0.001 for

of ≥40% drop in

factors (59.4%)

non-inferiority

eGFR to <60, new

(Farxiga)
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- 5 or 10mg
- n= 17,160

Efficacy endpoints:

end stage renal

Note:

1) MACE: HR

disease, CV/renal

Patients with

0.93, p=0.17

death (HR 0.76;

eGFR<60 were

2) Composite of

95% CI 0.67-0.87)

excluded

CV death or HF

2) No difference in

hospitalisation in

all-cause mortality

favour of

(HR 0.93; 95% CI

Dapagliflozin (HR

0.82-1.04)

0.83, p=0.005)

Ongoing CVOT
VERTIS CV

a

0.9

-

Age≥40 years

(NCT01986881)

Established CVD,

-Ertugliflozin

76.3% CAD,HF

pending

pending

pending

pending

23.1%

(Steglatro)

CKD3 21.6%

- 5 or 15mg
- n = 8246
SCORED

a

1.8

-

CV risk factors

(NCT03315143)

Moderately

-Sotagliflozin

impaired renal

(Zynquista)

function

- 200mg
- n = 10,500
a

Accessible from clinicaltrials.gov

CAD coronary artery disease, CI confidence interval, CKD chronic kidney disease, CVD cardiovascular
disease, CV cardiovascular, eGFR estimated glomerular filtration rate, HF heart failure, HR hazard
ratio, MACE major adverse cardiovascular events, MI myocardial infarction
Table 1-1 Summary of the three landmark CVOTs and the ongoing CVOTs

In summary, SGLT2 inhibition in addition to good standard of care in T2DM
patients appeared to confer cardioprotection from an atherosclerotic MACE
perspective only in those with established cardiovascular disease. However
the cardioprotection from a heart failure perspective and renoprotection from
SGLT2 inhibition seemed benefit a wider spectrum of T2DM patients
regardless of the presence of established cardiovascular disease and heart
failure. In addition, the pleiotrophic effects of SGLT2 inhibitors appear to occur
early (with the survival curves diverging within 2-3 months of SGLT2
administration). These are unexpected and fascinating findings that
demonstrate the ability of SGLT2 inhibitors to exhibit a wide range of
cardioprotective and renoprotective effects aside blood glucose control.
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1.5 The possible mechanisms behind the cardioprotective
effects of SGLT2 inhibitors
The positive findings demonstrated by the EMPA-REG OUTCOME, CANVAS
and DECLARE-TIMI 58 trials strongly suggest that cardioprotection by SGLT2
inhibition is a class effect. The mechanism underlying the improvement in CV
mortality is still unclear. EMPA-REG OUTCOME, CANVAS and DECLARETIMI 58 showed minor improvements in glycaemic, lipid, weight and blood
pressure control

96–98

. However, improvements in glycaemic control normally

take years for the benefits to manifest whereas in all 3 CVOTs, the benefits
occurred within months. Furthermore improvements in glycaemic control
should reduce the atherothrombotic events but they remained unchanged in
both CVOTs. In addition, improvements in blood pressure with conventional
antihypertensives normally take years to attain improved outcomes such as
reduced stroke rates. Again in both CVOTs, the event rate for stroke
remained unchanged. Therefore, the aforementioned minor improvements are
unlikely to be the main explanation behind the cardioprotection attained.
The fascinating finding that was common in the three CVOTs was the early
divergence of the CV mortality curves, notably within 1-2 months following the
introduction of the SGLT2 inhibitor

96–98

. Interestingly, this effect was most

pronounced in EMPA-REG OUTCOME and this could be contributed by the
fact that the EMPA-REG OUTCOME trial population consisted of mainly
secondary prevention patients while CANVAS and DECLARE-TIMI 58
included more primary prevention patients. In other words, perhaps the higher
risk cardiovascular patients derived greater cardioprotection compared to that
of the primary prevention population patients. Since SGLT2 inhibitors act
primarily in the kidney, this may suggest that T2DM patients with chronic
kidney disease derive greater benefits from SGLT2 inhibitors. This could
explain why the cardiovascular benefits were the least pronounced in
DECLARE-TIMI 58 since this CVOT only included T2DM patients with a better
baseline renal function (compared to the other two CVOTs). The data also
suggest that the higher the CV risk in T2DM patients, the greater the degree
of cardioprotection.
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As SGLT2 receptor expression is virtually absent in the heart based on our
current knowledge, it is therefore likely that SGLT2 inhibitors exert their
cardioprotective effects in an off-target manner 107–109. So far, there have been
several proposed mechanisms by multiple research groups in an attempt to
explain the pleiotropic effects of SGLT2 inhibitors. These are briefly explored
in the following subsections.
1.5.1 Shift in myocardial fuel energetics
This was probably the first mechanism proposed in an attempt to explain the
cardioprotective effects of SGLT2 inhibitors after the publication of EMPAREG OUTCOME. This “shift in fuel energetics” or the “thrifty substrate”
hypothesis was first described by Mudaliar et al 110.
Normal human cardiomyocytes has the highest oxygen consumption per
tissue mass (4.3mmol/kg/min)111 and has a daily turnover rate of adenosine
triphosphate (ATP) of around 6-35kg112. Nearly 95% of myocardial energy is
derived from mitochondrial oxidative metabolism where its fuel is derived from
free fatty acids [FFA (60-70%)], glucose (30%), lactate, and to a lesser extent,
ketones and amino acids113. Under fasting conditions, FFAs are the preferred
myocardial fuel while in the fed state, glucose oxidation predominates113.
Under hypoxic conditions, myocardial substrate oxidation switches from fat to
carbohydrate where glucose becomes the preferred energy source. This is
because glycolytic ATP production by conversion of glucose to lactate occurs
independent of oxygen supply. Although FFA oxidation generates more ATP
compared to glucose, this occurs at the expense of greater oxygen
requirement113. Therefore, the ability of myocytes to switch between FFAs and
glucose utilisation (a term called metabolic flexibility) is important to ensure
the efficient use of any available substrates especially in the setting of
ischaemia 114.
In T2DM, this metabolic flexibility is lost and along with other factors, the
myocardium becomes more dependent on FFA oxidation for energy114,115.
Paradoxically, the diabetic heart exhibits a ‘starvation’ state despite abundant
substrates (FFAs and glucose)116. Unfortunately, increased FFA utilisation as
the main fuel instead of glucose leads to a reduction in cardiac efficiency
which increases the risk of LV impairment. In addition, increased FFA
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oxidation and hyperglycaemia cause lipotoxicity and glucotoxicity which are
associated

with

ROS

overproduction

and

damage

to

mitochondrial

function115,117.
SGLT2 inhibitors have been associated with increased serum ketone body
levels, likely via calorie loss from glycosuria

76,118

. In addition, SGLT2

inhibition increases glucagon release by pancreatic α-cells, which not only
increases circulating ketone bodies but also be beneficial in heart failure by its
positive inotropic effects119. Mudaliar et al proposed that in EMPA-REG
OUTCOME, where patients in the empagliflozin arm had slightly but
significantly increased plasma ketone levels120, there is a preferential shift in
fuel metabolism to ketone bodies. In the setting of T2DM and heart failure,
using ketone bodies as the main fuel source is a metabolic advantage since
they produce ATP more efficiently than FFAs or glucose121. This then leads to
an improvement in cardiac work efficiency, which could explain the improved
CV outcome and reduced hospitalisation for heart failure in EMPA-REG
OUTCOME 96.
A recent study by Marx and Lopaschuk’s group adds to this fascinating
hypothesis on the interplay between SGLT2 inhibition and improved cardiac
bioenergetics122. In their study, diabetic (db/db) mice that were treated with 4
weeks of oral empagliflozin had a 30% increase in cardiac ATP production
and lower progression to heart failure; these effects were driven by an
increase glucose and fatty acid oxidation but no change in the ketone
oxidation rate.
1.5.2 The Sodium-Hydrogen Exchanger (NHE) hypothesis
Another fascinating mechanism that has been proposed is that SGLT2
inhibitors protect the heart via the sodium-hydrogen exchanger (NHE). This
hypothesis has been led by work from Zuurbier et al from the Netherlands
where they showed that NHE inhibition by SGLT2 inhibitors occurs as a class
effect123,124. Specifically, their data showed that SGLT2 inhibitors [they used
empagliflozin (1µmol/L), dapagliflozin (1µmol/L) and canagliflozin (3µmol/L)]
at a clinically relevant concentration, attenuated cardiomyocyte sodium
accumulation via NHE inhibition123.
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In ischaemia or heart failure, anaerobic metabolism leads to lactic acidosis
which reduces the intracellular pH. This in turn up-regulates NHE1 (the
predominant isoform in the heart) activity which causes intracellular sodium
accumulation. Consequently, the activity of the sodium-calcium exchanger is
reversed and leads to increased intracellular calcium which triggers damaging
pathways [such as mitochondrial permeability transition pore (MPTP) opening]
that lead to cell death125. This has been shown to be a contributor to heart
failure126. NHE inhibition is known to be cardioprotective in the context of
ischaemia-reperfusion injury in animal studies127. These data informed early
clinical trials of acute NHE-1 inhibition in the context of acute coronary
syndrome. However these studies, ESCAMI (eniporide)128 and GUARDIAN
(cariporide)129 were largely neutral, possibly due to the failure of the inhibitors
to reach the ischaemic myocardium before revascularization. This was in
contrast to the animal studies, whereby NHE inhibitors were cardioprotective
only when given prior to ischaemia130–132. As patients in EMPA-REG
OUTCOME, CANVAS and DECLARE-TIMI 58 would already have been
exposed to SGLT2 inhibitor-mediated NHE inhibition before the ischaemic
insult, this could help explain the cardioprotective benefits seen in the trials.
1.5.3 The

Janus

Kinase

-

Signal

transducer

and

activator

of

transcription 3 (JAK-STAT3) pathway
Another identified candidate pathway is the janus kinase - signal transducer
and activator of transcription 3 (JAK-STAT3) pathway. Two groups
(Andreadou et al and Lee et al) have performed research on the role of
SGLT2 inhibitors in limiting myocardial infarction (MI), cell death and cardiac
fibrosis via the JAK-STAT3 signalling pathway133,134.
Two pathways that are the main mediators of cardioprotection leading to a
reduction in MI size are the Reperfusion Injury Salvage Kinase (RISK) and
Survivor Activating Factor Enhancement (SAFE) pathways: The RISK
pathway comprises of PI3K-Akt and MEK1-ERK1/2 activation135 while the
SAFE pathway comprises of TNFα and JAK-STAT3 activation136.
STAT3 phosphorylation has a direct effect on maintaining mitochondrial
integrity and attenuating MPTP opening, a key component that is important for
cardiomyocyte survival after ischaemia/reperfusion137–139. Andreadou et al
52

found that Western diet-fed mice that received 6 weeks of empagliflozin
(through oral gavage) had reduced MI size in vivo (33.2% in controls vs
17.6% in the empagliflozin arm)134. In addition, they found that pre-treatment
with empagliflozin increased both STAT3 expression and phosphorylation
although there was no effect on Akt, ERK1/2 and AMPKα activation.
Lee et al also demonstrated activation of the STAT3 pathway by SGLT2
inhibitors133. In their study, dapagliflozin was delivered by oral gavage to nondiabetic Wistar rats 24 hours after infarction (performed in vivo). The hearts
were analysed after a 4 week period to allow ventricular remodelling to take
place. In addition to increased STAT3 activity and nuclear translocation, they
found increased M1 to M2 macrophage phenotype transition, reduced
myofibroblast infiltration and cardiac fibrosis. In summary, it appears that the
JAK-STAT3 pathway may be another mechanism by which SGLT2 inhibitors
exert their off-target effects.
1.5.4 Adenosine monophosphate-activated protein kinase (AMPK)
activation
Adenosine monophosphate-activated protein kinase (AMPK) is a critical
regular of cellular metabolism and plays a variety of important roles in
diabetes, obesity, cancer and vascular disease140. AMPK functions as an
energy sensor and maintains energy homeostasis during cellular stress141,142.
When the heart undergoes ischaemia, reduced myocardial contractility leads
to reduced ATP requirements. In addition, AMPK inhibits protein synthesis as
this helps to conserve energy and activates critical steps responsible for the
uptake and metabolism of glucose. Therefore, the AMPK pathway is has both
energy-conserving

and

energy-generating

properties

during

ischaemia/reperfusion143. AMPK has also been shown to promote vascular
health by promoting anti-inflammatory and anti-atherogenic effects in blood
vessels144.
Salt et al first demonstrated that clinically-relevant concentrations of
canagliflozin but not empagliflozin or dapagliflozin, activated AMPK in
immortalised cell lines and murine hepatocytes and hepatic AMPK in vivo in
mice
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. Further studies by the same group revealed that canagliflozin

inhibited IL-1β-stimulated secretion of monocyte chemoattractant protein-1
53

(MCP-1) and IL-6 (key pro-inflammatory and pro-atherogenic mediators) in an
AMPK-dependent manner146. Zhou et al then showed that via AMPKmediated inhibition of mitochondrial fission, empagliflozin improved diabetic
myocardial structure and function, preserved the cardiac microvascular
function and integrity, sustained endothelium-dependent relaxation and
improved microvessel density and perfusion147.
More recently, Szabo’s group used non-diabetic male rats, subjected them to
in vivo LAD ligation (30minutes) and administered an intravenous bolus of
either vehicle or Canagliflozin 5 minutes after the onset of ischaemia followed
by 120 minutes of reperfusion148. Acute treatment with Canagliflozin in vivo
significantly reduced myocardial infarct size, serum troponin-T levels,
improved LV systolic and diimiastolic function and was associated with
increased AMPK in non-infarcted hearts.
As evidence continues to build on the possible role of AMPK activation by
SGLT2 inhibitors, it is perhaps not surprising to know that this is not the first
anti-diabetic agent that has been shown to have this effect. Whittington et al
demonstrated that metformin, one of the early generation anti-diabetic agents,
protected both diabetic and non-diabetic hearts from ischaemia/reperfusion
injury by a reduction in infarct size and improvement in mitochondrial function
via AMPK activation149. From all of the studies so far, the possible AMPKmediated effects of SGLT2 inhibitors also make this an attractive explanation
for the cardioprotection shown in the SGLT2 inhibitor CVOTs.
1.5.5 SGLT1 inhibition
As mentioned previously, SGLT2 is not expressed in the heart70 but SGLT1 is
known to be highly expressed in the heart150,151. Di Franco et al found that
human ischaemic and hypertrophied hearts had significant up-regulation of
SGLT1 compared to normal hearts152. In addition, they found that SGLT1 upregulation was associated with increased AMPK activation. Li et al also
demonstrated that in murine studies that during ischaemia, AMPK upregulates
SGLT1 via extracellular signal-related kinase (ERK) inhibition153. Via coimmunoprecipitation studies, they showed that SGLT1 interacts with
epidermal growth factor receptor (EGFR). EGFR in turn increases protein
kinase C (PKC) which increases oxidative stress. They then showed that mice
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with knockdown of SGLT1 were protected from ischaemia/reperfusion injury in
vivo and ex vivo.
Those studies imply a compensatory mechanism to improve the availability of
energy substrates like glucose to meet conditions of increased demand
(hypertrophy) and decreased supply (ischaemia). However, this may be
counterproductive in the setting of chronic hyperglycaemia in T2DM where
glucotoxicity counteracts glucose availability as a fuel source (in addition to
preferential FFA utilisation as an energy substrate as previously mentioned in
section 1.5.1). Therefore, SGLT1 inhibition could mitigate against SGLT1mediated glucotoxicity in cardiomyocytes109.
It is worth noting that SGLT1 cotransports sodium and glucose in a 2:1 ratio,
therefore contributing to increased intracellular sodium levels70. Increased
intracellular sodium levels have been found in cardiac hypertrophy and can be
pro-arrhythmic154,155. In addition, toxic accumulation of sodium leads to
calcium overload, which leads to MPTP opening (previously mentioned in
section 1.5.2) and cell death. It then follows that reducing intracellular sodium
by SGLT1 inhibition may mitigate the aforementioned detrimental effects.
SGLT1 inhibition is also associated with increased levels of circulating
glucagon like peptide-1 (GLP-1), an incretin hormone that promotes insulin
secretion in the pancreatic β cells

156–158

. This probably occurs via the

inhibition of small bowel SGLT1. As shown by a meta-analysis of the four
GLP-1

receptor

(semaglutide),

agonist

ELIXA

CVOTs

(lixisenatide)

[LEADER
and

(liraglutide),

EXSCEL

SUSTAIN-6

(extended-release

exenatide)], GLP-1 receptor agonists not only demonstrated CV safety, but
also showed a 10% reduction in MACE (HR 0.90; 95%CI 0.82-0.99; p =
0.033), 13% reduction in CV mortality (HR 0.87; 95%CI 0.79-0.96; p = 0.007),
and a 12% reduction in all-cause mortality (HR 0.88; 95%CI 0.81-0.95; p =
0.002)159.
The potential benefits of SGLT1 inhibition could have implications on certain
SGLT2 inhibitors such as Canagliflozin and Sotagliflozin which have mild
SGLT1 inhibitory activity157,160. Past research has shown that in vivo treatment
with the dual SGLT1/SGLT2 inhibitor phlorizin produced a significant
improvement in the cardiac function of transgenic mice with increased SGLT1
expression161. On the contrary, there is also conflicting data to show that
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inhibition of SGLT1 by phlorizin on the isolated perfused heart model
(Langendorff) in non-diabetic rats abrogated the beneficial effect of ischaemic
preconditioning (IPC)162.
In conclusion, another possible mechanism of cardioprotection by SGLT2
inhibitors with lower SGLT2/SGLT1 selectivity is via direct SGLT1 inhibition in
vulnerable hearts although further basic science research is needed to tease
out this mechanism further.
1.5.6 Alterations in heart failure signaling pathways
Multiple studies have sought to investigate the effects of SGLT2 inhibitors on
heart failure signaling pathways considering that EMPA-REG OUTCOME,
CANVAS and DECLARE-TIMI 58 showed a dramatic improvement in the rate
of hospitalisation for heart failure in the SGLT2 arm96–98.
The DAPA-HF (Dapagliflozin And Prevention of Adverse-outcomes in Heart
Failure) study was a phase 3 international, multi-centre, randomised, doubleblind trial comparing dapagliflozin (the same drug used in DECLARE-TIMI 58)
with placebo in heart failure with reduced ejection fraction (HFrEF) patients
with and without T2DM163. As seen in Figure 1-15, patients in the dapagliflozin
group had a 26% relative risk reduction (HR 0.74; 95%CI 0.65-0.85; p <
0.001) in the primary outcome [the composite endpoint of cardiovascular
mortality and worsening heart failure (hospitalisation for heart failure or urgent
heart failure visit both requiring IV therapy for heart failure)] and all-cause
mortality (HR 0.83; 95%CI 0.71-0.97). Fascinatingly, the cardiovascular
benefits were observed regardless of diabetic status (see Figure 1-16) and
this further corroborates the idea that the cardioprotective effects of SGLT2
inhibitors are pleiotropic in nature.
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Figure 1-15 Primary composite endpoint, hospitalisation for heart failure, cardiovascular
mortality and all-cause mortality from the DAPA-HF trial.

Taken from McMurray et al
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which shows the benefit of dapagliflozin (blue line) on the

primary composite endpoint (A), hospitalisation for heart failure (B), cardiovascular death (C),
and all-cause mortality (D) in HFrEF patients.

Figure 1-16 Primary composite outcome according to prespecified diabetes status in DAPA-HF.
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Adapted from McMurray et al
which shows the benefit of dapagliflozin in the HFrEF patients
regardless of the presence of T2DM. T2DM was defined in the trial as either a history of T2DM or
HbA1c ≥ 6.5% at both enrollment and randomization visits.

The first mechanistic insight of how SGLT2 inhibition may positively influence
heart failure signaling pathways was demonstrated by Shi et al who utilised a
zebrafish aristolochic acid (AA)-induced heart failure model

164

. AA is a

component of Chinese herbs that has been found to have multiorgan toxicity
in adults and interestingly in developing zebrafish embryos causes
hypertrophy, disorganisation of cardiomyocytes and loss of endocardium165.
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The AA-induced cardiac defects can be attenuated by heart failure drugs such
as angiotensin converting enzyme inhibitor and beta-adrenergic receptor
antagonist. Thus the pathophysiological and pharmacological features of the
zebrafish AA-induced heart failure model resembles heart failure in humans.
Fascinatingly, Shi et al showed that empagliflozin treatment or SGLT2
knockdown (via the SLC5A2 gene) reduced mortality, improved morphological
and functional cardiac damage induced by AA and reduced AA-enhanced
expression of brain natriuretic peptide (BNP) and atrial natriuretic peptide
(ANP)164.
Hammoudi et al used a genetic mouse model of T2DM (leptin-deficient ob/ob
T2DM obese mice) to show that 6 weeks of diet fortified with empagliflozin
significantly improved diastolic function and left ventriclular compliance166.
Although the resting systolic function was not affected, dobutamine-induced
response was improved with empagliflozin, suggesting amelioration of
contractile reserve. When they delved into the possible underlying molecular
mechanism, they identified changes in several signaling pathways: increased
phospholamban (PLN) phosphorylation, and SERCA2a/PLN ratio (a marker of
enhanced cardiac diastolic function), blunted the activation of mitogenic stress
pathways such as mitogen-activated protein kinase (MAPK) and increased
Akt signaling.

Essentially, Hammoudi et al showed that empagliflozin

improved diastolic function, preserved calcium handling and growth signaling
pathways and attenuated of myocardial insulin resistance.
Improvements in cardiac function can also be seen in the diabetic
cardiomyopathy cohort. Pre-clinical studies have shown that SGLT2 inhibitors
improve cardiac function by reducing inflammation, oxidative stress,
hypertrophy and fibrosis167–170. Considering that there is still no effective
treatment for patients with heart failure with preserved ejection fraction
(HFpEF), the significance of the research findings from SGLT2 inhibitor use in
heart failure and T2DM so far certainly makes it an avenue worth pursuing.
This will be addressed in the upcoming EMPEROR-Preserved, DELIVER and
DETERMINE trials. The EMPEROR-Preserved study is a phase III
randomised, double-blind trial to evaluate the efficacy and safety of
empagliflozin compared to placebo in the HFpEF cohort while dapagliflozin
will be studied in the DELIVER and DETERMINE trials.
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1.5.7 Amelioration of vascular dysfunction
Since

T2DM

is

associated

with

generalised

vascular

dysfunction

characterised by endothelial and vascular smooth muscle dysfunction and
arterial wall stiffness, an improvement in vascular function by SGLT2
inhibitors is another mechanism worth considering.
Lee et al showed that T2DM mice exposed to dapagliflozin (fortified in the diet
and given for 8 weeks) had lower arterial stiffness and improved endothelial
and vascular smooth muscle function171. Han et al demonstrated that phlorizin
and canagliflozin caused vascular relaxation in mouse pulmonary arteries in a
dose-dependent manner but not in the coronary arteries ex vivo172.
Interestingly, they discovered that acute canagliflozin treatment ex vivo
inhibited sodium nitroprusside (SNP; a nitric oxide donor)-dependent
pulmonary vasodilation but not in the coronary arteries. On the contrary,
chronic canagliflozin treatment (oral gavage daily for 4 weeks) in diabetic mice
(high fat diet/streptozotocin) in vivo enhanced SNP-induced coronary
vasodilation. The finding of coronary vasodilation by SGLT2 inhibitors was
also demonstrated by Zuurbier’s group although this only occurred with
empagliflozin and canagliflozin, but not dapagliflozin123.
In conclusion, it appears that SGLT2 inhibitors have the potential to regulate
vascular relaxation depending on the type of arteries, duration of treatment
and the presence of underlying diabetes.
1.5.8 Cardiovascular autonomic nervous system modulation
The improved cardiovascular outcomes in the SGLT2 inhibitor CVOTs were
driven by a reduction in hospitalisation for heart failure but the reasons behind
this are unclear. An interesting observation from the trials is that the
improvement

in

blood

pressure

occurred

without

a

compensatory

improvement in heart rate, suggesting a dampening of the sympathetic
nervous system (SNS) activity by SGLT2 inhibitors96–98,173. This was similarly
shown in laboratory studies where luseogliflozin significantly decreased blood
pressure without any alterations in heart rate in hypertensive rats174.
Since autonomic dysfunction (characterised by hyperactivity of the SNS) and
heart failure can both occur with diabetes and is linked with increased
mortality175,176, it is possible that modulation of the cardiovascular autonomic
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function by SGLT2 inhibitors may account for the reduction in hospitalisation
for heart failure shown in the trials. Furthermore, pharmacotherapies that
mitigate SNS activity have been shown to improve outcomes in heart failure
patients such as beta-blockers177–180.
1.5.8.1 Evidence from the basic science field so far
There have been multiple laboratory-based studies that sought to evaluate the
cardiovascular autonomic effects of SGLT2 inhibition. Firstly, Chiba et al
showed that acute administration of dapagliflozin significantly suppressed
noradrenaline turnover in the brown adipose tissue of mice; a reflection of the
SNS activity in adipose tissue181. Next, Yoshikawa et al found that ipragliflozin
mitigated the arterial blood pressure lability in diabetic rats182. Matthews et al
was the first to demonstrate that dapagliflozin reduced the SNS activity
markers (such as tyrosine hydroxylase and noradrenaline) in the kidney and
heart of mice fed with a high-fat diet183. Interestingly, Wan et al showed that
empagliflozin use in diabetic Otsuka Long Evans Tokushima (OLETF) rats
improved the circadian rhythm of SNS activity (as measured by blood
pressure recordings) via a sympathoinhibitory effect during the sleeping
period184.
More recently, Herat et al (the same group that demonstrated the reduction in
sympathetic activity by dapagliflozin183) performed a series of experiments to
elegantly demonstrate the positive effects of SGLT2 inhibition on the SNS
activity185. Firstly, the authors demonstrated that chemical denervation of the
SNS with oxidopamine (6-OHDA) in the neurogenic hypertensive non-diabetic
mouse model (Schlager mouse) resulted in reduced expression of renal
SGLT2 with improvements in metabolic and haemodynamic parameters. The
authors then introduced dapagliflozin to the Schlager mouse fed with a highfat diet and found that in addition to improvements in blood glucose levels and
blood pressure (similar to that shown in the clinical trials), SGLT2 inhibition
was associated with a reduction in cardiac and renal tyrosine hydroxylase
staining (a reliable marker of SNS activity) and norepinephrine content. In
addition, SGLT2 inhibition was associated with improvement of endothelial
function and reduced inflammation (attenuated pro-inflammatory cytokines
and increased cardiac and renal anti-inflammatory interleukin-10). In short,
60

Heart et al demonstrated a bidirectional relationship between SGLT2 inhibition
and SNS activity.
1.5.8.2 Clinical trial evidence so far
With the promising findings shown in the basic science studies, the next step
would be to evaluate if the effects of SGLT2 inhibition on the SNS activity
could translate into the clinical setting. Fascinatingly, there was a case report
of an 83 year old diabetic patient with heart failure whose cardiac sympathetic
nerve hyperactivity [as assessed by I-123-metaiodobenzylguanidine cardiacscintigraphy (I-123-MIBG)] was reduced with ipragliflozin at 12 months
compared with baseline186.
Following that, two clinical studies that sought to evaluate the effects of an
SGLT2 inhibitor on the cardiovascular autonomic function were published and
discussed below.
The EMPA-HEART CardioLink-6 Holter analysis study
The EMPA-HEART CardioLink-6 study was a randomised trial that compared
empagliflozin versus placebo on cardiac remodeling in T2DM patients with
established coronary artery disease (CAD) and found that at 6 months,
empagliflozin was associated with a reduction in left ventricular mass187. Garg
et al then extracted data collected from Holter monitoring from the same study
to conduct an exploratory analysis on the effects of empagliflozin on heart rate
variability (The EMPA-HEART CardioLink-6 Holter analysis study)188. Heart
rate variability (HRV) is a measure of variations in time intervals between 2
consecutive heart beats and is a surrogate marker to characterise the
sympathetic and parasympathetic aspects of the autonomic nervous system.
Studies have shown that a lower HRV is associated with poorer
cardiovascular outcomes (such myocardial infarction, heart failure, sudden
cardiac death and cardiovascular mortality)189–191. This was the first clinical
study to evaluate the effects of SGLT2 inhibition on the cardiovascular
autonomic function using HRV parameters from non-invasive Holter
monitoring. In this study of 66 subjects who completed 24-hour ambulatory
Holter monitoring at baseline and at 6 months, Garg et al found no significant
difference in the HRV between the empagliflozin and placebo groups.
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Although the findings were contrary to the hypothesis that SGLT2 inhibition
may have a positive impact on the SNS as suggested by the aforementioned
basic science studies, there are reasons that may account for the neutral
findings. Firstly, the cohort consisted of subjects with stable CAD. It can be
argued that more pronounced changes in the autonomic tone might be
detected in patients with more significant comorbidities such as myocardial
infarction and significant left ventricular dysfunction. Secondly, the study was
a post-hoc exploratory analysis and was not powered to assess for
prespecified differences in the HRV parameters. Furthermore, although the
high frequency component of the HRV parameter is largely influenced by
vagal tone, no HRV parameter is felt to be truly reflective of sympathetic
activity192. Instead the HRV parameters are felt to represent the interplay
between the parasympathetic and sympathetic arms of the cardiovascular
autonomic system192. Therefore, HRV parameters may not be the best
method to assess for primary changes in the SNS secondary to SGLT2
inhibition. Additional modalities such as heart rate turbulence, heart rate
recovery post-exercise or imaging of the autonomic nervous system with
radiotracers (as utilized in the aforementioned case report) would have
provided a holistic assessment of the cardiovascular autonomic function but
understandably this was beyond the scope of the study by Garg et al.
Importantly data on the doses of beta-blockers and anti-hypertensives were
not obtained so it was not possible to determine if this could have affected the
HRV parameters in the patients.
The EMBODY trial
The second and most recent study was the EMBODY trial193. This was a
prospective, multicenter, randomised, double-blind, placebo-controlled trial on
T2DM and acute myocardial infarction (AMI) patients in Japan. At 2 weeks
post-AMI, 105 patients were randomised to receive either empagliflozin or
placebo and followed up at 24 weeks with the endpoints being changes in the
HRV, heart rate turbulence (HRT), T-wave alternans (TWA) and late
potentials (LP) as measured by 24-hour ambulatory Holter monitoring. In
addition, they also assessed cardiac sympathetic activity via I-123-MIBG
myocardial scintigraphy.
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There were no significant differences in the intergroup comparison but within
the empagliflozin group, there were significant improvements in the
parameters reflecting both sympathetic and parasympathetic nerve activities.
In particular, the standard deviation of all 5-min mean normal RR intervals
(SDANN), square root of the mean of the sum of the squares of differences
between adjacent RR intervals (r-MSSD) and high frequency (HF) were
increased which reflects improved parasympathetic nerve activity. The low
frequency/high frequency (LF/HF) ratio, a marker of sympathovagal balance
was reduced which reflects improved cardiac SNS activity. The HRT also
improved significantly in the empagliflozin group. Cardiac SNS activity as
reflected by I-123-MIBG myocardial scintigraphy showed an improvement
within both groups, reflecting the natural recovery course of AMI. Overall, the
EMBODY trial was the first randomised study to demonstrate an improvement
in both cardiac sympathetic and parasympathetic activity in humans by
SGLT2 inhibition. Compared to the EMPA-HEART CardioLink-6 Holter
analysis study which recruited patients with stable CAD, the EMBODY trial
recruited acute coronary syndrome patients and this may be one reason that
could explain the different findings from both trials.
In conclusion, SGLT2 inhibition associated cardiovascular autonomic nervous
system modulation by a reduction in sympathetic hyperactivity is an attractive
mechanism that may help explain the positive findings behind the SGLT2
inhibitor clinical trials.
1.5.9 A reduction in arrhythmic risk
Perhaps one of the translational effects of a reduction in SNS activity by
SGLT2 inhibition is a reduction in arrhythmias. Diabetes is also associated
with the development of arrhythmias and is a risk factor for sudden cardiac
death and arrhythmic deaths194,195.

The manifestation of arrhythmias in

diabetic patients is also associated with a worse prognosis196.
As none of the CVOTs in SGLT2 inhibitors included arrhythmic burden as a
primary outcome, Chen et al in 2020 utilised real-world data from the
Taiwanese National Health Insurance Research Database to assess the risk
of new-onset arrhythmias (NOA) and all-cause mortality with SGLT2
inhibitors197. The SGLT2 inhibitors that were used at that time were
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empagliflozin and dapagliflozin and the range of arrhythmias studied included
atrial fibrillation (AF) and other supraventricular and ventricular arrhythmias
based on the International Classification of Diseases, ninth and tenth revision,
Clinical Modification (ICD-9-CM and ICD-10-CM). Remarkably the authors
found that SGLT2 inhibitors were associated with a 17% reduction in NOA
and 46% reduction in all-cause mortality.
Two other studies also showed a protective effect of SGLT2 inhibitors from
atrial fibrillation. Zelniker et al performed post hoc analysis on the DECLARETIMI 58 trial patients to show that dapagliflozin was associated with a 19%
reduction in AF and atrial flutter198. More recently, Bonora et al interrogated a
large pharmacovigilance database (the Food and Drug Administration
adverse event reporting system) to show that the reporting of AF was
significantly lower with SGLT2 inhibitors suggesting a protective role against
the onset of AF199.
The aforementioned studies are indeed exciting as this highlights the potential
of SGLT2 inhibitors in being repurposed as anti-arrhythmic agents in the
future.

1.6 Conclusion
The unexpected findings of the SGLT2 inhibitor CVOTs have led to an
exponential increase in mechanistic studies in an attempt to elucidate the
mechanism behind the pleiotrophic effects of SGLT2 inhibition. This thesis
has explored several attractive ideas (in no particular order of importance):
1) Shift in myocardial fuel energetics
2) The Sodium-Hydrogen Exchanger (NHE) hypothesis
3) The Janus Kinase - Signal transducer and activator of transcription 3
(JAK-STAT3) pathway
4) Adenosine monophosphate-activated protein kinase (AMPK) activation
5) SGLT1 inhibition
6) Alterations in heart failure signaling pathways
7) Amelioration of vascular dysfunction
8) Cardiovascular autonomic nervous system modulation
9) A reduction in arrhythmic risk
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It is therefore unsurprising that a wide range of animal models of T2DM,
experimental designs and laboratory techniques have been employed by
research groups around the world in their attempts to explore the above (or
other) proposed mechanisms. Despite this, there are still large gaps in our
knowledge on the underlying mechanism behind the cardioprotective effects
of SGLT2 inhibitors. Perhaps the aforementioned hypotheses should not be
seen as competing ideas and that perhaps the cardioprotective effects of
SGLT2 inhibitors could well be mediated by multiple mechanisms.
It is worth noting that one of the main drivers behind the improvement in
cardiovascular outcomes by SGLT2 inhibitors is the reduction in
hospitalisation for heart failure. However, the mechanism behind the reduction
in hospitalisation for heart failure is not known and the clinical studies so far
have been underpowered to evaluate the reasons for this. As mentioned
before, T2DM patients are at high risk of developing heart failure (via various
pathophysiological mechanisms) and can manifest in the form of heart failure
with preserved ejection fraction (HFpEF) or heart failure with reduced ejection
fraction (HFrEF).
1.6.1 Addressing the gap in our knowledge on SGLT2 inhibition: The
mitigation of myocardial ischaemia/reperfusion injury as a
potential mechanism of cardioprotection.
This thesis attempts to explore the role of SGLT2 inhibitors on myocardial
ischaemia/reperfusion injury (IRI) since myocardial IRI is an important driver
in the development of left ventricular impairment and heart failure. Recall that
a reduction in hospitalisation for heart failure was the main driver for the
cardiovascular benefits seen in the SGLT2 inhibitor CVOTs (although the
mechanism behind this reduction in hospitalisation for heart failure remains to
be elucidated). As mentioned before, one of the mechanisms proposed is the
SGLT2 inhibitor associated shift in myocardial fuel energetics (the ‘thrifty
substrate hypothesis’). An increase in myocardial ATP is surely advantageous
in the ischaemic myocardium and this may be observed in the form of
reduced myocardial IRI from SGLT2 inhibition. If mitigation of myocardial
ischaemia/reperfusion injury is indeed one of the mechanisms of
cardioprotection, then SGLT2 inhibitors can be repurposed for a variety of
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conditions such as acute coronary syndrome, heart failure with preserved or
reduced ejection fraction and even arrhythmias regardless of the diabetic
status. The various experiments performed and described in this thesis will
hopefully help shed some light on this emerging and fascinating field of
‘cardio-diabetes’: The role of SGLT2 inhibitors in cardioprotection.
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Chapter 2

Hypotheses and Research aims

2.1 Hypotheses
2.1.1 The potential role of SGLT2 inhibitors in attenuating myocardial
ischaemia/reperfusion injury
Despite emerging evidence of several potential mechanisms to explain the
cardioprotection conferred by SGLT2 inhibitors, more research is needed to
shed light on this fascinating class of anti-hyperglycaemic drugs.
Although the CVOTs have not shown a significant reduction in the
cardiovascular event rates with SGLT2 inhibition in terms of fatal/non-fatal
myocardial infarction (MI) or stroke, admissions with unstable angina or the
need for coronary revascularisation, the overall survival still appeared to
favour patients on the SGLT2 inhibitor arm. One of the main drivers behind
this is the reduction in hospitalisation for heart failure. However, the
mechanism behind the reduction in hospitalisation for heart failure is not
known and the clinical studies so far have been underpowered to evaluate the
reasons for this. Interestingly, the survival benefits were observed within the
first few months of treatment. Furthermore, the improvements in glycaemic
control, weight and blood pressure were only minor and inadequate to fully
explain the observed cardiovascular benefits.
This suggests one potential mechanism of cardioprotection from SGLT2
inhibition: direct myocardial cytoprotection from cellular injury and death.
Since cellular injury and death are important pathophysiological features in
myocardial ischaemia and heart failure, it is possible that T2DM patients who
experienced an MI while on SGLT2 inhibitors may have been protected from
the deleterious effects of myocardial ischaemia/reperfusion injury which would
have limited the final infarct size. This would then lead to a lower risk of
developing significant left ventricular dysfunction which could then explain the
significant reduction in hospitalisation for heart failure observed in the SGLT2
inhibitor arm. As mentioned before, T2DM patients can develop HFpEF and
HFrEF via different mechanisms but a reduction in myocardial IRI by SGLT2
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inhibition could slow the development of both HFpEF and HFrEF.
Furthermore, as the cardiovascular benefits of SGLT2 inhibitors appear to be
pleiotropic, it is possible that cardioprotection may extend to patients
regardless of their diabetic status (as shown in the DAPA-HF study) and this
is an area of research that is actively being addressed by the research
community.
Since all of the CVOTs on SGLT2 inhibitors so far have been underpowered
to evaluate the markers of myocardial ischaemia/reperfusion injury, this thesis
aims to evaluate the possibility that SGLT2 inhibition confers cardioprotection
by mitigation of myocardial ischaemia/reperfusion injury independent of the
presence of diabetes.

2.1.2 Primary and secondary research hypotheses
Based on the above observations, this research hypothesised the following:
Primary hypothesis:
1) SGLT2 inhibitors exert cardioprotection by attenuation of myocardial
ischaemia/reperfusion injury.
Secondary hypotheses:
1) The attenuation of myocardial ischaemia/reperfusion injury occurs
independent of the glycaemic status.

2.2 Research aims
2.2.1 To establish and characterise the type 2 diabetes (T2DM) rat
model
The following T2DM rat models were used:
1) The high fat diet/Streptozotocin (HFD/STZ) rat model
2) The Zucker Diabetic Fatty (ZDF) rat model
This will be described in further detail in Chapter 3.
2.2.2 To establish and verify a rat ex vivo model of myocardial
ischaemia/reperfusion injury
The isolated perfused heart model (Langendorff) was used and described in
further detail in Chapter 3.
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2.2.3 To investigate the effects of an SGLT2 inhibitor on myocardial
ischaemia/reperfusion injury
Three studies were conducted:
1) Chronic SGLT2 inhibition: To evaluate the effects of chronic oral
administration

of

an

SGLT2

inhibitor

on

myocardial

ischaemia/reperfusion injury.
2) Acute SGLT2 inhibition: To evaluate the effects of acute perfusion of
an SGLT2 inhibitor in the Langendorff model.
3) Sub-acute SGLT2 inhibition: To evaluate the effects of short-term
oral

administration

of

an

SGLT2

inhibitor

on

myocardial

ischaemia/reperfusion injury.
2.2.4 To identify a mechanism behind the cardioprotective effects of an
SGLT2 inhibitor
Western blot analysis of protein signaling pathways that are known to
contribute to cardioprotection will be performed on isolated rat hearts that
have been exposed to an SGLT2 inhibitor in vivo.
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Chapter 3

General methods

3.1 Animal welfare
All animal experiments were performed in line with best practice as described
in the Home Office Licensee Training Course Modules 1-4 with reference
made to the Laboratory Animal Anaesthesia200. The experiments were
conducted in accordance with the United Kingdom Animals (Scientific
Procedures) Act 1986 Amendment Regulations 2012. The protocols were as
authorised in the project license PPL 70/8556 (valid from 21 July 2015 to 21
July 2020), approved by the Animal Welfare and Ethical Review Board of UCL
and Home Office. Routine animal care and housing were provided by either
the Cruciform Biological Services Unit (BSU) or Central BSU at University
College London (UCL), UK.

3.2 Establishing and characterising the T2DM rat model
3.2.1 Introduction: The High Fat Diet/Streptozotocin (HFD/STZ) model
In order to investigate the mechanism of cardioprotection by SGLT2 inhibitors
shown in EMPA-REG OUTCOME, CANVAS and DECLARE-TIMI 58, a wellcharacterised and clinically relevant T2DM animal model is required. There
are several diabetic animal models that have been employed and they can be
broadly categorised into genetic spontaneous diabetes models and
experimentally-induced non-spontaneous diabetes models.
The first model that we aimed to establish and characterise was the
experimentally-induced

diabetes

model

which

is

the

high

fat

diet/streptozotocin (HFD/STZ) rat model. This model is characterised by a
combination of diet high in fat content (to induce hyperinsulinaemia, insulin
resistance

and/or

glucose

intolerance)

followed

by

treatment

with

streptozotocin (STZ)201. STZ is a pancreatic β-cell toxin which reduces
functional β-cells (by entering the cells via GLUT2, leading to DNA alkylation,
followed by rapid and irreversible necrosis)202,203. It occurs in 2 anomeric
forms (α and β) and it is the α-anomer that is the more toxic of the two204. It
can be administered via the intraperitoneal (ip) or intravenous (iv) route. From
our experience, the IV route is more technically challenging to administer
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mainly due to the variability in identifying the veins. This has the risk of
multiple attempts to venepuncture the rat and cause distress to the animal.
This is not the case with the IP route where the site of injection is more
consistent and ensures that the drug is fully administered into the animal
hence why the IP route was used in the end.
Although there are multiple methods to establish this model, the principle
remains the same: The two ‘environmental’ stressors are designed to mimic
the pathogenesis of T2DM so as to ultimately produce an obese T2DM
phenotype. Producing the obese T2DM phenotype is clinically relevant since
T2DM patients in the early phase of the disease often undergo a state of
obesity associated with insulin resistance and hyperinsulinaemia as part of
their metabolic profile205,206. As the disease progresses into the late stage, βcell function fails and leads to insulin-dependence207. The caveat behind this
model is that too high a dose of STZ can potentially produce a type 1 DM
(T1DM) phenotype which will not be reflective of the SGLT2 inhibitor CVOTs.
The next sections will describe and discuss the different methods employed in
an attempt to establish and characterise the HFD/STZ rat model. Special
thanks go to Dr Sapna Arjun, my supervisor at the Hatter Cardiovascular
Institute, UCL who helped facilitate the experiments at Cruciform BSU (where
the HFD/STZ rats were housed) while being the constant liaison with the staff
there.
3.2.2 Experimental use of animals
Male Sprague-Dawley rats were used. Their weight range on arrival varied
from one batch to another and will be described in the subsequent sections.
Routine animal care and housing were provided by the Cruciform BSU.
Animal experiments were performed in line with best practice as described in
the Home Office Licensee Training Course Modules 1-4 with reference made
to the Laboratory Animal Anaesthesia200.
3.2.3 Treatment groups
The animals were housed in groups of two to three; and were provided diet
and water ad libitum throughout the duration of the study. The animals were
randomly assigned to one of the two groups as follows:
1) Sprague-Dawley rats fed with the standard chow diet (control group)
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2) Sprague-Dawley rats fed with a high fat diet for a pre-specified duration,
followed by STZ injection (HFD/STZ group)
The diets were obtained from Envigo (USA) and TestDiet (USA). The chow
manufactured by TestDiet for the HFD/STZ group was designed to provide
the majority of calories from fat in order to encourage diet-induced obesity.
Further details of the diet composition are described in Table 3-1 below:
Group

Diet description
Teklad Global 18% Protein Rodent Diet (Envigo, New
Jersey, USA)

Control group

The breakdown of calories provided by this diet:

(Standard chow

1) Carbohydrates: 58%

diet)

2) Fat: 18%
3) Protein: 24%
The macronutrient content provided by this diet:
1) Carbohydrates: 44.2%
2) Fat: 6.2%
3) Protein: 18.6%
4) Fiber: 3.5%
DIO 60% Kcal Fat Diet, 58Y1, with Bacon Flavor
(TestDiet, St. Louis, USA)
The breakdown of calories provided by this diet:
1) Carbohydrates: 19.8%
2) Fat: 61.9%

HFD/STZ group
(High fat diet)

3) Protein: 18.2%
The macronutrient content provided by this diet:
1) Carbohydrates: 25.1%
2) Fat: 6.5%
3) Protein: 23.1%
4) Fiber: 6.5%

Table 3-1 Description of the diet composition for each of the two groups.

The major energy source of each diet is highlighted is bold: Carbohydrates for the control
group and fat for the HFD/STZ group.
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3.2.3.1 Administration of STZ in the HFD/STZ model
Further details of the method of administration of STZ to the HFD/STZ group
will be described in the next chapter.
3.2.4 Primary outcome measures:
As part of the model characterization, and regular monitoring of the health of
the animals, the following parameters were measured on a regular basis:
1) Anthropometric measurements
The body weight of each animal was measured (to the nearest 0.5g) on a
weekly basis.
2) Blood glucose measurements
Blood glucose measurements were taken on a weekly basis. For the oral
glucose tolerance test (OGTT), serial blood glucose measurements were
taken over a 3-hour period. The WHO diagnostic criteria for diabetes in
consists of1:
1) Diabetes symptoms and either
a. Random venous plasma glucose concentration ≥ 11.1mmol/L or
b. Fasting plasma glucose concentration ≥ 7.0mmol/L (whole blood
or ≥ 6.1mmol/L) or
c. Two hour plasma glucose concentration ≥ 11.1mmol/L after two
hours of 75g anhydrous glucose in an OGTT
2) No symptoms but either a positive OGTT or a serial confirmation of
diabetes on either fasting or random blood glucose levels.
For the purpose of this research, the diagnosis of diabetes in the HFD/STZ rat
model was adapted from the above WHO diagnostic criteria with no change in
the cut-off values. For practical reasons, the blood glucose concentration
levels obtained from the rats were based on whole blood samples and not
plasma samples. This was because fasting and random blood glucose
measurements were obtained by venous sampling from the rat tail vein and
tested using a point-of-care blood glucose meter. This has the advantage of
providing instantaneous results and reduced risk of sample haemolysis. The
point-of-care device used was the Accu-Chek Mobile blood glucose meter
(Roche, Basel, Switzerland), which had been independently tested against
International accuracy standards (ISO 15197:2013)208. Figure 3-1 shows the
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glucose meter and the refillable cartridges that were used. The next sections
will describe the techniques in rat tail venepuncture, tail vein cannulation and
oral gavage (as part of the OGTT).
3)

Urine

dipstick

measurement

for

glycosuria:

Urinary

glucose

measurement was also attempted whenever possible via a point-of-care urine
glucose

dipstick

(Precision

Labs

Inc,

Arizona,

USA,

www.preclaboratories.com) in order to provide a supporting diagnosis of
diabetes (by the demonstration of glycosuria). The degree of glycosuria was
expressed in one of five categories (see Figure 3-1): 0mg/dL (yellow),
100mg/dL (light green), 300mg/dL (dark green), 1000mg/dL (darker green),
3000mg/dL (darkest green). As long as glycosuria was demonstrated (at least
100mg/dL), that would be adequate to support the diagnosis of diabetes.

Figure 3-1 Tests to support the diagnosis of diabetes in the rat model
The Accu-Chek Mobile blood glucose meter and cartridge (left two panels): Results are automatically
stored in the battery-operated device (middle panel) and up to 50 tests can be performed per cartridge
before replacement is required (left panel). The colour range to reflect the degree of glycosuria on the
Precision glucose test strips is shown on the right panel.

3.2.5 Rat tail venepuncture
From our experience, we have found that venous sampling and blood glucose
measurement is best performed with two investigators. The first investigator
has the role of securing the rat in a stable position. This is accomplished by
gently holding the rat in a prone position against the investigator’s chest while
the other hand holds the base of the tail. This has been found to keep the
animal calm and prevent any sudden tail movements. The second investigator
has the role of performing the venepuncture. This is achieved by holding the
distal portion of the tail with one hand and performing the venepuncture with
the other hand. One of the two lateral tail veins is then identified (see Figure
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3-2 for a cross sectional anatomy of the rat tail). It is worth noting that the
veins are more easily visualised at the distal portion of the tail.
Once the tail vein is seen, a 22G needle (with the bevel pointing upwards) is
used by the other hand to puncture the vein at a shallow angle (not more than
30 degrees). A ‘give’ should be felt as the needle goes through the skin and
connective tissue. A shallow angle of entry and advancement of the needle of
no further than another 5mm will reduce the risk of ‘double-puncturing’ the
vein (by going through the anterior and posterior walls of the vein). Flashback
may or may not be seen but as soon as the needle is withdrawn, dark venous
blood will be seen arising as droplets out of the puncture site. A drop of blood
has been found to be more than sufficient for obtaining a reading with the
Accu-Chek Mobile blood glucose meter. Finally, pressure is applied on the
puncture site to encourage haemostasis and prevent any unnecessary blood
loss. Based on our experience, adhering to the above technique will improve
the chances of a successful venepuncture at the first attempt.
In the event of a failure to obtain a blood sample, the next attempt can be
made by either using the other lateral vein or going more proximal to the first
puncture site of the same vein. If the latter option is to be chosen, then a
deeper advancement of the needle may be required. If the central artery is
inadvertently punctured, blood can still be used for the measurement of the
blood glucose but longer pressure on the puncture site should be maintained.

Figure 3-2 Cross section of the rat tail
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The rat tail is represented by the largest cylinder. The two lateral veins are represented as the
two blue cylinders (each located beside the tail vertebra) while the ventral artery (located
inferior to the tail vertebra) is represented as the central red column.

3.2.6 Rat tail vein cannulation
In the event repeated blood sampling is required at short intervals, such as in
the case of an OGTT, the National Centre of the Replacement Refinement &
Reduction of Animals in Research (NC3Rs) recommend performing rat tail
vein cannulation209. On the premise that rats on average have around 64mL
of blood/kg, a rat weighing 400g would have a TBV of 25.6mL

209

. Therefore

the N3R recommends a maximum of <1% total blood volume (TBV) or about
0.25mL in 24hours, <10% (=2.56mL) on any single occasion and <15%
(=3.84mL) in 28days.
For this research, the rat tail vein cannulation was performed together with the
OGTT. Therefore, it is important to point out that this procedure was
performed without the use of any anaesthesia. This is because multiple
studies have found that the use of anaesthesia is associated with alterations
in glucose handling, insulin secretion and in some cases, severe
hyperglycaemia210–212.
The preparation and set up for rat tail cannulation differred slightly from the rat
tail venepuncture. Firstly, the rat tail was placed in warm water (about 3839oC) for about 1 minute to allow vasodilatation of the veins. Alternatively,
depending on availability, the rats may be warmed in a heating box for a
maximum of 10 minutes. Following that, the tail was wiped dry and alcohol
wipes were applied to the tail as part of aseptic technique. Once the tail was
secured as described in the previous section, a winged and ported
intravenous catheter (22G) was used to cannulate the lateral tail vein (as
shown in Figure 3-2). In this procedure, the presence of flashback signifies a
patent cannula and can therefore be used. The cannula was then secured
with Micropore surgical tapes (3M, Bracknell, UK). Finally, 0.1mL of heparin
sodium at 1000IU/mL (Wockhardt UK Ltd, Wrexham, UK) was injected into
the luer lock end of the catheter to prevent clotting of the cannula. This was
maintained between each blood sample collection. Prior to each blood sample
removal, the first couple of droplets were discarded to ensure that the sample
collected did not contain residual heparin.
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Post-procedural complications were monitored and recorded by the regular
inspection of animals regularly to ensure that they were not in pain, no
bleeding and that the cannula had not dislodged.
3.2.7 Oral glucose tolerance test (OGTT)
The oral glucose tolerance test (OGTT) is test that is widely available in the
UK and is recommended by the WHO and Diabetes UK in the diagnosis of
diabetes1,213. By evaluating the body’s ability to handle a glucose load, the
OGTT is a useful metabolic test of insulin sensitivity and secretion. The OGTT
is a robust test that has multiple advantages214:
1) It can unmask undiagnosed T2DM in patients with normal baseline
blood glucose levels. Approximately 40% of patients who developed
T2DM had normal baseline blood glucose levels215. This is a high-risk
patient population that will equally benefit from aggressive prevention
therapy as a result of being diagnosed from an OGTT.
2) It is the only test that can reveal impaired glucose tolerance (IGT)
especially when the fasting blood glucose is normal. Patients with IGT
are at high risk of not only developing T2DM but also CVD216,217.
3) It can diagnose patients with impaired fasting glucose (IFG). Like IGT
patients, patients diagnosed with IFG are also at increased CV risk and
risk of progressing to T2DM and should be actively managed with
lifestyle advice 218.
Performing the OGTT
Firstly, the rats were fasted overnight for 18hours. The following day, the rats
were weighed and a baseline fasting blood sample was obtained after rat tail
cannulation. As mentioned before, anaesthesia was not administered to avoid
the metabolic effects which can affect the results of the OGTT.
Secondly, with the rats scruffed, they then received 8 mL/kg of 50% Dglucose (dextrose) solution by oral gavage (8Fg, 80mm dosing catheter,
VetTech Solutions Ltd, Cheshire, UK) which essentially delivered 4g of
glucose/kg. For the production of the 50% dextrose solution, the weighed
dextrose powder was mixed gradually into gently heated water to ensure that
adequate solubilisation occured (caramelisation would occur if the solution
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was overheated). Once dissolved, the dextrose solution was allowed to cool
at room temperature. When performing the oral gavage, the rate of
administration was slow and controlled to avoid pressure-induced “dumping
syndrome” characterised by diarrhoea at 30-60minutes post-gavage219.
Thirdly, blood samples were then obtained and measured at 30, 60, 120, and
180 minutes post-glucose administration. Wherever possible, additional blood
samples were obtained and frozen for subsequent analysis of rat plasma
insulin by enzyme-linked immunosorbent assay (ELISA).
Interpreting the OGTT
Table 3-2 shows the possible results of an OGTT and the associated
diagnosis1. The values provided were obtained from the clinical setting and
applied to this research; an approach that is also used by other research
groups220–222.
Fasting

2 hours post-load

(mmol/L)

(mmol/L)

Normal

<6.1

and

<7.8

IFG (pre-diabetes)

6.1-6.9

and

<7.8

IGT (pre-diabetes)

<7.0

and

7.8-11.0

Diabetes

≥ 7.0

and/or

≥ 11.1

Table 3-2 Interpretation of the OGTT results

The values shown in the above table is based on the WHO diagnostic criteria for diabetes
1

and was applied to this research as part of the characterisation of the HFD/STZ rat model .

3.2.8 Insulin analysis by enzyme-linked immunosorbent assay (ELISA)
Blood samples and plasma preparation
Additional blood samples from the OGTT were collected (see previous
section) on ice into heparinised tubes to prevent coagulation. Samples were
centrifuged at 6500 rcf for 15minutes at 10oC to obtain plasma and frozen at 80oC. On the day of the ELISA experiment, the samples were defrosted at
room temperature and used immediately.
ELISA kit
The ELISA kit used was the Mercodia Ultrasensitive Rat Insulin ELISA kit (101251-01, Mercodia AB, Uppsala, Sweden). The monoclonal anti-insulin
antibody has been described to be highly specific with insignificant or no
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cross-reactivity to C-peptide or proinsulin223. The kit (see Figure 3-3) was
accompanied by a step-by-step experimental protocol provided by the
company (Version 2.0, Lot. nr. 24705).
This technique is based on the ELISA sandwich technique in which two
monoclonal antibodies are directed against separate antigenic determinants
on the insulin molecule224. During incubation, insulin in the sample reacts with
anti-insulin antibodies (bound to the microplate well) and peroxidaseconjugated anti-insulin antibodies. This bound conjugate can then be detected
by

reaction

with

3,3’,5,5’-tetramethylbenzidine

which

can

be

read

spectrophotometrically.

Figure 3-3 The Mercodia Ultrasensitive Rat Insulin ELISA kit.

The picture on the right showed all of the accompanying reagents (described in further detail
in the protocol below) and a 96-well microplate (pre-coated with monoclonal anti-insulin
antibodies) that was included as part of the Mercodia Rat Insulin ELISA kit (left picture).

Experimental protocol for the insulin ELISA
1) 25 µL each of the calibrators and samples were pipetted into one of the
wells of the clear, 96-well microplate (already pre-coated with mouse
monoclonal anti-insulin antibodies). All six calibrators were used: 0
(coloured yellow) and 1 to 5 containing increasing concentrations of
recombinant rat insulin. All calibrators and samples were pipetted in
duplicates.
2) 100 µL of the enzyme conjugate 1X solution (containing peroxidaseconjugated mouse monoclonal anti-insulin) was added into each well.
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The enzyme conjugate 1X solution was made by diluting the enzyme
conjugate 11X solution with conjugate buffer (1part 11X solution
+10parts buffer).
3) The samples, were then incubated on a plate shaker (700-900rpm) for
2 hours at room temperature (18-25oC). This would allow the insulin in
the sample to react with the peroxidase conjugated anti-insulin and
anti-insulin bound to the well.
4) The reaction solution in each of the wells was then manually discarded
by inverting the microplate over a sink. 350 µL of wash buffer (made by
dilution of wash buffer 21X with redistilled water) was then added into
each well. To avoid prolonged soaking, the wash solution was then
promptly discarded and the microplate tapped firmly several times
against absorbent paper to remove excess liquid. This was repeated 5
times. This process ensured the removal of any unbound enzyme
labeled antibodies.
5) 200 µL of 3,3’,5,5’-tetramethylbenzidine was then added to each well
and incubated for 15 minutes at room temperature.
6) 50 µL of ‘Stop Solution’ (0.5M H2SO4) was added to each well to stop
any further reaction and provide a colorimetric endpoint. The
microplate was then placed on the plate shaker for approximately 5
seconds to ensure adequate mixing.
7) The optical density was read at 450nm and measured using a
FLUOstar Omega microplate reader. By plotting the absorbance values
of the calibrators (except calibrator 0) against the insulin concentration,
a calibrator curve could then be constructed. The insulin concentration
in each sample could then be obtained via the calibrator curve.
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3.3 Establishing

the

ex-vivo

model

of

myocardial

ischaemia/reperfusion injury: The Isolated Perfused Heart
model (Langendorff model)
3.3.1 Introduction to the Langendorff model
History
The isolated-perfused heart model was first introduced by Carl Ludwig and
Elias Cyon using the frog heart in 1866225. In their model, the isolated frog
heart (which has only one ventricle without any coronary circulation) was
perfused with rabbit serum that was pumped from the aorta to the vena via a
connecting glass tube. Subsequently in 1895, the first completely isolatedperfused mammalian heart was pioneered by Oscar Langendorff whereby
fascinatingly, an excised heart could regain its excitability and full contractile
activity as soon as coronary perfusion was reestablished226. Since then, the
Langendorff heart model has been used as a major research tool in the
setting of cardiovascular physiology, pharmacology and toxicology227.
Principle
In the Langendorff heart, the isolated heart receives the perfusate solution
(containing nutrients and oxygen) retrogradely through the aorta. Due to the
retrograde perfusion, the aortic valve closes and the perfusion pressure
during diastole then forces the perfusate solution to circulate via the coronary
arteries through the coronary ostia, which are distal to the aortic valve.
Advantages of this model
As the heart is completely isolated from the animal, the Langendorff model is
a valuable technique that allows the study of cardiac contractile,
electrophysiological and biochemical properties and coronary vascular
physiology without any neuro-hormonal and peripheral vascular influences227.
This is one of the greatest advantages of the Langendorff model, which
explains its continuous application for over a century. In the modern era, the
Langendorff technique can also be utilised for cardiomyocyte isolation by
perfusing the heart with a solution containing collagenases.
In the context of this research where ischaemia/reperfusion protocols would
be used, the Langendorff model would be an ideal technique since such
protocols may be lethal to the animal if they were performed in vivo.
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Furthermore, pharmacological experiments to assess a particular signaling
pathway can be performed without affecting other organs since they may
trigger a response that could induce potentially confounding neuro-hormonal
compensation. Other advantages of the Langendorff model include the low
cost, reproducibility, simplicity of the preparation and applicability across a
wide range of animal species.
Limitations of this model
One of the limitations of the Langendorff model is that the mere isolation of
the heart from the whole animal makes any potential findings less clinically
relevant. In addition, the Langendorff heart although viable for over several
hours, is a dying preparation where studies have shown an approximately 510% per hour deterioration in contractile and chronotropic function227,228.
Conclusion
With the unexpected positive findings of SGLT2 inhibitors in T2DM patients,
research would need to be conducted in a reverse-translational manner to
tease out the mechanisms behind the cardioprotective benefits of SGLT2
inhibitors. The Langendorff model is therefore a useful and indispensible
cardiovascular research tool that can provide an essential information bridge
between in vitro experiments and clinical research in this exciting topic.
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3.3.2 The Langendorff rig design
3.3.2.1 Constant pressure system
Using gravity, a set column height of perfusion buffer in the reservoir delivers
a constant perfusion pressure to the coronary arteries of the isolated heart.
Figure 3-4 shows a simplified scheme of the Langendorff system and is
further described in Figure 3-5 which shows the two identically designed
Langendorff systems that were used in this research. The presence of two
Langendorff rigs meant that two experiments with different arms of treatment
could be performed in parallel to each other. The different components of the
Langendorff rig are described in further detail under Figure 3-5.

Figure 3-4 Schematic diagram of the Langendorff system.
Further description of the components of the Langendorff system can be found in Figure 3-5.
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Figure 3-5 The Langendorff rig set up using a constant pressure system.

Two identically designed rigs are shown in the figure. Krebs Henseleit Buffer stored in a flask
(A) was delivered via a peristaltic pump machine (B) to the top of the Langendorff rig which
consisted of a heated water-jacketed reservoir (C). The reservoir also received 95% O2/ 5%
CO2 bubbled through sintered glass oxygenators which was delivered by a separate tube (D).
Buffer was passed via the filter (made of sintered glass and can be seen as a thick white line
at distal portion of the reservoir) into a coiled glass chamber (E) to reduce the chances of
rapid heat loss. The buffer then flowed into the bubble trap (F) before perfusing the isolated
heart via the aortic cannula (not seen well in this figure). The location of the bubble trap close
to the isolated heart ensured that no air bubbles would enter the coronary circulation. The
isolated heart shown in this figure was immersed in an organ bath (G) and a close-up view of
the isolated heart is shown on the top left panel. All pipework and chambers were contained
o

within water jackets in order to maintain a perfusion buffer temperature at 37 C. The source of
heat from the water jacket originated from the circulating water bath tank (H). Physiological
measurements were recorded via pressure transducers (I), which transmitted the electrical
signals to a data acquisition hardware (J). The data were then displayed and recorded on a
computer (K).
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Figure 3-6 The same Langendorff system with two additional modifications per Langendorff rig.

For experiments where external cardiac pacing and/or drug administration was required, an
external cardiac pacing system (A) and reservoir (B) were added to each Langendorff rig. The
modifications did not affect the overall function of the original Langendorff system.

Modifications to the Langendorff rig
For experiments where external cardiac pacing and/or drug administration
was required, an external cardiac pacing system and reservoir were added to
each of the Langendorff rigs without affecting the overall function of the
system (see Figure 3-6). The external cardiac pacing system will be described
in further detail in other sections within this chapter.
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The second Langendorff system used
In situations where four isolated heart experiments were performed
concurrently, two additional Langendorff rigs were used (see Figure 3-7).
Although the rigs were visually different, the principles behind the design
remained the same and relied on a constant pressure system.

Figure 3-7 The second Langendorff system which was used in certain experiments.

In certain situations where four isolated heart experiments were performed simultaneously, a
second Langendorff system consisting of two rigs were used. Despite the difference visually,
the overall principle and function remained the same; this was also a constant pressure
Langendorff system. Krebs Henseleit Buffer (A) was delivered via a peristaltic pump machine
(B) to a water-jacketed reservoir (C). The reservoir also received 95% O2/ 5% CO2 bubbled
through sintered glass oxygenators (D). Buffer was then pumped by peristalsis via heated
water-jacketed tubes (E) into the bubble trap located at the top of the rig (F) before perfusing
the isolated heart via the aortic cannula. The organ baths are shown in (G). The blue arrows
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show the direction of buffer flow from (C) to (G). All pipework and chambers were contained
o

within water jackets in order to maintain a perfusion buffer temperature at 37 C. The source of
heat from the water jacket originated from the circulating water bath tank (H). Cardiac
physiological measurements were recorded via pressure transducers (I), which transmitted
the electrical signals to a data acquisition hardware (J). The data were then displayed and
recorded on a computer (K).

3.3.2.2 Cannula design
The metallic aortic cannula had an external diameter of 2mm to accommodate
the size of the rat aorta. A distal groove can be found to facilitate aortic ties to
secure the aorta. The aortic cannula used is shown in the Figure 3-8.

Figure 3-8 Metallic aortic cannula and straight micro clamp.

The straight micro clamp functioned to secure the aorta to the cannula initially. 2-3 sutures
were then tied around the cannula to secure the position of the isolated heart on the
Langendorff rig.

3.3.2.3 External cardiac pacing
Certain experiments such as those that involved the isolated diabetic heart
required external cardiac pacing to compensate for the lower baseline heart
rates. Cardiac pacing has the advantage of removing heart rate as a variable
and facilitates the maintenance of the temperature of the isolated heart and
avoidance of bradycardia mediated arrhythmia228.
The external cardiac pacing system consisted of a pacing generator and two
pacing electrodes (see Figure 3-9). For the isolated rat heart, the pacing
generator was set to deliver external cardiac pacing at a minimum energy
output of 1.0V, a pulse width of 10ms and pacing rate of 300 beats per minute
(bpm). The voltage amplitude was kept at the minimum of 1.0V to deliver as
little energy as possible but this could be transiently increased when
necessary to achieve capture. This was especially during ischaemia and early
reperfusion since oedema in the cardiac tissue may increase the pacing
threshold. The pacing rate of 300 beats per minute was chosen to achieve the
usual rat heart rate ex vivo which ranges between 250-320bpm227. The
87

negative electrode consisted of the crocodile clip wire which was attached to
the metallic aortic cannula while the positive electrode consisted of a Dupont
wire which was placed in right atrium to simulate normal electrophysiological
conduction.

Figure 3-9 External cardiac pacing system.

The top panel shows the pacing generator while the bottom panel shows the pacing
electrodes (the red crocodile clip wire represented the negative electrode while the yellow
Dupont wire represented the positive electrode).

3.3.3 Measurement of cardiac physiological parameters
Cardiac physiological measurements were obtained at regular intervals during
the ischaemia/reperfusion protocol. The parameters recorded were the
temperature, coronary flow rate and surrogate measures of myocardial
contractility – heart rate, left ventricular developed pressure (LVDP) and left
ventricular end diastolic pressure (LVEDP). All of the aforementioned

88

parameters except the coronary flow rate were recorded using a data
acquisition hardware (PowerLab/8 SP by AD Instruments, Oxford, UK) and
the readings displayed using the LabChart software (v7.3.8, AD Instruments,
Oxford, UK) on a Windows computer.
Prior to every Langendorff experiment, the temperature probe, left ventricular
(LV) balloon and perfusion pressure transducers were calibrated [temperature
with a mercury thermometer (immersed in a water bath at a temperature of
37oC) and pressure with a sphygmomanometer]. The pressure transducer,
PowerLab data acquisition hardware and LabChart software are described
and shown in Figures 3-10, 3-11 and 3-12 respectively.

Figure 3-10 Pressure transducer.
The MLT844 physiological pressure transducer (AD Instruments, Oxford, UK) is a fluid-filled system
connected to the Langendorff rig. The dome is attached to the gold-plated piezo-resistive transducer.

Figure 3-11 The PowerLab data acquisition hardware (AD Instruments, UK).
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Figure 3-12 The LabChart software.

The physiological parameters for two Langendorff experiments can be displayed concurrently.
In the above example, the parameters on the right Langendorff rig were displayed on all of
the right-sided rectangular boxes. The blue trace on the top of the screen illustrated the LV
pressure trace over time. The sampling rate of the traces are set at 10:1 which is slow to
allow for easier visualisation of slow changing signals such as force and temperature.

3.3.3.1 Temperature
The temperature of the hearts were maintained between 36-38oC and
monitored using a fine thermocouple (TM Electronics (UK) LTD, Goring by
Sea, UK) retrogradely passed into the right ventricular outflow tract via the
pulmonary artery. See Figure 3-13 for an illustration of the temperature probe.

Figure 3-13 Temperature probe with the recording tip being shown on the right side.
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3.3.3.2 Coronary flow rate
The coronary flow rate was measured via the collection of coronary effluent
from the pulmonary artery. The volume of perfusate collected over a period
one minute and was expressed as mL/minute.
3.3.3.3 Myocardial contractility
The heart rate, LVDP and LVEDP were monitored using a fluid-filled intraventricular balloon that was inserted gently into the left ventricle via the left
atrium (the left atrial appendage was excised to allow the insertion of the
balloon). Once inserted into the left ventricle, the balloon is gently inflated up
to approximately 0.1-0.2mL to obtain a baseline LVEDP of between 510mmHg. See Figure 3-14 for an image of the ventricular balloon.
The changes in the parameters were recorded using the pressure transducer
attached to the balloon. The signals were then transmitted to the
aforementioned data acquisition hardware and the readings displayed using
the LabChart software.

Figure 3-14 Left ventricular balloon (partially inflated).
The ventricular balloon is made of a condom tip that is filled with water and is secured to the fluid-filled
tubing with silk suture.

3.3.4 Perfusate – Krebs Henseleit Buffer
The perfusion buffer was the modified Krebs Henseleit buffer which was
prepared in de-ionised distilled water and contained the reagents (Sigma
Aldrich, Poole, UK) as described in Table 4-1. The buffer was then filtered (12 µm, Whatman filter paper, GE Healthcare Life Sciences, UK) and bubbled
with 5% CO2 and 95% O2 in the Langendorff rig reservoir with the pH
adjusted to 7.3-7.4.
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Reagent

Molecular

Final

Quantity for 5L

weight (g/M)

concentration

(g)

(mmol/L)
Sodium chloride

58.44

118.5

34.48

84.01

25.0

10.5

D-Glucose

180.2

11.0

9.9

Potassium

74.55

4.7

1.75

246.5

1.22

1.5

136.1

1.21

0.825

147

1.84

1.35

(NaCl)
Sodium hydrogen
carbonate
(NaHCO3)

chloride (KCl)
Magnesium
sulfate
heptahydrate
(MgSO4)
Potassium
dihydrogen
phosphate
(KH2PO4)
Calcium chloride
(CaCl2)
Table 3-3 Composition of the modified Krebs Henseleit Buffer

Adapted from Bell et al and Sutherland et al

227,228

. The reagents were added into a clean

beaker of deionised and distilled water whilst stirred with a magnetic stirrer. The buffer was
then filtered before being bubbled with 5% CO2 and 95% O2.

3.3.5 Randomisation
Wherever possible, all Langendorff experiments and treatment allocation were
randomised (using https://www.random.org/) and myocardial infarct size
analysis performed blinded by 2 investigators and arbitrated by a third
independent adjudicator if required. Once all the results became available, the
data were unblinded and analysed.
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3.3.6 The Langendorff heart preparation
3.3.6.1 Surgical protocol
The rats were anaesthetised via the left or right upper quadrant intraperitoneal
injection of pentobarbitone sodium solution (20%w/v, Animal Care UK, York,
UK) at a final dose of 0.2-0.4g/Kg bodyweight. Anticoagulant heparin sodium
(Rockhardt UK Ltd, Wrexham, UK) at a dose of up to 5000 units per kg
bodyweight was co-administered with the anaesthetic. Upon the onset of deep
anaesthesia, identified as the loss of the pedal pain withdrawal reflex, slowing
of heart rate and breathing, the heart was exposed via thoracotomy.
Using a clamshell incision at the level distal to the xyphoid-sternum, the
incision was continued through the ribs at the left and right anterior axillary
lines. The anterior chest wall was deflected upwards (see Figure 3-15) and
the thymus resected to allow visualisation of the ascending aorta to facilitate
the subsequent heart isolation and aortic cannulation (see Figure 3-16).

Figure 3-15 Clamshell incision with deflection of the anterior chest wall

This incision ensured the best exposure of the heart. The thymus (the pale tissue located
superior to the heart) could be seen to be obscuring the visualisation of the great vessels.
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Figure 3-16 Visualisation of the
ascending aorta and branches of the
aortic arch.

The resection of the thymus allowed
good visualisation of the ascending
aorta (pale blue vessel at the superior
aspect of the heart) to facilitate the
subsequent heart isolation and aortic
cannulation.

The heart was then removed by transecting the descending aorta and inferior
and superior vena cava. Transecting the descending aorta had the advantage
of providing an adequate length of aorta for cannulation and the easier
identification of the aorta via the three aortic arch branch vessels.
The isolated heart was immediately transferred to a dissection dish containing
ice cold Krebs Henseleit buffer. The surgical instruments used for the ex vivo
experiments are shown in Figure 3-17.
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Figure 3-17 Surgical instruments used for the ex vivo experiments.

From left to right: Razor blade (for segmentation of the frozen heart prior to TTC staining),
Spencer Wells straight forceps (for deflection of the anterior chest), straight toothed forceps
(for holding the skin), straight forceps (for division of the thymus), Mayo dissecting scissors
(for transecting the great vessels), two curved forceps (for securing the luminal edge of the
aorta to facilitate the transfer of the heart to the cannula), McPherson-Vannas straight
scissors (for resection of extra-cardiac tissue upon securing the isolated heart of the cannula),
needle holder (for placing the suture around left anterior descending artery), 3-0 curved
needle Mersilk suture (Ethicon, Johnson & Johnson, USA).

3.3.6.2 Aortic cannulation
The rat heart that was immersed in the ice-cold buffer was then transferred
directly onto the cannula which was already secured to the Langendorff
perfusion apparatus. Importantly, perfusate would be dripping through the
cannula (via adjustment of the three-way tap proximal to the cannula) prior to
cannulation to enable a fluid-to-fluid connection, thus minimizing the risk of
coronary air embolism which could influence cardiac function and
experimental outcomes. Once the aorta has been cannulated, it was
temporarily secured with a straight micro clamp (Figure 3-8). The three-way
tap was then switched to allow the perfusate to flow freely. Excess tissue
around the aorta was trimmed and the aorta subsequently secured with two 30 silk sutures (Softsilk, Covidien, Republic of Ireland). The time from the onset
of heart immersion in the cold buffer to the switching on of the three-way tap
was recorded and defined as the cannulation time. The cannulation time
needs to be as short as possible (<3 minutes) to avoid both the potential
effect of ischaemic preconditioning secondary to delayed perfusion and
cardiac damage secondary to prolonged hypoxia229,230. Attaining a short
cannulation time is a technique that can improve over time as shown from my
preliminary data (see Figure 3-18).
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Figure 3-18 Gradual improvement in cannulation time with practice.
Although none of the cannulation times exceeded the exclusion criteria of 3 minutes, it is clear that the
mean times can improve gradually with practice.

A competent aortic valve is vital in the maintenance of coronary perfusion
pressure. Therefore, extreme caution should be taken to not insert the
cannula too deeply into the aorta as that may lead to mechanical rupture of
the aortic valve leaflets. This would lead to reduced coronary perfusion
pressure and perfusate lost via the left ventricle secondary to aortic
regurgitation and mitral valve incompetence (from the ventricular balloon
insertion). Equally important would be the avoidance of securing the aorta
near the aortic branches as that would also lead to inadequate coronary
perfusion pressure.
3.3.6.3 Instrumenting the heart
After the securing a stable position for the isolated heart, the left anterior
descending artery (LAD) was identified and under-ran with a 3-0 curved
needle Mersilk suture (Ethicon, Johnson & Johnson, USA). This suture would
later be used for the ligation of LAD during regional ischaemia.
A small incision was made in the right ventricular outflow tract/ proximal
pulmonary artery to facilitate the insertion of the temperature probe and free
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drainage of coronary effluent. The temperature of the hearts were maintained
between 36-38oC and monitored using the fine thermocouple (TM Electronics
(UK) LTD, Goring by Sea, UK) that had been retrogradely passed into the
right ventricular outflow tract via the pulmonary artery.
The ventricular rate, left ventricular end diastolic pressure (LVEDP) and left
ventricular developed pressure (LVDP) were monitored via a fluid-filled intraventricular balloon inserted gently into the left ventricle via the left atrium (by
resection of the left atrial appendage). The coronary flow rate was measured
via the collection of coronary effluent from the pulmonary artery. Figure 3-19
shows the appearance of the Langendorff heart model with the physiological
monitoring in place.
The aforementioned physiological measurements were taken at regular
intervals to ensure that the hearts met certain functional requirements with
reference to pre-determined exclusion criteria (see Table 3-4).

Figure 3-19 The Langendorff heart model.

Cardiac physiological measurements were obtained from the temperature probe, LV balloon
and coronary effluent as labeled in the figure. The 3-way tap was switched on and off
accordingly in experimental groups that had the ischaemic preconditioning regimen. The

o
organ bath was used to help maintain a temperature of 36-38 C especially during ischaemia.
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Parameter

Exclude if

Time to cannulation (min)

>3

Coronary flow at the end of stabilisation

< 9 or > 28

(ml/min)
Change in coronary flow rate

<50% during ischaemia

between stabilisation àischaemia à

and/or no improvement

reperfusion

during reperfusion

Heart rate (beats per min) during stabilisation

< 70 or > 400

Sustained arrhythmia duration during

>3

stabilisation (min)
Left ventricular developed pressure (mm Hg)

< 60

at the end of stabilisation
Temperature (oC) throughout protocol

<35.5 or >38.5 for >60s

Area at risk to total area (%)
- A measure of the consistency of regional

<40 or >80

ischaemia
Table 3-4 Summary of exclusion criteria for the Langendorff model.

Modified from Bell et al

227

which takes into account the different strains of rats used for the

experiments described in this thesis.

3.3.7 Myocardial Ischaemia/Reperfusion experiment protocol
3.3.7.1 Stabilisation ± ischaemic preconditioning (40 minutes)
Upon commencement of retrograde aortic perfusion, the isolated heart would
attain a stable steady state within 10-20 minutes. During this 40-minute
stabilisation period, the hearts undergo regular physiological monitoring to
ensure that they met a set of functional requirements as shown in table 4-2.
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In experimental groups that have a preconditioning regimen, three cycles of
ischaemic preconditioning (IPC) were applied by turning off the 3-way tap for
5 minutes during ischaemia and turning the tap on for 5 minutes during
reperfusion (one cycle of IPC) and repeated twice.
At the end of the stabilisation period, the isolated hearts then underwent a 35minute period of regional ischaemia.
3.3.7.2 Regional ischaemia (35 minutes)
Regional ischaemia was induced by proximal left anterior descending artery
(LAD) occlusion using the 3-0 Mersilk suture as a snare as illustrated in
Figure 3-21. The myocardial region supplied distal to the occluded LAD was
defined as the area at risk (AAR). Gentle but firm counter-traction was applied
to completely occlude the LAD. Complete occlusion of the LAD was based on
combined objective and subjective observation of:
1) A reduction in coronary flow rate
2) A reduction in temperature
3) A reduction in LV developed pressure (see Figure 3-20)
4) Hypokinesis and a dusky appearance in the LV segment supplied by
the LAD (see Figure 3-24)

Figure 3-20 Demonstration of LV developed pressure reduction during regional ischaemia
An example of an LV developed pressure (LVDP) trace (sampling rate adjusted from 10:1 to 20:1 to
better illustrate the drop in LVDP) from one of the experiments and visualised on the Labchart software.
A normal and stable LVDP trace is seen during the stabilisation phase. During LAD occlusion, there are
brief episodes where the LVDP is seen to increase. This is due to transient spikes in the LV balloon
pressure from brief manipulation of the heart from the LAD ligation. During the regional ischaemia
phase, the LVDP drops and remains low, reflecting hypokinesis in the region of the LV segments
supplied by the LAD. The LVDP trace on the far right of the Labchart screen is also less regular due to
the transient arrhythmia during regional ischaemia.

During the learning phase of the Langendorff model, the introduction of the
polyethylene tubing between the pipette tip and artery was found to be less
traumatic for the artery and reduced the risk of vessel perforation (which
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would become evident during the reperfusion phase). Vessel perforation
would lead to buffer leak and reduced coronary perfusion which would falsely
affect the cardiac function and ultimately the myocardial infarct size.

Figure 3-21 The process of LAD occlusion to induce regional ischaemia.

Gentle but firm counter-traction was applied to completely occlude the LAD. The narrower
distal pipette tip served to provide the downward pressure on the LAD while the wider
proximal pipette tip served to lock the sutures in place, hence maintaining the force provided
by the distal pipette tip.

A vital step during this phase was the tight control of external temperature
with the use of the organ bath and temperature adjustment of the water bath
tank for maintenance of normothermia of the heart. This was due to previous
observations that showed that hypothermia attenuated myocardial injury231.
3.3.7.3 Reperfusion (120 minutes)
Reperfusion was initiated by releasing the tension on the snare in order to reestablish coronary flow to the area at risk. This was also confirmed by the
partial recovery of the coronary flow rate and LVDP. In addition, the
successful re-establishment of coronary flow would usually be followed by
reperfusion arrhythmias; a common feature of ischaemia/reperfusion injury.
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Arrhythmias usually occurred between the first 60 minutes of reperfusion
although most occur within the first 15 minutes. They could vary from brief
tachyarrhythmias which spontaneously terminate to refractory ventricular
fibrillation (VF). As soon as ventricular fibrillation was identified, the following
measures (in order of 1 to 3) were found to be effective in terminating the
arrhythmia:
1) Very gentle squeeze and release of the heart using the thumb and
finger. Repetition of this process may terminate the arrhythmia.
2) Gentle flicking of the heart with one finger with the other hand holding
the back of the heart as support.
3) Immerse the heart in ice cold buffer. This would usually arrest the heart
contractions and within a few seconds, spontaneous heart contractions
would resume.
Steps 1-3 were used concurrently in certain cases to successfully terminate
VF. Under rare circumstances, VF refractory to the above steps have led to
the heart being excluded from the experiment.
Again, it was important to monitor the cardiac temperature closely as the
onset of reperfusion may transiently shift the temperature to either
hypothermic or hyperthermic levels.
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3.3.8 Infarct size analysis
3.3.8.1 Heart staining
Evans Blue
At the end of reperfusion (120 minutes), the suture around the LAD was
tightened and 1.0mL of Evans blue dye (0.25% in phosphate buffer solution)
was infused via the aortic cannula into the coronary circulation. The non-risk
zone would turn blue while the area at risk (AAR) would remain unchanged
(see Figure 3-22). The hearts were weighed, wrapped in cling film and kept in
small plastic containers before being stored in the -20oC freezer.

Figure 3-22 Evans Blue staining of the non-risk zone.

At the end of reperfusion, the LAD is permanently ligated (Panel A). 1.0mL of 0.25% Evans
blue dye was then injected via the aortic cannula and would stain the non-risk area blue
(Panel B).
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Triphenyl-tetrazolium chloride (TTC)
The frozen hearts were sectioned into 5 transverse slices (from distal to the
LAD suture site to the apex) and immersed in a 15mL conical centrifuge tube
(Falcon, Thermo Fisher Scientific, USA) containing 1% TTC. For each whole
heart, 0.05g TTC was dissolved in 5mL of phosphate buffer solution [8 parts
of alkaline 100mM Dibasic Sodium Phosphate (14.2g Na2HPO4 in 1L dH2O)
and 2 parts of acidic 100mM Monobasic Sodium Phosphate (15.6g
NaH2PO4.2H2O in 1L dH2O). Each tube was lined with aluminum foil
externally (as TTC is light sensitive) and immersed in a water bath at 37.0 oC
for 20 minutes.
TTC

crosses

the

cell

membranes

and

binds

to

intracellular

dehydrogenases227. Viable tissue would reduce white-coloured TTC to redcoloured triphenyl-formazan (TPF) while areas with non-viable tissue would
remain white due to degraded or denatured enzymes. Following fixation in
10% formalin for 24 hours, the heart sections were digitally scanned to a
computer using an Epson scanner (Epson Perfection V100 Photo, Epson,
Hertfordshire,

UK)

and

analysed

by

planimetry

(ImageJ

1.50i,

http://imagej.nih.gov/ij) on a MacBook Air 13 inch laptop.

3.3.8.2 Infarct size measurement and data presentation
Myocardial infarct size was expressed as a percentage of infarct size (white
area) over the area at risk (red area). The area at risk was expressed as a
percentage of: [total area - non-risk area (blue area)]/total area. An example
of the planimetry analysis is shown in Figure 3-23.
The heart slices were analysed blinded to reduce the risk of bias. Once the
data for all of the heart slices for a set of experiments were obtained, each
dataset was unblinded and organised back to its allocated treatment group for
the statistical analysis.
The full results of each set of myocardial ischaemia/reperfusion experiments
will be shown and discussed in the subsequent chapters.
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Figure 3-23 An example of the analysis of 5 heart segments by computer planimetry

Top picture: The image obtained from direct scanning of the heart segments.
Second picture from the top: Using ImageJ, the heart segments were individually traced. The
image was then split into three colour channels: red, green and blue (not shown).
Third picture from the top: The red channel was used and the threshold adjusted to obtain the
non-risk area (highlighted as red). The area not coloured red represented the area at risk.
Bottom picture: The green channel was used and the threshold adjusted to obtain the infarct
area (highlighted as red).
The 5 transverse slices are conventionally arranged from distal to the LAD suture site (left
segment) to the apex (right segment).
In this example, the calculated infarct size was 38.0% and the area at risk was 56.7%.
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3.3.9 Pictorial summary of the myocardial ischaemia/reperfusion
experiment protocol
See

Figure

3-24

for

a

pictorial

summary

of

the

myocardial

ischaemia/reperfusion experiment protocol.

Figure 3-24 Summary of the myocardial ischaemia/reperfusion experiment protocol.

A: After 40minutes of stabilisation, the LAD suture was tightened to reproduce regional
ischaemia. In the above image (marked by the black border), the area at risk could be seen
as the dusky area distal to the LAD ligation site. At the end of regional ischaemia, the LAD
suture was released; marking the beginning of the reperfusion phase. Within the first 510minutes, an area of pallor within the area at risk could be visualised and would usually
evolve over the course of reperfusion.
B: At the end of reperfusion, the physiological monitoring apparatus were removed, the LAD
suture permanently ligated and Evans Blue dye injected via the aortic cannula. The non-risk
area would be stained blue and the area at risk remained unstained. The hearts were then
o

frozen at -20 C.
C: The frozen hearts were then sliced into 5 segments (from distal to the LAD suture site to
o

the apex), immersed in TTC for 20minutes at 37 C and then fixed in 10% formalin. Finally the
hearts were scanned and the infarct size and area at risk analysed by computer planimetry.
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3.4 Western Blot experimental protocol
At end of the Langendorff protocol, the isolated hearts were used for protein
signaling analysis using the Western blot technique. In particular, the well
known mediators of cardioprotection such as the RISK pathway (PI3K-Akt and
MEK1-ERK1/2 activation)135 and the SAFE pathway (TNFα and JAK-STAT3
activation)136 were evaluated. A step-by-step protocol for the Western blot
experiments are described below.
3.4.1 Sample

preparation:

Tissue

homogenisation

and

protein

estimation
1) Preparation of protein lysis buffer (100mL) which consisted of:
a. Tris(hydroxymethyl)aminomethane

(Tris)

buffer

at

pH 6.8

[100 mM] - 20mL taken from a 0.5M stock
b. Sodium chloride (NaCl) at [300 Mm] - 6ml taken from a 5M stock
c. IGEPAL® CA-630 (Sigma Aldrich, UK) at 0.5% - it is a non-ionic,
non-denaturing detergent and chemically indistinguishable from
Nonidet P-40 (NP-40). 5mL taken from a 10% stock
d. Deionised water (H2O) to make up to 100mL of lysis buffer.
e. 0.5M Ethylenediaminetetraacetic acid (EDTA) solution (100X) –
1mL added to buffer
f. Halt ™ Protease Inhibitor Cocktail [100X, Product # 78438, Lot #
MH161926 (Thermofisher Scientific, UK)] – 1mL added to buffer
g. Halt ™ Phosphatase Inhibitor Cocktail [100X, Category number
78427(Thermofisher Scientific, UK)] – 1mL added to buffer
h. The lysis buffer was adjusted to pH 7.4 and always kept on ice.
2) Tissue homogenisation:
a.

100-200microlL of cold protein lysis buffer was pipetted into
each 2.0mL centrifuge tube and weighed.

b.

The frozen heart tissue was then transferred into the tubes and
re-weighed again to obtain the weight of the tissue in each tube.

c.

Further lysis buffer is added to each tube to obtain 10 volumes
(in mL) of buffer to tissue weight (in g); i.e 10mL for 1g of tissue.

d.

The tissue was further homogenised in a test tube using a glass
pestle. The tissue homogenates were then briefly sonicated (3-5
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short pulses of 5 seconds each at an amplitude of 40-50X25)
using the Vibra-cell™ sonicator (Sonics & Materials Inc,
Newtown, USA). This process was performed with the
homogenate kept cool in ice throuhgout. See Figure 3-25.
e.

Finally,

the

tissue

homogenates

were

centrifugated

at

10,000rpm at 4 °C for 10minutes to pellet and remove debris.
The resultant supernatant or lysate was then utilised for protein
estimation and gel electrophoresis.

Figure 3-25 Tissue homogenisation process
After manual tissue homogenisation with a glass pestle (upper image), the tissue was further
homogenised with the Vibra-cell sonicator (bottom image).
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3) Protein estimation:
a. The protein content was determined using the bicinchoninic acid
(BCA) – copper sulphate (CuSO4) protein assay (Thermofisher
Scientific, UK). The principle behind the assay is that the
reduction of Cu2+ to Cu+ by the protein causes BCA to change
colour with increasing intensity from green to purple proportional
to the concentration of protein in the sample (see Figure 3-26).
b. The standard used was the Pierce™ Bovine Serum Albumin
(BSA) Standard Pre-diluted set which consists of 7 pre-made
standards [Product # 23208, Lot # LC144446 (Thermofisher
Scientific, UK)].
c. The BCA reagent was mixed with CuSO4 at a ratio of 50:1
before pipetting 200μL of the mixed reagent into each well of a
96-well plate. Each well also contained 1μL of the supernatant
from the tissue homogenisation.
d. The plate was then incubated and agitated in the shaker oven at
37oC for 30 minutes before being entered into the FLUOstar®
Omega microplate reader (BMG Labtech, Bucks, UK) to
measure the colour intensity.
e. The sample protein concentrations were then interpolated using
a standard curve of known concentrations of BSA.

Figure 3-26 BCA-CuSO4 protein assay to determine the protein content
The 16 wells on the far left contain the BSA standard with increasing concentration (green to dark
purple) while the other wells contain the protein samples of varying concentration.
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3.4.2 Protein separation: Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE)
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) is a
variation of the polyacrylamide gel electrophoresis method developed by
Ulrich K. Laemmli to separate proteins with molecular masses between 5250kDa232. The molecular mass of our proteins of interest fall within this range
and will be described in the Western blot experiments in Chapter 9.
1) Preparation of samples for SDS-PAGE
a. 3 parts (75 μL) of the supernatant from the tissue homogenate
was mixed with 1 part (25 μL) of NuPAGE LDS Sample Buffer
(4X) (Product # NP0007, Thermofisher Scientific, UK) and the
reducing agent 5 % β-mercaptoethanol (β-ME) to break the
disulphide bonds of the protein.
b. Each protein sample buffer mixture was further denaturated by
heating to 90–100 °C for 5-10 min.
c. The samples were then transferred to ice for cooling for
immediate use or stored at - 20oC to be used for SDS-PAGE at
a later date.
2) Preparation of reagents
a. Multiple reagents were required and were thus prepared before
hand to facilitate the smooth running of the SDS-PAGE and
Western blot experiments. The table below describes the
different reagents used throughout the experiment:
Reagent
Running buffer (1x)

Transfer buffer (10x)

Transfer buffer (1x)

Content

Weight/Volume

Glycine

144.2g

SDS

10g

Tris base

30.3g

Distilled water

1L

Glycine

144.2g

Tris base

30.3g

Distilled water

1L

Transfer buffer (10x)

100mL

Methanol

200mL

Distilled water

700mL
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Tris Buffered Saline (TBS) (10x)

Tris base

24.2g

NaCl

80g

acid (HCl)

Distilled water

1L

TBS (1x)

TBS (10x)

100mL

Distilled water

900mL

TBS (1x)

1L

Tween 20

1mL

TBST

80mL

5% BSA

4g

TBST

10mL

Odyssey blocking

10mL

- adjust pH to 7.6 with hydrochloric

TBS-Tween 20 (TBST)
Blocking buffer (5%)/ Diluent for
primary and secondary antibody
Diluent for Odyssey secondary
antibodies

buffer (TBS)
Solution for membrane stripping

NAOH

0.4g

prior to re-probing - 0.2M sodium

Distilled water

50mL

hydroxide (NaOH).
Table 3-5 Content of the different reagents used for the SDS-PAGE and Western blot.

3) Performing the SDS-PAGE to separate the proteins
a. Novex™ WedgeWell™ 10 % Tris-Glycine protein gels [1mm X
15 wells (Thermofisher scientific, UK)] were mounted in an XCell
SureLock™ vertical electrophoresis cell system (Thermofisher
scientific, UK) filled with running buffer (see Table 3-5).
b. For the experiments in this thesis, the first lane of each gel was
loaded with insulin as a positive control (10µl/well) and the
remaining lanes were loaded with equal concentrations of the
protein samples.
c. The chamber was kept on ice and the gel was run at 100V for
15 minutes followed by 160V for 1 hour and 15 minutes.
3.4.3 Protein transfer: Western Blot
Post-electrophoresis (protein separation), wet transfer was performed to
transfer the separated proteins from the gel to a nitrocellulose blotting
membrane (Amersham™ Protran™ Premium 0.45µm NC, GE Healthcare Life
science, Germany). Transfer of proteins was performed by preparing a stack,
as outlined in Figure 3-26, and mounting it in a Mini Trans-Blot®
Electrophoretic Transfer Cell (Bio-Rad, Herts, UK) filled with transfer buffer
110

under gentle stirring. Extreme care was taken to ensure the absence of air
bubbles during this process to ensure smooth protein transfer. The transfer
was run at 100 V for 1hour and 30 minutes.

Figure 3-27 Western blotting sandwich arrangement
Image taken from the ThermoFisher Scientific website (https://www.thermofisher.com/uk/en/home/lifescience/protein-biology/protein-biology-learning-center/protein-biology-resource-library/pierce-proteinmethods/western-blot-transfer-methods.html).

3.4.3.1 Visualising the success of the transfer.
The membrane was gently peeled off from the gel and transferred into a small
black box with deionised water. After a quick rinse, the water was removed
and the membrane was stained with 0.1% Ponceau S red solution. If the
transfer from the gel to the membrane was successful, the protein bands will
become visible within a few seconds (see Figure 3-27). After rinsing the
membrane with deionised water, a photo is taken of the membrane for record
keeping. A small volume of TBST was used to wash off the stain, making the
membrane ready for antibody probing.
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Figure 3-28 The process of visualising the success of the protein transfer
At the end of the protein transfer, the membrane was gently peeled off from the gel and transferred into
a small black box with deionised water. After a quick rinse, the water was removed and the membrane
was stained with 0.1% Ponceau S red solution. A successful protein transfer from gel to membrane was
indicated by the appearance of protein bands within a few seconds. After rinsing the membrane with
deionised water, a photo is taken of the membrane for record keeping. A small volume of TBST was
used to wash off the stain, making the membrane ready for antibody probing.

3.4.4 Primary antibody incubation
The non-specific binding sites on the membrane were blocked by incubation
in a blocking buffer (5 % BSA in TBST) for 1 hour with gentle rocking.
This was then replaced with the relevant primary antibody diluted in blocking
buffer. The membrane was incubated in the primary antibody overnight at
4 °C with gentle rocking. Details of specific primary antibodies and their
concentrations for each experiment are given in the Chapter 9.
3.4.5 Secondary antibody incubation
After overnight incubation, the unbound primary antibodies were removed with
multiple washes (four 10-15 minute washes with TBST). The membrane was
then incubated with fluorescently labeled secondary antibodies (to bind with
the primary antibodies for allow detection) for 1 hour at room temperature in a
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dark container (as the secondary antibodies are light sensitive). The diluent
for the secondary antibodies consisted of a 1:1 ratio of TBST and Odyssey®
blocking buffer (LI-COR Biosciences, Cambridge, UK). The choice of
secondary antibodies used depended on the host species from which the
primary antibodies were derived. Details of specific secondary antibodies and
concentration used for each experiment are also given in Chapter 9 with
green and red fluorescent secondary antibodies being used preferentially.
3.4.6 Protein detection
At the end of the secondary antibody incubation, the membrane was washed
three times for 10-15 minutes per wash with TBST followed by one wash in
only TBS.
3.4.6.1 Imaging
The protein levels were quantified by first scanning the membrane with using
the Odyssey® Infrared Imaging System (LI-COR Biosciences, Cambridge,
UK). The setting used was 84 µm resolution, medium quality, red intensity at
3.0 and green intensity at 6.0. The protein level was analysed by densitometry
using Image Studio™ version 5.0 for Windows. The index protein was
normalised to the loading control for each sample and expressed as arbitrary
units (AU). All values were presented as mean AU±SEM.

3.5 Statistical analysis
All analyses were performed using GraphPad Prism® version 6 (GraphPad
Software, San Diego, CA, USA). An unpaired t-test was used for two
independent groups of continuous variables and a one-way analysis of
variance (ANOVA) with Tukey’s multiple comparison test for three or more
independent groups. Data is presented as mean ± standard error of the mean
(SEM). N values are either displayed in the figure or described in the figure
legend for each experiment. A significance level of 5% (α=0.05) and 80%
power (β=0.2) were used. Statistical significance was reported if p<0.05 and
results where p>0.05 were reported as non- significant (NS). Any additional
statistical tests performed for certain experiments in this thesis will be
described in the relevant chapters.

113

Chapter 4

The characterisation of each batch of

High fat diet/Streptozotocin (HFD/STZ) rats
4.1 The experiments conducted: 5 sets in total
The subsequent sections will describe in further detail the experimental
treatment protocol for each batch of HFD/STZ rats. In total, 5 batches of
experiments were conducted in an attempt to establish a T2DM rat model.
The experiments were conducted over a total period of approximately twelve
months and every stage had been a vital learning process. This meant that for
every subsequent batch, improvements to the protocol were made to optimise
the response rate (a T2DM model) and lowest mortality rate. Importantly,
every attempt was made to apply the principles of the 3Rs (Replacement,
Refinement and Reduction) especially for each protocol modification 209.
For each batch, the objectives, summary of treatment protocol (with
improvements), pre-treatment, treatment and post-treatment phases as well
as the learning points will be described. The rationale of using the
intraperitoneal (IP) route for the administration of STZ has been explained in
Chapter 3 and this was the route used in every experiment. The STZ dose
was kept relatively low (consistent with that used by other research
groups233,234) while the frequency of injections changed from one batch to
another as part of the protocol modification in order to obtain a Type 2 and not
a Type 1 diabetes model with a low mortality rate.

4.2 Batch 1 of HFD/STZ rats
Objectives: To find the minimum duration of high fat diet and minimum dose
of STZ required to obtain an obese phenotype and persistent state of
hyperglycaemia respectively (i.e the obese T2DM phenotype) while limiting
any potential animal mortality.
4.2.1 Protocol summary:
HFD for 57 days, 2 STZ injections (35mg/kg) 3 weeks apart, 91% α-anomer.
4.2.2 Pre-treatment phase (HFD):
Sixteen male Sprague-Dawley rats (weight range 79.5- 115g) were housed in
pairs and given a 7-day acclimatisation period. After the acclimatisation
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period, a baseline weight and fasting blood glucose (FBG) were measured.
The rats then were randomly assigned (using random.org) to either the control
or HFD/STZ group (n=8 per group) and placed on their assigned diet for a
total duration of 57 days. The duration of each group’s allocated diet
constituted the pre-treatment phase. The rats were weighed and had their
fasting blood glucose measured on the first week of their allocated diet.
4.2.3 Treatment phase (STZ injections)
For this batch of rats, two STZ (Sigma-Aldrich, St. Louis, USA) injections were
delivered: the first after 2 weeks of high fat diet (HFD) and the second after
another 3 weeks of HFD (with a total duration of HFD of 5 weeks). The reason
for the second STZ injection is explained in the results section. The STZ
compound comprised of 91% α-anomer (Sigma code S0130; Lot#
SLBJ7785V). The rats were fasted overnight the day before receiving STZ.
On the day of the treatment with STZ, all of the animals were weighed. Rats in
the HFD/STZ group were assigned to receive STZ at 35mg/kg by IP injection
while the control group received weight-matched citrate buffer as a vehicle via
the same route. The dose of STZ used in this protocol was relatively low in
order to inflict mild toxicity to the pancreas to induce a T2DM-like phenotype
and not T1DM. Prior to receiving their allocated treatment, the rats were
anaesthetised by inhalation with isoflurane.
4.2.4 Post-treatment phase (evaluation of response)
Post-treatment with STZ, the rats were maintained on the HFD until they were
used for further experimentation. A positive response to the STZ is defined as
the manifestation and maintenance of hyperglycaemia (either fasting or
random blood glucose) in keeping with the diagnosis of diabetes (see Table 32). Urinary glucose measurement was also attempted whenever possible via
a point-of-care urine glucose dipstick (Precision Labs Inc, Arizona, USA) in
order to provide a supporting diagnosis of diabetes (by the demonstration of
glycosuria).
Importantly, the animals were closely monitored for adverse effects secondary
to STZ-induced toxicity201. Although this was less likely to occur with a low
dose STZ protocol, the risk of acute toxicity and development of T1DM still
remained especially within the first 48-72 hours.
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The signs of acute and subacute STZ toxicity include201 :
1) Hypoglycaemia: This is due to increased insulin release from
pancreatic β-cells, which can manifest in wide range of symptoms from
mild (like restlessness and lethargy) to severe (such as seizures, coma
and death). The blood glucose levels were monitored and any
evidence of hypoglycaemia would be addressed. Rats that did not
respond to treatment would be euthanised by Schedule 1 methods235.
2) T1DM-like phenotype: This is secondary to marked pancreatic β-cell
loss and can be identified by changes in appetite, drastic weight loss
and muscle wasting. The body weight of the rats were regularly
monitored and if more than 20% weight loss occurred, then the rats
would be euthanised by Schedule 1 methods.
3) Ascites: This is secondary to low osmotic pressure which may be
associated with STZ injections. Advice would be sought from the
Named Veterinary Surgeon (NVS) and Named Animal Care & Welfare
Officer (NACWO) and if any additional signs of pain and ill-health
become evident, the rats would be euthanised by Schedule 1 methods.
Aside the aforementioned adverse effects, the signs of established diabetes
would be identified. These include polyuria, polydipsia and polyphagia and
can manifest at 1-2 weeks post-STZ injection. The bedding were changed
regularly while food and water were replenished more frequently. If the rats
exhibit any signs of pain, suffering, distress or lasting harm whether or not
they were secondary to the STZ injection, advice from the NVS and NACWO
would be obtained with appropriate measures taken to ease their suffering.
4.2.5 Results
Complications
There were no deaths or complications and all the rats survived until they
were used for other experiments.
Blood glucose profile
At 1 week post-first STZ treatment, the mean fasting blood glucose (FBG)
level in the HFD/STZ group remained in the non-diabetic range (6.2 ± 0.3
mmol/L) and was similar to that of the control group (6.3 ± 0.3 mmol/L). By
week 2 post-treatment, the mean FBG in the HFD/STZ group went up into the
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diabetic range (11.8 ± 1.7 mmol/L, range 9.0-23.4 mmol/L). However, by week
3 post-treatment, the mean FBG in the HFD/STZ group had spontaneously
dropped back to normoglycaemic levels (6.7 ± 0.3 mmol/L).
Due to the lack of a sustained response from the first STZ injection, a second
STZ injection was delivered 3 weeks after the first STZ injection. As a result,
the mean FBG steadily increased from 6.8 ± 0.3 mmol/L, range 5.7- 7.9
mmol/L (1 week post-second injection) to 8.9 ± 1.0 mmol/L, range 6.2-14.5
mmol/L (3 weeks post-treatment) and sustained at 9.6 ± 1.0 mmol/L, range
6.7-13.6 mmol/L (5 weeks post-treatment). The overall positive response rate
for diabetes was 6 out of 8 rats (75%) at 22 days post-second STZ treatment.
These results are illustrated by the graph in Figure 4-1.
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Figure 4-1 Fasting blood glucose profile of the first batch of HFD/STZ rats and control rats.

The HFD/STZ rat group is represented by the purple line while the control rat group is
represented by the black line. The first STZ injection produced a hyperglycaemic response
that was not sustained. The second STZ injection successfully produced and maintained
hyperglycaemia at the diabetic range (defined by an FBG ≥ 7.0) in 75% of the rats in the
HFD/STZ group.

Weight profile
At baseline, the mean weight of the rats in the control group was 99.2 ± 3.5g
and 104.1 ± 3.2g in the HFD/STZ group. As illustrated in Figure 4-2, the
weight in both groups continued to increase with time but from day 45 to 78,
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the weight curve in the HFD/STZ group started to diverge with the HFD/STZ
group showing weight gain at a slower rate compared to the control group.
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Figure 4-2 Weight profile of the first batch of HFD/STZ rats and control rats.

The HFD/STZ rat group is represented by the purple line while the control rat group is
represented by the black line. The first STZ injection did not affect the mean weight of the
rats. The second STZ injection started to demonstrate a divergence of the weight curves with
the HFD/STZ group experiencing slower weight gain compared to the controls.

Urinary glucose excretion
Urinary sample collection was attempted in the HFD/STZ group at 3 weeks
post-second STZ treatment. Only 5 out of the 8 rats provided adequate
urinary samples. 3 out of the 5 urine samples were positive for glucose and
the remaining 2 were negative.
Summary
A protocol of HFD for 57 days with two STZ injections at 35mg/kg (91% αanomer) produced a 75% positive response rate for diabetes at 22 days postsecond STZ treatment and a 100% survival rate. In order to achieve a higher
positive response rate for diabetes, a higher dose of STZ treatment was used
for the second batch of HFD/STZ rats.
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4.3 Batch 2 of HFD/STZ rats
Objectives: To trial a shortened duration of high fat diet and increase the
dose of STZ but reduce the frequency to just a one-off administration to
improve the response rate.
4.3.1 Protocol summary:
HFD for 35 days, single STZ injection (40mg/kg), 94% α- anomer
4.3.2 Pre-treatment phase (HFD)
Ten male Sprague-Dawley rats (weight range 170- 204g) were housed in
pairs and given a 7-day acclimatisation period. After the acclimatisation
period, a baseline weight and fasting blood glucose (FBG) were measured. As
a control group had already been established in the first batch, all ten rats
were assigned to the HFD/STZ group and placed on their assigned diet for a
total duration of 35 days. Like the first batch, the rats were weighed and had
their fasting blood glucose measured on the first week of their allocated diet.
4.3.3 Treatment phase (STZ injections)
Although there were no mortalities in batch 1, a double administration of
35mg/kg STZ only produced a 75% positive response rate of diabetes.
Therefore, for this batch of rats, the dose of STZ (Sigma-Aldrich, St. Louis,
USA) was increased to 40mg/kg ip. This batch was initially planned to receive
two doses of STZ but this was abandoned (reason explained in the result
section) and ultimately, only one dose was given. The STZ compound also
comprised a higher percentage of α-anomer at 94% (Sigma code S0130; Lot#
WXBB7152V). STZ was administered after 3 weeks of high fat diet (1 week
longer than the rats in batch 1). Prior to receiving their allocated treatment, the
rats were anaesthetised by inhalation with isoflurane.
4.3.4 Post-treatment phase (evaluation of response)
Similar to batch 1, the rats were maintained on the HFD until they were used
for further experimentation. The protocol and monitoring remained the same
as that of batch 1.
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4.3.5 Results
Complications
At day 3 post-STZ treatment, 3 out of 10 rats became unwell. This was
characterised by weakness, cold to touch, unresponsiveness, poor paw grip
reflex and weight loss of >15% (16.6% in one and 17.8% in the other). All 3
rats were promptly euthanised by Schedule 1 methods. A fourth rat lost 15.7%
of its body weight at day 12 post-STZ and was euthanised by Schedule 1
methods. This led to the prompt modification of the STZ treatment protocol;
the frequency of STZ was reduced from twice to once only administration.
Blood glucose profile
At 2 weeks post-STZ treatment, the mean FBG in the remaining 7 surviving
rats in the HFD/STZ group were in the diabetic range (8.5 ± 1.2 mmol/L,
range 5.9-14.8 mmol/L) although only 4 out 7 rats had FBGs in the diabetic
range (7.3-14.8 mmol/L). The other 3 rats had FBGs ranging from 5.9 to 6.8
mmol/L. By week 7 post-treatment, the mean FBG in the HFD/STZ group
(n=6) had increased and were maintained within the diabetic range (10.9 ±
1.2 mmol/L, range 7.4-15.9 mmol/L). Excluding the rats that died, the positive
response rate for diabetes was 100% at 48 days post- STZ treatment. These
results are illustrated by the graph in Figure 4-3.
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Figure 4-3 Fasting blood glucose profile of the second batch of HFD/STZ rats only.

Only the HFD/STZ rat group is represented (purple line). Only one STZ injection was required
to produce a hyperglycaemic response that was sustained in all of the surviving rats.
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Weight profile
At baseline, the mean weight of the rats in the HFD/STZ group was 188.5 ±
3.3g. On the day of the STZ treatment, the mean weight of the rats was 370.4
± 5.5g. This dropped to 354.1 ± 9.7g at 3 days post-STZ treatment. As
illustrated in Figure 4-4, the acute weight loss within 3 days was associated
with the deaths of three rats secondary to acute STZ toxicity. Rats that
survived this acute phase proceeded to gain weight over the course of the
post-treatment phase.
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Figure 4-4 Weight profile of the second batch of HFD/STZ rats.

Only the HFD/STZ rat group is represented (purple line). The acute weight loss (within 3
days) was secondary to the higher dose of STZ used (40mg/kg) with a higher percentage of
α-anomer at 94%. Rats that survived this acute STZ toxicity phase went on to gain weight.

Urinary glucose excretion
Urinary sample collection was successful in all 10 rats in the HFD/STZ group
at day 3 post STZ treatment. All of the rats exhibited glycosuria.
Summary
A protocol of HFD for 35 days with a single but higher dose (40mg/kg) of STZ
injection (94% α- anomer) led to a 30% mortality rate acutely and 40% overall
mortality rate. However, all of the remaining survivors had a 100% positive
response rate for diabetes at 48 days post-STZ treatment. The STZ treatment
regimen was further modified in the third batch of HFD/STZ rats in an attempt
to reduce the mortality rate.
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4.4 Batch 3 of HFD/STZ rats
Objectives: To reduce the toxicity of the same dose of STZ and to provide
additional nutrients post-injection to see if the same response rate can be
obtained with no mortality.
4.4.1 Protocol summary:
Similar to Batch 2 (i.e HFD for 35 days and single STZ injection (40mg/kg),
but in addition, the STZ drug was kept in ice for at least 1 hour prior to
administration and glucose (15g/L) was added to the drinking water and kept
in place for 2 hours post-STZ treatment.
4.4.2 Pre-treatment phase (HFD)
Twelve male Sprague-Dawley rats (weight range 140 - 207g) were housed in
triplets and given a 7-day acclimatisation period. After the acclimatisation
period, a baseline weight and fasting blood glucose (FBG) were measured.
Like Batch 2, all 12 rats were assigned to the HFD/STZ group and placed on
their assigned diet for a total duration of 35 days. The weighing and FBG
measurement protocol remained the same as before.
4.4.3 Treatment phase (STZ injections)
The same STZ compound that was used in Batch 2 was also used in this
batch (Sigma code S0130; Lot# WXBB7152V). An additional step was that
the drug compound was prepared and left in ice for at least 1 hour prior to
administration. This was to facilitate the equilibration of the α- and β-anomers
(recall that the α-anomer is the more toxic form). STZ was administered after
24 days of high fat diet at the same dose (40mg/kg ip) and all other steps
remained the same as per Batch 2.
4.4.4 Post-treatment phase (evaluation of response)
Similar to batch 2, the rats were maintained on the HFD until they were used
for further experimentation. An additional step was that glucose (15g/L) was
added to the drinking water and kept in place for 2 hours post-STZ treatment.
This was an attempt to provide additional calorie supply to sustain the rats
especially during the acute post-treatment phase. The rest of the protocol and
monitoring remained the same as that of batch 2.
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4.4.5 Results
Complications
At day 5 and 6 post-STZ treatment, 3 out of 12 rats became unwell and were
promptly euthanised by Schedule 1 methods. This led an immediate dietary
modification of the post-treatment protocol; high protein diet (19%) was
soaked in water, producing a protein wet mash and placed in the cage. In
addition, dry protein diet was mixed with the HFD chow on the hopper. These
steps, similar to the acute provision of glucose in the drinking water were
attempts to provide an additional calorie boost to the rats during the posttreatment phase.
Blood glucose profile
At 12 days post-STZ treatment, the mean FBG in the remaining 9 surviving
rats in the HFD/STZ group were in the diabetic range (12.7 ± 1.2 mmol/L,
range 9.1-19.6 mmol/L). By day 27 post-treatment, the mean FBG in the
HFD/STZ group had increased (17.1 ± 1.1 mmol/L, range 12.2 -22.5 mmol/L)
and were maintained within the diabetic range at day 34 (17.4 ± 1.5 mmol/L,
range 11.9 - 23.0 mmol/L). Excluding the rats that died, the positive response
rate for diabetes was 100% at 34 days post- STZ treatment. These results are

Fasting Blood Glucose (mmol/L)

illustrated by the graph in Figure 4-5.
HFD/STZ (batch 3&4) FBG
Survival 75% (3 died Day 5-6 post-STZ)
Responders 100%

20

STZ
Week 5

15

HFD/STZ
(40mg/kg ip)
(n = 12)

10
Day 12 post-STZ

Diabetes
FBG ≥ 7.0

5
0

2

4

39 days HFD
Arrival

6

8

10

12

Time
(weeks)

Figure 4-5 Fasting blood glucose profile of the third batch of HFD/STZ rats only.

Only the HFD/STZ rat group is represented (purple line). Only one STZ injection was required
to produce a hyperglycaemic response that was sustained in all of the surviving rats.
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Weight profile
At baseline, the mean weight of the rats in the HFD/STZ group was 169.1 ±
7.3g. On the day of the STZ treatment, the mean weight of the rats was 366.3
± 7.5g. This dropped to 353.0 ± 6.6g at 2 days post-STZ treatment. As
illustrated in Figure 4-6, the acute weight loss was associated with the deaths
of three rats secondary to acute STZ toxicity. Rats that survived this acute
phase proceeded to gain weight over the course of the post-treatment phase
although the growth rate was slower than that of Batch 2.
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Figure 4-6 Weight profile of the third batch of HFD/STZ rats.

Only the HFD/STZ rat group is represented (purple line). Like Batch 2, the acute weight loss
was secondary to the higher dose of STZ used (40mg/kg). Rats that survived this acute STZ
toxicity phase went on to gain weight although at a slower rate than that of Batch 2.

Further experiments: Phlorizin
Diabetic rats in this group were subsequently subjected to exposure to
phlorizin as part of the assessment of its anti-hyperglycaemic effects. This
experiment will be described in further detail in the ‘Phlorizin experiments’
section within this chapter.
Summary
With a protocol similar to Batch 2, and the addition of anomer equilibration
and provision of additional calorie supply (glucose in the drinking water), the
overall mortality dropped from 40% in Batch 2 to 30% in this batch. Similar to
Batch 2, all of the remaining survivors had a 100% positive response rate for
diabetes at 27 days post-STZ treatment. The post-treatment phase
experimental protocol was further modified in the fourth batch of HFD/STZ
rats in an attempt to further reduce the mortality rate.
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4.5 Batch 4 of HFD/STZ rats
Objectives: To further improve the nutrition and living conditions postinjection to see if the mortality rate improves. To characterise the
hyperglycaemic profile by utilising the oral glucose tolerance test (OGTT) for
the first time.
4.5.1 Protocol summary:
Similar to Batch 3 but with the addition of high protein diet (19%) wet mash in
the cage and dry protein diet was mixed with the HFD chow on the hopper.
The cage bedding was changed daily in the acute post-treatment phase.
4.5.2 Pre-treatment phase (HFD)
Eighteen male Sprague-Dawley rats (weight range 144 - 201g) were housed
in triplets and given a 7-day acclimatisation period. The rats were weighed as
per previous protocol. In terms of blood glucose measurements, serial random
blood glucose (RBG) measurements were taken and FBG measurements
were limited to baseline and post-treatment. This was to reduce the amount of
times that diabetic rats were fasted/calorie-restricted. The rats then were
randomly assigned (using random.org) to either the control (n=6) or HFD/STZ
group (n=12). More rats were allocated to the HFD/STZ group to allow for
further experimentation in on a T2DM model. Both groups were placed on
their assigned diet for a total duration of 25 days.
4.5.3 Treatment phase (STZ injections)
The same STZ compound that was used in Batch 2 and 3 was also used in
this batch (Sigma code S0130; Lot# WXBB7152V). The drug compound was
left to equilibrate in a similar fashion to that of Batch 3. STZ was administered
after 25 days of high fat diet at a dose of 40mg/kg ip. All other steps remained
the same as per Batch 3.
4.5.4 Post-treatment phase (evaluation of response)
Unlike in Batch 3, the diet in the HFD/STZ group was switched from HFD to a
mixture of HFD and high concentration protein mash post-treatment. This was
maintained until they were used for further experimentation. In addition, the
cage bedding were changed daily during the acute post-treatment phase.

125

Similar to batch 3, glucose (15g/L) was added to the drinking water and kept
in place for 2 hours post-STZ treatment. The rest of the protocol and
monitoring remained the same as that of batch 3. The rats in this batch also
underwent an OGTT.
4.5.5 Results
Complications
There were no deaths or complications and all the rats survived until they
were used for other experiments.
Blood glucose profile
Figures 3-10 and 3-11 illustrated the FBG and RBG profile respectively. Both
graphs essentially showed a 100% positive response to a single STZ dose at
40mg/kg ip.
Mean FBG (Figure 4-7): At 14 weeks post-STZ treatment, the mean FBG in
the HFD/STZ group was in the diabetic range (17.9 ± 1.8 mmol/L, range 9.9 28.4 mmol/L) while controls had a mean FBG of 6.4 ± 0.5 mmol/L, 5.4 - 8.8
mmol/L).
Mean RBG (Figure 4-8): At 2 weeks post-treatment, the mean RBG in the
HFD/STZ group had increased from a baseline of 8.1 ± 0.1 mmol/L (range 7.4
– 8.6 mmol/L) to 23.2 ± 0.7 mmol/L (range 19.5 -27.8 mmol/L).
Hyperglycaemia was maintained at 8 weeks post-treatment (27.1 ± 0.7
mmol/L, range 23.8 – 31.2 mmol/L).
OGTT (Figure 4-9): As this was our first OGTT attempt, 9 rats were used
where 4 came from the HFD/STZ group and the remaining 5 came from the
control group. As shown in Figure 4-9, performing the OGTT was fraught with
challenges. Performing the OGTT on 9 rats with two investigators took a full
day and overall only 5 out of 9 rats managed to complete the OGTT protocol.
Furthermore, it was important to execute the oral gavage and rat tail vein
cannulation correctly in the first attempt in order to cause less distress and
pain to the rats; these were techniques that proved to be a challenge when
under time pressure. The time pressure existed due to our attempts to obtain
blood samples at 30-minute intervals for each of the rats and that only
highlighted the labour-intensive nature of performing the OGTT. Attempts at
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additional blood collection for plasma insulin were precluded by the low
volume of blood obtained via each rat tail cannula.
In the control group, 4 out of 5 rats completed the full test as one of them
chewed off the cannula from its tail. In the HFD/STZ group, only 1 out of 4 rats
completed the full OGTT (2 rats chewed off their cannula and 1 rat had a
blocked cannula midway during the OGTT).
Nevertheless, the results proved to be interesting. 3 of the 4 rats in the control
group that completed the OGTT had an FBG and 2 hour post-load that fell in
the category of impaired glucose tolerance (IGT). The fourth rat had an FBG
and 3 hour post-load that fell in the category of impaired fasting glucose (IFG).
Of note, the rats were 5-6 months old which suggest that age may have had
an impact on glucose handling. Unsurprisingly, the HFD/STZ rat that
completed the OGTT had an FBG that was in the diabetic range at 22.5
mmo/L and the hyperglycaemia persisted at 3 hour post-load (32.2mmol/L).

Figure 4-7 Fasting blood glucose profile of the fourth batch of HFD/STZ rats and control rats.

The HFD/STZ group is represented by the purple line while the control group is represented
by the black line. Only one STZ injection at 40mg/kg ip was required to produce a
hyperglycaemic response in the HFD/STZ group.
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Figure 4-8 Random blood glucose profile of the fourth batch of HFD/STZ rats and control rats.

The HFD/STZ group is represented by the purple line while the control group is represented
by the black line. Only one STZ injection at 40mg/kg ip was required to produce a
hyperglycaemic response that was sustained in the HFD/STZ group.

Figure 4-9 Oral Glucose Tolerance Test (OGTT) results in the control and HFD/STZ groups

Each line represented one rat with the black line representing the control group and purple
line representing the HFD/STZ group. The finding that only 5 out of 9 rats completed the
OGTT (for reasons explained in the graph) highlighted the technical challenges (oral gavage
and rat tail vein cannulation) and labour-intensive nature of performing the OGTT. An
interesting finding was the diagnosis of IGT and IFG in the control group. Unsurprisingly, the
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HFD/STZ rat that had a confirmed diagnosis of diabetes at fasting proceeded to have an
abnormally high 3 hour post-load blood glucose level.

Weight profile (see Figure 4-10)
At baseline, the mean weight of the rats in the control group was 163.8 ± 6.9g
and 174.1 ± 4.3g in the HFD/STZ group. Due to the HFD, the rats in the
HFD/STZ group were heavier compared to the controls.
On the day of the STZ treatment, the mean weight of the rats in the HFD/STZ
group was 374.3 ± 6.6g. This dropped to 362.1 ± 6.2g at 4 days post-STZ
treatment. This acute weight loss was again likely to be secondary to acute
STZ toxicity but, unlike the previous batches, all of the rats that received the
STZ treatment survived. Rats in both groups continued to gain weight but as
previously demonstrated in Batch 1, the weight curves diverged although this
was more pronounced in this batch. The HFD/STZ group not only exhibited a
slower rate of weight gain but also towards the end of the post-treatment
phase, they even started to experience weight loss. This observation, along
with the sustained hyperglycaemia can be most likely attributed to progression
of diabetes.

HFD/STZ rats (batch 5) weight
Survival 100%
Responders 100%

600
500

Weight (g)

HFD/STZ
(40mg/kg ip)
(n = 12)
Control
(n= 6)

STZ week 5

400
300
200
100

0

20
25 days HFD

Arrival

40

60

80

100

Time
(days)

Figure 4-10 Weight profile of the first batch of HFD/STZ rats and control rats.

The HFD/STZ rat group is represented by the purple line while the control rat group is
represented by the black line. 25 days of HFD led to greater weight gain but after the
administration of STZ, the HFD/STZ group started to demonstrate a slower rate of weight
gain compared to the controls. Towards the end of the post-treatment phase, the HFD/STZ
even experienced weight loss, a probable consequence of the progression of diabetes.
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Further experiments: Phlorizin
Diabetic rats in this group were also subjected to exposure to phlorizin as part
of the assessment of its anti-hyperglycaemic effects. The experiments are
described in further detail in Chapter 5.
Conclusion
In addition to the protocol as per Batch 3, the provision of additional calorie
supply (high protein diet) and daily change of cage bedding immediately postSTZ treatment, led to a dramatic improvement in the overall mortality with no
deaths observed in the HFD/STZ group. Like Batch 3, HFD/STZ group had a
100% positive response rate for diabetes that was sustained post-STZ
treatment. The acute weight loss was a likely consequence of STZ toxicity
while the late phase weight loss was likely to be secondary to disease
progression. Our first OGTT attempt was fraught with challenges but the
findings were nevertheless interesting especially in the control group.

4.6 Batch 5 of HFD/STZ rats
Objectives: To optimize the 100% response rate and survival by reducing the
acute weight loss post-STZ and further characterise the hyperglycaemic
profile by attempting the OGTT again.
4.6.1 Protocol summary:
STZ injections (38mg/kg, IP), 94% α- anomer. Unlike the previous batches,
the rats were not fasted prior to receiving STZ. Three groups were created
during the pre-treatment phase: Control, short-term HFD and long-term HFD.
All other steps were similar to Batch 4.
4.6.2 Pre-treatment phase (HFD)
Eighteen male Sprague-Dawley rats (weight range 148 - 172g) were housed
in triplets and given a 7-day acclimatisation period. The rats were weighed as
per previous protocol. Only serial RBG measurements were taken. As
mentioned before, this was to reduce the amount of times that diabetic rats
were fasted/calorie-restricted. The rats then were randomly assigned (using
random.org) to one of three groups: Control (n=6), short-term (22 days)
HFD/STZ (n=6) and long-term (60 days) HFD/STZ (n=6). The purpose of
130

having two subgroups in the HFD/STZ group was to assess if the duration of
HFD would impact on the blood glucose profile.
4.6.3 Treatment phase (STZ injections)
The same STZ compound that was used in Batches 2 - 4 was also used in
this batch (Sigma code S0130; Lot# WXBB7152V). The drug compound was
left to equilibrate in a similar fashion to that of Batches 3 and 4. STZ was
administered after 22 days of high fat diet at a reduced dose of 38mg/kg ip.
Unlike the previous batches, the rats were not fasted prior to receiving STZ.
All other steps remained the same as per Batch 4.
4.6.4 Post-treatment phase (evaluation of response)
Post-treatment, the diet in the short-term HFD/STZ group was switched from
HFD to a mixture of HFD and high concentration protein mash for a further 7
days post-treatment. Following that, the diet was then switched to the
standard chow diet (similar to the control group).
In the long-term HFD/STZ group, after the 7 day bridging period of HFD and
protein mash diet, the diet was resumed to HFD only. This was maintained
until the OGTT and then used for further experimentation. Similar to batches 3
and 4, glucose (15g/L) was added to the drinking water and kept in place for 2
hours post-STZ treatment. In addition, the cage bedding were changed twice
daily instead of once daily in Batch 4. The rest of the protocol and monitoring
remained the same as that of batches 3 and 4.
The rats in this batch also underwent the OGTT. Based on what we learned
from the first OGTT attempt on Batch 4, the OGTT protocol was modified so
that the rats received regular venepuncture rather than cannulation with the
intention of improving the yield of blood collection for blood glucose and
plasma insulin measurements. In order to include all 18 rats for the OGTT, the
test was conducted over a two-day period (9 rats per day).
Plasma that was isolated from the additional blood collected was used for the
measurement of insulin by ELISA.
4.6.5 Results
Complications

131

There were no deaths or complications and all the rats survived until they
were used for other experiments.
Blood glucose profile (see Figure 4-11)
At 17 days post-STZ treatment, the mean RBG in the control group was 6.9 ±
0.3 mmol/L (range 5.7 – 8.0 mmol/L), short-term HFD/STZ group was 18.9 ±
4.2 mmol/L (range 7.5 -33.2 mmol/L), long-term HFD/STZ group was 20.4 ±
2.9 mmol/L (range 7.2 – 26.9 mmol/L). By day 24 post-treatment, the mean
RBG in the short-term HFD/STZ group was maintained at 18.4 ± 4.2 mmol/L
(range 8.7 – 31.8 mmol/L) and the same applied to the long-term HFD/STZ
group (21.0 ± 3.0 mmol/L, range 9.6 - 28.9 mmol/L).
Although the mean RBG levels in both HFD/STZ groups were in the diabetic
range, only 50% were diabetic in the short-term HFD/STZ group and 83% in
the long-term HFD/STZ group.
OGTT:

On this second OGTT attempt, all 17 out of 18 rats successfully

completed the protocol. Unfortunately, one rat from the control group did not
complete the protocol as it chewed and swallowed the oral gavage tube and
therefore euthanised by Schedule 1 methods. Additional blood collection for
plasma insulin was successful with repeated venepuncture instead of rat tail
cannulation in the previous batch. The blood glucose levels for each rat at
multiple time points during the OGTT are represented in Figure 4-12.

Figure 4-11 Random blood glucose profile of the fifth batch of HFD/STZ rats and control rats.

The short-term HFD/STZ group is represented by the blue line, long-term HFD/STZ group by
the pink line and the control group is represented by the black line. A single STZ injection at a
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reduced dose of 38mg/kg ip produced a hyperglycaemic response that was sustained in 67%
of the combined HFD/STZ group.

Figure 4-12 Oral Glucose Tolerance Test (OGTT) results in the control and HFD/STZ groups

Each line represented one rat with the black line representing the control group, blue line
representing the short-term HFD/STZ group and pink line representing the long-term
HFD/STZ group. The majority of rats in the long-term HFD/STZ group (83%) remained in the
diabetic range at the end of the OGTT. This dropped to 50% in the short-term HFD/STZ
group although there was a greater proportion of rats with pre-diabetes (IGT and IFG).
Interestingly, 1 rat in the control group (which happened to be the heaviest) had IGT.

Figure 4-13 shows the mean FBG in each of the 3 groups at the start of the
OGTT. The FBG in the control group was 5.6 ± 0.2 mmol/L, 5.9 ± 0.3 mmol/L
in the short-term HFD/STZ group and 9.1 ± 0.9 mmol/L in the long-term
HFD/STZ group. Interestingly, none of the rats in the short-term HFD/STZ
group had an FBG that could be classified as diabetes. Unsuprisingly, 83% of
rats in the long-term HFD/STZ group had an FBG that was classified as
diabetes.
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Figure 4-13 The mean FBG levels in all three groups.

Interestingly, none of the rats in the short-term HFD/STZ group (middle column) had an FBG
that could be classified as diabetes. Unsuprisingly, 83% of rats in the long-term HFD/STZ
group (pink column on the right) had an FBG that was classified as diabetes.

Figure 4-14 shows the mean blood glucose in each of the 3 groups at the end
of the OGTT (3.5 hours for the first day and 4 hours for the second day).
The mean 3.5-4 hour-post load blood glucose in the control group remained at
a non-diabetic level (7.1 ± 0.5 mmol/L), while in both the short and long-term
HFD/STZ groups, the mean blood glucose levels were at a diabetic level (13.6
± 3.5 mmol/L and 20.2 ± 2.9 mmol/L respectively).
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Figure 4-14 The mean 3.5-4 hour post-load blood glucose levels in all three groups.

Compared to the FBG levels, the short-term HFD/STZ group (middle column) now had a
mean blood glucose level that could be classified as diabetes. Unsuprisingly, the mean blood
glucose level in the long-term HFD/STZ group (pink column on the right) remained at diabetic
levels while the control group (left column) remained at non-diabetic levels.

Weight profile
At baseline, the mean weight of the rats in the control group was 163.8 ± 2.8g,
159.5 ± 2.8g in the short-term HFD/STZ group and 156.4 ± 2.8g in the longterm HFD/STZ group. Pre-treatment, the rates of weight gain were similar
across all three groups. During the post-treatment phase, the weight curves of
the rats in both the HFD/STZ groups diverged towards a slower rate of weight
gain compared to controls. Interestingly, rats on the long-term HFD/STZ group
had lower weights compared to the rats in the short-term HFD/STZ group. As
the follow-up period was shorter than that of Batch 4, it was not possible to
comment on the presence of a late-phase weight loss in any of the two
HFD/STZ groups. These observations are illustrated in Figure 4-15.
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Figure 4-15 Weight profile of the first batch of HFD/STZ rats and control rats.

The short-term HFD/STZ group is represented by the blue line, long-term HFD/STZ group by
the pink line and the control group is represented by the black line. 22 days of HFD led to
similar rates of weight gain in all three groups. After the administration of STZ, both HFD/STZ
groups started to demonstrate a slower rate of weight gain compared to the controls. This
was more pronounced in the long-term HFD/STZ group.

Insulin analysis by enzyme-linked immunosorbent assay (ELISA)
Unfortunately, during the transfer of the 96-well plate to the FLUOstar Omega
microplate reader, the plate was inadvertently tilted which led to sample
leakage across the surface of the plate. As a result of the cross-contamination
between the samples, no accurate insulin concentration levels could be
obtained.
Summary
With an experimental protocol similar to Batch 4, a lower dose of a single STZ
injection (38mg/kg, ip, 94% α- anomer) led to a 50% diabetic response in the
short-term HFD/STZ group and 83% in the long-term HFD/STZ group.
Adherence to the same standard of care post-treatment as per Batch 4 meant
that there were no deaths from the STZ treatment in this batch of rats.
Although the insulin concentration levels from the OGTT could not be
obtained accurately, the blood glucose profiles from the OGTT yielded
interesting results:
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Long-term HFD produced a higher proportion of diabetic rats compared to
short-term HFD. Nevertheless, rats that were not classed as diabetic in the
short-term HFD/STZ group had pre-diabetes (either IGT or IFG) instead. The
‘normal’ FBG measurements in the short-term HFD/STZ group also
highlighted the important role of the OGTT in detecting diabetes and prediabetes that would have been missed if not for the OGTT.

4.7 Conclusion
The series of experiments to establish the HFD/STZ rat model of T2DM has
yielded plenty of learning points and is considered novel since the protocol
modifications (to achieve a high response rate of the T2DM phenotype while
maintaining the 3Rs) have not been well-described in the literature. Chapter 6
will highlight the learning points from the series of experiments described in
this chapter and the rationale behind selecting the Zucker Diabetic Fatty
(ZDF) rat as the T2DM rat model of choice.
The next chapter will describe the trial of using phlorizin (a mixed SGLT1 and
2 inhibitor) on one of the batches of HFD/STZ rats to test its antihyperglycaemic effects. The findings will be used to explain why canagliflozin
was later selected as the SGLT2 inhibitor for subsequent experiments.
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Chapter 5

Using an SGLT inhibitor on the T2DM

rat model: The effects of phlorizin on the blood
glucose profile of diabetic HFD/STZ rats
5.1 Research aim
To evaluate the efficacy of phlorizin as an anti-hyperglycaemic agent and the
most effective route of administration. If phlorizin is shown to be effective in
improving the blood glucose levels in diabetic rats, then the drug can be
utilised

for

the

mechanistic

studies

using

the

myocardial

ischaemia/reperfusion injury experimental model.

5.2 The rationale for using phlorizin
Phlorizin is a natural product that was first isolated from the bark of apple
trees (and subsequently found in a number of other fruit trees) and has been
used in pharmacology and physiology research for over 150 years236.
Phlorizin is a competitive inhibitor of both SGLT1 and SGLT2 and as a result
leads to inhibition of glucose absorption in the small bowel and proximal renal
tubule respectively236.
This drug is cheap and readily available but the main reason for choosing
phlorizin in our lab was based on the finding of a previous research fellow at
the Hatter Cardiovascular Institute, UCL that showed that in an ex vivo
isolated perfused heart model (described in Chapter 3), phlorizin reduced the
myocardial infarct size in non-diabetic heart rats that were perfused with high
glucose (to clinically mimic acute coronary syndrome patients who have not
been diagnosed with diabetes but found to have hyperglycaemia on
presentation). This is illustrated in Figure 5-1. Although the data is
unpublished, the findings were promising and suggested that SGLT inhibition
can

protect

the

heart

from

glucotoxicity

by

mitigating

myocardial

ischaemia/reperfusion injury. Therefore it will be interesting to see if the
positive effects of phlorizin can be extended to the T2DM rat model. In
particular, can the administration of phlorizin in the diabetic HFD/STZ rat in
vivo attenuate myocardial ischaemia/reperfusion injury in the isolated
perfused heart model?
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Figure 5-1 Mitigation of myocardial ischaemia/reperfusion injury with phlorizin in isolated
perfused non-diabetic rat hearts that were perfused with high glucose (unpublished data)
The work was performed by a previous research fellow who worked at the Hatter Cardiovascular
Institute, UCL. Interestingly, phlorizin conferred cardioprotection in isolated hearts that were perfused
with high glucose but no significant change in the myocardial infarct size was seen in a normoglycaemic
perfusate. Another key finding was that perfusion with high glucose led to a higher infarct size in nondiabetic rat hearts not exposed to phlorizin suggesting that phlorizin mitigated glucotoxicity.

5.3 Subcutaneous route of phlorizin administration
Based on the literature and experience by other research groups, this was our
initial route of choice

237,238

. As this was our first experience of administering

phlorizin to the diabetic rats in vivo, the priority was to ensure that a consistent
amount of drug was delivered to the rats. Thus it was felt that the
subcutaneous route was more effective than the oral route at doing so.
5.3.1 Treatment groups
Only diabetic rats were used for this experiment. The 9 surviving HFD/STZ
rats from Batch 3 were used and 5 treatment groups were created as part of
the assessment of dose response: Vehicle, Phlorizin 100mg/kg once daily
(OD), 100mg/kg twice daily (BD), 200mg/kg OD and 200mg/kg BD. All
injections were given via the subcutaneous (sc) route.
The time interval between the first and second injection in the BD dosing
regimen could only be 3 hours and not 12 hours. This was due to two main
practical reasons: Firstly, restricted access into the animal housing unit during
the out-of-hours period. Secondly, the unavailability of investigators or
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members of staff to perform the injection and blood glucose measurement
since a minimum of two investigators are required to perform the tasks.
As each group comprised a minimum of 3 rats, the maximum number of
groups that could be tested at the same time was 3. This meant that the
groups had to undergo a certain number of washout and crossover periods in
order to test the different doses of phlorizin.
5.3.2 Primary outcome: Blood glucose measurements
The aim is evaluate the response of the diabetic rats to phlorizin
administration in the form of an improvement in hyperglycaemia. Random
blood glucose (RBG) samples were taken at 5 time points: Baseline, 3 hours,
6 hours, 16 hours and 24 hours post-treatment. The RBG measurements
were performed with the same point-of-care device used in the HFD/STZ
experiments, the Accu-Chek Mobile blood glucose meter (Roche).
5.3.3 Drug compound preparation
Several attempts were made to dissolve phlorizin (Sigma-Aldrich, St. Louis,
USA; Sigma code P3449-5G; Lot# SLBP3626V) with reference to data from
the literature162,237–239. However, precipitation frequently occurred, hence
rendering the drug solution unsuitable for injection. After some trial and error,
we found that phlorizin was best dissolved in a solution of 20% ethanol and
20% 1,2-propanediol (propylene glycol) in deionised water at room
temperature. Importantly, phlorizin had to be made fresh on the day of the
experiments as precipitates could still form if the drug solution was stored in
the fridge. The drug was then injected subcutaneously at either 100mg/kg or
200mg/kg and either once or twice daily. The vehicle was a solution of 20%
ethanol and 20% propylene glycol in deionized water.
In terms of the route of drug administration, we have found that the maximum
volume of a bolus subcutaneous injection in a rat should not exceed 1.2mL;
otherwise the leakage of solution out of the skin would occur. If a higher
volume of injection was required, then the solution would be split into two
smaller volumes injections to be delivered to different sites. The implication of
the volume limitation per injection also meant that there was a limit on the
maximum dose of phlorizin that could be delivered over 24 hours.
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5.4 Results
5.4.1 Phlorizin 100mg/kg once daily
Phlorizin at a dose of 100mg/kg OD was effective at lowering the RBG levels
of diabetic rats. However, the improvement only lasted for less than 3 hours
and the RBG levels of the diabetic rats were nearly back to baseline by 16
hours (see Figure 5-2).

Figure 5-2 The effects of phlorizin 100mg/kg subcutaneous injections once daily on the blood
glucose profile of diabetic rats.

The anti-hyperglycaemic effects of phlorizin (blue line) at a dose of 100mg/kg OD were shortlasting. The upward pointing arrow at the x-axis represents the timing of the phlorizin
injection.

5.4.2 Phlorizin 200mg/kg once daily
Phlorizin at a dose of 200mg/kg OD was effective at lowering the RBG levels
of diabetic rats to greater extent compared to the 100mg/kg dose. However,
the improvement also lasted for less than 3 hours and the RBG levels of the
diabetic rats were nearly back to baseline by 24 hours (see Figure 5-3).
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Figure 5-3 The effects of phlorizin 200mg/kg subcutaneous injections once daily on the blood
glucose profile of diabetic rats.

The anti-hyperglycaemic effects of phlorizin (brown line) at a dose of 200mg/kg OD were also
as short lasting as that of the 100mg/kg OD dose. The upward pointing arrow at the x-axis
represents the timing of the phlorizin injection.

5.4.3 Phlorizin 100mg/kg twice daily
Like the OD regimen, phlorizin at a dose of 100mg/kg BD was effective at
lowering the RBG levels of diabetic rats. However, the improvement was
sustained for less than 6 hours and the RBG levels of the diabetic rats were
nearly back to baseline by 16 hours (see Figure 5-4).

Figure 5-4 The effects of phlorizin 100mg/kg subcutaneous injections twice daily on the blood
glucose profile of diabetic rats.
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The anti-hyperglycaemic effects of phlorizin (blue line) given twice daily were only sustained
for up to 6 hours. The upward pointing arrows at the x-axis represent the timing of the
phlorizin injection.

5.4.4 Phlorizin 200mg/kg twice daily
Like the BD regimen, phlorizin at a dose of 200mg/kg BD was effective at
lowering the RBG levels of diabetic rats. However, the improvement was only
sustained for less than 6 hours and the RBG levels of the diabetic rats were
nearly back to baseline by 16 hours (see Figure 5-5).

Figure 5-5 The effects of phlorizin 200mg/kg subcutaneous injections twice daily on the blood
glucose profile of diabetic rats.

The anti-hyperglycaemic effects of phlorizin (brown line) given twice daily were only
maintained for up to 6 hours. The upward pointing arrows at the x-axis represent the timing of
the phlorizin injection.

5.5 Conclusion:

Inadequate

sustained

response

to

subcutaneous phlorizin administration
Phlorizin, at a dose of 100-200mg/kg sc was able to improve the blood
glucose profile of the diabetic rats down to normoglycaemic levels. However,
the once or twice daily injections were only able to sustain normoglycaemia
for approximately 3-6 hours.
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5.6 Oral route of Phlorizin administration
Due to the difficulty in maintaining normoglycaemia in diabetic HFD/STZ rats
with a higher dose and twice daily dose of phlorizin, the following options were
considered when planning the next Phlorizin experiment, with the aim of
overcoming the limitations that were encountered previously:
1) Deliver more frequent injections totaling up to 400mg/kg over a 24-hour
period. This dose of 400mg/kg has been used in previous studies237,238.
a. This would involve delivering 100mg/kg sc four times a day,
since we have demonstrated that 200mg/kg sc BD was
inadequate. Based on data from the once daily dosing regimen,
it would be unlikely that 400mg/kg sc OD would produce a
sustained

normoglycaemic

response.

However,

delivering

phlorizin injections at every 6 hours over a 24-hour period would
not have been possible for practical reasons that have been
mentioned previously.
2) Osmotic mini-pump
a. An osmotic mini-pump is a miniature infusion pump that can be
implanted

subcutaneously

or

intraperitoneally

to

allow

continuous drug delivery in vivo and has been used in other
studies240,241. This method was not pursued for several reasons:
the risk of infection especially in the diabetic rats, absence of a
mini-pump that will be large enough to store the solubilised drug
dose required for 24 hour dosing, lack of available staff with the
technical skills to perform the procedure and the lack of
available training to learn the procedure.
3) Drug fortified into the chow
a. This method most closely mimicked clinical studies and was
considered to be the most feasible and practical option with the
advantage of avoiding the procedural risks and complications of
an osmotic mini-pump implantation.
5.6.1 Treatment groups
All 18 rats from Batch 4 were used for this experiment. Oral phlorizin was
administered to both the diabetic HFD/STZ and non-diabetic control groups.
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Further details of the diet composition are described in Table 5-1 below:
Diet description of 1.2% Phlorizin
Modified 58Y2, with 1.2% Phlorizin (TestDiet, St. Louis, USA)
The breakdown of calories provided by this diet:
1) Carbohydrates: 71.4%
2) Fat: 10.3%
3) Protein: 18.3%
The macronutrient content provided by this diet:
1) Carbohydrates: 66.2%
2) Fat: 4.3%
3) Protein: 16.9%
4) Fiber: 4.7%
Table 5-1 Description of the diet composition for each of the two groups.

5.6.2 Blood glucose measurements
RBG measurements were performed at baseline and post-treament with the
same point-of-care device used in the HFD/STZ experiments, the Accu-Chek
Mobile blood glucose meter (Roche).
5.6.3 Drug compound preparation
The phlorizin diet was manufactured from TestDiet (St. Louis, USA). The
concentration of phlorizin incorporated into the chow (1.2%) was derived from
the following calculations and assumptions:
The daily food consumption per rat is between 10-20g and the approximate
body weight of the rat at 4 weeks post-STZ treatment is 400g. In order to
deliver a 24-hour phlorizin dose of 400mg/kg/day, a 400g rat should receive
160mg of phlorizin per day. Therefore 160mg of phlorizin should be
incorporated into 10-20g of chow. This equates to 0.8-1.6% and the midway
point was chosen at 1.2%.

5.7 Results
As shown in Figure 5-6, the RBG post-oral phlorizin did not improve and the
HFD/STZ rats remained hyperglycaemic. Unsurprisingly, there was little
change in the RBG profile of the non-diabetic rats.
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Figure 5-6 The effects of oral phlorizin on the blood glucose profile of diabetic rats.

HFD/STZ and non-diabetic rats from Batch 4 (purple line and black line respectively) were
used for this study. Once diabetes has been established in the HFD/STZ group, oral phlorizin
was introduced to both groups at around week 14-15 (up and down arrows). There was no
significant change in the RBG profile in both groups post-oral phlorizin.

5.8 Discussion
Even altering the mode of administration of phlorizin to mimic clinical studies
that use oral SGLT inhibitors, there was an inadequate improvement to the
hyperglycemia. The lack of anti-hyperglycaemic response to oral phlorizin
have been attributed to the conversion of phlorizin to phloretin (a less potent
SGLT1 /SGLT2 inhibitor) in the small bowel

242,243

. Hence, both the

subcutaneous and oral routes of delivering phlorizin were found to be
ineffective at producing a sustained anti-hyperglycaemic effect in diabetic rats.
Since the options of regular subcutaneous injections and osmotic mini-pumps
were found to be not feasible, an alternative SGLT inhibitor was needed.
Subsequently, the Hatter Cardiovascular Institute was fortunate to form a
collaboration with Janssen Research and Development (Springhouse, PA,
USA) which provided the oral and powdered formulation of canagliflozin (the
drug used in CANVAS) for the experiments that will be described in the
subsequent chapters.
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Chapter 6

Choosing the T2DM rat model: HFD/STZ

versus the Zucker Diabetic Fatty (ZDF) model
6.1 Summary of experiments conducted on Batch 1-5 of the
HFD/STZ rats
A summary of the major experiments conducted in all 5 batches of HFD/STZ
rats is shown in the table below:

Batch 1
(n=8)
Batch 2
(n=10)

Batch 3
(n=12)

Description of the

Survival &

Mean

OGTT

Phlorizin

HFD/STZ protocol

Response

blood

experiments

experiments

rate (%)

glucose

STZx2 (35mg/kg)

Alive: 100

FBG 9.6

Not performed

Not

91% α-anomer

Response

(5 weeks

yet

performed yet

rate: 75

post-STZ)

STZx1 (40mg/kg)

Alive: 60

FBG 10.9

Not performed

Not

94% α-anomer

Response

(7 weeks

yet

performed yet

rate: 100

post-STZ)

Same as Batch 2

Alive: 75

FBG 17.1

Not performed

Phlorizin sc

+1 hour anomer

Response

(4 weeks

yet

lowered blood

equilibration

rate: 100

post-STZ)

glucose but

+ glucose in the

this effect

drinking water for 2

was not

hours post-STZ

sustained

Batch 4

Same as Batch 3

Ailve: 100

RBG 23.2

Only 56%

Oral phlorizin

(n=12)

+ high protein diet

Response

(2 weeks

completed the

did not lower

fed to the rats post-

rate: 100

post-STZ)

OGTT protocol.

blood glucose

STZ + bedding

Batch 5
(n=18)

Plasma insulin

change OD

FBG 17.9

inadequate for

25 days of HFD

(14 weeks

ELISA.

pre-STZ

post-STZ)

STZx1 (38mg/kg)

Alive: 100

Short

94% completed

Not

94% α-anomer

Response

term HFD

the OGTT.

performed

+ bedding change

rate:

RBG 18.4

Insulin ELISA

due to

BD + other steps

Short term

(3.5weeks

unsuccessful.

inadequate

similar to Batch 4

HFD group:

post-STZ)

Short term HFD:

therapeutic

3 groups created

0% diabetic

Long term

50% diabetic

response

(n=6 per group):

on FBG

HFD

50% IGT/IFG

- Control group

Long term

RBG 21.0

Long term HFD:

- Short term HFD

HFD group:

(3.5weeks

83% diabetic
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(22 days)
- Long term HFD
(36-42 days)

83%
diabetic on
FBG

post-STZ)

17% IGT
Control group:
20% IGT

Table 6-1 Summary of results for all of the major experiments performed in all 5 batches of
HFD/STZ rats.

Details of the methods and results of each batch of rats are described in Chapters 3 to 5.

6.2 Discussion
Based on the five series of experiments using different methodologies to
establish the HFD/STZ rat model, the two protocols that produced the highest
response rates for induction of diabetes and lowest mortality rates were from
batches 4 and 5. As mentioned before, the aim was to produce an obese
T2DM phenotype and our protocol was different to most STZ experiments
reported in the literature which tended to use relatively high doses to induce a
T1DM phenotype.
We found that pre-treatment with HFD for at least 25 days, followed by a low
dose single intraperitoneal injection of STZ at 40mg/kg and good posttreatment standard of care (a mixture of HFD and protein diet and regular
cage bedding change) produced a T2DM-like phenotype in all of the rats with
no adverse impact on mortality and morbidity. Alternatively, a single
intraperitoneal injection of STZ at a slightly reduced dose at 38mg/kg can
produce either a T2DM-like phenotype or pre-diabetes phenotype depending
on the duration of HFD. If the HFD was withdrawn post-treatment (i.e short
term HFD), then 50% of the HFD/STZ cohort was diabetic while the other
50% was pre-diabetic. If the HFD was continued post-treatment (i.e long term
HFD), then a higher percentage (83%) of HFD/STZ rats became diabetic.
Other research groups have attempted higher STZ doses and alternative
routes of administration. For instance, Wei et al administered a single STZ
dose of 65mg/kg intravenously (via the femoral vein) to 96 male Wistar rats
which led to the induction of diabetes in 90% but at the expense of 48%
mortality by 24 weeks of untreated diabetes244. It is worth noting that a higher
dose was used and given intravenously so it is likely that a T1DM rather than
a T2DM phenotype was produced. Intravenous administration is also
technically more challenging and if done incorrectly can lead to harm in the
rats. In our case, no mortality or morbidity occurred with both intraperitoneal
148

STZ doses (38mg/kg and 40mg/kg) coupled with excellent post-treatment
standard of care. Our achievement of a 100% survival rate with our modified
protocol was particularly significant in establishing the T2DM rat model as the
health of these animals can rapidly deteriorate (as evident in our earlier
batches of rats). Avoiding unnecessary animal mortality and morbidity is also
in line with the principles of 3Rs235.
Depending on future research needs, one of the two modified treatment
protocols could be utilized to establish either a T2DM or pre-diabetic
HFD/STZ rat model:
1) T2DM model: Long term HFD + single STZ dose (40mg/kg ip)
2) Pre-diabetes model: Short term HFD + single STZ dose (38mg/kg ip)
The interesting findings of the OGTT only serve to highlight the advantages of
having this investigative tool in the diagnosis of diabetes and pre-diabetes.
When establishing the T2DM model, the FBG or RBG measurements coupled
with symptoms are usually adequate to diagnose diabetes. However, when
establishing the pre-diabetes model, the use of the OGTT is an essential
component of the methodology.
In the HFD/STZ rat model, the state of obesity, insulin resistance and/or
glucose intolerance in pre-diabetes is simulated by a period of high fat or
“Western” diet
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. However, not all of the HFD/STZ rats actually achieve

obesity as this has been shown to be dependent on the duration of the
HFD246. As evident in our data, the HFD/STZ rats appeared to be neither
visually obese nor significantly more overweight than the non-diabetic control
rats. Therefore, our T2DM rat model may not necessarily reflect the obese
T2DM phenotype in humans. Although not performed in our studies, the
assessment of lipid profile, renal function, blood pressure and cardiac function
could be assessed in any future research work when characterising the
HFD/STZ rat model. Wei et al have performed extensive characterisation
STZ-diabetic rats but this was in the absence of HFD or “Western” diet
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;

therefore there is scope to perform similar characterisation work in our model
in the future.
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6.2.1 Limitations
Establishing the HFD/STZ rat model of T2DM came with multiple challenges,
which we worked hard to address. In terms of obtaining samples for our
primary outcome measures, procedures such as rat tail venepuncture, tail
vein cannulation and oral gavage were techniques that required skill and
experience and improvements in the performance of those procedures
became evident with the later batches.
In addition, STZ has a narrow therapeutic window and a fine balance had to
be struck between obtaining a positive and sustained hyperglycaemic
response against the avoidance of drug toxicity. STZ is not only toxic to the
animals but also to the investigators and had to be handled with extreme
caution.
In terms of the phlorizin experiments, the subcutaneous administration of
phlorizin did not achieve a sustained normoglycaemic response while the oral
alternative of the drug did not have any effect on the blood glucose levels of
the diabetic rats. Therefore, this precluded the use of this drug for future
experiments and an alternative SGLT inhibitor had to be found.
Establishing a batch of diabetic HFD/STZ rats was a labour and time-intensive
process that took at least two months before they could be utilised for further
experiments. All in all, it took nearly a year to go through the process of
establishing the HFD/STZ rat model.
While efforts were made to try to obtain an obese T2DM phenotype, it has
been challenging to fully characterise our model to confirm this (for example, it
was difficult to obtain samples to test for insulin resistance and inadequate
urine samples obtained to provide any renal data). Future model
characterisations will also include more anthropometric parameters such as
the body mass index and waist to height ratio.
6.2.2 Conclusion
The interesting results that arose from the series of experiments that we have
conducted suggest that protocol modifications to the HFD/STZ rat model can
produce either a T2DM or pre-diabetes phenotype depending on the research
question. The HFD/STZ rat model is a viable model of diabetes although the
process can be labour and time-intensive in nature. In addition, the
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combination of animal handling with the administration of a toxic drug
compound has the potential to inadvertently harm both the handler and the
animal. In line with the principle of the 3Rs, another diabetic rat model may
offer advantages in terms of animal welfare209.

6.3 Utilising the Zucker Diabetic Fatty (ZDF) rat model
6.3.1 Introduction
Another well-characterised and clinically relevant T2DM animal model is the
Zucker Diabetic Fatty fa/fa (ZDF) rat (ZDF- Leprfa/Crl), which is one of the
genetic spontaneous diabetes models247. In this model, male ZDF rats that
are homozygous for the fa gene mutation of the leptin receptor gene (fa
gene)248 which leads to the development of obesity and insulin resistance at
an early age (before 7 weeks of age)249. Over time, the rats progressively
develop hyperglycaemia associated with impaired pancreatic β-cell function,
loss of pancreatic β-cell mass and decreased responsiveness of liver and
extra-hepatic tissues to the actions of insulin and glucose249,250 . The control
rats used in experiments are usually male Zucker Lean Fa/fa (ZL) rats (ZDFLeprfa/+/Crl). ZL rats are heterozygous for the fa gene mutation, hence do not
develop insulin resistance and diabetes. As the features of ZDF rats are
similar to T2DM in obese humans, this model is one of the more popular and
commonly employed obese, T2DM model.
6.3.2 Rationale for the use of the ZDF rat model instead of the HFD/STZ
rat model.
The table below compares the pros and cons of using the HFD/STZ and ZDF
rat as the obese T2DM rat model based on our experience of using both
models. With the challenges that we had in establishing the HFD/STZ rat
model and the fact that the obese T2DM ZDF rats have already been wellcharacterised in the literature, the ZDF and ZL rats became the T2DM rat
model that was used for the next phase of this research.
6.3.3 Research funding available for the ZDF rat model
Towards the end of the series of HFD/STZ experiments, funding was received
from Janssen Research and Development (Springhouse, PA, USA) to procure
diabetic ZDF and non-diabetic ZL rats.
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Advantages

Disadvantages

ZDF rat

1) Model is well-characterised in

1) ZDF rats have a genetic

model

the literature to clinically reflect

predisposition to developing diabetes

the obese T2DM phenotype

and although T2DM has a significant

2) Manifestation of the T2DM

genetic component, it may not

phenotype is quicker, more

completely reflect the human population

consistent and predictable than

where there environmental factors can

the HFD/STZ rat model

contribute to the development of

3) Readily available for use in the

diabetes

SGLT2 experiments

2) More expensive to purchase

HFD/STZ rat

1) The high fat diet regimen and

1) Has a significant mortality risk to the

model

dose of STZ can be adjusted to

rat if the STZ dose is too high or not

mimic insulin resistance (from the

administered correctly and requires

diet) and mild pancreatic b-cell

intensive animal housekeeping post-

dysfunction (from the STZ) in

STZ

humans who develop diabetes

2) Needs more characterization to

2) Lower cost to purchase the

ensure that a T2DM and not T1DM

Sprague-Dawley rats, diet and

model has been established

drug.

3) More time consuming and labour
intensive to establish and characterise
the rats compared to the ZDF rat model.

HFD/STZ = high fat diet/streptozotocin, SGLT2 = sodium glucose cotransporter 2, STZ =
streptozotocin, T1DM = Type 1 diabetes mellitus, T2DM = Type 2 diabetes mellitus, ZDF =
zucker diabetic fatty
Table 6-2 The pros and cons of HFD/STZ vs ZDF rats as the obese T2DM rat model of choice.

6.3.4 Methods and Results
One of the research aims is to investigate the effects of an SGLT2 inhibitor on
myocardial ischaemia/reperfusion injury. The study that was conducted is
described in Chapter 7 which sought to evaluate the effects of the chronic oral
administration of an SGLT2 inhibitor on myocardial infarct size. Since the
T2DM rat model used in this study was the ZDF rat model, the methodology
and results of this model’s characterisation will be described in greater detail
in Chapter 7.
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Chapter 7

Chronic

oral

administration

of

Canagliflozin is cardioprotective in both diabetic
and non-diabetic rat hearts
7.1 Background
As previously mentioned, the three landmark CVOT (EMPA-REG OUTCOME,
CANVAS and DECLARE-TIMI 58) that were initially designed to demonstrate
cardiovascular safety in T2DM, revealed an unexpected cardiovascular
benefit with SGLT2 inhibition

96–98

. Since the benefits were observed from as

early as 1-2 months following the introduction of the SGLT2 inhibitors and that
the improvements in blood sugar, weight and blood pressure were only minor,
one potential mechanism of cardioprotection from SGLT2 inhibition is direct
myocardial cytoprotection from cellular injury and death. In addition, SGLT2
inhibition did not appear to have a significant impact on macrovascular
disease as shown by the similar cardiovascular event rates (fatal/non-fatal
myocardial infarction (MI) or stroke, admissions with unstable angina or the
need for coronary revascularization).
Cellular injury, necrosis and programmed cell death (apoptosis, necroptosis,
autophagy) are important pathophysiological features of a number of
maladaptive processes in the heart, including myocardial ischemia and heart
failure251. This research therefore hypothesised that despite a similar
cardiovascular event rate from events such as acute MI, the improved
cardiovascular survival arising from SGLT2 inhibition was through direct
myocardial cytoprotection.
In designing the experiments described in this chapter, it was observed that
while the survival curves in EMPA-REG, CANVAS and DECLARE-TIMI 58
separated quickly, it still took a few weeks to see the survival curves diverge.
As such, this research undertook to “chronically” treat both diabetic and nondiabetic rats for a period of 4 weeks. Moreover, because treatment with an
SGLT2 inhibitor will invariably affect circulating blood glucose at the time of
myocardial infarction in vivo, the experiments were then conducted in an ex
vivo Langendorff model, with perfused glucose concentration controlled in all
experiments.
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7.2 Research aims
1) To investigate the effects of chronic oral administration of an SGLT2
inhibitor

on

myocardial

ischaemia/reperfusion

injury

using

the

Langendorff heart model.
2) To characterise the ZDF rat model.
3) To characterise the pharmacodynamic effects of an SGLT2 inhibitor on
ZDF rats.

7.3 Methods
7.3.1 Treatment groups
Male ZDF and ZL rats were used. The animals were housed in groups of two
to three; and were provided diet and water ad libitum throughout the duration
of the study. The animals were randomised and assigned to one of the four
groups (described below) and Table 7-1:
1) Zucker Lean (ZL) rats fed with the standard chow diet (ZL Control)
2) ZL rats fed with diet fortified with Canagliflozin (ZL Treatment)
3) Zucker Diabetic Fatty (ZDF) rats fed with the standard chow diet (ZDF
Control)
4) ZDF rats fed with diet fortified with Canagliflozin (ZDF Treatment)
All groups received their allocated diet for four weeks. The feeds, both with
and without the drug were prepared by Research Diets, Inc (New Brunswick,
New Jersey, USA) based on the diet formulations provided by Janssen
Research and Development (Springhouse, Pennsylvania). The rationale
behind the choice of concentration of canagliflozin in the diet was based on
pharmacological data provided by Janssen (see Figures 7-1 and 7-2). From
the figures, it is interesting to note that a higher dose of canagliflozin (as
reflected in the higher compound plasma exposure) produced a greater
reduction in the blood glucose level in diabetic rats but importantly did not
lead to hypoglycaemia in the non-diabetic rats. In addition, non-diabetic rats
on a higher dose of canagliflozin had a lower body weight that was sustained
although this effect was not visibly evident in the diabetic rats.
ZDF rats were fed with the Purina 5008* instead of 5001* as recommended
by Charles River Laboratories to induce the consistent development of type 2
diabetes252. As ZDF rats have a higher daily food intake compared to ZL
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rats253, the concentration of canagliflozin in the diet for ZDF treatment group
was made to be lower than that for the ZL treatment group to allow for the
plasma concentration of canagliflozin in both groups to be as similar as
possible. From the aforementioned pharmacokinetic data provided by
Janssen, the expected circulating concentration from the daily feed was at
least 10µmol/L in the rats. Using that formulation, the canagliflozin-fortified
feed results in a circulating canagliflozin concentration which is equivalent to
that found in human subjects taking maintenance canagliflozin, 300 mg daily
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.

Group

Diet description
Laboratory Rodent Diet Purina Chow 5001* (LabDiet)

ZL Control group (n=9)

The composition of calories provided by this diet:
1) Carbohydrates: 57%
2) Fat: 13%
3) Protein: 30%

ZL Treatment group (n=10)

5001* chow incorporated with Canagliflozin 166.7mg/kg
Formulab Diet Purina Chow 5008* (LabDiet)

ZDF Control group (n=8)

The composition of calories provided by this diet:
1) Carbohydrates: 56%
2) Fat: 17%
3) Protein: 27%

ZDF Treatment group (n=9)

5008* chow incorporated with Canagliflozin 100mg/kg

Table 7-1 Description of the diet composition for each group.
The canagliflozin-fortified feed results in a circulating canagliflozin concentration (10µmol/L) which is
equivalent to that found in human subjects taking maintenance canagliflozin, 300 mg daily. Also see
Figures 7-1 and 7-2 for the pharmacokinetic basis behind the drug concentration in the diet.
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Figure 7-1 Pharmacokinetic data from Janssen which formed the basis for the concentration of
canagliflozin (166.7mg/kg, the red line in the bottom figure) in the diet for the non-diabetic ZL rat.
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Figure 7-2 Pharmacokinetic data from Janssen which formed the basis for the concentration of
canagliflozin (100mg/kg, the red line in the bottom figure) in the diet for the diabetic ZDF rat.
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7.3.2 Baseline characteristics of the Zucker rats: More parameters
obtained compared to the HFD/STZ model
As mentioned before in the limitations section of the HFD/STZ model, more
parameters could have been measured as part of the model characterisation.
Therefore, the following additional parameters were measured:
7.3.2.1 Anthropometric measurements: Body mass index and waist to
height ratio
A learning point from our HFD/STZ rat model characterisation study was that
instead of just using body weight, a more accurate indicator of obesity is the
body mass index (BMI) and waist to height ratio. This had not been done in
our HFD/STZ rat model so attempts were made to obtain data on the BMI and
waist to height ratio on the Zucker rats.
Body mass index (BMI): The body weight of each animal was measured (to
the nearest 0.5g) on a weekly basis. This was used to calculate the BMI on
the day of the Langendorff experiments, which was determined by dividing the
body weight (g) and the square of the nose tip to rump length (cm) 255.
Waist to height ratio: The waist to height ratio has been shown in clinical
studies to be a more predictive indicator of ‘early health risks’ associated with
central obesity
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. Therefore, such measurements were obtained in addition

to the rat BMI to see if there was any obvious difference between the two
parameters. The waist circumference and body length of the rats were
measured once the rats were anaesthetised. To measure the waist
circumference, a measuring tape was wrapped midway between the lowest
ribs and the iliac crest

257

. The height was determined by measuring the

distance between the tip of the nose and the rump (i.e the base of the tail) of
the rat 258.
7.3.2.2 Blood glucose measurements
Blood glucose measurements were taken on a weekly basis. Random blood
glucose measurements were obtained by venous sampling from the rat tail
vein and tested using a point-of-care blood glucose meter, the Accu-Chek
Mobile blood glucose meter (Roche) as previously described in Chapter 3. On
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the day of the ex-vivo experiments, a further tail vein blood glucose sampling
was carried out in awake rats.
7.3.2.3 Renal parameters
Blood urea nitrogen (BUN) measurement: Upon excision of the heart,
whole blood was aspirated (between 3-5mL) and centrifuged at 5000rpm at
4oC for 15 minutes (eppendorf centrifuge 5804R v 8.4) to obtain serum. BUN
was assessed using a commercially available assay kit (BioAssay Systems,
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Hayward, CA) validated in rodents

. The running of the assay and

attainment of raw data were performed by Dr Kolatsi-Joannou and Dr Long
from the Developmental Biology and Cancer Programme, UCL Great Ormond
Street Institute of Child Health, London.
Urine albumin/creatinine ratio measurement: After excision of the heart,
urine was aspirated directly from the bladder using a needle and 1mL syringe.
Unfortunately, urine extraction was only feasible in animals with full bladders,
and subsequently analysis shown is for those animals where urine was
collected.

Albumin

concentrations

were

measured

by

enzyme-linked

immunosorbent assay (Bethly Laboratories, Montgomery, TX) and creatinine
concentrations were assessed by a commercially available assay (Cusabio,
Newark, DE)
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. The running of the assay and attainment of raw data were

performed by Dr Kolatsi-Joannou and Dr Long.
Urine dipstick measurement for glycosuria: About 0.1-0.3mL of the urine
aspirated from the bladder was applied to a urine test strip to semiquantitatively measure the extent of glycosuria (Mission Urinalysis Reagent
Strips, ACON Laboratories Inc, San Diego, Ca, USA). The degree of
glycosuria was expressed in one of six categories: negative (-), 5mmol/L (±),
15mmol/L (+), 30mmol/L (++), 60mmol/L (+++) and ≥110mmol/L (++++).
7.3.2.4 Heart weight to tibial length ratio: A surrogate measure of
cardiac hypertrophy
In order to assess if canagliflozin has an effect on cardiac mass, the isolated
hearts were weighed at the end of the Langendorff experiments and
normalised by tibial length instead of body weight since aging rats make the
body weight and unreliable reference for normalizing heart weight 261. Yin et al
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also found that cardiac hypertrophy can be more accurately quantified by
normalising the heart weight to tibial length261. The tibial length was measured
with a measuring tape during rat anaesthesia.
7.3.2.5 Liver morphology
It was noted that during the excision of the heart, the liver was enlarged in
diabetic rats so an attempt was made to evaluate if there was a difference in
the size. This may not be surprising considering that some clinical liver
pathologies associated with hepatomegaly such as nonalcoholic fatty liver
disease (NAFLD) has a higher prevalence in patients with type 2 diabetes262.
The liver was excised, weighed and normalised to body weight. Histological
sampling would have been ideal but that was not the primary focus of the
experiments and the process of preparing the tissue sample would have
detracted from the focus on implementing the ischaemia/reperfusion protocol.
7.3.3 Ischaemia/reperfusion protocol using the Langendorff model
Full details of the methods have been previously described in Chapter 3. In
brief,

the

rats

were

anaesthetised

via

intraperitoneal

injection

of

pentobarbitone sodium solution (20%w/v, Animal Care UK, York, UK) at a
final dose of 0.2-0.4g/kg bodyweight. Anticoagulant heparin sodium
(Rockhardt UK Ltd, Wrexham, UK) at a dose of up to 5000 units/kg
bodyweight was co-administered with the anaesthetic. Upon the onset of deep
anaesthesia, identified as the loss of the pedal pain withdrawal reflex, slowing
of heart rate and breathing, the hearts were excised and immediately secured
onto the cannula of the gravity-driven Langendorff perfusion apparatus. This
enables a constant pressure perfusion system where the heart is cannulated
via the aorta and retrogradely perfused and suspended within a warmed
organ chamber. The perfusate consisted of the modified Krebs-Henseleit
buffer as described in Table 3-3.
The hearts were perfused at a constant pressure of 70-80mmHg, recorded
using a pressure transducer. The temperature of the hearts were maintained
between 36-38oC and monitored using a fine thermocouple (TM Electronics
(UK) LTD, Goring by Sea, UK) retrogradely passed into the right ventricular
outflow tract via the pulmonary artery. The heart rate, left ventricular end
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diastolic pressure (LVEDP) and left ventricular developed pressure (LVDP)
were monitored via a fluid-filled intra-ventricular balloon inserted gently into
the left ventricle via the left atrium. The changes in the parameters were
recorded using the pressure transducer attached to the balloon. The perfusion
pressure, temperature, heart rate, LVEDP and LVDP were recorded using a
data acquisition hardware (PowerLab/8 SP by AD Instruments, Oxford, UK)
and the readings displayed using the LabChart software (v7.3.8, AD
Instruments, Oxford, UK). The coronary flow rate was measured via the
collection of coronary effluent from the pulmonary artery. These physiological
measurements were taken at regular intervals to ensure that the hearts met
certain functional requirements with reference to pre-determined exclusion
criteria as described in Table 3-4.
7.3.3.1 Optimisation of the Langendorff model: External cardiac pacing
After the setting up of the aforementioned cardiac physiological monitoring,
external cardiac pacing was delivered to the heart via the right atrium at a
constant rate of 300 beats per minute to simulate physiological cardiac
electrical conduction (see Figure 3-9 under the General methods chapter).
The pacing system consisted of a pulse generator, a pacing lead (positive
pole), which was placed in the right atrium, and a crocodile clip (negative
pole), which was attached to the aortic cannula. Cardiac pacing was delivered
at an energy output of 1V and a pulse width of 10ms and applied throughout
the experimental protocol, which consisted of a period of stabilisation for 40
minutes, regional ischaemia by occlusion of the left anterior descending artery
(LAD) for 35 minutes and reperfusion for 120 minutes.
7.3.3.2 Rationale behind cardiac pacing: Heart rate is significantly lower
in the diabetic rat heart
A randomised and blinded preliminary experiment was undertaken in
unpaced, Langendorff-perfused hearts where the same groups of animals and
their baseline characteristics pre-treatment were identical to the animals used
in the main study.
Non-diabetic animals had a baseline heart rate of 232-241 beats per minute,
but diabetic animals had a significantly lower heart rate of between 113-171
beats per minute (see figure 7-3). Moreover, the standard deviation of heart
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rate was also much higher in the diabetic animals. This effect was also
demonstrated in our diabetic HFD/STZ rat model (see figure 7-4).
Interestingly, Canagliflozin pre-treated hearts had a numerically higher mean
heart rate compared to control ZDF rats (171±18 versus 113±28 bpm), but
owing to the large variance of the data, this does not reach statistical
significance.

Figure 7-3 Difference in heart rate between diabetic ZDF and non-diabetic ZL isolated rat hearts.
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Figure 7-4 Difference in heart rate between diabetic HFD/STZ (blue bar) and non-diabetic isolated
rat hearts (white bar).

The variation in heart rate especially bradycardia in isolated diabetic hearts
had a significant impact on the final analysis of myocardial infarct size. At the
start of the experiments, there were 18 non-diabetic ZL rats (n=10 allocated to
oral canagliflozin and n=8 allocated to the vehicle diet) and 18 diabetic ZDF
rats (n=10 allocated to oral canagliflozin and n=8 allocated to the vehicle diet)
all randomly allocated to their groups. Due to the variability in heart rate in the
Langendorff-perfused hearts and the consequent significanat drop in
temperature and coronary flow rate, several hearts had to be excluded from
the myocardial infarct size analysis (see Table 7-2). Specifically, 3 ZDF rats
from the vehicle group were excluded due to significant bradycardia and 2
ZDF rats from the canagliflozin group were excluded due to low coronary flow
rates and developed pressure during the stabilisation phase.
Figure 7-5 shows the myocardial infarct size of all 4 groups in the unpaced
Langendorff-perfused hearts after applying the exclusion criteria. The
inadequate numbers in the vehicle groups meant that the overall study was
underpowered for any conclusions to be made on the effects of canagliflozin
on the myocardial infarct size.
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Reason for

ZL Vehicle

ZL Cana

ZDF Vehicle

ZDF Cana

exclusion (n=13)

(3/8 excluded)

(2/10 excluded)

(4/8 excluded)

(4/10 excluded)

Bradycardia

0

0

3

0

Low CFR (n=2)

1

0

0

1

Low LV DevP

0

0

0

1

1

2

0

2

1

0

1

0

(n=3)

(n=1)
Large AAR
(>80%) (n=5)
Inadequate
regional
ischaemia (n=2)
Cana canagliflozin, CFR coronary flow rate, LV DevP left ventricular developed pressure, AAR area at
risk. A large AAR is due to a left anterior descending artery (LAD) ligation that is too proximal and can
lead to a large area of infarct. To ensure consistency in the ligation, the AAR should be between 4080% of the total left ventricle. If the LAD ligation is not tight enough during the ischaemia phase of the
Langendorff protocol, then inadequate ischaemia occurs (seen as an inadequate drop in CFR, LV DevP
and temperature) and the heart has to be excluded from the infarct analysis.
Table 7-2 Reasons for excluding the above unpaced Langendorff hearts from the myocardial
infarct analysis.

Figure 7-5 Myocardial infarct size in unpaced Langendorff-perfused diabetic ZDF and nondiabetic ZL rat hearts following either oral canagliflozin or vehicle diet for 4 weeks.
(A) Although the myocardial infarct size is numerically lower in rats exposed to canagliflozin, this was
not statistically significant. Furthermore, there was a variation in the number of hearts analysed in each
group (due to the aforementioned exclusions) and the infarct size measurements within each group was
also widely spread.
(B) Area at risk in all groups were equivalent (p = NS; n = 4 to 8 per group) which is a measure of the
consistency in the LAD ligation.
Cana = canagliflozin; Veh = vehicle; IS:AAR = infarct size/area at risk ratio; nS = non-significant; ZDF =
zucker diabetic fatty; ZL = zucker lean
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The combination of the aforementioned observations led to the decision to
undertake the main study with cardiac pacing to remove the potential
confounding effect of reduced heart rate and altered cardiac work. This also
reduced the incidence of animal wastage in line with the principles of 3R due
to the hearts being excluded for the aforementioned reasons209. In addition,
the

data

obtained

from

the

preliminary

experiments

(the

unpaced

Langendorff-perfused hearts) was used to generate a power calculation for
the main study with the paced Langendorff-perfused hearts.
7.3.3.3 Optimisation of workflow in the laboratory: limiting the
Langendorff experiments to two rigs at a time instead of four
During the conduct of the preliminary experiments where external cardiac
pacing had not been implemented yet, four Langendorff rigs were ran
concurrently (see Figures 3-5 and 3-7). Although the two rigs appear different
visually, the principle behind the two designs remained the same: a constant
perfusion pressure system. This meant that in a single day, up to four to six
experiments could be conducted with the aim of generating data at a faster
rate. However, it became evident that conducting four experiments
concurrently was a challenging task that ran the risk of errors being made.
Therefore, for the subsequent experiments the decision was made to perform
only two to three Langendorff experiments concurrently.
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7.4 Results
7.4.1 Baseline characteristics of the diabetic and non-diabetic rats
To ensure that the ZDF rats represented a reasonable facsimile of the
diabetic cohort represented in the EMPA-REG, CANVAS and DECLARE-TIMI
58 trials, characterisation of the non-diabetic ZL and diabetic ZDF rats were
performed. As expected, ZDF rats were obese (Figures 7-6 A1 and A2),
hyperglycaemic (Figure 7-6B) and had glycosuria (Figure 7-6C). In addition,
ZDF rats were found to have evidence of end-organ damage secondary to
diabetes, as represented by abnormal renal function and albuminuria (Figures
7-6, D and E). These findings strongly suggest that ZDF rats represent a
reasonable approximation of the human obese type 2 diabetic phenotype with
significant and established diabetes at the time of experimentation.
Interestingly, no glycosuria was detectable in the control ZL rats, but there
was significant glycosuria in ZL rats on canagliflozin (see Figure 7-6C). This
suggest that the detection of glycosuria can be a useful surrogate marker of
oral canagliflozin consumption in non-diabetic rats since SGLT2 inhibition will
have little significant impact on the blood glucose profile of non-diabetic rats.

166

Figure 7-6 Characterisation of the ZL and ZDF phenotype
(A1) Body mass index (BMI). The diabetic ZDF rats (green and purple bars) were significantly larger
than the non-diabetic ZL rats (white and blue bars). Canagliflozin administration in the ZL led to a
significant reduction in BMI that was absent in the ZDF rats. n = 8 to 10 per group.
(A2) Waist to height ratio. Like BMI, the diabetic ZDF rats (green and purple bars) were significantly
larger than the non-diabetic ZL rats (white and blue bars). Unlike BMI, Canagliflozin administration in the
ZL made no difference to the waist to height ratio but was increased in the ZDF. n = 8 to 10 per group.
(B) Random glucose concentration on day of experiment. As expected, ZDF rats (green and purple
bars) had significantly higher blood glucose concentrations compared to the ZL controls (p < 0.0001; n =
6 to 9 per group). Canagliflozin had no impact upon blood glucose in the ZL group (p = NS; n = 9 to 10
per group), but significantly reduced glucose in the diabetic ZDF rats (p < 0.0001; n = 6 to 9 per group).
(C to E) Renal manifestations of diabetes in ZDF rats: (C) Urine glucose, measured by urinalysis strip
test. No glycosuria was detectable in the control ZL rats (white bar), but there was significant glycosuria
in ZL rats on canagliflozin. As expected, significant glycosuria was found in both ZDF control (green bar)
and canagliflozin-treated groups (blue and purple bars).
(D) Blood urea nitrogen was significantly higher in the ZDF rats (green bar) compared with ZL rats
(white bar): 11± 2 mg/dl versus 19 ± 2 mg/dl (p = 0.006, n = 6 per group).
(E) A similar pattern was observed in the urine albumin/creatinine ratio—the diabetic ZDF rats (green
bar) demonstrating a significantly higher albumin excretion compared with the non-diabetic ZL rat (white
bar): 160 ± 39 mg/g versus 3,319 ±577 mg/g (p = 0.0004; n = 4 to 5 per group).
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7.4.1.1 Change in body weight over time
The weight growth curves are shown in Figure 7-7. All animals gained weight
during the Canagliflozin/ control wash-in period. Control ZL rats increased
55g, from 299±3g to 354±5g. This weight gain was significantly blunted by the
administration of Canagliflozin, with a mean weight gain of just 28g (306±5g to
334±5g). SGLT2 inhibition is associated with significant glycosuria (confirmed
on urinalysis), and the consequent diuresis and calorific loss is the most likely
explanation for this difference – a change consistent with clinical data from the
SGLT2 cardiovascular outcome trials (CVOTs).

Figure 7-7 Weight growth curves in ZL and ZDF rats
Change in weight over time for non-diabetic Zucker Lean (ZL) vs diabetic Zucker Diabetic Fatty (ZDF)
rats, control diet vs Canagliflozin-fortified diet.

Unexpectedly, diabetic rats treated with canagliflozin were heavier than
untreated diabetic rats. The control-diet ZDF rats started heavier than the ZL
rats, but failed to gain significant weight over the 4 weeks of feeding.
Untreated ZDF rats gained, on average just 14g over the wash-in period.
However, Canagliflozin enabled the ZDF rats to gain weight – on average,
55g (376±3g to 431±1g). At first glance, these data appear contrary to the
human data presented in the SGLT2 CVOTs. However, the control-diet ZDF
rats received no therapy to control glycaemia (see Figure 7-6B). Thus, these
rats are in a catabolic state, and their growth (as represented by their weight)
blunted. Placebo-control diabetic patients in the clinical outcome studies had
standard-of-care diabetic control, with a minimum of metformin. Their
glycaemic control therefore was substantially better than in the control-diet
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ZDF rats used in this study. In addition, the placebo-treated patients would
also have received oral hypoglycaemics that may have encouraged weight
gain. SGLT2 inhibition was added to this background therapy, and the calorific
loss through glucosuria encouraged weight loss in the treatment arms of the
two outcome studies.
In contrast, ZL rats gained weight in a linear fashion over the same 4-week
period. Interestingly, the pattern and rate of weight gain seen in ZL rats were
mirrored in ZDF rats fed with canagliflozin, suggesting a healthier animal
concomitant with better-controlled diabetes, an interpretation fitting with
empirical observations of these animals’ physical condition.
7.4.1.2 Heart weight to tibial length ratio: A surrogate measure of
cardiac mass
Prior administration of Canagliflozin had no impact upon the heart weight to
tibial length ratio (Figure 7-8).

Figure 7-8 Heart weight to tibial length ratio in ZL and ZDF rats on control/Canagliflozin diet.
Canagliflozin had no significant effect on the heart weight to tibial length ratio in both ZL (white and blue
bars) and ZDF (green and purple bars) rats.
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7.4.1.3 Liver morphology
Another interesting observation was that ZDF rats had a significantly larger
liver to body weight ratio than the ZL rats. Prior administration of Canagliflozin
had no impact upon the macroscopic or organ-weight:body-weight ratio
(Figure 7-9) although as mentioned before, it will be interesting to evaluate for
any significant histological changes for future studies.

Figure 7-9 Liver weight to body weight ratio in ZL and ZDF rats on control/Canagliflozin diet.
Canagliflozin had no significant effect on the liver weight in both ZL (white and blue bars) and ZDF
(green and purple bars) rats.
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7.4.2 Characterisation of the efficacy of Canagliflozin in lowering blood
glucose levels.
To ensure that oral administration of canagliflozin, via fortification of the chow,
was an effective antihyperglycemic intervention in our rat model, we observed
the random glucose profile in both nondiabetic ZL and diabetic ZDF rats
throughout the treatment lead-in period. Canagliflozin was highly effective in
lowering blood glucose concentrations in the ZDF rats within a short period
from the onset of oral drug administration. Significantly improved blood
glucose control was evident throughout the canagliflozin treatment course
compared with control, with random blood glucose of 16 ± 4 mmol/l vs 29 ±
1 mmol/l, respectively (p = 0.002) (Figure 7-8A).
Importantly, canagliflozin had no impact upon circulating glucose in the nondiabetic ZL rats, with equivalent blood glucose being recorded in both groups
(p = NS) (Figure 7-10A). Also just as vital, there was no evidence of
hypoglycemia in both canagliflozin treatment groups, despite the presence of
significant glycosuria in the canagliflozin-treated non-diabetic ZL rats (Figure
7-6C).
Interestingly, there was no attenuation of renal dysfunction in the diabetic
canagliflozin-treated group (p = NS) (Figures 7-10, B and C). Although the
urinalysis assay saturates at glucose levels in excess of 110 mmol/l, a higher
urinary glucose would be anticipated in this group (Figure 7-6C).
With respect to animal mortality, only 2 deaths were recorded—both animals
were euthanised for severe urinary tract infection, and these events were
found to occur only in animals in the untreated control diabetic ZDF group
(Figures 7-10D).
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Figure 7-10 Impact of Canagliflozin on the blood glucose, renal function and mortality in ZL and
ZDF rats
(A) Canagliflozin had a rapid and sustained impact upon circulating blood glucose in the diabetic ZDF
rats compared with the untreated animals. In contrast, canagliflozin had no impact upon circulating
blood glucose in ZL rats (p = 0.002; n = 8 to 10 per group).
(B) After 4 week’s treatment, canagliflozin had little impact upon blood urea nitrogen in either ZL (white
and blue bars) or ZDF rats (green and purple bars); p = NS; n = 6 to 8 per group.
(C) As with BUN, there was little impact from 4-week oral canagliflozin administration in either ZL or
ZDF rats upon albumin/ creatinine ratios (p = NS; n = 4 to 8 per group).
(D) Kaplan-Meier survival curve. Two animals, both in the control diabetic ZDF group (green line), had
to be euthanised for severe urinary sepsis. All other groups completed the study without any adverse
events.
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7.4.3 KEY FINDING: Impact of 4-week oral Canagliflozin on myocardial
infarct size
36 animals were used. Of these, 9 had to be excluded for reasons
summarised in Figure 7-11. 27 animals completed the full experimental
protocol.

Figure 7-11 A CONSORT-style diagram for infarct assessment in the 4-week oral drug study.
36 animals were started into the study, of which 29 completed through to analysis. Reasons for and
timings of animal exclusions are shown in all groups. Pre priori exclusion criteria are shown in Table 3-4.

There was a small, but significant, difference in myocardial infarct size in the
control arms of the diabetic ZDF and the non-diabetic ZL rat heart groups (p =
0.04). This difference is expected in Langendorff-perfused hearts where
glucose is the sole energy substrate263. Canagliflozin, significantly reduced
myocardial infarct size in diabetic ZDF rats; from 37 ± 3% to 20 ± 2% (p =
0.001) (Figure 7-12A).
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The most fascinating finding was that canagliflozin also significantly
abrogated myocardial injury in non-diabetic rats, reducing infarct size
from 55 ± 7% to 27 ± 3% (p = 0.001) (Figure 7-12A). The area at risk in all
control and treatment groups were similar (Figure 7-12B).

Figure 7-12 Myocardial infarct size reduction following 4-weeks of oral Canagliflozin
(A) In both diabetic and non-diabetic rats, there was a significant reduction of infarct size compared with
control. In non-diabetic rats, infarct size was reduced from 55 ± 7% to 27 ±# 3% (p = 0.001; n = 6 to 8
per group). In the diabetic ZDF rats, a similar reduction of infarct size was also observed with infarct size
reducing from 37 ± 3% to 20 ± 2% (p = 0.001; n = 6 to 8). There was a modest, but significant,
difference in infarct size between control diet–treated ZL and ZDF rats (p = 0.04).
(B) Area at risk in all groups were equivalent (p = NS; n 1⁄4 6 to 8 per group). Cana = canagliflozin; Veh
= vehicle; IS:AAR = infarct size/area at risk ratio; NS = non-significant.
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Representative heart slices
The following images are representative heart slices from the aforementioned
experiments:
(A) Zucker Lean, non-diabetic, vehicle control diet

(B) Zucker Lean, non-diabetic, Canagliflozin diet

(C) Zucker Diabetic Fatty, diabetic, vehicle control diet

(D) Zucker Diabetic Fatty, diabetic, Canagliflozin diet

Figure 7-13 Representative heart slices across all four groups.

The 5 transverse slices are conventionally arranged from distal to the LAD suture site (left
segment) to the apex (right segment). Within each segment, the white area denotes infarct,
red area denotes the area at risk (distal to the LAD ligation site) and blue area denotes the
non-risk zone. Panels A: ZL control, B: ZL canagliflozin, C: ZDF control, D: ZDF canagliflozin.
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7.4.4 Cardiac physiological data
The impact of canagliflozin upon coronary flow and left ventricular developed
pressure are illustrated in Figures 7-14 and 7-15, respectively.
Coronary flow
Canagliflozin resulted in improved coronary flow in isolated ZDF rat hearts
that was sustained throughout the experiment protocol, suggesting that 4week pre-treatment with Canagliflozin had a vascular protective effect
consistent to that seen with SGLT2 inhibitors in thoracic aorta264. However, a
similar pattern in coronary flow was not observed in the non-diabetic rat,
suggesting that the infarct-sparing properties of chronic Canagliflozin
administration, at least in non-diabetic rats is unlikely to be influenced by
coronary flow.

Figure 7-14 Effects of chronic administration of Canagliflozin on coronary flow in diabetic ZDF
and non-diabetic ZL rats.
Canagliflozin had no significant impact upon coronary flow rate in non-diabetic ZL rat heart.
Interestingly, there was a significantly higher coronary flow rate in the Canagliflozin-treated diabetic ZDF
rat hearts compared to the untreated diabetic ZDF rat hearts (*p<0.05).

Left ventricular (LV) developed pressure
Interestingly, the left ventricular pressure recovery following injurious
ischaemia/ reperfusion injury was numerically greater in the Canagliflozintreated groups, consistent with the reduction of infarct size. However, these
differences failed to reach statistical significance. This study was not powered
to measure differences in LV developed pressure as an outcome, and some
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experiments suffered with intraventricular balloon failure, leading to exclusion
of functional data in the above analysis.

Figure 7-15. Left ventricular developed pressure in Langendorff perfused hearts pre-treated with
either control chow, or Canagliflozin fortified feed.

7.5 Discussion
This study provides the first evidence that long-term oral administration of
canagliflozin over a period of 4 weeks is cardioprotective, ameliorating
myocardial infarct size in both diabetic and non-diabetic rats, independent of
glucose concentration at the time of ischemia/reperfusion injury. The latter
observation, that canagliflozin induced cardioprotection in the non-diabetic rat,
is particularly noteworthy: a clinically available SGLT2 inhibitor, canagliflozin,
appears to have a cardioprotective role that extends beyond its intended
indication in the management of hyperglycemia in T2DM.
7.5.1 Long-term oral canagliflozin attenuates myocardial infarction in
the diabetic rat.
In diabetic ZDF rats, the attenuation of myocardial necrosis hints towards a
novel mechanism underlying the significant reduction of cardiovascular
mortality found in the SLGT2 inhibitor CVOTs. Although the clinical data
revealed no evidence that SGLT2 inhibitors reduce the number of
cardiovascular events such as acute coronary syndromes, they may reduce
the myocardial injury that occurs as a consequence of these events. A
reduction of myocardial necrosis may thus improve both the immediate and
long-term survivability of acute myocardial infarction and reduce the
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progression into ischaemic cardiomyopathy and heart failure—a hypothesis
that warrants further investigation.
Interestingly, the protection from long-term oral canagliflozin was found in
hearts that were removed and perfused, ex vivo, with a perfusate that
contained a fixed concentration of glucose (11 mmol/L) without any
canagliflozin. The experiments were designed this way intentionally to avoid
the potential confounding effects of glucose-lowering by canagliflozin at the
time of ischemia/reperfusion injury. In addition, Langendorff perfusion
removes, via washout of the heart, other metabolic substrates that may
confound canagliflozin administration (e.g., hepatic generation of ketones110
as discussed in Chapter 1) are excluded as a potential mechanism of
cardioprotection. Moreover, the fact that these explanted hearts were
protected, despite 40 minutes of crystalloid washout before ischaemia,
suggests a mechanism that imbues a “memory” effect potentially through the
recruitment of signaling pathways. If it is a signaling pathway, it will be one
that is seemingly not affected by the presence of significant diabetes (the
severity of the diabetic phenotype confirmed by evidence of the development
of nephropathy), unlike that of ischemic conditioning

265,266

. One such

mechanism may be through a Jak-STAT3 pathway134, as described in
Chapter 1.
7.5.2 Long-term oral canagliflozin attenuates myocardial infarction in
the non-diabetic rat.
Although the observation that canagliflozin attenuates infarct size in the
diabetic rat is important, the principal novelty in this study comes from
data in the non-diabetic group. Long-term oral canagliflozin administration
significantly reduces myocardial infarct size in the isolated non-diabetic ZL rat
heart. There are several implications to these findings:
1) SGLT2 inhibitors may be repurposed for the management of nondiabetic patients with high cardiovascular risk.
2) Canagliflozin is not a pure diabetic drug, and possesses pleiotropic
effects that extend beyond purely anti-hyperglycaemic effects.
3) The cardioprotective effect of canagliflozin only manifested when
administered orally over a period of weeks, which challenges current
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thinking in terms of mechanisms such as an acute and direct
cytoprotective effect.
7.5.3 Canagliflozin-mediated cardioprotection appears independent of
the level of circulating blood glucose.
As expected, canagliflozin was highly effective at reducing circulating blood
glucose in the diabetic rat model. Although the random blood glucose levels in
canagliflozin-treated diabetic ZDF rats did not fall into the non-diabetic range,
canagliflozin was still highly effective at reducing infarct size, suggesting that
complete restoration of random blood glucose into the “normal” non-diabetic
range is unnecessary to imbue the cardioprotection observed.
Furthermore, canagliflozin had no impact on circulating blood glucose levels
in the non-diabetic animals: identical random blood glucose levels were seen
in both control and canagliflozin-treated ZL rats. This implies that canagliflozin
can be administered to non-diabetic animals without the risk of hypoglycemia
and that lowering blood glucose is not a prerequisite for attenuation of
myocardial infarct size. Therefore, glucose lowering in the diabetic ZDF
animals is a good biomarker of canagliflozin-mediated SGLT2 inhibition, but
the in vivo lowering of glucose is not conditional for the triggering of infarctsize reduction when the heart is explanted and perfused ex vivo. Furthermore,
as the hearts were perfused with a fixed glucose concentration of 11 mmol/l
throughout perfusion, any confounding effect of differences in circulating
glucose concentration is effectively removed.
Finally, it is also interesting to observe that long-term oral canagliflozin is
equally protective in both non-diabetic and diabetic animals. This contrasts
with the majority of cardioprotective interventions where the efficacy is blunted
by the presence of diabetes

265,266

. This implies that the mechanisms of

cardioprotection are different from, and potentially additive to, more
established experimental models of myocardial protection, such as ischaemic
or pharmacological conditioning. If so, then it offers the opportunity to clinically
augment myocardial protection through combined therapeutic approaches for
example in the setting of an acute coronary syndrome regardless of diabetic
status.
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7.5.4 Differences in coronary flow between diabetic and non-diabetic
rat hearts exposed to canagliflozin
SGLT2 inhibitors have been found to imbue significant protection in the
vasculature of diabetic ZDF rats, with preservation of endothelial function.
This endothelial protection appears to be mediated through attenuation of
long-term glucotoxicity and amelioration of oxidative stress264. This could
translate into myocardial protection ex vivo and may be supported by this
study’s finding of higher coronary flow in diabetic rats on canagliflozin.
However, this hypothesis cannot explain why canagliflozin protected nondiabetic rats from ischaemia/reperfusion injury since there were no significant
differences in blood glucose and coronary flow in this group.
7.5.5 Absence of renal protection in this study
The SGLT2 CVOTs have all been performed in established T2DM patients,
with either high cardiovascular risk or established cardiovascular disease.
These trials along with the more recent CREDENCE trial (which looked at the
renal and CV effects of canagliflozin in T2DM patients with chronic kidney
disease) have consistently demonstrated improved renal outcomes (endstage kidney disease, renal death, and doubling of creatinine level) 267.
Therefore, in characterising the ZDF model, determining the severity of the
diabetic phenotype (such as evidence of end-organ damage) was useful. The
ZDF rats displayed evidence of significant albuminuria and blood urea
nitrogen. The lack of any significant difference in renal parameters between
the canagliflozin-fed and control ZDF rats is not, however, unexpected. The
renoprotective effects of SGLT2 inhibition typically take many months to
manifest

97,100

, which contrasts with the comparatively rapid separation of the

cardiovascular outcome curves96–98. This study was designed primarily as an
investigation into cardioprotection; a study with renoprotection as a primary
endpoint would likely mandate a much longer duration of drug treatment.
7.5.6 Diabetic complications
It was initially surprising that the only serious, life-threatening complication
found during our long-term study was infective in aetiology. As anticipated, the
source of infection was, in both cases, urinary tract. However, these 2 events
were in the non-treated control diabetic ZDF rats and not in animals treated
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with canagliflozin (genitourinary infection being the commonest clinical side
effect of SGLT2 inhibitors97,98,134). In total, 2 animals in the control ZDF group
had to be euthanised for serious sepsis; neither of the canagliflozin-treated
groups (diabetic or non-diabetic) had evidence of septic complications. Both
diabetic ZDF groups had significant glycosuria, whereas the untreated control
ZDF also had significant hyperglycaemia. Thus, the sepsis was much more
likely to be secondary to uncontrolled diabetes, while the infective risk
associated with canagliflozin-induced glycosuria was easily managed by good
animal husbandry and hygiene methods. There were cardiovascular deaths
although this study was not powered for this endpoint, nor was it run long
enough for such complications to manifest.
7.5.7 Study limitations
To avoid the confounding effects of polypharmacy (T2DM patients in the
CVOTs were on multiple drugs as part of their diabetes and cardiovascular
treatment), the diabetic animals were not treated for their hyperglycemia.
Unsurprisingly due to significant hyperglycaemia, 2 animals had septic
complications but they were rapidly identified and managed. Therefore,
prolonging the duration of study beyond 4 weeks would not have been
feasible. Since all T2DM patients in the CVOTs had other anti-hyperglycemic
agents, a future animal study may be designed to include metformin, the
backbone of contemporary T2DM management.
It is unlikely that the severity of the diabetes had an adverse impact upon the
outcome of this study; in fact, the infarct size of the diabetic animals was
entirely in line with previous short-term studies in other diabetic models (such
as streptozocin-treated or Goto-Kakizaki lean diabetic rats)268,269. However,
having established that canagliflozin is cardioprotective, it would be useful to
demonstrate that this protective phenotype is reproducible on top of existing
strategies for managing hyperglycaemia.
Interestingly, it is well recognized that diabetic hearts, when Langendorffperfused with glucose as the sole substrate, will have a smaller infarct size
compared with the non-diabetic heart under the same conditions263. Although
a reductionist approach in metabolic substrate provision has its limitations,
there are advantages in the Langendorff model since other potential
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‘compensatory’ metabolic substrates that have been postulated (such as
ketone bodies) to be also responsible for SGLT2 inhibitor’s cardioprotective
effects could be removed as a confounding factor when interpreting the
myocardial infarct data.

7.6 Conclusion
This chapter describes the characterisation of ZDF rats as a T2DM animal
model and the fascinating effects of long-term oral administration of
canagliflozin in the ZDF and ZL rat model. In summary:
1) Long-term oral canagliflozin significantly reduced myocardial infarct
size in both

diabetic

and

non-diabetic

rats, suggesting a

cardioprotective effect that is independent of blood glucose lowering.
2) Improved coronary flow in the Langendorff-perfused hearts was
observed in diabetic rats on oral canaglifozin but not in non-diabetic
rats. This is an interesting finding which suggest either two different
mechanisms of cardioprotection depending on diabetic status or a
single mechanism but with different effects observed depending on the
diabetic status.
3) Oral canagliflozin was effective at treating hyperglycaemia and
reducing the complications in the diabetic rats and this was similarly
demonstrated in clinical studies.
4) There were no adverse events from oral canagliflozin (such as
hypoglycaemia or urinary tract infection) in both diabetic and nondiabetic rats despite glycosuria. This demonstrates the safety profile of
this SGLT2 inhibitor in our animal studies.
5) Compared to non-diabetic ZL rats, diabetic ZDF rats were obese and
had manifestations of diabetes such as hyperglycaemia, glycosuria,
albuminuria and raised blood urea nitrogen. This is associated with a
mortality risk if left untreated. The findings highlight the advantages of
the ZDF rat model as a close approximation to humans with the obese
T2DM phenotype.
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Chapter 8

Direct exposure of Canagliflozin to

isolated rat hearts is not cardioprotective
8.1 Background
Since “chronically” treated diabetic and non-diabetic rats in vivo reduced
myocardial infarct size in an ex vivo Langendorff model, it would be equally
interesting to investigate if isolated hearts directly exposed to an SGLT2
inhibitor would also elucidate similar results. As mentioned in the previous
chapters, the cardiovascular benefits observed in EMPA-REG OUTCOME,
CANVAS and DECLARE-TIMI 58 occurred as early as 1-2 months following
the introduction of the SGLT2 inhibitors, suggesting a direct myocardial
protection from cellular injury and death

96–98

. The experiments in this chapter

were therefore designed to investigate this hypothesis by directly perfusing
the isolated Langendorff heart to an SGLT2 inhibitor. Since the heart has not
been shown to express any SGLT2 receptors70, the findings of this
experiment will help to either corroborate or disprove other proposed
mechanisms behind the cardioprotective effects of SGLT2 inhibition such as
the NHE hypothesis123,124 as described in Chapter 1.

8.2 Research aims
To investigate the effects of direct “acute” administration of an SGLT2 inhibitor
on myocardial ischaemia/reperfusion injury using the Langendorff model.

8.3 Methods
8.3.1 Experimental use of animals
Male Sprague-Dawley rats (weight range 290-350g) were used as the nondiabetic rat model. The animals were housed in groups of two; and were
provided standard chow diet and water ad libitum throughout the duration of
the study. Routine animal care was provided by the Central Unit at UCL, UK.
8.3.2 Treatment groups
The animals were randomly assigned to one of the two groups (described in
Table 8-1):
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Group

Langendorff perfusate

Control group

Modified Krebs-Henseleit buffer (see Table 3-3) and

(n=6)

the vehicle, dimethyl sulfoxide (DMSO) at 0.05%
(Sigma Aldrich, Poole, United Kingdom)

Treatment group

Modified Krebs-Henseleit buffer and 10µmol/L

(n=6)

Canagliflozin (Janssen Research and Development)
dissolved in 0.05% DMSO.

Table 8-1 Treatment allocation for each group.
The group allocation and data analysis were performed in a randomised and blinded fashion as
previously described in Chapter 6. The canagliflozin concentration of 10µmol/L was chosen to represent
the level which is equivalent to that found in human subjects taking maintenance canagliflozin, 300 mg
254
daily . Preliminary experiments conducted found canagliflozin (powder form) dissolved best in DMSO
and the lowest concentration required to dissolve canagliflozin was 0.05%.

The canagliflozin concentration of 10µmol/L was chosen to represent the level
which is equivalent to that found in human subjects taking maintenance
canagliflozin, 300 mg daily

254

. Preliminary experiments conducted found that

canagliflozin (powder form) dissolved best in DMSO and the lowest and least
cellular toxic concentration (less than 0.1%270,271) required to dissolve
canagliflozin was 0.05%.
8.3.3 Baseline characteristics
The same anthropometric, blood glucose and renal data were obtained as
previously described in Chapter 7.
8.3.4 Ischaemia/reperfusion protocol using the Langendorff model
Full details of the methods are described in Chapter 3. In brief, the nondiabetic rat hearts were excised and immediately secured onto the cannula of
a gravity-driven Langendorff perfusion apparatus as previously described. The
protocol applied was similar to that of the experiments in the previous chapter.
This was a period of stabilisation for 40 minutes, regional ischaemia by
occlusion of the left anterior descending artery (LAD) for 35 minutes and
reperfusion for 120 minutes. The hearts were perfused with either the vehicle
or the drug (after randomisation) throughout the experimental protocol and the
analysis performed blinded. Another difference was that external cardiac
pacing was not utilised. This was because the isolated rat hearts were from
non-diabetic rats where the baseline heart rate routinely exceeded 300 beats
per minute (bpm). Thus, unlike isolated diabetic rat hearts, it was not possible
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to overdrive pace the hearts at a fixed rate of 300bpm. In addition, there was
no significant difference in the heart rate between the two groups as
demonstrated in the baseline characteristics data (Table 8-2).

8.4 Results
8.4.1 Baseline characteristics
Baseline characteristics were identical between groups: both demonstrating a
non-diabetic level of random blood glucose and identical anthropological
measurements and cardiac physiological parameters on the Langendorff
model (Table 8-2). No rats were excluded from this study.
Characteristic

Control (n = 6)

Canagliflozin (n = 6)

p-Value

8.7 ± 0.3

8.2 ±0.2

0.16

320 ± 7

317 ± 8

0.76

Body mass index (g/cm )

0.61 ± 0.02

0.61 ± 0.01

0.90

Waist to length ratio

0.74 ± 0.01

0.73 ± 0.01

0.42

Heart weight to tibial length ratio

0.33 ± 0.02

0.32 ± 0.01

0.52

Serum BUN (mg/dL)

7.8 ± 0.9

8.7 ± 1.1

0.54

Urine Albumin/Creatinine ratio

162 ± 29

136 ± 17

0.47

60 ± 7

54 ± 13

0.69

266 ± 19

277 ± 12

0.63

11 ± 1

12 ± 1

0.35

114 ± 8

111 ± 8

0.77

Random blood glucose (mmol/L)

Weight (g)

2

(mg/g)
Aortic cannulation time (s)
Heart rate at the end of
stabilisation (bpm)
Coronary flow rate at end of
stabilisation (mL/min)
LV Developed Pressure at the
end of stabilisation (mmHg)
Table 8-2 Baseline characteristics of the animals.
There was no significant difference between the two groups in terms of the baseline characteristics in
vivo and ex vivo.
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8.4.2 KEY FINDING: Impact of ex vivo Canagliflozin on myocardial
infarct size
In contrast to the cardioprotective effect of 4-week oral administration of
canagliflozin (see previous chapter), short-term ex vivo canagliflozin failed to
significantly alter infarct size, with treatment versus control of 38 ± 3% versus
45 ± 4%, respectively (p = 0.15) (Figure 8-1A). There was no difference in
the area at risk between any of the groups (Figure 8-1B).

Figure 8-1 Myocardial infarct size following short-term ex vivo administration of Canagliflozin in
non-diabetic Sprague-Dawley rats
(A) There was no evidence of infarct size reduction with short-term, ex vivo administration of
canagliflozin: infarct sizes of 45 ± 4% (control) vs 38 ± 3% (canagliflozin), p = NS, n = 6 per group.
(B) There was no difference in the area at risk in either of the treatment groups (control vs canagliflozin;
p = NS; n = 6 per group).
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8.4.2.1 Representative heart slices
The following images are representative heart slices from the aforementioned
experiments:
(A) Vehicle (DMSO)/ Control

(B) Canagliflozin

Figure 8-2 Representative heart slices of both groups.

The transverse slices are conventionally arranged from distal to the LAD suture site (left
segment) to the apex (right segment). Within each segment, the white area denotes infarct,
red area denotes the area at risk (distal to the LAD ligation site) and blue area denotes the
non-risk zone. Panels A: Non-diabetic Control, B: Non-diabetic Canagliflozin.

8.5 Discussion
8.5.1 No significant change in myocardial infarct size with direct
perfusion of Canagliflozin.
In contrast to the long-term oral administration of canagliflozin, short-term
administration of canagliflozin, ex vivo, administered at a concentration of 10
μmol/L (equivalent to that found in human subjects taking maintenance
canagliflozin, 300 mg daily
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) throughout the perfusion protocol, failed to

reduce myocardial infarct size. This concentration of canagliflozin is also
equivalent to a rat steady-state circulating serum canagliflozin concentration
from oral absorption of the drug, and a concentration that is sufficient to inhibit
both SGLT2 and SGLT1, but insufficient to abrogate GLUT (glucose
transporter) activity272. The observation that short-term ex vivo administration
of canagliflozin fails to protect the isolated heart may provide some further
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clues to the potential mechanism of action, because it appears to preclude a
direct-acting cardioprotective effect of the drug upon the myocardium.
8.5.2 Shift in myocardial fuel energetics
The administration of the drug ex vivo in a Langendorff model removes any
confounding endocrine effects that the drug might elicit from any other organ
system in vivo (which may have been the case in the experiment described in
the previous chapter). Therefore, the data suggests that the cardioprotective
effect of SGLT2 inhibition is unlikely to be through the drug acting directly
upon the myocardium itself and hints toward an endocrine (and downstream
signaling) or metabolic effect; either of which may explain the cardioprotective
effect of long-term oral administration of canagliflozin. Recent data by Marx
and Lopaschuk’s group demonstrated that diabetic mice exposed to 4 weeks
of oral empagliflozin had increased cardiac ATP production that was driven by
an increase in glucose and fatty acid oxidation but not ketone oxidation122.
However, the data do not appear to support a metabolic effect: in the longterm oral canagliflozin model, the protection was seen ex vivo with a sole
metabolic substrate: glucose at a concentration of 11 mmol/L. This makes
preferential

energy-substrate

switching,

as

proposed

in

the

ketone

hypothesis110, unlikely as an explanation for the cardioprotection observed.
Following isolation and Langendorff perfusion of the heart, ketones would
have been rapidly washed out of the coronary circulation. Furthermore, the
crystalloid-perfused Langendorff model is associated with far higher coronary
flows than that found in vivo228. Unsurprisingly, ketones will rapidly fall to
negligible levels within the myocardium, and are unlikely to supplant the
plentiful supply of glucose as the heart’s primary fuel source in the
Langendorff perfused model.
Although the role of endogenous myocardial glycogenesis as an alternative
fuel source has not been excluded, interestingly, long-term SGLT2 inhibition
leads to diminution of kidney and liver glycogen stores
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glycogen

is

in

myocardial

ischemia

reperfusion

injury

. The role of
complex

—

augmentation of canonical Krebs cycle activity with succinate synthesis
through gluconeogenesis during myocardial ischemia may be beneficial, but
potentially deleterious during reperfusion due to reversal of complex II of the
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mitochondrial transport chain274. The impact of glycogen depletion on
myocardial injury has been studied by other groups275 and the effects of
SGLT2 inhibition on myocardial glycogenesis would be worth further research.
8.5.3 The Sodium-Hydrogen Exchanger (NHE) hypothesis
The sodium hydrogen exchanger (NHE) hypothesis as proposed by Zuurbier’s
group (see Chapter 1) appeared to be a strong and attractive contender to
explain the cardioprotection observed in the long-term canagliflozin
administration study123. Previous investigations using cariporide and amiloride
in animal models have revealed highly efficacious anti-ischemic benefits of
NHE inhibition against myocardial infarction, particularly when administered
before the onset of myocardial ischemia127,130–132. Therefore, it was
anticipated that this study would provide further evidence of infarct size
limitation. However, this data would appear to suggest that the observed
protection from long-term and short-term administration of canagliflozin is less
likely to be mediated through NHE inhibition, but perhaps through another
pleiotropic pathway capable of triggering a “memory” effect through activation
of

signaling

cascades.

Alternative

candidate

pathways

include

the

aforementioned Jak/STAT3 pathway that may also help attenuate oxidative
stress and fibrotic myocardial remodeling or AMPK; both of which have been
described in Chapter 1.
8.5.4 Limitations
This study was performed in Sprague-Dawley rats, rather than the Zucker
Lean rats that were used in the previous study (Chapter 7). Although minor
strain differences cannot be excluded, both strains revealed similar
myocardial infarct sizes when subjected to 35 minutes of regional ischemia
and 2 hours of reperfusion. Although differences between individual strains of
rodent models exist in terms of sensitivity to myocardial ischemia/reperfusion
injury, given baseline similarities in infarct size, canagliflozin would have been
expected to be as protective in Sprague Dawley rats as the ZL rats.
Therefore, the absence of cardioprotection observed in this study is
informative.
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Chapter 9

Short-term

oral

administration

of

Canagliflozin is cardioprotective in non-diabetic rat
hearts
9.1 Background
The unexpected and novel findings from the experiments described in
Chapter 7 and 8 were published in the Journal of the American College of
Cardiology (JACC): Basic to Translational Science in 2019 and also
summarized pictorially in Figures 9-1 and 9-2)
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. Since the long-term oral

administration of canagliflozin results in attenuation in myocardial infarct size
in both non-diabetic and diabetic rats (see Figure 9-1) which is not
secondary to a direct effect of canagliflozin upon the myocardium (see Figure
9-2), this suggest that cardioprotection from SGLT2 inhibition occurs via an in
vivo hormone-mediated signaling mechanism.

Figure 9-1 Summary of myocardial infarct data from the study described in Chapter 7
276

Illustration adapted and modified from Lim et al
. The SGLT2 inhibitor used was oral Canagliflozin.
IS:AAR is the infarct size to area-at-risk ratio expressed as a percentage. ZL Veh: Zucker Lean control,
ZL Cana: Zucker Lean Canagliflozin, ZDF Veh: Zucker Diabetic Fatty control, ZDF Cana: Zucker
Diabetic Fatty Canagliflozin.
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Figure 9-2 Summary of myocardial infarct data from the study described in Chapter 8
276

Illustration adapted and modified from Lim et al . The SGLT2 inhibitor used was Canagliflozin which
was dissolved and Langendorff perfused into isolated hearts. IS:AAR is the infarct size to area-at-risk
ratio expressed as a percentage.

The most important and novel finding from the experiments described in this
thesis so far is that the cardioprotective benefits of SGLT2 inhibition were
seen in non-diabetic rats. This implies that subsequent mechanistic studies
can be conducted in primarily non-diabetic rodent models. Working on a
diabetic rodent model has some disadvantages such as the risk of introducing
confounding effects when performing ischaemia/reperfusion and molecular
studies, increased risk of animal mortality secondary to progression of
diabetes (as described in Chapter 7) and a higher financial cost compared to
using non-diabetic rats.
In addition to using just non-diabetic rodent models, it will be highly interesting
to establish how soon cardioprotection occurs upon commencement of oral
SGLT2 inhibitors. In other words, how soon can the cardioprotective effects of
oral canagliflozin be observed? This will not only shed light on the mechanism
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of cardioprotection but also create a simple working model that is quicker to
establish, lower maintenance and more cost effective.
Two basic science studies have utilised a short term, acute SGLT2 inhibitor
administration protocol to assess for any cardioprotective effects. Szabo’s
group used non-diabetic male rats, subjected them to in vivo LAD ligation
(30minutes) and administered an intravenous bolus of either vehicle or
Canagliflozin 5 minutes after the onset of ischaemia followed by 120 minutes
of reperfusion148. Acute treatment with Canagliflozin in vivo significantly
reduced myocardial infarct size, serum troponin-T levels, improved LV systolic
and diastolic function and was associated with increased AMPK and
endothelial nitric-oxide synthase (eNOS) phosphorylation in non-infarcted
hearts and increased Akt phosphorylation in infarcted hearts.
Goodwill’s group used healthy lean swine, administered oral vehicle or
Canagliflozin for 24 hours and then subjected them to in vivo circumflex artery
ligation (30 minutes) followed by 120 minutes of reperfusion277. Canagliflozin
was found to increase cardiac work efficiency (along with increased LV end
diastolic and systolic volumes) during ischaemia independent of changes in
myocardial substrate utilisation (no differences in myocardial uptake of
glucose, lactate, free fatty acids or ketones). Additionally, with prolonged
coronary artery occlusion (60 minutes) Canagliflozin led to a reduction in
myocardial infarct size.
Therefore, for the next series of experiments, non-diabetic Sprague Dawley
rats will be utilised and exposed to either oral (unlike the intravenous route
used by Szabo’s group) SGLT2 inhibitors or vehicle for 24 hours (instead of 4
weeks) before subjecting the isolated hearts to ischaemia/reperfusion
experiments to evaluate for any differences myocardial infarct size.
The same working model will also be used to evaluate for any significant
changes in hormone levels (insulin, glucagon and β–hydroxybutyrate) and to
further

elucidate

the

mechanism

of

SGLT2-inhibitor

associated

cardioprotection by looking at well-described anti-apoptotic protein signaling
pathways.
Apoptosis is one of the forms of cell death which occurs in myocardial
infarction and is described as a regulated, energy-dependent process that
involves DNA fragmentation and preserved cell membrane integrity without an
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associated inflammatory response278. A critical determinant of apoptosis
during acute myocardial ischaemia/reperfusion injury is mitochondrial
dysfunction and as illustrated in Figure 9-3, the well-described anti-apoptotic
pathways of survival such as the Reperfusion Injury Salvage Kinase (RISK)279
and Survivor Activating Factor Enhancement (SAFE) pathways136 have been
implicated in mitigating this cell death process by inhibiting the opening of the
mitochondrial permeability transition pore (mPTP) and inducing the nucleus to
increase protein synthesis. Since a reduction in myocardial infarction is
reflected in a reduction in apoptosis, the effects of SGLT2 inhibition on the
signaling cascades of the RISK and SAFE pathways will be evaluated.

Figure 9-3 The Reperfusion Injury Salvage Kinase (RISK) and Survivor Activating Factor
Enhancement (SAFE) pathways as mediators of cardioprotection
280

Illustration from Bell et al . As mentioned before in Chapter 1, Andreadou et al and Lee et al have
proposed that cardioprotection from SGLT2-inhibition occurs via the JAK-STAT3 or SAFE pathway
133,134
. Using Western blotting techniques, the experiments described in this chapter will attempt to
evaluate if 24 hour oral canagliflozin can pharmacologically condition myocardial cells via the the RISK
(looking at both Akt and ERK phosphorylation) and/or SAFE (looking at STAT3 phosphorylation)
pathways. The two signalling cascades culminate in the mitochondria (inhibition of mPTP and other
mitochondrial proteins such as Cx43) and nucleus (induce new protein synthesis) to prevent cell death.
Abbreviations: GCPR (G-protein coupled receptors), RTK (receptor tyrosine kinases), gp130
(glycoprotein 130), TNFR (tumour necrosis factor receptor), small GTPase proteins (Ras/Raf), PKC
(Protein Kinase C), PI3K (Phosphoinositide 3-kinase), Akt [Serine/threonine kinase (protein kinase B)],
eNOS (Endothelial nitric oxide synthase), NO (Nitric oxide), MEK (Mitogen-activated protein kinase
kinase), ERK (Extracellular signal-regulated kinases), p70S6K (p70 S6 ribosomal protein kinase), JAK
(Janus Kinase), STAT (Signal transducer and activator of transcription), mitochondrial permeability

transition pore (mPTP), connexin-43 (Cx43).
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9.2 Research aims
1) To investigate the effects of acute oral administration of an SGLT2
inhibitor to non-diabetic rats on myocardial infarct size.
2) To evaluate the effects of SGLT2 inhibition on well-described
cardioprotective signalling pathways, in particular the RISK pathway
(PI3K-Akt and MEK1-ERK1/2 activation) and the SAFE pathway (JAKSTAT3 activation) by Western blot analysis.
3) To assess the effects of SGLT2 inhibition on hormone levels by ELISA.

9.3 Methods
9.3.1 Treatment groups in the three studies that were conducted
Male Sprague-Dawley rats (weight range 290-350g) were used as the nondiabetic rat model. The rats were housed in groups of two; and were provided
standard chow diet and water ad libitum throughout the duration of the study.
Routine animal care was provided by the Central Unit at UCL, UK. The group
allocation and data analysis were performed in a randomised and blinded
fashion as previously described in Chapter 3. Initially, the rats were assigned
to either oral canagliflozin or control diet 24 hours before being allocated to
the different studies described in this chapter.
9.3.1.1 Method to check for the oral consumption of canaglilfozin in
non-diabetic rats: Detection of glycosuria by urinalysis
As described in Chapter 7, there were two methods to evaluate if the rats
have consumed the oral SGLT2 inhibitor: an improvement in blood glucose
levels in diabetic rats (Figure 7-6B and Figure 7-10A) and the detection of
glycosuria in non-diabetic rats (Figure 7-6C). The findings suggest that the
detection of glycosuria can be a useful surrogate marker of oral canagliflozin
consumption in non-diabetic rats. Furthermore, SGLT2 inhibition will have little
significant impact on the blood glucose profile of non-diabetic rats.
Therefore, for the studies described in this chapter, the detection of glycosuria
by point-of-care urinalysis in our non-diabetic Sprague-Dawley rats was used
to confirm if oral SGLT2 inhibitor had been consumed. Our preliminary studies
have shown that even 24 hours of oral canagliflozin was sufficient to produce
glycosuria in our rats.
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9.3.1.2 Three different studies conducted to assess the impact of 24hour oral canagliflozin
To address the aforementioned research aims, three studies were conducted.
A summary of the study methodologies is also illustrated in Figure 9-3.
For the study of the impact of 24-hour oral canagliflozin on myocardial
infarct size, the animals were randomly assigned to one of the three groups
(described in Table 9-1):
Group

Diet and Langendorff protocol description
Control diet (fed for 24 hours): Laboratory Rodent Diet Purina
Chow 5001* (LabDiet) as described in Table 7-1.

Control group

Langendorff protocol for myocardial infarct size data:

(n = 9)

40mins stabilization à 35mins regional ischaemia à 120mins
reperfusion à process and analyse myocardial infarct size

Positive control/

Control diet (fed for 24 hours): As described above

Ischaemic pre-

Langendorff protocol for myocardial infarct size data:

conditioning (IPC)
group

10mins stabilization à 3 cycles of global ischaemia/reperfusion
(1 cycle = 5mins ischaemia then 5mins reperfusion) à 35mins
regional ischaemia à 120mins reperfusion à process and

(n = 9)

analyse myocardial infarct size
Treatment diet (fed for 24 hours): 5001* chow incorporated

Treatment group

with Canagliflozin 166.7mg/kg as described in Table 7-1.
Langendorff protocol for myocardial infarct size data:

(n = 10)

40mins stabilization à 35mins regional ischaemia à 120mins
reperfusion à process and analyse myocardial infarct size

Table 9-1 Impact of 24-hour oral canagliflozin on myocardial infarct size: Treatment allocation for
each group.

For the study of the impact of 24-hour oral canagliflozin on hormone
levels, the animals that were used in the protein signaling study were also
used in this study. This is performed by directly aspirating blood from the
chest wall cavity immediately after excision of the heart to be used for the
Langendorff experiments. In line with principles of the 3Rs (Replacement,
Refinement and Reduction) the same animal could be used for two different
experiments

209

. The animals had already been randomly assigned to one of

the two groups (described in Table 9-2):
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Group

Diet description

Control group

Control diet (fed for 24 hours): Laboratory Rodent Diet Purina

(n = 12)

Chow 5001* (LabDiet) as described in Table 7-1.

Treatment group

Treatment diet (fed for 24 hours): 5001* chow incorporated

(n = 12)

with Canagliflozin 166.7mg/kg as described in Table 7-1.

Table 9-2 Impact of 24-hour oral canagliflozin on hormone levels: Treatment allocation for each
group.

For the study of the impact of 24-hour oral canagliflozin on protein
signaling pathways, the animals that were used in the hormone level study
were also used in this study. This is performed by directly aspirating blood
from the chest wall cavity immediately after excision of the heart that was then
used for the Langendorff experiments. In line with principles of the 3Rs
(Replacement, Refinement and Reduction) this meant that the same animal
was used for two different experiments
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. In this study, the animals were

randomly assigned to one of the four groups (described in Table 9-3).
Group

Diet and Langendorff protocol description
Control diet (fed for 24 hours): Laboratory Rodent Diet Purina

Control group with
sham protocol
(n = 6)

Chow 5001* (LabDiet) as described in Table 7-1.
Langendorff protocol for protein signaling data by Western
blot analysis: 40mins stabilization à 35mins sham à 5mins
reperfusion à process and analyse protein signals
Control diet (fed for 24 hours): As described above

Control group with
ischaemia protocol
(n = 6)

Langendorff protocol for protein signaling data by Western
blot analysis: 40mins stabilization à 35mins regional ischaemia
à 5mins reperfusion à process and analyse protein signals
Treatment diet (fed for 24 hours): 5001* chow incorporated

Treatment group
with sham protocol
(n = 5)

with Canagliflozin 166.7mg/kg as described in Table 7-1.
Langendorff protocol for protein signaling data by Western
blot analysis: 40mins stabilization à 35mins sham à 5mins
reperfusion à process and analyse protein signals

Treatment group

Treatment diet (fed for 24 hours): 5001* chow incorporated

with ischaemia

with Canagliflozin 166.7mg/kg as described in Table 7-1.

protocol
(n = 7)

Langendorff protocol for protein signaling data by Western
blot analysis: 40mins stabilization à 35mins regional ischaemia
à 5mins reperfusion à process and analyse protein signals

Table 9-3 Impact of 24-hour oral canagliflozin on protein signaling pathways: Treatment
allocation for each group.
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9.3.2 Baseline characteristics
The same anthropometric and blood glucose data were obtained in the
manner as previously described in Chapter 7.
9.3.3 Ischaemia/reperfusion protocol using the Langendorff model
Full details of the methods are described in Chapter 3. In brief, the nondiabetic rat hearts were excised and immediately secured onto the cannula of
a gravity-driven Langendorff perfusion apparatus as previously described. The
hearts were perfused with modified Krebs Henseleit buffer at a fixed glucose
concentration of 11mmol/L (as described in Table 3-3) throughout the
experimental protocol. Just like in the experiments described in Chapter 8,
external cardiac pacing was not utilised since non-diabetic rats were used.
For the study of the impact of 24-hour oral canagliflozin on myocardial
infarct size, the protocol consisted of a period of stabilisation for 40 minutes,
regional ischaemia by left anterior descending artery (LAD) occlusion for 35
minutes and reperfusion for 120 minutes. The hearts were then processed for
planimetry analysis of myocardial infarct size.
For the study of the impact of 24-hour oral canagliflozin on protein
signaling pathways, the protocol consisted of a period of stabilisation for 40
minutes, followed by either sham or regional ischaemia by LAD occlusion for
35 minutes and reperfusion for 5 minutes; a protocol that is routinely
performed and had been published in our laboratory281,282. The hearts (left
and right ventricles) were then snap-frozen in liquid nitrogen and stored at 80oC until further processing for protein extraction and Western blot analysis.
This protocol is illustrated in Figure 9-4.
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Figure 9-4 Summary of the methodology used in assessing the impact of 24-hour oral
canagliflozin on protein signaling pathways
Abbreviations: w/o = washout, isch = ischaemia (regional ischaemia with LAD ligation), LV = left
ventricle, RV = right ventricle

9.3.3.1 Positive control group added: Ischaemic pre-conditioning (IPC)
With the unexpected positive findings of reduced myocardial infarct size in
non-diabetic ZL rats exposed to chronic oral canagliflozin as described in
Chapter 7, it may be possible to also observe an effect of 24-hour oral
canagliflozin on the myocardial infarct size. Therefore, adding a wellestablished positive control can allow direct comparisons of myocardial infarct
size between the control and treatment group. Since IPC is well known to
protect

the

heart

against

the

deleterious

effects

of

myocardial

ischaemia/reperfusion injury and is used routinely in our laboratory283–285, this
was the positive control that was chosen for this experiment. The protocol is
described in Chapter 3 section 3.3.7.1. In brief, this consisted of 3 cycles of
global ischaemia/reperfusion (1 cycle = 5 minutes of ischaemia followed by 5
minutes of reperfusion).
9.3.4 Hormone analysis by ELISA
The blood samples were then collected into heparinised tubes in ice to
prevent coagulation. Samples were centrifuged at 6500 rcf for 15minutes at
10oC to obtain plasma and frozen at -80oC. On the day of the ELISA
experiment, the samples were defrosted at room temperature and used
immediately. The running of the ELISA and data analysis were then
performed by Alicia Kelly (a medical student doing her BSc at UCL) and Dr
Sapna Arjun, my supervisor at the Hatter Cardiovascular Institute, UCL but
the steps were as previously described in Chapter 3.
9.3.5 Protein analysis by Western Blot
At end of the Langendorff protocol, the isolated hearts were used for protein
signaling analysis using the Western blot technique (described in Chapter 3).
In particular, the well known mediators of cardioprotection such as the RISK
pathway (PI3K-Akt and MEK1-ERK1/2 activation)135 and the SAFE pathway
(TNFα and JAK-STAT3 activation)136 were evaluated with insulin as a positive
control (as described in Chapter 3, section 3.4.2) since insulin has been
shown to protect at reperfusion by activating the PI3K-Akt kinase pathway286.
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9.3.5.1 Primary antibodies
The following primary antibodies used were acquired from Cell Signaling
Technology (London, UK): Phospho-STAT3 (pSTAT3) rabbit (#9145S, 1:2000
dilution), STAT3 mouse (#9139S, 1:1000 dilution), Phospho-Akt (pAkt) rabbit
(#4060L, 1:2000 dilution), Akt mouse (#2920s, 1:2000), Phospho-ERK1/2
(pERK1/2) rabbit (#4370L, 1:2000 dilution), ERK1/2 mouse (#9107s, 1:1000
dilution). The primary antibodies were incubated with membrane (postWestern blot) at 4°C overnight in 5% blocking buffer (BSA and TBST).
9.3.5.2 Secondary antibodies
After removal of the primary antibodies, the membrane was incubated with
secondary fluorescent antibodies from LI-COR Biosciences (Cambridge, UK):
goat anti-mouse antibody (IRDye®, #680LT, red wavelength, 1:20000
dilution) to tag the total protein or goat anti-rabbit antibody (IRDye®,
#800CW, green wavelength, 1:15000 dilution) to tag the phosphorylated
protein for 1 hour at room temperature.
9.3.6 Illustrative summary of the three studies described in this chapter

Figure 9-5 Illustrative summary of the three different studies on the impact of 24-hour oral
canagliflozin on: myocardial infarct size, hormone levels and protein signaling pathways.
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9.4 Results
9.4.1 Baseline characteristics
The baseline characteristics between the groups are shown in Table 9-4.
Baseline characteristics that were significantly different are illustrated in the
relevant graphs.
Baseline

Control

IPCx3 cycles

24-hour oral

Any statistically

Characteristics

(n=9)

(n=9)

canagliflozin

significant

(n=10)

difference? *

Random blood

8.0 ± 0.2

7.8 ±0.2

7.4 ± 0.4

No

0.67 ± 0.02

0.66 ± 0.01

0.62 ± 0.01

Yes

Waist to length ratio

0.74 ± 0.01

0.74 ± 0.01

0.73 ± 0.01

No

Heart weight to tibial

0.38 ± 0.01

0.36 ± 0.01

0.33 ± 0.01

Yes

4.26 ± 0.12

4.19 ± 0.11

3.95 ± 0.18

No

44 ± 4

55 ± 6

55 ± 7

No

297 ± 11

253 ± 18

290 ± 22

No

81 ± 13

101 ± 16

115 ± 14

No

glucose (mmol/L)
Body mass index
2

(g/cm )

length ratio
Liver to body weight
ratio
Aortic cannulation
time (s)
Heart rate; end of
stabilisation (bpm)
LV Developed
Pressure; end of
stabilisation (mmHg)
Cana canagliflozin, CFR coronary flow rate, LV DevP left ventricular developed pressure, AAR area at
risk. A large AAR is due to a left anterior descending artery (LAD) ligation that is too proximal and can
lead to a large area of infarct. To ensure consistency in the ligation, the AAR should be between 4080% of the total left ventricle. If the LAD ligation is not tight enough during the ischaemia phase of the
Langendorff protocol, then inadequate ischaemia occurs (seen as an inadequate drop in CFR, LV DevP
and temperature) and the heart has to be excluded from the infarct analysis.
*Baseline characteristics with statistically significant differences (using the one-way ANOVA) between
the groups are further illustrated as graphs below.
Table 9-4 Baseline characteristics of the animals on the control vs canagliflozin diet.

9.4.1.1 Reduction in body mass index with acute oral canagliflozin
As previously described in Chapter 7, chronic (4-week) oral administration of
canagliflozin in non-diabetic Zucker Lean (ZL) rats was associated with a
significant reduction in body mass index (BMI). As shown in Figure 9-6, acute
(24 hour) oral administration of canagliflozin in non-diabetic Sprague-Dawley
rats was also associated with a significant reduction in BMI. The magnitude of
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weight loss is seen to be greater in acute oral administration of canagliflozin
(BMI of 0.66 in the vehicle group vs 0.62 in the canagliflozin group) compared
to that of chronic administration (BMI of 0.63 in the vehicle group vs 0.60 in
the canagliflozin group).
SGLT2 inhibitors cause weight loss due to calorie loss and osmotic diuresis
via renal glucose excretion; a finding that is consistently observed in clinical
studies in T2DM patients287,288. However, the weight loss is less than
expected from pure calorie loss. Ferrannini et al found that the calorie loss
from glycosuria using SGLT2 inhibitors was compensated by an adaptive
response to increase energy intake such as increase in appetite and calorie
intake289. Since such adaptations take a longer time to manifest, this could
explain why the magnitude of weight loss in chronic canagliflozin
administration was less than that of acute administration in our experiments
non-diabetic rats.
It is also worth noting that there are relatively fewer studies that evaluate
effects of SGLT2 inhibition on weight loss in non-diabetic patients.
Furthermore, most of those studies were performed on obese patients with a
study duration ranging from 8 to 52 weeks288. It has been found that the
weight loss in was attributed to a reduction in subcutaneous and visceral
adipose tissue rather than lean tissue.
Therefore, the finding of acute weight loss in this group of lean non-diabetic
rats is interesting. The reduction in adipose tissue in the rats within 24 hours
(although not objectively quantified) is unlikely to explain this. This suggests
that acute osmotic diuresis rather than calorific loss is the likeliest explanation
behind the acute weight loss in these non-diabetic rats. Glycosuria was
demonstrated in the non-diabetic rats exposed to acute oral canagliflozin
which importantly confirms the consumption of the drug (see Figure 9-7).
Importantly, glycosuria was not associated with hypoglycaemia (see baseline
characteristics in Table 9-4) – a finding that has also been demonstrated in
non-diabetic rats exposed to chronic oral canagliflozin (Chapter 7).
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Figure 9-6 Body mass index (BMI) in non-diabetic rats exposed to vehicle vs canagliflozin.
Acute oral canagliflozin administration (green bar) led to a significant reduction in BMI compared to that
of rats on the vehicle diet (white and blue bars).

Figure 9-7 Urinalysis of glucose in non-diabetic rats exposed to vehicle vs canagliflozin
Glycosuria was demonstrated in the non-diabetic rats exposed to acute oral canagliflozin (green bars)
which confirms the consumption of the drug. It was not possible to obtain urine samples for all rats in the
control group due to insufficient sampling.
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9.4.1.2 Heart weight to tibial length ratio – a surrogate measure of
cardiac mass
As previously shown in Figure 7-8, there was no significant difference in the
cardiac mass when both diabetic and non-diabetic rats were exposed to
chronic (4 weeks) oral canagliflozin. However, as shown in Figure 9-8 nondiabetic rats exposed to short term (24 hour) oral canagliflozin had a lower
cardiac mass. The reason behind this is not clear but it seems that the effects
of lower cardiac mass associated with acute oral canagliflozin administration
is lost over time. As the hearts were weighed at the end of the experiments, it
could suggest less myocardial oedema which may be a result of preservation
of the heart/blood barrier or endothelial function.

Figure 9-8 Heart weight to tibial length ratio in non-diabetic rats on control/Canagliflozin diet.
Canagliflozin was associated with a lower heart weight to tibial length ratio in non-diabetic rats (white
and blue bars for vehicle diet and green bar for canagliflozin diet).
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9.4.2 KEY FINDING: 24 hour oral Canagliflozin was associated with a
significant reduction of myocardial infarct size
At the start of the study, 28 animals were used. Of those, 5 had to be
excluded for reasons summarised in Figure 9-9. 18 rats were allocated to the
vehicle group and 10 rats were allocated to the canagliflozin group. There
were no adverse events observed in both groups.

Figure 9-9 CONSORT-style diagram for infarct assessment in the 24-hour oral drug study.
28 animals were started into the study, of which 23 completed through to analysis. Reasons for and
timings of animal exclusions are shown in all groups. Pre priori exclusion criteria are shown in Table 3-4.
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Short-term oral canagliflozin reduced myocardial infarct size in nondiabetic rats
Short-term 24-hour oral administration of canagliflozin significantly reduced
myocardial infarct size; an improvement that was comparable with that of the
positive control group (IPCx3). The control group had a mean myocardial
infarct size of 62 ± 5%. In contrast, this was 44 ± 5% in the ischaemic
preconditioning group and 45 ± 4% in the canagliflozin group (Figure 9-10A).
There was no difference in the area at risk across all 3 groups (Figure 9-10B).

Figure 9-10 Myocardial infarct size following short-term 24 hour oral administration of
Canagliflozin in non-diabetic Sprague-Dawley rats.
(A) There was a significant reduction in myocardial infarct size with, 24 hour oral administration of
canagliflozin; an improvement that was comparable with that of the positive control group (IPCx3).
Infarct sizes of 62 ± 5% (control) vs 44 ± 5% (IPCx3) vs 45 ± 4% (canagliflozin), n = 7-8 per group.
(B) There was no difference in the area at risk across all three groups (control vs IPCx3 vs canagliflozin;
p = NS; n = 7-8 per group).

205

9.4.2.1 Representative heart slices
The following images are representative heart slices from the aforementioned
experiments:
(A) Vehicle diet/ Control

(B) Vehicle diet/ Positive Control (IPCx3cycles)

(C) 24-hour oral Canagliflozin diet

Figure 9-11 Representative heart slices of all three groups.

The transverse slices are conventionally arranged from distal to the LAD suture site (left
segment) to the apex (right segment). Within each segment, the white area denotes infarct,
red area denotes the area at risk (distal to the LAD ligation site) and blue area denotes the
non-risk zone. Panels A: Non-diabetic Control, B: Non-diabetic Positive Control, C: Nondiabetic Canagliflozin.
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9.4.3 Cardiac physiological data
The impact of canagliflozin upon coronary flow, left ventricular developed
pressure (LVDP) and left ventricular end diastolic pressure (LVEDP) are
illustrated in Figures 9-12 , 9-13 and 9-14, respectively.
9.4.3.1 Coronary flow rate
There was no significant difference in the coronary flow rate throughout the
experiment protocol across all three groups (see Figure 9-11). This was in
keeping with the findings in non-diabetic Zucker Lean rat hearts exposed to
chronic oral canagliflozin as described in Chapter 7.

Figure 9-12 Coronary flow rate throughout the ischaemia/reperfusion protocol for all 3 groups.

9.4.3.2 Left ventricular (LV) developed pressure
There was no statistically significant difference in the left ventricular
developed pressure at stabilization (81±13 mmHg in controls, 101±16
mmHg in IPC and 115±14 mmHg in the canagliflozin group, see Table 9-4)
and following injurious ischaemia/ reperfusion injury (see Figure 9-13).
9.4.3.3 LV end diastolic pressure (LVEDP)
The left ventricular end diastolic pressure (LVEDP) is a reflection of
ventricular compliance and may be elevated following an acute coronary
syndrome in association with a larger myocardial infarct size290. As expected
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with the Langendorff model, there was an increase in LVEDP from baseline
following regional ischaemia and on reperfusion - a sign of myocardial injury.
As shown in Figure 9-14, although the LVEDP towards the end of reperfusion
was visually lower in the Canagliflozin-treated group, there was no statistical
significance (19 ± 5mmHg in controls, 15 ± 3mmHg in the IPC group and 10
± 1mmHg in canagliflozin, one-way ANOVA p-value 0.137).

Figure 9-13 LV developed pressure throughout the Langendorff protocol for all 3 groups.
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Figure 9-14 LV end diastolic pressure change compared to baseline throughout the Langendorff
ischaemia/reperfusion protocol for all 3 groups.

9.4.4 Hormone levels (ELISA method)
Despite the maintenance of blood glucose, there was no difference in
circulating insulin or glucagon across both groups.

Similarly, there was no

significant change in the ketone, β-hydroxybutyrate, suggesting that increased
availability of ketones is an unlikely mechanism of cardioprotection in this
model (see the “thrifty substrate hypothesis”
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which was described in

Chapter 1, section 1.5.1).

Figure 9-15 Hormone levels of non-diabetic rats exposed to 24-hour oral canagliflozin/vehicle
diet.
The three graphs of the hormone levels were courtesy of Alicia Kelly, a medical student doing her BSc
at UCL and Dr Sapna Arjun, my supervisor at the Hatter Cardiovascular Institute, UCL. There was no
statistically significant difference in the hormone levels between the control and treatment group.
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9.4.5 Protein signals (Western blot analysis)
As described and illustrated in Figure 9-3, the non-diabetic rats were allocated
into one of 4 groups:
1) Control diet with no ischaemia (n=6 initially but one heart was excluded
as it did not complete the Langendorff protocol)
2) Control diet with regional ischaemia/LAD ligation (n=6)
3) Oral canagliflozin (24 hours) with no ischaemia (n=5)
4) Oral canagliflozin (24 hours) with regional ischaemia/LAD ligation (n=7)
At the end of the Langendorff experiments, the isolated heart was sectioned
into the left ventricle (LV) and right ventricle (RV). In the following groups,
there should not be any expected increase in phosphorylation of Akt, ERK
and STAT3:
1) LV and RV in the control diet group with no ischaemia
2) RV in the control diet group with regional ischaemia (since the LAD
only supplies the LV).
9.4.5.1 Increase in Akt phosphorylation with canagliflozin under
ischaemic conditions
Within the ischaemic myocardium (i.e the LV), short-term oral canagliflozin
was associated with a significant increase in Akt phosphorylation compared to
the vehicle diet (see Figure 9-16). These effects were absent in the nonischaemic LV (i.e sham group) and the remote myocardium (i.e the RV).

Figure 9-16 Measurement of Akt phosphorylation levels across all 4 groups in the LV and RV.
Only comparisons that had statistically significant differences are shown in the graph.
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9.4.5.2 Increase in ERK phosphorylation with canagliflozin only when
comparing ischaemia to sham
Short-term oral canagliflozin was associated with a significant increase in
ERK phosphorylation only in the ischaemic LV compared to non-ischaemic LV
(see Figure 9-17). Unlike with Akt phosphorylation, this effect was not seen
when compared to the ischaemic LV in the control group. As expected, there
was no significant ERK phosphorylation in the non-ischaemic LV (i.e sham
group) and the remote myocardium (i.e the RV).

Figure 9-17 Measurement of ERK phosphorylation levels across all 4 groups in the LV and RV.
Only comparisons that had statistically significant differences are shown in the graph.

9.4.5.3 No change in STAT3 phosphorylation
Interestingly, the effects of short term canagliflozin on Akt and ERK
phosphorylation were not observed with STAT3 phosphorylation(Figure 9-18).

Figure 9-18 Measurement of STAT3 phosphorylation levels across all 4 groups in the LV and RV.
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9.4.5.4 Summary of Western blot experiments
Within the ischaemic myocardium [i.e the LV) there was a significant increase
in Akt (but not STAT3) phosphorylation (see Figure 9-19). These effects were
absent in the remote myocardium [right ventricle (RV)]. Increased ERK
phosphorylation was only observed in canagliflozin-exposed hearts when
comparing sham with ischaemia.

Figure 9-19 Measurement of phosphorylation levels of Akt and ERK across all four groups in
both the LV and RV.
Representative Western blot protein ladder slides for Akt and ERK phosphorylation (green bands)
compared to total Akt and ERK (red bands) are shown below each graph. Only comparisons that had
statistically significant differences are shown in the graphs.
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9.5 Discussion
The experiments performed in Chapter 7 showed that long-term (4 weeks)
oral administration of canagliflozin resulted in attenuation in myocardial infarct
size in both non-diabetic and diabetic rats. Since the same effect was not
observed when the isolated heart was directly perfused with canagliflozin
(shown in Chapter 8), this suggested that canagliflozin needed to be given to
the whole animal to trigger cardioprotective signaling. An important question
that we hoped to answer was how soon could the cardioprotective effects be
seen in non-diabetic rats?
9.5.1 Early cardioprotection from canagliflozin was independent of
blood glucose, insulin, glucagon and ketone levels with no
adverse events
The main finding from the experiments described in this chapter is that the
cardioprotective effect from SGLT2 inhibition could be seen as early as 24
hours of oral exposure to the drug. The degree of reduction in myocardial
infarct size was comparable to that of the positive control i.e ischaemic
preconditioning. Importantly, there was no evidence of hypoglycaemia in nondiabetic rats exposed to short-term oral canagliflozin and this was similarly
shown when they were exposed to chronic (4 weeks) oral canagliflozin. Since
there were no significant effects of oral canagliflozin on the blood glucose,
ketone and hormone levels (insulin and glucagon), this suggests that another
hormone-mediated signalling pathway is responsible for the cardioprotection
observed.
9.5.2 Reduction in myocardial infarct size from canagliflozin was
similar to other studies that employed a short term SGLT2
inhibition protocol.
The finding of a reduction in myocardial infarct size with short term, oral
canagliflozin administration (control 62 ± 5% vs canagliflozin 45 ± 4%,
p=0.016) was consistent with the two aforementioned studies by Szabo et al
and Goodwill et al

148,277

. Recall that Szabo’s group also used non-diabetic

male rats and subjected them to LAD ligation (although this was in vivo and
30minutes in duration). The other difference was that an intravenous bolus of
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either vehicle or Canagliflozin was administered 5 minutes after the onset of
ischaemia followed by 120 minutes of reperfusion. Nevertheless the degree of
reduction in myocardial infarction size was similar with acute treatment with
Canagliflozin in vivo (control 59 ± 4% vs canagliflozin 43 ± 3%, p=0.006).
Goodwill’s group administered oral vehicle or Canagliflozin for 24 hours but
non-diabetic pigs were used. One protocol was with in vivo circumflex artery
ligation (30 minutes) followed by 120 minutes of reperfusion and the other
was prolonged coronary artery occlusion (60 minutes). Canagliflozin was
found to reduce myocardial infarct size and increase cardiac work efficiency
during ischaemia independent of changes in myocardial substrate utilisation
(no differences in myocardial uptake of glucose, lactate, free fatty acids or
ketones). The observed cardioprotection independent of changes in
myocardial substrate utilisation was interesting considering that we found no
difference in the blood levels of glucose and ketones between the
canagliflozin and vehicle groups.
9.5.3 Reduction in myocardial infarct size from canagliflozin was
associated with increased Akt phosphorylation in the ischaemic
myocardium
Interestingly, the reduction in myocardial infarct size with 24-hour oral
canagliflozin was associated with increased phosphorylation of Akt under
ischaemic conditions (i.e in the LV that was subjected to regional ischaemia).
Szabo’s group also demonstrated that short-term canagliflozin elevated Akt
phosphorylation only in infarcted rat hearts148. Although Szabo’s group
administered canagliflozin intravenously while we administered the drug
orally, this helps to confirm our hypothesis that the drug needed to be
administered to the whole animal to activate an in vivo hormone-mediated
signaling mechanism involving the PI3K-Akt cascade.
Elevation in ERK phosphorylation was only observed when hearts exposed to
canagliflozin were subjected to ischaemia instead of sham. No significant
differences were seen when comparing control hearts with canagliflozinexposed hearts. There was no significant STAT3 phosphorylation with
canagliflozin treatment. Recall in Chapter 1 that Andreadou et al showed that
the reduction in myocardial infarct size from SGLT2 inhibition was STAT3
214

dependent rather than Akt and ERK134. Although at first glance their finding
was different from ours, there were several differences in their study. Firstly,
empagliflozin was used. Secondly, it was administered via oral gavage
chronically over a 6-week period. Thirdly, they used a T2DM mouse model
(Western diet). Their data suggest that the mechanism of cardioprotection
from chronic SGLT2 inhibition in T2DM may very well be different from that of
non-diabetic animals and even more so when compared to our experiment
with acute SGLT2 inhibition. Furthermore, considering that different SGLT2
inhibitors were used (empagliflozin by Andreadou et al and canagliflozin by
us), it is possible that there could be subtle differences in the cardioprotective
mechanism within the same class of this novel drug.
In summary, our data suggests that the reduction in myocardial infarct size
with short-term oral canagliflozin was associated with increased Akt
phosphorylation; a component of the PI3K-Akt signaling cascade arm of the
anti-apoptotic RISK pathway rather than the SAFE pathway.
9.5.4 Limitations
As illustrated in Figure 9-3, the RISK pathway essentially encompasses two
parallel cascades; PI3K-Akt and MEK1-ERK and was first described by
Yellon’s group in 2002291. This pathway has been evaluated via a series of
pharmacological experiments where the co-administration of PI3K and ERK
inhibitors prevented the cardioprotective effect of several treatment agents292.
As PI3K and ERK inhibitors were not used in our experiments, future study
designs should incorporate groups with those pathway-specific inhibitors to
further tease out the site of action of the SGLT2 inhibitor.
There are additional treatment arms that should be considered in future study
designs to see evaluate for any additive cardioprotective effects such as:
combining ischaemic preconditioning with short-term SGLT2 inhibition or
using other cardiovascular or anti-diabetic drugs (such as metformin and or
glucagon like peptide-1 receptor agonists) in combination with SGLT2
inhibitors to mimic clinical studies.
In our experiments, only glucagon, insulin and β-hydroxybutyrate levels were
evaluated; therefore future studies should examine other signaling hormones
that may be responsible for activating the pro-survival pathways.
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9.5.5 Conclusion
This chapter described the novel and fascinating effects of short-term oral
administration of canagliflozin on myocardial ischaemia/reperfusion injury in
non-diabetic rats.
In summary:
1) Short-term oral canagliflozin significantly reduced myocardial infarct
size in non-diabetic rats.
2) The observed cardioprotection occured independent of the glucose,
glucagon, insulin and β-hydroxybutyrate levels.
3) There were no adverse events from oral canagliflozin (such as
hypoglycaemia or urinary tract infection) in the non-diabetic rats
despite glycosuria. This again demonstrates the safety profile of this
SGLT2 inhibitor in our animal studies.
4) The reduction in myocardial infarct size with short-term oral
canagliflozin was associated with increased Akt phosphorylation which
implicates the PI3K-Akt signaling cascade arm of the RISK pathway
rather than the SAFE pathway.
Pathway-specific inhibitors may help to elucidate the causal role of Akt and
ERK phosphorylation. In addition, further studies are needed to identify the
hormone responsible for activating pro-survival pathways. The data highlights
the potential utility of SGLT2 inhibitors as a novel cardioprotective therapy in
high-risk cardiovascular patients independent of diabetic status.
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Chapter 10

Conclusion

10.1 My research contribution to the SGLT2 inhibitor story
The SGLT2 inhibitor story has been the subject of worldwide attention
amongst the medical community due to the novel discoveries that have been
made since the publication of the first SGLT2 inhibitor cardiovascular outcome
trial (CVOT) in 2015 (EMPA-REG OUTCOME) 96. Subsequently, other SGLT2
inhibitor CVOTs (all designed to demonstrate the cardiovascular safety of any
new anti-diabetic drugs as mandated by the FDA and EMA94,95) have also
replicated this surprising cardiovascular benefit suggesting a drug class effect.
As SGLT2 receptors are predominantly found in the kidney, it has been widely
accepted that SGLT2-inhibitor mediated cardioprotection probably occurs in
an off-target manner. Since then, multiple mechanisms have been proposed
and studied by research groups worldwide to help explain the observed
cardioprotection.
The reduction in hospitalisation for heart failure was a main driver for the
cardiovascular benefits seen in the SGLT2 inhibitor CVOTs and one
mechanism that could explain this is the mitigation of myocardial
ischaemia/reperfusion injury (IRI) because myocardial IRI is an important
driver in the development of left ventricular impairment and heart failure.
Furthermore, despite the effectiveness of primary coronary angioplasty in
reducing myocardial infarct size, myocardial IRI still accounts for a significant
proportion of the final infarct size and there is a need to identify therapies that
can mitigate the deleterious effects of myocardial IRI in acute coronary
syndrome. Therefore, this thesis sought to shed some light into this
fascinating drug by evaluating the effects of SGLT2 inhibitors on myocardial
IRI.

10.2 Summary of methods and results
In order to establish a T2DM animal model, two rat models of T2DM were
characterised: The high fat diet/streptozotocin (HFD/STZ) and the Zucker
Diabetic Fatty (ZDF) rat. For the HFD/STZ rat model, the optimal response
and survival rates were subsequently established after 5 batches of serial
experiments. However, there were multiple disadvantages to this model
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including the finding that the HFD/STZ rat phenotype appeared to be more
suggestive of type 1 diabetes mellitus (T1DM). Therefore, the ZDF rat model,
which reflected the obese T2DM phenotype more closely, was subsequently
chosen.
Neither subcutaneous nor oral administration of Phlorizin (an SGLT1 and
SGLT2 inhibitor) to diabetic rats conferred adequate glycaemic control. In
contrast, diabetic rats exposed to oral Canagliflozin (an SGLT2 inhibitor)
showed sustained and improved glycaemic profiles without any adverse
events. Hence, Canagliflozin became the drug of choice for subsequent
experiments.
ZDF and non-diabetic Zucker Lean (ZL) rats were then fed either high-fat or
standard chow respectively, with or without fortification with Canagliflozin for 4
weeks. As expected, ZDF rats were markedly diabetic with evidence of endorgan renal injury. Canagliflozin improved the blood glucose of ZDF rats and
did not cause hypoglycaemia in ZL rats. After 4 weeks, the hearts were
harvested, Langendorff-perfused and subjected to 35 minutes regional
ischemia and 2 hours reperfusion.
Fascinatingly, Canagliflozin pre-treatment led to robust attenuation of
myocardial infarct size in both diabetic ZDF and non-diabetic ZL rat hearts. In
contrast, short-term Langendorff-perfusion of non-diabetic (Sprague-Dawley)
rat hearts with Canagliflozin had no impact on myocardial infarct size.
Therefore, the data suggests that the cardioprotective effect of SGLT2
inhibition is unlikely to be via direct action upon the myocardium itself and
suggests an endocrine (and downstream activation of signaling cascades)
effect. Further experiments were conducted to identify potential endocrine
factors and signaling cascades.
Interestingly, the Langendorff-perfused hearts of non-diabetic rats pre-treated
with oral Canagliflozin for 24 hours also demonstrated a significant reduction
in myocardial infarct size compared to that of placebo-treated rats. The
cardioprotection occurred independent of blood glucose, insulin, glucagon and
ketone levels. Western blot analysis of these protected hearts showed an
association between SGLT2 inhibition and increased Akt phosphorylation but
not STAT3 phosphorylation; suggesting that the PI3K-Akt signaling cascade
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arm of the anti-apoptotic RISK pathway rather than the SAFE pathway may
be implicated in the attenuation of myocardial IRI by SGLT2 inhibitors.

10.3 How my research findings tie in with the other previously
proposed

mechanisms

behind

SGLT2

inhibition

associated cardioprotection
This thesis has previously explored multiple interesting ideas (in no particular
order of importance) in Chapter 1:
1) Shift in myocardial fuel energetics
2) The Sodium-Hydrogen Exchanger (NHE) hypothesis
3) The Janus Kinase - Signal transducer and activator of transcription 3
(JAK-STAT3) pathway
4) Adenosine monophosphate-activated protein kinase (AMPK) activation
5) SGLT1 inhibition
6) Alterations in heart failure signaling pathways
7) Amelioration of vascular dysfunction
8) Cardiovascular autonomic nervous system modulation
9) A reduction in arrhythmic risk
As explained in Chapters 7-9, the finding of a reduction in myocardial
ischaemia/reperfusion injury independent of glucose, insulin, glucagon and
ketone levels in the non-diabetic rat with both long and short term oral
administration of canagliflozin but not in Langendorff hearts directly perfused
with canagliflozin makes the first two proposed mechanisms (‘shift in
myocardial fuel energetics’ and the ‘sodium-hydrogen exchanger hypothesis’)
less likely. Furthermore, the finding that the reduction in myocardial infarct
size was associated with increased Akt phosphorylation but not STAT3
phosphorylation makes the third proposed mechanism (JAK-STAT3 pathway)
less likely. Mitigation of myocardial IRI by SGLT2 inhibition also leads to a
reduced risk of developing left ventricular impairment and heart failure which
could then explain the reduced hospitalisation for heart failure seen in the
SGLT2 inhibitor CVOTsL and cardiovascular benefits seen in DAPA-HF.
It is worth reiterating that the above hypotheses are not only fascinating but
also should not be seen as competing ideas. Perhaps the cardioprotective
effects of SGLT2 inhibitors could well be mediated by multiple mechanisms
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which includes the involvement of PI3K-Akt signaling cascade arm of the antiapoptotic RISK pathway as suggested by the work described in this thesis.

10.4 Final conclusion
The reduction in myocardial IRI in diabetic rats by SGLT2 inhibition may
explain the improved cardiovascular outcomes amongst T2DM patients in the
SGLT2 inhibitor CVOTs. What is more novel is the demonstration of SGLT2
inhibitor-mediated cardioprotection in non-diabetic rats (which can occur as
early as within 24 hours). The reduction in myocardial infarct size was
associated with increased Akt phosphorylation and was independent of
circulating blood glucose, insulin, glucagon and ketone levels. This thesis
therefore provides new insights into the potential cardiovascular benefits of
SGLT2 inhibition and highlights the potential translational repurposing of this
novel class of anti-diabetic drugs to improve cardiovascular outcomes in
patients regardless of diabetic status. Hence, it will not be surprising to
imagine that SGLT2 inhibitors may one day be redesigned into highly effective
therapies for heart failure, ischaemic heart disease and arrhythmia patients.
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Chapter 11

Publications

11.1 First author publication in the Journal of the American
College of Cardiology (JACC): Basic to Translational
Science, February 2019
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11.2 Won the 1st prize for the 7th UCL Cardiovascular
Symposium PhD presentation
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Presentation slides for the 7th UCL Cardiovascular Symposium PhD
presentation (3-minute format)
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11.3 Online publication with Cochrane UK, December 2019

Cochrane UK website. Published 16th December 2019.
https://uk.cochrane.org/news/sglt2-inhibitors-–-looking-beyond-glucoselowering-diabetes
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11.4 Poster presentation at the annual British Cardiovascular
Society (BCS) Conference and abstract publication in
Heart, May 2019.
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