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ABSTRACT 

 

 Plasma membrane ATP-sensitive potassium (KATP) channels are found in many 

excitable cell types where they couple cellular metabolism and membrane excitability. . 

Studies on KATP deficient mice show that parameters of cardiac mechanical function are 

similar to those of wild-type mice under basal aerobic conditions. However, in the setting 

of ischemia-reperfusion injury hearts of mice lacking KATP channels were shown to 

recover poorly after the insult and exhibit larger infarct sizes than in wild-type mice. 

Absence of KATP channels was also shown to abolish the protective effects of ischemic 

and pharmacological preconditioning against ischemia-reperfusion injury. 

 Recent evidence suggests that genetic ablation of the channel causes changes in 

global metabolism. Furthermore, a previous proteomic study has shown that genetic 

ablation of the KATP channels is associated with a noticeable change in cardiac metabolic 

proteins. In that regard, efficient energy utilization is one of the means by which the heart 

can recover functionally after ischemia. Therefore, if cardiac metabolism is suboptimal 

under basal aerobic conditions, it is likely that the heart becomes more susceptible to 

damage if subjected to an ischemic insult. In this thesis, the author investigates whether 

KATP channels regulate cardiac metabolism. If so, how would those changes in metabolic 

profile contribute to the pronounced cardiac damage observed during ischemia in KATP-

deficient mice? 

 In this regard, KATP channels were shown to possess Mg-ATPase activity in 

addition to their well-identified electrical activity. This Mg-ATPase activity allows the 

channel to alter the nucleotide concentration in its microenvironment which directly 



iii 
 

affects channel activity. Therefore, we sought to study the molecular determinants that 

regulate this enzymatic property. It is plausible that commonly used pharmacological 

agents that target KATP channels such as diazoxide and sulfonylureas may not only be 

affecting KATP  electrical activity but Mg-ATPase activity as well. The functional 

consequences of these effects are unknown thus far, however, elucidation of these effects 

provides insight into the manifestation of side effects that may occur due to the use of such 

pharmacological agents. Due to the close association between KATP channels and several 

nucleotide-sensitive enzymes known to modulate metabolism, most notably AMP-

activated protein kinase (AMPK), we investigated whether KATP channel openers and 

inhibitors affected activity of this enzyme. We also examined the effect of diazoxide, 

glibenclamide and gliclazide on Mg-ATPase activity of the channel in an effort to 

correlate the enzymatic activity of the channel and activity of AMPK. 

 Overall, the findings in this thesis highlight the importance of the presence of an 

intact plasma membrane KATP channel metabolome in the regulation of cardiac 

metabolism via modulation of AMPK activity. Moreover, we show that alteration of Mg-

ATPase activity can directly affect pharmacological sensitivity of KATP channels to drugs 

that are designed to modulate their electrical activity. Understanding the functional 

consequences of the alteration of non-electrical properties of KATP channels provides clues 

to aid the development of more specific pharmacological agents with less prominent 

adverse effects. 
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1.1. Introduction  

 Cardiovascular diseases are the leading cause of death and have claimed over 17.1 

million lives worldwide in 2004 alone
1
. By 2030, this number is projected to be 23.6 million, 

with more people adopting the Western diet and following a more sedentary lifestyle. 

Ischemic heart disease accounts for a significant proportion of cardiovascular diseases and 

results in significant morbidity and mortality
1
. Consequently, a thorough understanding of 

the pathophysiology that underlies ischemic heart disease is not only essential to ease the 

strain on the already taxed health care system, but also to reduce the number of lives lost. 

The heart possesses multiple endogenous protective mechanisms to reduce the damage that 

may result from such ischemic episodes and to aid in cardiac recovery. Among these 

mechanisms is the opening of ATP-sensitive potassium  (KATP) channels. For over thirty 

years, KATP channels have been known as an important class of potassium channels that 

couple cellular excitability to metabolic status. While it is an undisputed fact that they 

regulate cellular excitability, there is recent evidence to suggest that they may play a key role 

in regulating cellular metabolism.  

1.2. The discovery of KATP channels 

 In 1983, KATP channels were first identified when Akinori Noma reported an outward 

current in cardiac cells that increased upon treatment with cyanide and during hypoxia but 

was blunted upon intracellular injection of ATP
2
. One year later, Francis Ashcroft reported 

that  K
+ 

channels in the pancreas were regulated by changes in glucose which suggested that 

KATP channels could be the link between changes in glucose metabolism and insulin secretion 

in the pancreas
3
.  
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  Ashcroft's discovery was of great importance because it identified the KATP channel 

as a key physiological regulator of insulin secretion. This meant that studying KATP channels 

could help identify irregularities in the insulin secretion mechanism thereby enabling the 

development of drugs to fix them. However, it was not until the early nineties that the 

molecular structure of the channels was identified. Aguilar-Bryan and Inagaki et al. were 

able to clone the different subunits of KATP channels to finally describe the topology of KATP 

channels to give us further insight into their function
4
.  

1.3. KATP structure 

 KATP channels are hetero-octameric channels
5
 (Figure 1.1.A), composed of four 

subunits belonging to the inward rectifying potassium channel family, Kir6.x which exhibits 

fairly weak inward rectification. Kir6.x subunits have been molecularly identified as Kir6.1 

or Kir6.2 and are encoded by KCNJ8 and KCNJ11 genes respectively
6
. The Kir6.x subunit of 

KATP channel is comprised of an intracellular N-terminus, two transmembrane domains (M1 

and M2)  connected by an extracellular pore region. In most K
+
 channels the pore region 

determines K
+ 

ion selectivity through a highly conserved glycine-tyrosine-glycine sequence, 

which is substituted by a glycine-phenylalanine-glycine motif in Kir6.x subfamily subunits. 

Both N- and C-termini of Kir6.x are located inside the cell. The outer portion of the channel 

surrounding the pore is composed of four sulfonylurea receptor (SUR) subunits belonging to 

the ATP Binding Cassette (ABC) protein family. The first isoform of the SUR subunits to be 

identified was SUR1; cloned from hamster insulinoma cells and is encoded by the ABCC8 

gene
7
. The other SUR isoform, SUR2, was cloned by Inagaki et al.

8
 from the rat brain and is 

encoded by the ABCC9 gene. A splice variant of the SUR2 isoform that only differs from 

SUR2 in the last 42 amino acids in the C-terminus (C42) was identified by Isomoto et al. and 
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was designated SUR2B as the original isoform was renamed SUR2A
9
. Another splice variant 

of SUR2A with a yet unknown function has been cloned recently
10

 and named SUR2C
11

. The 

SURx subunit possesses 17 transmembrane helices (TMs 1–17) grouped in three domains 

(TMD0, TMD1 and TMD2), which contains five, six and six helices, respectively. Each of 

the TMDs is linked to a large intracellular nucleotide binding domains (NBDs), namely 

NBD1 and NBD2, by intracellular coupling domains which are helical extensions of the 

TMDs themselves. Two consensus nucleotide binding sequences, Walker A and Walker B 

motifs, for MgATP-binding and catalytic Mg-ATPase activity have been identified on each 

of the NBDs
6,12,13

. (Figure 1.1.B) 

1.4. KATP channel distribution 

 Different isoforms of Kir6.x and SUR subunits form different combinations of KATP 

channels in the various excitable cell types where they are expressed. This gives rise to 

channels with distinct pharmacological properties and adenine nucleotide sensitivities
8–10,14–

20
. Co-expression of the Kir6.2 K

+
 channel and the sulfonylurea subunit resulted in a 

recombinant channel with identical properties to the native channel
4
.  Studies thus far have 

confirmed that the pancreatic β-cell KATP channels are composed of Kir6.2 and SUR1
14,15

. 

Cardiac and skeletal muscle KATP channels were shown to be composed mostly of Kir6.2 and 

SUR2A
8,10,15,18,19

. The majority of smooth muscle KATP channels are comprised of the 

Kir6.1/SUR2B combination
21,22

, although the presence of Kir6.2 has also been reported
9,10

. 

In neurons, KATP channels are composed of Kir6.2/SUR1 subunits
23–25

 however, the subunit 

combination Kir6.2/SUR2B was also detected
16

. (Figure 1.2.) 

 The cardiac and skeletal muscle KATP channels are thought to be solely composed of 

Kir6.2/SUR2A subunits. However, a new study demonstrated that there may be chamber 
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specific expression of different KATP channel isoforms, with SUR1 being expressed in the 

murine atria
26

, nevertheless, this remains to be confirmed in human atria. Due to the distinct 

biophysical and pharmacological characteristics of KATP channels containing SUR1 or 

SUR2A as will be reviewed later, this observation is of potential importance in elucidating 

the precise role of KATP channels in different chambers of the heart. Moreover, a recent study 

suggested that SUR1∆2 which is a truncated splice variant of SUR1 is present in both the 

pancreas and heart
27

. This may potentially be the reason why probing for the full length 

SUR1 has not been successful in the heart. However, this is yet to be confirmed; if the same 

expression pattern holds true in human atria and ventricles, it will provide important clues in 

terms of the action of different clinically used KATP-targeting drugs and may explain some of 

their observed side effects. 

1.5. Regulation 

Physiological regulation 

 KATP channels are primarily regulated by adenine nucleotides
28

 and the key 

determinant of channel activity relies on the fine balance in nucleotide concentrations in the 

channel's microenvironment. In response to a decrease in the ATP to ADP ratio, 

KATP channels are activated, leading to K
+
 efflux from the cell, membrane hyperpolarization, 

and suppression of electrical activity
29

.  

 The concentration at which ATP inhibits KATP channels differs according to the cell 

type they are expressed in and accordingly to subunit combination. For example, in native 

pancreatic β-cells and reconstituted Kir6.2/SUR1 KATP channels, the IC50 value for 

inhibition ranges between 5 and 10 μM
4
. On the other hand, in native cardiomyocytes the 

IC50 ranges from 8 to more than 500 μM and 20 to more than 100 μM for reconstituted 
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Kir6.2/SUR2A channels
8,19

. KATP inhibition by the free-acid form of ATP (ATP4
-
) or its 

Mg
++

-bound form (Mg-ATP) can occur, whichever is more potent appears to be tissue-

specific. In cardiac KATP channels, both the free and the bound forms are equipotent with a 

half-maximal inhibition at 20–30 μM
30

. In contrast, ATP4
-
 is more potent in pancreatic KATP 

with and IC50 of 4 μM compared to 26 μM for Mg-ATP
31

. In the rat portal vein, Mg-ATP 

appears not have exert any inhibitory effect on KATP channels while half-maximal inhibition 

can be achieved by 29 μM ATP4
-22

. Noting that the intracellular ATP concentration in 

cardiac tissue is kept at a concentration of approximately 10 mM
32

, one would expect that all 

KATP channels would be in the closed state. That being said, it has been suggested that some 

action potential shortening could still occur at millimolar levels of ATP. Termed "The spare 

channel hypothesis" by Cook et al., this theory suggests that given that since the membrane 

density of KATP channels is estimated to be as high as  3000-5000 channels per 

cardiomyocyte, and that single-channel conductance of approximately 20 pS, the ki ATP for 

channel inhibition in the range of 20-100 μM will mean that [ATP] changes in the millimolar 

range can significantly affect action potential duration
33

. A similar description of KATP 

channel activity regulation at physiological levels of ATP has been proposed by Nichols et 

al. in ventricular cardiomyocytes
34

. 

KATP channels as enzymes 

 As previously mentioned, ATP-inhibition at Kir6.2 is counteracted by Mg-ADP 

activation at the NBDs resulting in channel opening
29,35,36

. The current understanding is that  

Mg
++

-dependent ATP hydrolysis at the SUR NBD dimer is essential in counteracting the 

ATP inhibitory effect
37,38

. Using radio-labelled ATP, it was confirmed that the NBD dimer 

possessed hydrolytic properties
39–41

. The dimer acts as a Mg-ADP sensor and the catalytic 
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site for the channel's intrinsic Mg-ATPase activity which enables the channel to convert Mg-

ATP present in its local environment to Mg-ADP. This was proposed to stabilize ATP 

binding at NBD1 and drive dimerization of the NBDs leading to channel opening at Kir6.2
42–

45
. Interestingly, it has recently been shown that NBD2 of SUR1 subunit exhibits higher 

intrinsic Mg-ATPase activity than NBD2 of the SUR2A subunit
46

, suggesting that this 

difference in metabolic sensing may contribute to the tissue specific function of the SUR 

isoforms.  

  With respect to factors that can influence the local nucleotide concentration at the 

vicinity of the channel, an important link has been made between KATP channels and the 

phosphotransfer shuttle system. The phosphotransfer system in the cell composed of 

adenylate kinase and creatine kinase has been proposed to play an important role in 

controlling the nucleotide pool in the vicinity of KATP channels
47–49

. Adenylate kinase 1 

(AK1) mediates phosphotransfer reversibly between ADP and ATP in the presence of AMP 

and its role in modulating processes related to ATP utilization has been well described 

previously
50–52

. AK1 can couple ATP- producing or sensing processes that occur remotely in 

the cell to the KATP channel microenvironment via the phosphotransfer system
53,54

 and in 

conjunction with creatine kinase it works to propagate cellular metabolic flux
53,55

. In this 

regard, it is worth mentioning that in the presence of high intracellular ATP concentration, 

reversal of the ATP-liganded state via AK in the vicinity of KATP can occur
47,53,56

. Thus, ADP 

concentration in the KATP channel microenvironment would be an important determinant of 

channel activity since besides it being an activator of the channel, it can be utilized by AK1 

on site to produce ATP and AMP
53

. Other enzymes involved in phosphotransfer reactions 
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include glycolytic enzymes which interestingly have previously been shown to have the 

ability regulate KATP activity
47,57,58

. 

 KATP channels were also shown to be regulated by membrane phospholipids, 

particularly phosphoinositol-4,5-bisphosphate which upon binding to Kir6.2 markedly 

increases channel activity
59

 and decreases ATP-sensitivity
60,61

. Similarly, long chain acyl 

CoAs were found to activate KATP channels by interacting with the Kir6.2 subunit
62

 and the 

degree of activation by acyl-CoA is directly proportional to side-chain length. Moreover, 

protein kinases were shown to be involved in KATP channel regulation.  

 Protein Kinase A (PKA) was shown to regulate the channels expressed in the 

pancreatic β-cells and in smooth muscles by phosphorylation of certain moieties on the 

Kir6.2 subunit and increasing the open probability of the channel
63–65

. Currently no evidence 

shows that PKA regulates activity of Kir6.2/SUR2A combination. On the other hand, Light 

et al. have demonstrated that PKC has dual actions on the channel complex activity where the 

channel is inhibited at low concentrations of ATP and activated at high concentrations
66

. 

Modulation of KATP channel activity was also associated with protein kinase C (PKC)
67

 and 

cGMP-dependent protein kinase (PKG)
68

. Another link between KATP activity and 

phosphorylation was established by Lazarenko et al. who have shown that activation of KATP 

channels is dependent on protein phosphatase C in MIN6 cells
69

. Moreover, Light et al. have 

also shown that inhibitory phosphorylation of KATP by PKC is dependent on the activity of 

membrane-bound protein phosphatase 2A
70

. 

 Another potential regulator of KATP channel activity is mechanical stress. The 

mechanosensitivity of KATP channels was first recorded by Van Wagoner as evident by 
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stretching atrial cardiomyocytes using negative pressure on isolated cell membrane patches 

then measuring changes in KATP current
71

. The same group showed that KATP channel current 

was activated by hypotonic stimulation of atrial myocytes
72

. Nakaya's group has also 

demonstrated that the atrium and isolated atrial cells from Kir6.2 knockout mice produced a 

larger amount of atrial natriuretic peptide (ANP) in response to stretch than those of the wild-

type suggesting that KATP channels could be a negative regulator of stretch-induced ANP 

secretion
73

. Additionally, Wang's group has shown that KATP channels are involved in the 

regulatory volume decrease in rat ventricular myocytes
74

. Work from Rodrigues et al. has 

recently shown that activation of the cellular fuel sensor, 5'-AMP activated protein kinase 

(AMPK) is more significant in hearts perfused in the working mode where it pumps against 

an afterload as opposed to Langendorff mode where no pressure or volume work is 

involved
75

. In this regard, Mosca et al. showed that stretch-induced cardioprotection against 

ischemia-reperfusion injury is lost upon pharmacological inhibition of KATP channels
76

 

suggesting that the channels are activated downstream of mechanically-activated upstream 

effectors or they themselves are mechanosensitive. The effects of mechanical stress on the 

channel's Mg-ATPase activity have not been studied and it is unclear at this point whether 

the increase in channel current observed is due to electrical activity or is regulated in part via 

the channel's enzymatic activity. In chapter 4, the author investigates if the effects of stretch 

on cardiac KATP channels are solely through changes in channel gating or due to changes in 

KATP-Mg-ATPase activity. 

  KATP channel expression was also found to be regulated by 17 β-estradiol in H9C2 

cells
77

. Additionally, Davies et al. have reported the regulation of vascular KATP channel 

gating via the action of the caveolae-associated protein, caveolin-1
78

. Hydrogen sulfide has 
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also been shown as an activator of KATP channels in pancreatic β-cells as well as 

cardiomyocytes
79,80

 and vascular smooth muscles
81–83

. This effect was partially blocked by 

glibenclamide, a classical sulfonylurea KATP channel blocker
84

.  It is worth mentioning that 

hydrogen sulfide is a well studied cardioprotective agent
85

. Moreover, epoxyeicosatrienoic 

acids (EETs) which are products of arachidonic acid metabolism by CytP450
86

 were also 

shown to activate KATP channels in rat ventricular myocytes and in the vasculature
87

. 

Additionally, it has been suggested that EETs exert their cardioprotective effect by activating 

the PI3K/Akt pathway upstream of KATP channels
88

. The same mechanism of protection by 

the EET-PI3K-KATP pathway was also suggested in cerebral ischemia
89

. Cellular pH has also 

been shown to directly affect the activity of KATP channels where low intracellular pH was 

shown to activate channel activity in frog skeletal muscle
90

, ventricular myocytes
91

 and 

insulin secreting cells
92

. Another physiological regulator of KATP channels is nitric oxide 

where it has been shown to activate the channels under normoxic as well as hypoxic 

conditions in rabbit ventricular myocytes
93

, Purkinje fibres
94

 and in sensory neurons
95

.    

Pharmacological regulation 

 KATP channels have very rich and well-documented pharmacology. In the present 

time, both KATP channel openers (KCOs) and inhibitors are currently being used in the 

clinical setting. 

 Diazoxide (DZX) which was initially used as a diuretic has been shown to be 

associated with the occurrence of hypotension at the beginning of the 1960s, the first 

demonstrated evidence of its interaction with KATP channels followed more than two decades 

later. In a study by Trube et al., DZX was applied to patches from pancreatic β-cells causing 

a significant increase in the activity of the channels
96

. Later, evidence for the hypotensive 
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effect of different KCOs was found to involve increased K
+ 

permeability of cells and was 

established using nicorandil
97

, DZX
98

 and cromakalim
99

. In cardiomyocytes, single-channel 

recordings later showed that the other newer KCOs like cromakalim
100

 and pinacidil
101

 also 

increased K
+ 

efflux through KATP channels. DZX, pinacidil, cromakalim and nicorandil, were 

also shown to activate the channels in smooth muscle KATP channels leading to 

hyperpolarization of the plasma membrane and reduced electrical activity
102

. Interestingly, 

Bienengraber et al. have also shown that pinacidil increases the rate of hydrolysis of ATP at 

NBD2 and promotes channel opening by maintaining it in the Mg-nucleotide bound state
103

. 

 Although, DZX was initially thought to have no effect on the cardiac SUR2A/Kir6.2 

channels, its cardioprotective action was therefore proposed to be via its action on 

mitochondrial KATP channels
104

. This explanation was based on the assumption that 

mitochondrial KATP channel would be composed of a different KATP channel subunit 

combination compared to cardiac sarcolemmal KATP channels, and would be sensitive to 

DZX. Therefore, these mitoKATP channels would  open in response to ischemia to protect the 

myocardial tissue from I/R injury
105

 . To date, despite the presence of numerous publications 

in the literature attributing cardioprotection to mitoKATP, it remains a subject of debate and 

the presence of mitoKATP channels remains unequivocally supported
106

 and the detailed 

composition and architecture of mitoKATP remain unsolved
107–111

. 

 The DZX molecular site of action in the heart was resolved when it was shown that 

native and recombinant cardiac KATP channels can in fact be activated by DZX but only 

under the condition that ADP concentration is raised above 10 μM which may occur during 

ischemia
112

. Not only was the action of DZX found to be dependent on the concentration of 

ADP but the drug itself  was shown increase the potency of ADP to promote channel 
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opening
113

. [
3
H]glibenclamide and [

3
H]P-1075 binding displacement assays demonstrated the 

presence of a functional binding site for DZX in all SUR isoforms with Kd = 140 μM at 

SUR1, Kd = 18 μM at SUR2B and Kd = 76 μM at SUR2A
114

.  

 An intriguing aspect of DZX pharmacology is that in absence of ADP, it is still able 

to activate vascular SUR2B/Kir6.2 channels but hardly exerts an effect on cardiac 

SUR2A/Kir6.2 channel. For example, as indicated previously, DZX was found to activate 

Kir6.2/SUR1 and Kir6.2/SUR2B channels more strongly than Kir6.2/SUR2A
26,115

, however, 

it was shown in the presence of MgADP, Kir6.2/SUR2A become comparably sensitive to 

DZX as Kir6.2/SUR1
112

. This suggested that the last C-terminal 42 amino acids (C42) which 

are the difference between the SUR2B and SUR2A splice variants were responsible for this 

differential pharmacology. The importance of C42 was therefore thought to be through the 

interaction between its charged residues with Walker A motif on NBD2
113,116

. Though 

chimeric approaches to determine the exact binding site of DZX were thus far inconclusive, 

Dabrowski et al. used a DZX derivative (NNC 55-9216) to map its site of action in SUR1 

and their data so far suggest that helices 8–11 most likely are a part of the binding site for 

DZX
117

. 

  Inhibitors of KATP channels are an established class of oral antidiabetics. The 

sulfonylureas (SUs), along with metformin they are the most prescribed type 2 diabetes drugs 

globally
118

. Their hypoglycemic properties were first discovered by accident when they were 

used in the 1940s as antibiotic sulfonamides to treat typhoid fever. The noticeable 

hypoglycemia observed in patients made their glucose-lowering effect hard to ignore
119,120

. 

KATP channels were later identified as the primary molecular targets of SUs
121

. First 

generation SUs such as tolbutamide, chlorpropamide were designed after altering the initial 
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sulfonamide structure and used clinically for the specific purpose of  lowering blood 

glucose
122

. More potent second generation SUs such as glibenclamide, gliclazide, glipizide 

were developed later
123

 but because SUs  are not specific to KATP channels in pancreatic β-

cells, they were associated with an increased risk of cardiovascular disease. Inhibition of 

cardiac KATP channels appeared to impair endogenous cardioprotective mechanisms such as 

ischemic preconditioning 
 
and may increase susceptibility to cardiac arrhythmias as evident 

by altered ST segment and T wave configuration on the rest electrocardiogram (ECG) during 

acute myocardial ischemia
124

. This led to the development of third generation SUs that are 

more SUR1 selective such as gliclazide and newer agents, such as the insulin-sensitizing 

thiazolidinediones
 
and the biguanide compounds that would appear to have less detrimental 

cardiac effects.  

 SUs can also be classified according to their SUR1 site of action. Two drug binding 

pockets have been identified; the A and B-sites. SUs can act at either site such as gliclazide 

which is an A-site SU, or even both sites such as glibenclamide which is an AB-site SU 

(Figure 1.3.A, B). The A-site of SUR lies within the transmembrane helices 14 and 15 close 

to NBF2, while the B-site lies at the cytoplasmic loop between TMD0 and TMD1 and the N-

terminus of Kir6.2
125,126

. The exact mechanism by which SUs exert their inhibitory effects on 

KATP channels  is not fully understood, however it is suggested that SUs may interfere with 

Mg-ATPase activity of SUR1, the  A-site ligands in particular, or through interfering with 

Kir6.2 gating and therefore affecting K
+
 conduction

39,127,128
. SUs do not only conduct their 

inhibitory effects at SUR1, they also inhibit the cardiac SUR2A receptor which may  account 

for the potential cardiotoxic effects of some SUs with similar SUR1 and SUR2A 

affinities
129,130

. 



14 
 

 Other KATP inhibitors include HMR1098 which is thought to be a Kir6.2/SUR1 

specific inhibitor
131

 however that was later refuted by Zhang et al. who showed that 

inhibition of Kir6.2/SUR2A currents occurs by using HMR1098 as well but at a higher 

concentration
132

. 5-hydroxydecanoic acid (5-HD) is another KATP inhibitor that was shown to 

abolish ischemic preconditioning and cardioprotection induced by other KATP channel 

openers by preventing the channels from opening which would lead to intracellular calcium 

accumulation
133

. Marban's group reported that in the presence of 5-HD (500 μM), the 

mitoKATP channel opening effect of pinacidil failed to increase flavoprotein oxidation 

suggesting that 5-HD was a selective inhibitor of mitoKATP channels without affecting 

plasma membrane KATP channels
134

. However, Li et al. showed that 5-HD was also an 

inhibitor of plasma membrane KATP as evident in inside-out patches excised from rat 

ventricular myocytes at IC50 30 μM
135

.   

 A summary of physiological and pharmacological activators and inhibitors of KATP 

channels is presented in Figure 1.4. 

1.6. The controversy of SU cardiotoxicity 

 Drug-associated cardiotoxicity has been defined as a toxicity that suppresses cardiac 

mechanical or electrical function
136

. This definition includes direct effects of drug on the 

heart and takes into account indirect effects due to enhancement of haemodynamic flow 

alterations or due to thrombotic events
137

. The cardiotoxic effects of SUs have been a subject 

of prolonged controversy. Though the literature is rich with studies that investigate their 

toxicity, groups studying the topic are unequivocal when it comes to conclusively agreeing 

upon the cardiac safety of SUs in the clinical setting. This controversy has put not only SUs 
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under considerable scrutiny but other antidiabetic drugs such as the thiazolidinediones are 

under constant monitoring for cardiovascular effects. 

 The debate started  in 1970, where a multicentre, randomized, placebo-controlled  

trial contrasting the effects of tolbutamide, insulin and diet alone on blood glucose, the 

University Group Diabetes Program (UGDP) trial, was prematurely terminated
138

. The 

reason being that compared to placebo's 4.9%, cardiac deaths in the tolbutamide-treated 

group had reached 12.7% suggesting that the SU in the study was accounting for the increase 

in cardiac deaths
138

. Despite several weaknesses in the methodology of the UGDP trial
139

, all 

SU drugs were required to come with a warning stating potential cardiovascular risks
140

. 

 The mechanism by which SUs may cause cardiotoxicity has been difficult to 

pinpoint. However, knowing that SUs are inhibitors of KATP channels, it is safe to say that at 

least the first generation SUs would be expected to inhibit KATP channels in every organ that 

expresses them. While inhibition of KATP channels in the pancreas stimulates insulin 

secretion
141

, this same inhibition would be detrimental to the heart. During a physiological 

stress or an ischemic insult, opening of cardiac KATP channels shortens the action potential 

duration and reduces workload, where opening of vascular KATP channels leads to muscle 

relaxation and subsequent vasodilatation. Together these endogenous protective mechanisms 

reduce potential tissue damage caused by these stresses
142,143

. Therefore, it is plausible that 

inhibition of cardiac and vascular KATP by the action of SUs may compromise the channel's 

ability to exert its protective function in the heart.  

 Thus the question of SU tissue-selectivity is of importance in the development of 

their proposed cardiovascular side effects. Different SUs when administered at therapeutic 

doses exhibit distinct tissue-specific binding affinities as reviewed by Abdelmoneim et al.
144

. 
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For example, gliclazide and glipizide are more selective for the pancreatic SUR1 isoform, 

whereas glibenclamide is non-selective and binds to pancreatic SUR1 and cardiovascular 

SUR2A/B  isoforms
144,145

. The differences in the pharmacological properties are supported 

by animal studies whereby glibenclamide, but not gliclazide, was shown to abolish ischemic 

preconditioning, resulting in a larger infarct size and worse deterioration in left ventricular 

function. In animal models, the differential pharmacology of  glibenclamide was 

demonstrated in the form of loss cardiac ischemic preconditioning, with larger infarct sizes 

and poorer functional recovery
146–152

. Similar effects of abolished cardiac preconditioning 

were observed in patients undergoing one-vessel coronary angioplasty
153

 as well as in 

isolated human atrial trabeculae
154

. Despite this observed loss of cardioprotection caused by 

glibenclamide, the exact mechanisms by which it disrupts endogenous protection have not 

been fully established.  

 In chapter 5, the author contrasts the effects of glibenclamide, the non-selective SU 

and gliclazide, the pancreas-selective SU, on the myocardium's protective mechanisms in an 

effort to understand the means by which glibenclamide possesses potential cardiotoxicity. 

1.7. Rare monogenic KATP channel mutations 

 Given the crucial role that KATP channels play in regulating insulin secretion, genetic 

mutations that alter appropriate β-cell KATP channel activity can have profound effects on 

insulin secretion. Genetic mutations in the KCNJ11 and ABCC8 genes have been linked to 

persistent hyperinsulinemic hypoglycemia of infancy (PHHI) and neonatal diabetes (ND). 

KATP channel inactivity resulting from PHHI mutations leads to persistent membrane 

depolarization and excessive secretion that is not coupled to fluctuations in blood glucose 

levels. The majority of PHHI mutations identified to date have been found in 
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the ABCC8 gene encoding the SUR1 subunit. Mutations can impair trafficking of functional 

KATP channel to the cell surface or result in functional expression of KATP channels with 

abnormal MgADP stimulation. In addition, several PHHI mutations have been identified 

in KCNJ11 (Kir6.2) and similarly prevent trafficking of the mature KATP channel complex to 

the cell surface. In mutations where KATP channels remain partially functional, 

pharmacologic treatment with the KCO DZX may increase channel activity sufficiently to 

effectively reduce insulin secretion. However, in severe mutations, near-total pancreatectomy 

is required to reduce insulin secretion and relieve the hypoglycemia
155

.  

 In contrast to mutations that result in loss of KATP channel activity, ND mutations in 

pancreatic KATP channel subunits lead to varying increases in KATP channel activity, resulting 

in clinical phenotypes ranging from the most severe developmental delay, epilepsy, and 

neonatal diabetes (DEND) syndrome and permanent neonatal diabetes mellitus to the less 

severe transient neonatal diabetes mellitus phenotype. In general, KATP channel mutations 

that cause the greatest increase in channel activity also precipitate a deleterious 

extrapancreatic phenotype resulting in the symptoms of DEND syndrome
156

. The 

developmental delay associated with the DEND syndrome is thought to result from persistent 

activation of KATP channels in the central nervous system (CNS) encoded by the 

ABCC8 and KCNJ11 genes. The majority of ND mutations identified to date are found in 

the KCNJ11 gene that encodes the Kir6.2 subunit, leading to increases in channel open 

probability by altering channel gating or reduce ATP inhibitory effect on Kir6.2 subunits by 

impairing ATP binding affinity
157

. However, several ND mutations (R1380L and R1380C) 

were recently discovered in ABCC8 (SUR1) that increase the SUR1 NBD1/2 intrinsic Mg-

ATPase activity
158

. Increased Mg-ATPase activity of the KATP channel complex is thought to 
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cause elevation of the MgADP levels in the localized environment of the ADP-sensing 

region of NBD2, resulting in excessive activation of the KATP channel that is poorly coupled 

to metabolic status of the β cell. It is therefore likely that more ND mutations in ABCC8 will 

be discovered in the future.  

 In direct contrast to rare monogenic mutations that result in overt insulin secretory 

disorders, common genetic variants in the KCNJ11 and ABCC8 genes may not manifest a 

clinical phenotype but are associated with an increased risk for diabetes. For example, the 

K23 single nucleotide variant (E23K, rs5219) within the KCNJ11gene (Figure 1.5.) is 

associated with impaired glucose-stimulated insulin secretion in approximately 20% of the 

Caucasian T2D population
159,160

. Moreover, the K23 variant has also been shown to be 

associated with T2D in almost every ethnic group examined
161–164

. As an estimated 10% of 

the world’s population possesses two copies of K23, they may be at increased risk of 

developing T2D. Despite intense research on the K23 variant, the molecular mechanism(s) 

that increases T2D susceptibility have not been conclusively established, suggesting perhaps 

a more complex process underlies K23’s association with T2D. In this regard, it is important 

to note that the ABCC8 A1369 variant (rs757110) is tightly associated with the K23 variant, 

forming a T2D risk haplotype (K/A), such that greater than 95% of people with two copies of 

K23 also possess two copies of A1369
165

. It should also be noted that 

the ABCC8 and KCNJ11 genes are located adjacent to each other on the same chromosomal 

position (11p15.1), further supporting a tight inheritable risk haplotype that may alter the 

properties of the KATP channel complex. Our laboratory has recently performed mechanistic 

studies on human KATP channels containing both variants to characterize the contributions of 

each variant to the intrinsic properties and pharmacology of the KATP channel complex
166

. 

http://link.springer.com.login.ezproxy.library.ualberta.ca/article/10.1007/s11892-011-0233-8/fulltext.html#Fig1
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Several rare heterozygous mutations in ABCC8 that cause overt ND (R1380L and R1380C) 

act by increasing Mg-ATPase activity
158

. Interestingly, the SUR1 S1369 residue is located in 

close proximity to the Mg-ATPase catalytic site and residue R1380 in the SUR1 nucleotide-

binding fold 2
45

. Work from our laboratory has now confirmed that the Mg-ATPase activity 

of the KATP channel complex is increased in the presence of the A1369 variant
167

, providing a 

mechanistic explanation as to why carriers of the variant are more prone to develop T2D.  

              In contrast to the detailed identification and description of pancreatic KATP channel 

genetic variants, very little is known about the few identified mutations in cardiac KATP 

channels. In the human heart, an ABCC9 mutation that increases the risk of atrial fibrillation 

originating from the vein of Marshall has been identified
168

. Electrical instability caused by 

KATP channels has been demonstrated in atrial fibrillation patients who have altered mRNA 

transcription that includes downregulation of the KATP channel pore and the subsequent 

associated current
169,170

. Additionally, heterozygous mutations in ABCC9 have been 

associated with dilated cardiomyopathy with tachycardia
103

. Moreover, the relationship 

between the common Kir6.2 polymorphism and heart disease has been studied in heart 

failure patients interestingly showing that there was higher frequency of the K23 allele 

amongst heart failure patients. That, along with the high mortality risk in heart failure 

patients of the blunted heart rate response during exercise suggest that the E23K 

polymorphism could highlight the role of KATP channels in cardiac pathophysiology
171

.  

1.8. Role of KATP in the heart 

 The bulk of studies in the cardiac KATP literature refer to their protective role during 

stress episodes and their important role in transduction of cellular metabolic signals into 

membrane potential changes and regulation of critical cellular functions such as 
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cytoprotection
172,173,174.

 However, it is essential to understand what their role is in normal 

physiology before discussing how they protect the myocardium during stress. 

 It is generally considered that KATP channels in the heart are predominantly closed 

under resting aerobic conditions
175

. Studies on Kir6.2-/- mice showed that the action potential 

duration and contractile function in wild-type and Kir6.2-/- hearts are similar
176

. Therefore it 

is has been suggested that cardiac KATP channels play little or no role in regulating cardiac 

excitability in the basal aerobic state. On the other hand, in the case of metabolic strain such 

as during an ischemic insult, cardiac KATP channels open, leading to K
+
 efflux, membrane 

repolarization and shortening of the action potential duration as well as blunted 

contraction
177,178

. This is also accompanied by reduction in Ca
++

 influx, preventing 

intracellular accumulation and preserving cellular energy rather than it being directed 

towards ionic homeostasis
179

 (Figure 1.6.). This protective function of KATP channels in the 

heart is lost in Kir6.2-/- mice which exhibit larger infarct sizes in ischemia-reperfusion 

models and poorer functional recovery post-insult
180–182

. 

 Several studies have previously described the antiarrhythmic effects of cardiac KATP 

inhibition in the setting of ischemia-reperfusion using in vitro
183–187

 and in vivo models 
188–

195
. Some clinical studies have also demonstrated antiarrhythmic effects of SUs

196–198
, and in 

spite of KCOs showing proarrhythmic effects in certain animal models, clinically, that was 

not the case
199–202

, on the contrary, some studies have demonstrated the antiarrhythmic effect 

of KCOs but under different experimental conditions
188,189,203–205

.  

  A recent study by Bao et al. demonstrated the presence of an intracellular endosomal 

KATP reservoir pool which during stress conditions can alter KATP surface density
206
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emphasizing the crucial role of KATP during ischemia. In that regard, Du et al. have 

demonstrated that the overexpression of SUR2A in cardiac tissue leads to a phenotype that 

appears to be resistant to ischemia
207

. However, pharmacological inhibition using 

glibenclamide and tolbutamide
178

 as well as genetic ablation of  KATP  leads to loss of the 

protective effects of KATP channel opening
208

. On the other hand, Baczko et al. have 

demonstrated that the activation of KATP channels using pinacidil and P-1075 aided in 

preventing Ca
++

 overload resulting from chemically-induced hypoxia/reoxygenation via a 

mechanism that is dependent on hyperpolarization of diastolic membrane potential
209

. The 

same group proposed that this protection was due to reductions in abnormal diastolic Ca
++

 

homeostasis mediated by reverse-mode Na
+
/Ca

++
 exchange

210
. Moreover, the use of the KATP 

opener, pinacidil, significantly reduced action potential duration during ischemia and 

preserved ATP levels
211

. This was also confirmed by Suzuki et al. using Kir6.2-/- mice where 

they showed that  during ischemia cardiac contraction was longer than in wild-type mice and 

action potential duration was unaffected
180

. Additionally, repeated exercise known for its 

cardioprotective effects through preconditoning (see Frasier et al.
212

 for review) was shown 

to increase KATP expression by almost 40% in murine ventricles leading to action potential 

shortening in response to higher heart rates, and this effect was lost when transgenic mice 

that expressed non-functional KATP channels were used
213

. Additionally, the same group has 

previously shown that Kir6.2-/- mice exhibit less ability to perform high-intensity exercise 

and are more vulnerable to catecholamine cardiotoxicity
181

. Similarly, it was previously 

demonstrated by Ton et al. that mice with cardiac specific overexpression of a dominant 

negative Kir6.2 subunit exhibited a proarrhythmic phenotype and poor tolerance to 

exercise
214

.  
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 Ischemic preconditioning is another protective mechanism that is compromised in the 

absence of KATP channels. In 1986, Charles Murray described the protective effects of 

preconditioning hearts by subjecting them to four short ischemic occlusions preceding 

prolonged ischemia in dogs. Ischemic preconditioning limited infarct size to 25% of that seen 

in the control group
215

. In the absence of KATP channels, the protective effect of ischemic 

preconditioning is lost and functional recovery was worse than in wild-type mice
180,106,216

. 

Since it is difficult to predict when a heart attack will occur exactly, many groups attempted 

to study pharmacological agents that could mimic ischemic preconditioning that could 

potentially used prophylactically in predisposed individuals. One of those agents is the KCO, 

DZX. Likewise, a study by Nakaya's group demonstrated that the preconditioning effect of 

DZX was also lost in Kir6.2-/- mice
106

.  

 Additionally, the effect of another cardioprotective agent; resveratrol
217

, was found to 

be lost in the absence of KATP channels
218

. It is unclear if resveratrol has a direct KATP 

channel opening effect, however it has been established that one of the ways that resveratrol 

exerts its cardioprotective action is through activation of the central energy sensor in the cell; 

AMPK
219–222

.   

1.9. Cardioprotection and metabolism 

 In order for the heart to function normally, an intricate process for the production of 

ATP has to complement its tremendous work load. The heart itself has a relatively limited 

ATP content which is metabolised very quickly resulting in a complete cardiac ATP pool 

turnover every 10 seconds
223

. Therefore the heart meets this continuous ATP demand by 

hydrolyzing ATP through utilizing fatty acids and glucose and translating it into mechanical 

energy via the actin-myosin mechanism
224

. Cardiac contractility alone consumes 
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approximately 60-70% of myocardial ATP hydrolysis is while the other 30-40% is directed 

to maintain ionic homeostasis
225

. Under basal aerobic conditions, mitochondrial oxidative 

phosphorylation produces almost 95% of total ATP
223

. Under basal aerobic conditions, 

between 60% and 90% of the acetyl CoA that enters the tricarboxylic acid cycle is derived 

from β-oxidation of fatty acids and the remainder comes from oxidation of pyruvate that is 

either produced through glycolysis or lactate oxidation
226–228

. Below is a brief overview of 

the main pathways of the intricate and complex process that is cardiac metabolism. 

 Fatty acid oxidation 

 Cardiomyocytes utilize either circulating free fatty acids bound to albumin  or those 

released by lipoprotein lipase on the cell surface from triacyl glycerol in very low density 

lipoproteins or chylomicrons
229–231

.  The fatty acids are then transported into the cell via 

transporters such as CD36/FAT, fatty acid transport proteins (FATP) and plasma membrane 

fatty acid binding protein (FABPpm)
232–234

. Triacyl glycerols are catabolyzed in a lipolytic 

series mediated by adipose triglyceride lipase
235

, hormone-sensitive lipase and 

monoglyceride lipase
236

. Fatty acyl CoA synthetase 1 esterifies free fatty acids into fatty acyl 

CoA esters
237

. To transport the fatty acids into the mitochondria, the acyl CoA moiety is 

converted to acyl carnitine. The rate limiting enzyme for mitochondria fatty acid transport is 

carnitine palmitoyl transferase - 1 (CPT-1)
238,239

. The allosteric inhibitor of CPT-1, malonyl 

CoA, is produced by carboxylation of acetyl CoA by acetyl coA carboxylase (ACC)
240–242

. 

The predominant form of ACC in the heart is ACC2 and its activity is under the control of 

AMPK
243–245

. AMPK is the cellular energy sensor that among its other roles up-regulates 

fatty acid β-oxidation during times of increased energy demand via phosphorylation and 
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decrease of ACC activity leading to less conversion of acetyl CoA to malonyl coA thus 

allowing fatty acids to be transported into the mitochondria for β-oxidation
244,246,247

. 

 In fatty acid β-oxidation, the enzymes involved in the process are under a precise 

control by transcription factors. The most well-studied transcriptional regulators of fatty acid 

β-oxidation are peroxisome proliferator-activated receptors (PPARs) and a transcription 

factor coactivator peroxisome proliferator-activated receptor gamma coactivator 1-alpha 

(PGC-1α)
248

. PPAR-α is the predominant PPAR isoform that is expressed in highly 

metabolic tissues such as the heart, skeletal muscle and the liver
249–251

. PGC-1α binds to and 

increases the activity of PPARs
252,253

 resulting in upregulation of the expression of enzymes 

involved in fatty acid uptake and oxidation
248,254,255

.  

Glycolysis and glucose oxidation 

 Glucose utilized by cardiomyocytes is either derived from endogenous glycogen 

stores, or is transported from the blood stream into the cell via glucose transporters (GLUT), 

specifically isoforms 1 and 4. GLUT1 is constitutively active being responsible for 

maintaining basal glucose uptake, while GLUT4 translocates to the plasma membrane in 

response to increased workload and insulin signalling
233,256–258

. Inside the cardiomyocyte, 

glucose undergoes aerobic glycolysis (Figure 1.7.) where it is initially phosphorylated by 

hexokinase into glucose-6-phosphate and following a series of enzymatic reactions it is 

converted into two pyruvate molecules
226,259

. Phosphofructokinase 1 is the rate limiting 

enzyme of glycolysis which catalyzes the conversion of fructose-6 phosphate to fructose 1,6-

bisphosphate. Phosphofructokinase 1 is activated by  the nucleotides AMP and ADP and is 

inhibited by ATP and citrate
260,261

. PFK1 can also be stimulated allosterically by fructose-

2,6-bisphosphate generated by the enzyme PFK2
262–264

. Fructose 1,6-bisphosphate is 
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converted by aldolase into two triose sugars; glyceraldehyde 3-phosphate and 

dihydroxyacetone phosphate, which is then interconverted into glyceraldehyde-3-phosphate 

by triosephosphate isomerase. That is followed by dehydrogenation by  glyceraldehyde 3-

phosphate dehydrogenase forming 1,3-bisphosphoglycerate. One phosphate group is then 

transferred from 1,3-bisphosphoglycerate to ADP by phosphoglycerate kinase, producing 

ATP and 3-bisphosphoglycerate. Phosphoglycerate mutase then converts 3-

bisphosphoglycerate to 2-bisphosphoglycerate and by the action of enolase is converted to 

phosphoenolpyruvate. The final step of glycolysis is catalyzed by pyruvate kinase which 

phosphorylates phosphoenolpyruvate producing ATP and pyruvate
226,259

. In ischemic 

conditions, glycolysis-produced pyruvate can be converted to lactate by lactate 

dehydrogense
229,265

. In times of cardiac stress, lactate and protons produced by anaerobic 

glycolysis can accumulate and compromise cardiac work and efficiency
266,267

.  

 Oxidation of glycolysis- or lactate-derived pyruvate accounts for the majority of 

carbohydrate-derived ATP
237,268,269

 and is transported into mitochondria through the 

mitochondrial pyruvate carrier
270–272

. The rate limiting step in glucose oxidation is oxidation 

of pyruvate to acetyl CoA by the pyruvate dehydrogenase (PDH) complex which consists of 

PDH, PDH kinase (PDK), and PDH phosphatase (PDHP) enzymes
273

. PDH is regulated both 

by substrate/product ratios and by covalent modifications. Covalent modifications that 

regulate PDH activity include phosphorylation and acetylation. Dephosphorylation of PDH 

increases PDH activity, while phosphorylation of PDH decreases its activity resulting in 

reduced oxidation of pyruvate. Increased PDK protein expression, which results in increased 

PDH phosphorylation, is a key mechanism involved in reduced PDH flux and glucose 

oxidation
274,275

. 
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The Randle Cycle 

 The balance between fatty acid oxidation and glucose oxidation is described as the 

glucose/fatty acid cycle or more commonly, the Randle cycle
276

. An increase in fatty acid 

oxidation is associated with increased mitochondrial acetyl CoA:free CoA and NADH:NAD
+  

ratios. This enhances the activity of pyruvate dehydrogenase kinase leading to downstream 

phosphorylation and inhibition of pyruvate dehydrogenase. Inhibition of pyruvate 

dehydrogenase prevents the conversion of pyruvate to acetyl coA which eventually results in 

halting of glucose oxidation
223

. Furthermore, high fatty acid oxidation inhibits 

phosphofructoinase 1 by the action of citrate and accordingly limits flux through glycolysis. 

The resulting inhibition of glucose oxidation however is greater than that of glycolysis, 

leading to uncoupling between the two processes and resulting in accumulation of lactate and 

H
+277

. On the other hand, stimulation of glucose oxidation reduces the rate of fatty acid 

oxidation
278

 via accumulation of malonyl coA resulting in CPT-1 inhibition
240

. 

 Regarding the uncoupling between glycolysis and glucose oxidation mentioned 

above, it appears to be more accelerated during ischemia
279

  Intracellular acidosis reduces the 

myofibrillar  Ca
++ 

sensitivity, leading to weaker contraction
280

. Intracellular acidosis 

stimulates Na
+

/H
+ 

exchange through  activation of reverse mode Na
+

/H
+ 

antiporter leading to 

accumulation of intracellular Na
+281–283

. Additionally, the drop in ATP leads to inhibition of 

Na-K-ATPase which extrudes three Na
+
 and introduces two K

+
 ions into the cell

284
 leading to 

further gradual accumulation of Na
+285–287

. Subsequently, this elevation in Na
+
 leads to 

increased reverse mode Na/Ca exchanger activity leading to further accumulation of Ca
++

 

inside the cytoplasm of the myocytes
287–289

. The significant drop in ATP also leads to 

disruption of the sarcolemmal and sarcoplasmic reticulum Ca
++

-ATPase leading to more 
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accumulation of intracellular Ca
++284

. Accumulation of calcium leads to hypercontraction, 

reduced relaxation of the contractile machinery and activation of Ca
++

-dependent proteases, 

caspases, the apoptotic pathway and the necrotic pathway ultimately leading to cellular 

demise
286,287,289

.  

1.10. AMPK 

 Expression of AMPK in heart tissue was demonstrated in the early 1990s
290

 despite 

being discovered in the liver almost in 1973. where it was shown to function as a fatty acid 

and cholesterol biosynthesis regulator
291,292

. AMPK is now known as the key cellular energy 

sensor as during times of energetic stress. AMPK is activated to promote ATP-producing 

catabolic pathways and halting ATP-consuming anabolic processes
293

.  

 AMPK is a hetero-trimeric serine/threonine protein kinase composed of a catalytic 

subunit, the α subunit and regulatory β and γ subunits. AMPK is activated by 

phosphorylation of the Thr172 residue in the N-terminus of the catalytic subunit
294

. Its role as 

a cellular energy sensor based on its sensitivity to changes in the ratio of AMP to ATP. AMP 

binds to and activates the γ regulatory subunit of AMPK allosterically or through promotion 

of phosphorylation of Thr172 on the α catalytic subunit by upstream kinases such as 

AMPKK or by hindering Thr172 dephosphorylation by phosphatases
295

. These various 

mechanisms by which AMP regulates AMPK activity make it sensitive to small changes in 

free AMP concentration
295

. Most of intracellular AMP exists in the protein-bound form, 

therefore changes in AMPK phosphorylation and hence activation may be a result of small 

changes in free AMP concentration while total AMP concentration remains the same
296

. 

Similar to AMP, ADP has been reported to regulate AMPK activity as well via hindering 

Thr172 dephosphorylation but not through allosteric activation
297,298

.  
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 The upstream AMPKKs identified so far include LKB1, Ca
++

/Calmodulin dependent 

kinase kinase β (CaMKKβ) and transforming growth factor-β-activated protein kinase-1 

(TAK1)
299–307

. Dephosphorylation of the Thr172 residue of AMPK by protein phosphatases, 

namely PP2A and PP2C reduces its activity
308

. In that regard, AMP binding to the γ-subunit 

of AMPK impairs PP2C from dephosphorylating AMPK
308

. Since it is hard to pigeonhole the 

role of AMPK into regulation of a single process in the cell, the author will focus in this 

thesis on its role as a metabolic sensor.   

The role of AMPK in fatty acid metabolism 

 Fatty acid uptake into the cardiomyocyte can be increased via AMPK by several 

mechanisms. Firstly, AMPK can increase recruitment of LPL to the coronary lumen
75

 which 

increases the availability of free fatty acids for cardiomyocytes to utilize. Free fatty acid 

uptake is directly proportional to fatty acid supply 
237

. Secondly, activation of AMPK 

increases expression and translocation of CD36 to the cell membrane
309

. Thirdly, AMPK also 

is directly involved in fatty acid oxidation as it phosphorylates ACC and inhibits it.
310,311,312

. 

ACC as mentioned previously leads to the production of malonyl coA which is an inhibitor 

of fatty acid uptake into the mitochondria and leads to subsequent β-oxidation. Studies have 

pointed to the strong link between increased AMPK activity and inhibition of ACC and 

increased fatty acid oxidation rates. Though this is not the case in all studies 
313,314

. Fourth, 

AMPK has been associated with the activation of MCD in skeletal muscle and H9C2 cells 

but the occurence of this in the heart is controversial
315,316

. Finally, AMPK activates PGC-1α 

by phosphorylating PGC-1α on threonine and serine residues
254

. It was suggested that AMPK 

increases PGC-1α mRNA levels by regulating the binding of transcription factors to specific 

sequences located in the PGC-1α gene promoter
248,254,237

. 
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The role of AMPK in glucose oxidation  

 AMPK can increase glucose uptake in various ways, for example, its activation 

increases translocation of glucose transporter GLUT4 to the plasma membrane
317,318,319

. 

AMPK may also regulate glucose uptake in a manner that is dependent on glycogen content 

as evident from research from the Clanachan group showing that activation of AMPK does 

not affect glucose uptake in glycogen replete hearts
320

. The same group has also shown that 

under basal conditions AMPK activation does not stimulate glucose uptake but shifts it 

towards glycolysis rather than glycogen synthesis
313

. The AMPK activator AICAR has been 

shown to activate and inhibit glycogen synthesis in skeletal muscle. AICAR has also been 

shown to increase glycogen breakdown in the heart in the absence of changes in glycogen 

synthase activity. Moreover, mutations in AMPK lead to significant accumulation in 

glycogen in both myocardial and skeletal tissue. AMPK can also regulate glycolysis via 

phosphorylation and thereby activation of phosphofructokinase 2 in the heart. This increases 

the production of fructose 2,6 bisphosphate
321

 which in turn activates phosphofructokinase 1. 

1.11. AMPK in cardioprotection 

 As many studies have established, in the event of myocardial ischemia, AMPK is 

rapidly activated
322–324

. Activation of AMPK leads to downstream changes in cellular 

metabolism in order to reduce ATP utilization and increase its production during the oxygen 

and nutrient deprivation experienced during I/R. The literature has been unequivocal when it 

comes to AMPK activation during I/R. For example, several studies have demonstrated that 

the heart is protected against I/R when AMPK is activated pharmacologically during 

ischemia
325,326

. In AMPK α2 kinase-dead mice, I/R was found to be more damaging than in 

wild-type mice
327,323

. Other studies have also shown that activating AMPK using AICAR, 
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adiponectin, metformin as well as caloric restriction is protective in I/R injury
328–331

. 

Interestingly, Kim and colleagues have also shown that stretch-induced protection against 

ischemia-reperfusion injury is mediated by AMPK
332

. On the other hand, studies have also 

shown that in a transgenic mouse model with suppressed AMPK activation, (dominant-

negative α2-subunit)  cardiac metabolism was not compromised and in fact exhibited 

improved functional recovery  post I/R
333

.  

1.12. The interplay between KATP and AMPK 

 Since both KATP and AMPK are important in cardioprotection and preconditioning, 

the question of whether they interacted with one another remained to be examined. In that 

regard, Coetzee and his group have shown using immunoprecipitation that AMPK physically 

associates with KATP , specifically on the Kir6.2 subunit using immunoprecipitation
334

. 

Additionally, the same group has suggested that cardiac KATP channel activation is directly 

regulated by AMPK in an AMP-dependent manner in isolated ventricular rat 

cardiomyocytes
334

. Moreover, Lim et al. have described how AMPK activation influences 

KATP channel trafficking in events of glucose deprivation in pancreatic β-cells
335

. Shyng's 

group has also shown that AMPK-regulated KATP trafficking  is influenced by leptin 

levels
336

. Park et al. also demonstrated that this trafficking of KATP occurs via PTEN 

inhibition in pancreatic islets
337

. The studies mentioned suggest that AMPK activation in β-

cells increases KATP trafficking to the cell membrane, leading to hyperpolarization of the 

membrane which would prevent insulin release. Should the same mechanism occur in the 

heart, membrane hyperpolarization would also prevent opening of voltage-gated calcium 

channels and prevent calcium accumulation during stress, however this has not been 

investigated yet. 
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1.13. KATP channels and metabolism 

 When an electrical channel possesses an enzymatic ability by which it can produce its 

own regulators, many questions regarding the implications of this property are expected to 

rise. Therefore, it is important to understand what possible outcomes may arise in light of our 

current understanding of the proteins that interact with KATP channels.  

 Due to the clear role of pancreatic KATP channels in glucose homeostasis, KATP 

channels have become key players in energy sensing. That being said, whole body energy 

governance, from food intake to nutrient metabolism and energy homeostasis, is regulated 

through the gut-brain-liver axis
338–343

. Interestingly, the KATP channel composition in the 

hypothalamus is the same as that in pancreatic β-cells, Kir6.2/SUR1. The central mediation 

of hepatic gluconeogenesis by hypothalamic KATP channels has been previously 

established
344,

 
345

. Moreover, as previously indicated, PKC has the ability to phosphorylate 

and activate Kir6.2/SUR1 channels
66

 and following up on that, Ross et al. have shown that 

PKC mediated regulation of glucose production requires the presence of hypothalamic 

Kir6.2/SUR1 KATP channels
346

. Additionally, Abraham et al. have shown that the inhibitory 

effect of hypothalamic glucagon on glucose production is mediated through KATP 

channels
347

.  

 As previously mentioned, KATP channels were shown to associate with glycolytic 

enzymes and the Terzic group has suggested that this association might facilitate channel 

regulation, particularly inhibition. In that regard, Weiss and Lamp have suggested that 

cardiac KATP channels are preferentially regulated by glycolysis-derived ATP in close 

proximity of the channels suggesting that glycolytic enzymes could be positioned in the 

vicinity of the plasma membrane
58

. This was further confirmed in a study on enterocytes 
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isolated from the Necturus aquatic salamander showing that KATP channels were inhibited by 

ATP produced by pyruvate kinase
348

. The physical association between KATP channel 

subunits and glycolytic enzymes, namely GAPDH, triosephosphate isomerase and pyruvate 

kinase was finally demonstrated by Coetzee et al.. Moreover, in that same study they showed 

that the functional enzymes are able to modulate KATP channel activity
349

. Following the 

same lead, Jovanovic et al. have also confirmed the interaction between KATP and GAPDH in 

2005
350

. Additionally, KATP was found to associate to several glycolytic enzymes such as 

aldolase A, enolase 1, fructose-6-phosphate kinase and hexokinase 1 through mass 

spectroscopy, confocal microscopy and immunoprecipitation
351

 (Figure 1.7.). 

 The physically associated glycolytic enzymes, adenylate kinase and creatine kinase 

are therefore capable of regulating the nucleotide concentration in the microenvironment of 

the channel. That change in nucleotide concentration has already been shown to open or 

close the channel and thereby changes membrane potential, however, it is important to 

understand that the Mg-ATPase activity of the channel allows it to hydrolyse Mg-ATP in its 

vicinity resulting in channel activation. The regulators of the ATPase activity of KATP 

channels are currently unknown. Despite the scarcity of information regarding the functional 

implications of those physical associations, it remains intriguing that a classical electrical 

channel would have metabolic proteins that are activated or modulated by nucleotides in 

what seems as a complex metabolome. Most notably, AMPK which responds to changes in 

metabolism and greatly contributes to energy homeostasis as previously reviewed
352

, that is 

ultrasensitive to AMP and that is a direct regulator of cellular metabolism is associated with a 

stress-activated channel. Therefore, it is logical to ask the question: Is KATP an regulator of  
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cellular metabolism rather than just a responder? Our proposed KATP pathway for 

cardioprotection that is independent on electrical activity is represented in Figure 1.8. 

 In an effort to address this conundrum, Terzic's group executed a proteomic analysis 

to measure changes in protein levels in a global KATP knockout mouse model. The resulting 

data showed that almost 60% of the proteins whose expression was affected by genetic 

ablation of KATP were proteins involved in cellular metabolism. Based on that, Alekseev et al. 

compared whole body metabolism in wild-type and Kir6.2-/- mice revealing higher energy 

expenditure in Kir6.2-/- mice and a lean phenotype resistant to obesity even when fed a high 

fat diet. When subjected to high intensity exercise, the compromised energetics of the Kir6.2-

/- mice could not support the increased workload
353

. Additionally, a recent study by 

Fahrenbach et al. demonstrated that genetic deletion of ABCC9 which encodes SUR2A in 

neonatal cardiomyocytes, the cells could not shift from a fetal metabolic profile that is reliant 

on glycolysis to mitochondrial oxidative metabolism
354

. To this date, the relationship 

between KATP channels and fatty acid metabolism is unclear. 

 As demonstrated, the KATP channels are complex electrical channels and at this point 

in time we're only scratching the surface of understanding what roles they play in the 

myocardium. In hopes to understand the link between the KATP channel, an extensively 

studied classical electrical channel, and cardiac metabolism, which is instrumental in the 

process of cardioprotection. 
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1.14. Summary of hypotheses and aims for the thesis 

Overarching hypothesis 

 KATP channels do not only respond to changes in metabolism by changing membrane 

excitability. Loss of cardioprotection in the absence of KATP channels is attributed to loss of 

electrical homeostasis in addition to alterations in cardiac metabolism. Absence of KATP 

channels in the heart metabolically compromises it and sets it up for failure when exposed to 

a stress episode, be it physiological or pathological. The KATP-induced regulation of cardiac 

metabolism is directly related to the Mg-ATPase activity of the channel. Subtle changes in 

Mg-ATPase activity directly affect AMPK signaling which translates to changes in 

metabolism.  

Specific hypotheses 

Hypothesis I - Chapter 3 

KATP channels are direct regulators of cardiac metabolism through their action on the central 

cellular energy sensor AMPK. 

Specific aims 

- To examine the direct effect of genetic ablation of KATP channels in the heart on different 

cardiac metabolic pathways. 

- To investigate changes in protein expression of metabolic markers in the absence of cardiac 

KATP channels. 
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Hypothesis II - Chapter 4 

 The activity of Mg-ATPase is determined by residue-residue interactions in the nucleotide 

binding domain of the sulfonylurea subunit.   

Specific aims 

- To identify protein residues in nucleotide binding domain 2 of the KATP channel that 

determine Mg-ATPase activity.  

- To examine whether residue differences between the splice variants SUR1 and SUR2A 

dictate their differential sensitivity to diazoxide.  

- To test whether mechanical stress is a regulator of Mg-ATPase activity. 

Hypothesis III - Chapter 5 

Sulfonylurea toxicity occurs through direct inhibition of the Mg-ATPase activity of cardiac 

KATP channels. 

Specific aim 

- To compare the effects of glibenclamide and gliclazide on Mg-ATPase activity and the 

survival kinases in cardiac tissue. 
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Figure 1.1. Molecular composition of KATP channels. (A) KATP channels are hetero-

octameric complexes where 4 Kir6.x subunits form the pore and are surrounded by 4 SUR 

regulatory subunits. (B) Membrane topology of SURx and Kir6.x subunits of the KATP 

channel. ATP binds to the Kir6.x subunit inhibiting KATP channels. Hydrolysis of MgATP 

within the SURx subunit nucleotide-binding domains (NBDs) leads to generation of 

stimulatory MgADP.  
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Figure 1.2. Different KATP channel subunit isoforms and tissue-specific expression.  In 

the brain and pancreas the channels are composed of the Kir6.2/SUR1 combination. In heart 

ventricles and smooth muscle, the Kir6.2/SUR2A is the combination expressed.  In smooth 

muscle, the Kir6.1/SUR2B is the combination expressed. 
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Figure 1.3. Drug binding sites on KATP channels. (A) General membrane topology of KATP 

channels with marked A-/ B- drug binding sites. (B) Chemical structures and binding-site 

classification of the sulfonylureas and glinides. 
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Figure 1.4. Physiological and pharmacological activators and inhibitors of KATP 

channels. (A) Activators of KATP channels, physiological activators are listed in grey and 

pharmacological activators are listed in green. (B) Inhibitors of KATP channels; physiological 

inhibitors are listed in grey and pharmacological inhibitors are listed in red. 
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Figure 1.5. Common genetic variants of KATP channels. Nucleotide-binding domains 

(NBDs) 1 and 2 as well as the A- and B-binding sites for pharmacologic inhibitors are 

indicated. The location of common variants S1369A and E23K and the neonatal diabetes 

mutations R1380L/C (in SUR1 NBD2) and V59M (in Kir6.2) are indicated. (Figure 

published in Current Diabetes Reports - The molecular genetics of sulfonylurea receptors in 

the pathogenesis and treatment of insulin secretory disorders and type 2 diabetes - Veronica 

Lang, Nermeen Youssef, Peter E. Light. 2011 Dec;11(6):543-51) 
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Figure 1.6. Classical mechanism of  KATP channel activation in the heart. (1) During 

physiological stress e.g. exercise or a pathophysiological stress e.g. an ischemic attack, (2) 

the ATP:ADP ratio decreases leading to (3) channel opening. (4) The resulting K
+
 efflux 

leads to (5) membrane repolarization and (6) action potential (AP) shortening and (7) 

maintenance of ionic homeostasis. 
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Figure 1.7. The glycolytic pathway. Simplified illustration showing the steps of conversion 

of glucose to pyruvate. Enzymes marked in red have been shown to physically associate with 

KATP channels. GAPDH-Glyceraldehyde-3-phosphate dehydrogenase. 
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Figure 1.8. Proposed mechanism for KATP non-electrical cardioprotection. Activators of 

the Mg-ATPase activity possessed by the channel (possibly KATP channel openers (KCOs) or 

mechanical stress) cause hydrolysis of Mg-ATP into Mg-ADP. This process could be 

reversed due to the physical association of the channel to creatine kinase (CK). The increase 

in local Mg-ADP concentration causes adenylate kinase (AK) 1 which is also associated to 

the channel to convert Mg-ADP to ATP and AMP. AMP allosterically binds to AMPK which 

is bound to the channel and makes it more susceptible to phosphorylation by its upstream 

kinase LKB1. Activation of AMPK leads to promotion of ATP-producing pathways which 

are important in episodes of metabolic deficiency. 
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Chapter 2 
Materials and methods 
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 2.1. Materials 

 Monoclonal and polyclonal antibodies for total AMP-activated protein kinase 

(AMPK) and phospho-AMPK (Thr172), total LKB1 and phospho-LKB1 (Ser428), 

voltage-dependent anion channel (VDAC), citrate synthase (CS), succinate dehydrogenase 

(SDH), PPAR-α, total Akt and phospho-Akt (Ser 473), total glycogen synthase kinase 

(GSK)-3β and phospho-GSK-3β (Ser 9), total mammalian target of rapamycin (mTOR) 

and phospho-mTOR (Ser2481), total P70S6K and phospho-P70S6K (Thr389), total acetyl 

CoA carboxylase (ACC) and phospho-ACC (Ser 79), total pyruvate dehydrogenase (PDH) 

and phospho-PDH(E1-α subunit Ser293), phospho- hormone sensitive lipase (HSL) 

(Ser563), acyl CoA synthetase long-chain family member 1 (ACSL1), fatty acid transport 

protein 1 (FATP1) and fatty acid translocase/Cluster of differentiation 36 (FAT/CD36) 

were purchased from Cell Signaling Technology (Danvers, Massachusetts). Primary 

antibodies to Kir6.2, tubulin, actin and peroxidase-conjugated goat anti-rabbit and goat 

anti-mouse secondary antibodies were purchased from Santa Cruz Biotechnology (Santa 

Cruz, California). Protease inhibitor cocktail was obtained from Bio Basic Inc. (Markham, 

Ontario). Phosphatase inhibitor cocktail was obtained from Calbiochem (Darmstadt, 

Germany). Immobilon-P PVDF transfer membranes (0.45μm) were purchased from 

Thermo Scientific. Carnation brand non-fat dry milk was purchased from the University of 

Alberta Biochemistry stores. Precision plus protein Kaleidoscope molecular weight 

marker, and Mini-Protean III gel electrophoresis system were purchased from Bio-Rad 

Laboratories, Inc. (Hercules, California). Amersham ECL Prime Western blotting 

detection system was purchased from GE Healthcare (Buckinghamshire, UK). Fuji 

medical X-ray films (Super RX) were from FUJIFILM Europe Gmbh (Düsseldorf, 
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Germany). BeF2, Mg-ATP, Mg-ADP, Na
+
 salts of GTP and GDP were purchased from 

Sigma-Aldrich (St. Louis, Missouri). All other chemicals were purchased from either 

Sigma-Aldrich or BioRad.. Free fatty acid free bovine serum albumin was purchased from 

Sigma-Aldrich (St. Louis, Missouri). Insulin (Novo Nordisk, Mississauga, Ontario) was 

obtained through the University of Alberta Hospital stores. For working heart metabolic 

measurements [U-14C]glucose, D-[5-3H]glucose and [9,10-
3
H]palmitic acid were 

purchased from Perkin Elmer (Boston, Massachusetts). Ecolite™ and Cytoscint™ 

Aqueous Counting cintillation fluids were obtained from MP Biomedicals (Solon, Ohio). 

Hyamine hydroxide (1 M in methanol solution) was purchased from J.T. Baker 

(Phillipsburg, New Jersey). AG® 1-X4 anion exchange resin, chloride form, 4% 

crosslinkage, 200–400 dry mesh size was obtained from Bio-Rad Laboratories, Inc. 

(Hercules, California).  

 

 

 

 

 

 

 

 

 

 

 



55 
 

2.2. Methods 

Cellular experiments 

Neonatal rat ventricular cardiomyocytes isolation and culture 

 Isolation and culture of neonatal rat ventricular cardiomyocytes was performed as 

previously described by Kovacic et al. 
355

. Briefly, hearts from two day old neonatal rat pups 

were removed and placed in ice-cold 1 × phosphate-buffered saline. After thorough rinsing, 

the ventricles were separated and  cut into smaller pieces with scissors. The minced tissue 

was washed again in ice-cold phosphate-buffered saline solution and then placed in tissue 

culture flask containing ice-cold phosphate-buffered saline, (0.025%) DNAase (w/v), 

(0.10%) collagenase (w/v), and (0.05%) trypsin (w/v). The tissue was digested on rotator at 

37 °C for 20 minutes. After digestion the tissue was centrifuged at 114 × g for 1 minute at 4 

°C in 20 ml of DF20 media, 20% fetal bovine serum, and 50 μg/ml gentamicin. The 

supernatant was discarded, and the pellet was added to a buffer containing DNAase, 

collagenase and trypsin to be digested at 37 °C for 20 minutes. Following this digestion, the 

tissue was transferred into a falcon tube containing DF20 media and centrifuged at 114 

× g for 1 minute at 4 °C. After repetition of this past step twice, the supernatants were pooled 

and centrifuged at 300 × g for 7 minutes at 4 °C. The pellet was then resuspended in 10 ml of 

plating media (DF20 media, 5% fetal bovine serum, 10% horse serum, 50 μg/ml gentamicin) 

and incubated at 37 °C for 60 minutes. After the incubation, the supernatant was placed in 

another tissue culture flask for 60 more minutes. After repetition of the previous steps again, 

the resulting pellet was resuspended in plating media. The cells were then plated on primeria 

dishes (Falcon) at a density of 1.8–2.0 × 10
6
cells/plate. 

 



56 
 

Adult cardiomyocyte isolation 

 Adult C57Bl6 mice were heparinized then sacrificed with pentobarbital (60 mg/kg, 

i.p.) according to the University of Alberta Animal Policy and Welfare Committee and the 

Canadian Council on Animal Care (CCAC) Guidelines.  The heart was rapidly removed, the 

aorta was cannulated on a Langendorff apparatus, and perfused retrogradely (at 37 °C, 70 cm 

H2O pressure) through the coronary arteries was established. A Ca
++

-containing solution was 

used (for 2-3 min) to rinse out remaining blood. This solution consisted of 121 mM NaCl, 5 

mM KCl, 28 mM sodium acetate, 1 mM Na2HPO4, 1 mM Ca
++

, 1 mM MgCl2, 24 mM 

NaHCO3, 5.5 mM glucose (equilibrated with 95% O2-5% CO2, giving a pH of 7.4). This was 

followed by a 5 min perfusion with the same solution containing only 5 M CaCl2, and then 

by perfusion with a low Ca
++

 solution containing 0.02 mg/mg collagenase B and D (Roche, 

Basel, Switzerland), 0.01 mg/ml Type XIV protease, 20 mM taurine, and 40 µM Ca
++

, for 4-

6 min. The left ventricle was then removed cut into smaller pieces and placed in separate 

Falcon tubes which contained the low Ca
++

 solution, with 0.2 mg/ml collagenase B and D, 

0.1 mg/ml Type XIV protease, 20 mM taurine, 10 mg ml/l albumin and 100 µM Ca
++

. The 

tubes were agitated in a shaker bath at 37 °C. Aliquots of the supernatant which contained 

single myocytes were removed sequentially and placed into a storage solution (a low Ca
++

 

solution with no enzymes, 20 mm taurine, 10 mg ml-' albumin and 0.1 mM CaCl2). 

Enzymatic digestion proceeded for 15-60 min, at 37 ºC. Quiescent, rod-shaped cells with 

regular cross-striations were selected for cell shortening, mechanical stress or 

electrophysiology experiments
356

. 
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Adult murine and human islet culture 

 Mouse islets were isolated by hand-picking after collagenase digestion of the 

pancreas as described 
357

, and maintained overnight in RPMI-640 supplemented with 10% 

(wt/vol.) FBS, 100 U/ml penicillin–streptomycin and 11 mmol/l glucose. Human islets from  

adult donors  were isolated by The Alberta Diabetes Institute IsletCore or the Clinical Islet 

Laboratory at the University of Alberta as previously described
358

. Islets were cultured in low 

glucose (1 g/L) DMEM with L-glutamine, 110-mg/L sodium pyruvate, 10% fetal bovine 

serum, and 100-U/mL penicillin/streptomycin (Invitrogen, Carlsbad, California) at 37°C and 

5% CO2 for 24–48 hours, handpicked and incubated with the appropriate drug according to 

the experiment conducted. This was followed by processing of the islets for immunoblotting. 

Cardiomyocte shortening 

 To measure differences in contractility between isolated wild-type and kir6.2-/- 

adult cardiomyocytes, freshly isolated cardiomyocytes were superfused in a continuous 

manner at 1 ml/min with Krebs-Henseleit buffer containing 2 mM Ca
++

 and paced by field 

stimulation at 1 Hz. Single cardiomyocyte contractility was measured using a video edge 

detector (Crescent Electronics, Salt Lake City, UT), and data were recorded and analyzed 

using pClamp 8.0 software. Cell shortening was expressed as percentage of fractional 

shortening, i.e. [(resting myocyte length − contracted myocyte length)/resting myocyte 

length] × 100. All experiments were performed at 21°C
359

.  
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tsA201 cells  

 tsA201 cells were selected for our functional expression experiments. They are SV40-

transformed variant of the HEK293 human embryonic kidney cell line. Passage number 30 

was our cut off for cell splitting, after which a new aliquot was used for reseeding and further 

cell culture. The cells were maintained in Dulbecco's modified Eagle's medium supplemented 

with 10 mM glucose, 2 mM L-glutamine, 10% fetal calf serum and 0.1% 

penicillin/streptomycin. The flasks containing the cells were kept in an incubator  at 37°C 

with 10% CO2. 

Plasmid transfection  

 Human and rabbit Kir6.2, SUR1 and SUR2A subunit clones were kindly provided by 

Dr. J. Bryan (Pacific Northwest Diabetes Research Institute, Seattle, WA). As previously 

indicated, we used tsA201 cells in functional expression. Transfection of the different 

plasmids was done using the calcium phosphate precipitation technique
360

. All mutants used 

in this thesis were generated using site-directed mutagenesis (QuickChange, Stratagene) and 

subsequently confirmed by sequence analysis. 

Electrophysiological recordings 

 Transfected cells were identified by co-expression of a green fluorescent protein 

plasmid (Life Technologies, Gaithersburg, MD). Macroscopic KATP channel currents were 

recorded (pCLAMP 10.2, Axon Instruments) 48-72 hours after transfection, using the 

excised inside-out patch-clamp technique as described previously
361

 . Pipettes were back-

filled with solution containing the following components: 134 mmol/l KCl, 10 mmol/l 

HEPES, 1.4 mmol/l MgCl2, 1 mmol/l EGTA, 6 mmol/l KOH, and 10 mmol/l glucose. The 
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pH of the pipette solution was adjusted to 7.4 with KOH. Rupture of membrane patches from 

transfected cells were performed in the bath solution containing: 140 mmol/l NaCl, 10 

mmol/l HEPES, 1 mmol/l CaCl2, 1.4 mmol/l MgCl2, 5 mmol/l KCl and 10 mmol/l glucose. 

The pH of the bath solution was adjusted to 7.4 with NaOH. drugs indicated in the context, 

were directly applied to the cytosolic side of the cell membrane patches using a rapid 

exchange multi-input perfusion pipette. 

Mg-ATPase activity assay 

 Four 681-bp long fragments of NBD2 (encoding amino acids1301–1528), containing 

either wild-type SUR1 (Ser1369), wild-type SUR2A (Lys1337) or the mutants SUR1 

(Lys1369) and SUR2A (Ser1337) were sub-cloned into pGEX-4T-1 GST fusion protein 

expression vectors. The recombinant plasmids were sequenced and then transformed into 

BL21 (DE3) cells for protein expression. The GST–NBD2 fusion proteins were detected with 

a monoclonal anti-GST-tag antibody (1:5000 dilution, Santa Cruz Biotechnology). Following 

purification, proteins (50 μg) were incubated at 40 ◦C for 30 min followed by 1 h incubation 

at 4◦C to allow homogeneous dimerization ofNBD2 monomers. All experiments were 

performed in an ATPase activity buffer at 37 ◦C using ADP-free ATP (ATP-Gold 

DiscoverX) as a substrate. Mg-ATPase activities of NBD2 dimers were determined by 

monitoring ADP formation via coupling to production of the fluorescent product resorufin 

(ADP Quest, DiscoverX). Resorufin formation was monitored continuously (λex = 560 nm, 

λem = 591 nm) in black 96-well plates in a SPECTRAmax Gemini XPS microplate 

spectrofluorometer (Molecular Devices). Initial rates of resorufin formation were plotted 

compared with ATP concentration and data were fitted to a rectangular hyperbola with the 

Michaelis–Menten equation (GraphPad Prism 6.0f) to obtain Vmax and KM values
362

.  
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Animal experiments 

- Ethics approval 

 All animals used for my research were included in our animal study protocol that 

was approved by the University of Alberta Health Sciences Animal Policy and Welfare 

Committee. Animal care followed the guidelines of the Canadian Council on Animal Care.  

- Kir6.2-/- mice 

 The kir6.2-/- mice were a kind gift from Dr. Susumo Seino who initially generated 

the mice in the following manner: The Kir6.2 gene was cloned using its cDNA probe from a 

129/Sv mouse genomic DNA library (Stratagene). A targeting vector was constructed by 

inserting the neomycin-resistance gene at the XhoI site in Kir6.2 and the herpes simplex virus 

thymidine kinase gene was inserted downstream. The targeting vector was introduced into 

E14 embryonic stem (ES) cells by electroporation and after neomycin selection, the knockout 

stem cells were  inserted into blastocysts and subsequently implanted into the uterus of a 

female C57Bl6 mouse. The heterozygous offspring produced is interbred for at least 6 

generations. In this thesis, experiments utilize age -matched male C57Bl6 wild-type and their 

kir6.2-/-  littermates that were  backcrossed 6 generations to the C57Bl6 background for 

comparison
363

. DNA for genotyping was extracted from ear-punches utilizing the DNeasy 

Blood & Tissue Kit (Qiagen)/Genomic DNA Mini Kit (Geneaid). Genotyping was performed 

via PCR and gel-electrophoresis (2% TAE-agarosegels) using the following set of primers: 

Forward: TAG GCC AAG CCA GTG TAG TG, Reverse-Knockout: GGA GGA GTA GAA 

GTG GCG C, Reverse-wild-type: GCC CTG CTC TCG AAT GTT CT.   
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For homozygote Kir6.2 KO mice, a PCR band of 386bp was amplified, for Kir6.2 WT, PCR 

product was 222bp, for heterozygote mice both PCR amplificates were derived from 

genomic DNA (See figure below). PCR was carried out in 25μl reactions in a PCR 

thermocycler using about 100 ng of genomic DNA as template, 125pmol each primer, 

DreamTaq Green PCR Master Mix. PCR conditions: 95°C for 3min, followed by 30 cycles: 

95°C for 30s, 55°C for 30s, 72°C for 60s, final extension 72°C for 7min.  

 

 

- Langendorff mouse heart perfusion 

 Briefly, mice were anaesthetized using 60 mg/kg sodium pentobarbital injected 

intraperitoneally, with 100 U of heparin. After mid-sternal incision, the heart was removed 

and placed in (37 ± 1 °C), modified Tyrode solution of the following composition: 128.2 mM 

NaCl, 4.7 mM KCl, 1.19 NaH2PO4, 1.05 mM MgCl2, 1.3 mM CaCl2, 20 mM NaHCO3, and 

11.1 mM glucose (pH 7.4). While bathed in the same solution, lung, thymus, and fat tissue 

were dissected and removed. A short section of aorta was attached to a 21-gauge cannula. 

After cannulation, the heart was retrogradely perfused with modified Krebs-Henseleit 
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solution passed through the 5-μm filter (Millipore, Billerica) and warmed (37 °C) using a 

water jacket and circulator (ThermoNESLAB EX7, Newtown)
364

. Perfusion was performed 

for 30 minutes using a peristaltic pump  and heart ventricles were clamp-frozen and used for 

biochemical analysis. 

- Isolated working mouse heart perfusion 

 Hearts were cannulated for isolated working mode perfusion as previously described 

by Lopaschuk et al.
365

. Mice were anesthetized using pentobarbital sodium and each heart 

was excised and placed in ice-cold Krebs-Henseleit solution followed by immediate aortic 

cannulation and perfusion in Langendorff mode for 10 minutes. Hearts were then switched to 

working mode by opening the left atrial and the aortic outflow lines and clamping off the 

aortic inflow line. The hearts were perfused at 37 °C at a constant workload of 11.5 mmHg 

left atrial preload and 80 mmHg aortic afterload . All hearts were paced at 500 beats/min. 

The perfusate consisted of a modified Krebs-Henseleit solution containing 118 mM NaCl, 

4.7 mM KCl, 1.2 mM KH2PO4, 1.2 mM MgSO4, 25 mM NaHCO3, 2.5 mM free Ca
++

 along 

with 100mU/l  insulin and both 1.2 mM palmitate prebound to 3% BSA and 11 mM glucose 

as energy substrates. The perfusate was gassed with Carbogen to maintain constant pH and 

O2 saturation. At the end of each perfusion protocol, hearts were rapidly snap frozen in  

liquid nitrogen. Frozen tissues were powdered at the temperature of liquid nitrogen, and the 

resulting powders were stored at -80 ºC for future use or processed immediately for Western 

blotting. 
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- Measurement of left ventricular function 

 While the heart was being perfused in working mode, systolic and diastolic aortic 

pressures were measured using a Gould P21 pressure transducer attached to the aortic 

outflow line. An ultrasonic flow probes placed in the left atrial inflow line was used to 

measure cardiac output (ml/min) and other flow probe in the aortic outflow line was used to 

measure aortic flow (ml/min). Coronary flow was calculated as: cardiac output - aortic flow. 

Left ventricular (LV) work (Joules/min/g dry wt) was used as an index of mechanical 

function and was calculated as: cardiac output x LV developed pressure (systolic pressure – 

preload pressure) and then  normalized to the heart dry weight.   

- Measurement of the rates of glycolysis, glucose and fatty acid oxidation 

 Steady state rates of glycolysis and glucose oxidation were measured by perfusing 

hearts with [5-
3
H/U-

14
C] glucose while rates of palmitate oxidation were measured by 

perfusing hearts with [9,10-
3
H]palmitate as previously described by Barr et al.

366
. The 

radiolabelled substrates were included in the circulating perfusate. Two separate series of 

experiments were performed for glycolysis and fatty acid and glucose oxidation, one with [5-

3
H/U-

14
C]glucose and the other with [U-

14
C]glucose and [9,10-

3
H]palmitate. Rates of 

glycolysis were determined by the quantitative determination of 
3
H2O liberated from [5-

3
H]glucose at the enolase step of glycolysis. 

3
H2O was separated from the perfusate by 

passing 100 μL of perfusate samples through AG® 1-X 4 anion exchange resin columns as 

described previously
367

. This was followed by washing the columns with water and the eluted 

water was collected in scintillation vials and scintillation fluid was added (Ecolite, ICN) 

followed by counting the vials in a liquid scintillation counter. Rates of glucose oxidation 

were determined by the quantitative determination of 
14

CO2 liberated from [
14

C]glucose at 
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the level of pyruvate dehydrogenase and in the TCA cycle. Both 
14

CO2 gas released 

(captured in a hyamine hydroxide trap) as well as [
14

C]bicarbonate retained in the perfusate 

(measured through reaction with 9N H2SO4) were accounted for. Rates of palmitate oxidation 

were measured by the quantitative measurement of 3H2O liberated from [9,10-
3
H]palmitate. 

Liberated 
3
H2O was separated from the perfusate by a vapor transfer method as described by 

Folmes et al.
368

.  

- Calculation of metabolically-derived ATP production  

 Full oxidation of glucose yields 32 ATP molecules per molecule of glucose. 

Glycolysis utilizes 2 ATP molecules to produce 4, therefore the net yield from glycolysis is 2 

ATP molecules. Pyruvate dehydrogenation produces 1 molecule of NADH
2
, which produces 

2.5 ATP molecules and a single full turn of acetyl-CoA through the TCA cycle produces 9.75 

molecules of NADH
2
, which produces a total of 12.25 ATP per molecule of pyruvate. On the 

other hand,  palmitate oxidation yields 105 ATP molecules. Fatty acid oxidation initially 

consumes 2 high energy phosphates from ATP per molecule of fatty acid in the process of 

fatty acid activation. In the fatty acid oxidation of the palmitate, seven full turns of the β-fatty 

acid oxidation spiral produces 7 molecules of NADH
2 

relating to 17.5 molecules of ATP, and 

7 molecules of FADH relating to 10.5 molecules of ATP. Palmitate derived 8 acetyl-CoA via 

TCA cycle will produce additional 78 molecules of ATP as 9.75 ATP is produced per acetyl-

CoA per one turn of TCA cycle. This results in the overall yield of 105 ATP per 1 palmitate 

molecule
369

.  
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- Determination of cardiac glycogen content  

Histology 

 Ventricles were harvested from kir6.2+/+ and kir6.2-/- mice and immediately fixed 

using buffered aqueous zinc formalin (Z-fix) for 6 hours. The ventricles were then placed 

in small perforated cassettes and infiltrated with  molten paraffin wax then allowed to set 

as the paraffin solidified. Each wax "block" containing the embedded ventricle sliced 

using an automated rotary microtome into 3-5 µm slices and placed on slides. Each slide 

was then stained with Periodic Acid Schiff (PAS). The Periodic Acid oxidizes the vicinal 

diols in glycogen generating  a pair of aldehydes at the two free tips of each 

broken monosaccharide ring. These aldehydes then react with the Schiff reagent to give a 

purple-magenta color. Micrographs were taken by an Olympus Q color 3 digital camera 

with an Olympus IX51 inverted microscope and glycogen particles were counted using 

ImageJ software (National Institutes of Health, Bethesda, MD) (n= 15 images/heart). 

Colorimetric assay 

 Total ventricular glycogen was also assessed colourimetrically using a 

commercially available kit (AbCam, Cambridge, UK). Briefly, 10 mg of cardiac ventricles 

from each heart from both kir6.2+/+ and kir6.2-/- groups were washed in ice-cold PBS. 

The tissues were resuspended in H2O, boiled to deactivate enzymes then centrifuged. The 

supernatant was used in the assay as instructed in the manufacturer's manual. The principle 

of the assay is that glucoamylase in the kit hydrolyzes tissue glycogen to glucose which is 

then oxidized to produce a product that reacts with the OxiRed probe provided in the kit to 

generate color that could be measured at 570 nm using a spectrophotometric microplate 

reader. 
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- Transmission electron microscopy to determine mitochondrial density 

 Ventricles were harvested from 2-3 month old kir6.2+/+ and kir6.2-/- mice (n=6), 

rapidly immersed in a fixing buffer (2.5% glutaraldehyde, 1% parafermaldehyde in PBS, 

Bio-Rad, Mississauga, ON) and incubated at 4°C overnight. The ventricles were then 

washed 3 times in 0.1 M HEPES and subsequently suspended in 1.0% osmium tetroxide 

for 4 h. Thereafter, the ventricles were washed 3 times in 100 mM HEPES and suspended 

in 2% uranyl acetate for 3 h, washed 3 times in 0.1% HEPES, and dehydrated by 

incubating in 25, 50, 75, 95 and finally twice in 100% ethanol. Tissue was infiltrated with 

resin by suspending in 50/50 ethanol/resin for 4 hours on a rotator, and later suspended in 

100% resin for 4 h on a rotator. Tissue was then placed in an embedding capsule 

containing 100% resin, and incubated overnight in an oven set at 60°C to polymerize. 

Ventricles were then sliced into 100 nm slices and placed onto 200 mesh formvar–carbon 

copper grids and then stained with 2% uranyl acetate and Reynold's lead citrate. Each grid 

consisted of at least 4 sections. At least 20 images were obtained per group in a 

randomized systematic order at including 12 at 64,000×, 10,500×, 5800× magnifications. 

Samples were viewed on a Hitachi H-7650 transmission electron microscope (Tokyo, 

Japan). Mitochondrial density and size were counted using Zen software (Carl Zeiss 

MicroImaging, Thornwood, NY, USA) as previously described by Holloway et al.
370

.  

Immunoblotting 

- Heart tissue processing 

 At the end of both Langendorff and working heart perfusions, the hearts were 

immediately flash frozen in liquid nitrogen. Cryogenic tissue grinding using a mortar and 

pestle was used to pulverize the each sample. This was followed by homogenization for 30 
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seconds using a Polytron homogenizer while in ice-cold RIPA homogenization buffer 

containing 20 mM Tris.HCl, 50 mM NaCl, 50 mM NaF, 5 mM sodium pyrophosphate, 250 

mM sucrose, 1 mM DTT and freshly added protease and phosphatase inhibitors 

(Calbiochem, San Diego, USA). The homogenized tissue was then centrifuged at 1000 g for 

15 minutes to separate the supernatant homogenate. 10 µl of each sample supernatant was set 

aside to be used for bicinchoninic acid protein assay. Aliquots of the supernatant were stored 

at -80 ºC for further biochemical analysis.  

- Bicinchoninic acid protein assay 

 To determine the protein content of each sample, I used a commercially available 

bicinchoninic acid protein assay kit (Pierce, Thermo-Fisher Scientific, Waltham, USA). This 

colorimetric assay depends on the reduction of Cu
++

 to Cu
+
 by protein in an alkaline medium 

, also known as the biuret reaction. Two molecules of bicinchoninic acid selectively chelate 

one Cu+ ion generating a purple-colored product which can be measured at   562nm using a 

microplate reader. 10 µl of each sample supernatant was diluted with 90 µl RIPA buffer, 10 

µl of this mixture was pipetted in triplicates in a 96 well microplate and allowed to react with 

200 µl of the CuSO4/bicinchoninic acid mixture for 30 minutes at 37 ºC and protein 

concentration values were determined by comparison to a standard curve. 

- Sample preparation for immunoblotting 

 After determination of protein content, the sample supernatants were diluted with 

double distilled H2O to yield either 8 µg, 15 µg, 20 µg or 25 µg of total protein per sample, 

depending on the experiment and protein under investigation. One part reducing SDS-sample 

buffer containing 0.375M Tris pH 6.8, 12% SDS, 60% glycerol, 0.6M DTT, 0.06% 
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bromophenol blue, was then added to 6 parts of each diluted sample, mixed well and then 

boiled for 5 minutes at 95ºC. Following sample boiling, each tube was centrifuged at a low 

speed and either stored at -20 ºC for future use or loaded onto an SDS-PAGE gel 

immediately.  

- Sodium dodecyl- polyacrylamide gel electrophoresis (SDS-PAGE) 

 Cardiac homogenates prepared as described above were resolved according to size 

using sodium dodecyl- polyacrylamide gel electrophoresis, known as SDS-PAGE at room 

temperature under denaturing conditions. An equal volume of each sample was loaded on 

either 6%, 8%, 10% or 15% gels according to the weight of the protein under investigation. 

A prestained protein marker was loaded on each gel, in this case I used 10 µl Bio-Rad's 

precision plus Kaleidoscope marker. The running buffer used was composed of 250 mM 

Tris, 1.92 M glycine and 1% SDS at pH 8.3. The gel was run at constant voltage (100 V) for 

1 hour 30 minutes or until the blue dye in the sample buffer reached the bottom of the gel. 

- Protein transfer onto polyvinylidene fluoride  

 After completion of the SDS-PAGE run, the separating gel was incubated in cold 

transfer buffer consisting of 25 mM Tris, 0192 M glycine, and 20% methanol for 10 minutes. 

Meanwhile, a polyvinylidene fluoride (Immobilon-P, Millipore) membrane was cut to the 

appropriate size and equilibrated in methanol for 5 minutes at room temperature. The gel was 

placed against the equilibrated membrane and sandwiched between two thick filter papers 

while making sure that there were no air bubbles between the gel and the membrane. The 

transfer "sandwich" was placed in a Tran-Blot module then into the Mini-Protean 3 (Bio-

Rad) cell apparatus which contained an ice pack. The transfer was run at a constant voltage 
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of 100V for 1 hour at room temperature or 30 V overnight in the 4 ºC cold room. Upon 

completion of the run, the membrane was stained using the reversible Ponceau stain to 

indicate whether the proteins have been efficiently transferred. The stain was then thoroughly 

washed off with TBS. 

- Western blot procedure 

  PVDF membranes were then blocked for 1 hour at room temperature in 20 ml 5% 

(w/v) milk dissolved in Tris-buffered saline containing 0.1% (v/v) Tween-20 (TBST). This 

was followed by incubation at 4 ºC overnight with a primary antibody diluted in 5% (w/v) 

BSA in TBST. After extensive washing in TTBS, membranes were incubated with a 

peroxidase-conjugated goat anti-rabbit secondary antibody (1:2000 dilution) for 1 hour at 

room temperature. After further washing in TTBS, antibodies were visualized using the 

Amersham ECL Prime Western blotting detection system. X-ray films (Fujifilm, Tokyo, 

Japan) were scanned using the Brother DCP-7030 scanner and densitometric analysis of 

protein bands was performed using ImageJ software (National Institute of Health, Bethesda, 

Maryland). 

Human atrial appendages 

 Appendages were isolated from the right atria of patients undergoing coronary artery 

bypass graft surgery at the Mazankowski Alberta Heart Institute and the University of 

Alberta Hospital on the day of the operation. Appendages were transported in ice cold 

phosphate buffered saline between the operating room and the laboratory. Each appendage 

was weighed and cut into two (1 cm x 0.5 cm) pieces serving as test and control appendage 

for each patient. The appendage halves were then each incubated for one hour in Carbogen 
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(95% CO2-5% O2)-gassed modified Krebs-Henseleit buffer containing: 118 mM NaCl, 4.7 

mM KCl, 1.2 mM MgSO4, 1.25 mM CaCl2, 1.2 mM KH2PO4, 25 mM NaHCO3 and 11 mM 

glucose. The appendages were incubated for 1 hour with a drug or vehicle according to the 

experiment and upon completion of the incubation, the appendages were washed in PBS 

three times, snap frozen in liquid nitrogen and processed for immunoblotting. 

Statistical analyses 

          All data are represented as the mean SEM. Statistical analysis was performed using 

GraphPad Prism version 5.04 for Windows (GraphPad Software, San Diego California 

USA). The specific statistical test used is described in each chapter. Values of P<0.05 

were considered significant. 
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Chapter 3 
Genetic ablation of plasma membrane 

KATP channels alters the cardiac metabolic 

profile under basal aerobic conditions 
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3.1. Introduction 

 Three decades ago, ATP-sensitive potassium (KATP) channels were discovered by 

Noma in cardiac tissue
2
. Classically they are known for their role in coupling cellular 

excitability to stress-induced upstream changes in metabolism, more precisely, changes in 

concentrations of nucleotides ATP and ADP which are regulators of channel activity
371

. For 

example, during physiological stress such as exercise or pathological stress as observed in a 

myocardial infarction, the concentration of ATP drops while ADP and AMP concentrations 

increase leading to KATP channel opening which results in potassium efflux out of the 

cardiomyocyte thereby shortening action potential duration
372,142

. In turn, this efflux of 

potassium ions eventually leads to expulsion of intracellular calcium, protecting the 

myocardium against its accumulation. Accumulation of calcium leads to hypercontraction, 

reduced relaxation of the contractile machinery and activation of Ca
++

-dependent proteases, 

caspases, the apoptotic pathway and the necrotic pathway ultimately leading to cellular 

demise
182,286,287,289,373,374

. It is generally considered that KATP channels in the heart are 

predominantly closed under resting aerobic conditions
175

. Studies on Kir6.2-/- mice showed 

that the action potential duration and contractile function in wild-type and Kir6.2-/- hearts are 

similar
176

. Under basal resting conditions, genetic ablation of cardiac KATP channels does not 

appear to affect cardiac function in terms of heart rate, coronary flow and work load
176

. 

Therefore it is has been suggested that cardiac KATP channels play little or no role in 

regulating cardiac excitability in the basal aerobic state. However, previous studies have 

shown following ischemia-reperfusion (I/R), that mice lacking KATP channels exhibit poorer 

cardiac functional recovery and worse myocardial ischemic damage as evident by larger 

infarct sizes
182,375

. Additionally, cardioprotective mechanisms against I/R injury such as 
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ischemic preconditioning are lost upon pharmacological blockade as well as genetic ablation 

of KATP channels
376,216

. Similarly, protective pharmacological preconditioning of hearts using 

agents such as diazoxide which is a KATP channel opener is markedly reduced in the absence 

of KATP channels 
377

. There is no denying that increased intracellular calcium accumulation in 

the absence of KATP channels is detrimental, and is a very plausible explanation for why 

cardiac function and tissue damage is worse post-I/R, but is it the only explanation? We ask 

this question because a growing body of literature demonstrates new KATP channel properties, 

mainly its possession of intrinsic catalytic Mg-ATPase activity
42,378,379 

as well as the 

unexpected link of the channel to global metabolism.  

 In the heart, optimal metabolism is required to meet its constant high energy 

demands. Since the myocardium has limited energy stores, continuous uptake and oxidation 

of energy substrates; fatty acids, glucose and lactate, has to take place to maintain normal 

function. Most of the cardiac ATP is derived from fatty acid oxidation (60-80%), while the 

rest of the ATP requirements is supplied by carbohydrate and ketone body oxidation
246,380,381

. 

Perturbations in cardiac metabolism were shown to compromise mechanical functional 

recovery after a myocardial infarction
382

. Therefore, efficient energy substrate utilization and 

expenditure in the heart is key to function at rest and during stress conditions.  

 An interesting link of KATP channels to metabolism and energy expenditure has been 

highlighted by Alekseev et al. who have shown that upon feeding mice deficient in KATP a 

high fat diet, they remained lean compared to their wild type counterparts suggesting that the 

absence of the channel leads to global changes in metabolism
353

. The same group followed 

up on this finding with an elegant proteomic analysis revealing that over 60% of the proteins 

whose genomic expression was affected by the absence of KATP channels were proteins 



74 
 

involved in metabolism and bioenergetics
383

. In that regard, a central regulator of cellular 

metabolism and cardioprotection is 5'-AMP-activated protein kinase (AMPK). AMPK is 

activated upon increased metabolic demand signalled by the rise in intracellular AMP 

levels
384

. Activation of AMPK via phosphorylation by upstream kinases leads to subsequent 

activation of metabolic pathways that lead to ATP production such as glucose uptake and 

fatty acid oxidation while temporarily suspending ATP-consuming pathways such as protein 

synthesis
384

. Similar to KATP channels, AMPK activation is essential in ischemic 

preconditioning
385

. Interestingly, AMPK was also shown to physically associate to the Kir6.2 

subunit of plasma membrane KATP channels
386

. Moreover, physical association of both 

adenylate kinase 1
49

 and creatine kinase
387

 which are important enzymes in the 

phosphotransfer cascade in the cell has been established. Moreover, glycolytic enzymes such 

as glyceraldehyde-3-phosphate dehydrogenase, aldolase, triose phosphate isomerase and 

pyruvate kinase have also previously been shown to bind physically to plasma membrane 

KATP channels
349,351

.  

  Given evidence of alteration of the normal global metabolic profile upon genetic 

ablation of plasma membrane KATP channels and their physical association with various 

important metabolic enzymes, it is plausible that KATP channels may be part of a complex 

metabolome that is upstream of AMPK signalling. Loss of the integrity of this metabolome 

by removal of one of its components, KATP channels in this case, leads to disrupted 

downstream signalling and compromised myocardial stress-coping mechanisms, particularly 

efficient cardiac metabolism. In this study, we investigated whether cardiac metabolic 

changes occur in the absence of KATP channels under resting conditions setting the heart up 

for failure when subjected to stress. Our results demonstrate for the first time the direct effect 
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of the absence of plasma membrane KATP channels on cardiac metabolism. We also provide 

evidence that plasma membrane KATP channels, contrary to the current theory, may be 

capable of regulating AMPK signaling.  

3.2. Methods 

Experimental animals 

 All experiments were performed according to protocols approved by the University of 

Alberta Institutional Animal Care and Use Committee. Data was obtained from adult (11-20 

weeks) male C57BL/6 Kir6.2+/+ and Kir6.2 -/- mice. The generation of Kir6.2-/- mice by 

targeted Kir6.2 gene disruption has been previously described in detail by  Miki et al.
388

 and 

were obtained from the Seino laboratory. Mice were housed on a 12-h light and 12-h dark 

cycle with ad libitum access to chow diet and water. Genotyping of the mice was performed 

as described on page 60 in Chapter 2.  

 Isolated heart preparations 

Langendorff perfusions 

 Briefly, mice were anesthetized using 60 mg/kg 7pentobarbital, with 100 U of 

heparin. After mid-sternal incision, the heart was removed and placed in (37 ± 1 °C), 

modified Tyrode solution of the following composition: 128.2 mM NaCl, 4.7 mM KCl, 1.19 

NaH2PO4, 1.05 mM MgCl2, 1.3 mM CaCl2, 20 mM NaHCO3, and 11.1 mM glucose 

(pH = 7.35 ± 0.05). While bathed in the same solution, lung, thymus, and fat tissue were 

dissected and removed. A short section of aorta was attached to a 21-gauge cannula. After 

cannulation, the heart was retrogradely perfused with modified Krebs-Henseleit solution 

passed through the 5-μm filter (Millipore, Billerica) and warmed (37 °C) using a water jacket 
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and circulator (ThermoNESLAB EX7, Newtown). Perfusion was performed for 30 minutes 

using a peristaltic pump  and heart ventricles were clamp-frozen and used for biochemical 

analysis. 

Working heart perfusions 

 Mouse hearts were aerobically perfused in the working mode at a constant workload 

of 11.5 mmHg preload and 50 mmHg or 80 mmHg afterload with modified Krebs-Henseleit 

buffer containing 1.2 mmol/L palmitate prebound to 3% fat-free bovine serum albumin, 5 

mmol/L glucose, and 100 μU/mL insulin as described previously
359,389

. Left-ventricular (LV) 

work (in J min
−1

 g dry wt
−1

) was used as a measure of left ventricular mechanical function. 

 Cardiomyocyte isolation and cell shortening 

 Ventricular cardiomyocytes were isolated from adult Kir6.2+/+ and Kir6.2-/- mice as 

described previously
210

. For cell shortening studies, freshly isolated cardiomyocytes were 

continuously superfused at 1 ml/min with Krebs-Henseleit buffer containing 2 mmol/liter 

Ca
2+

 and electrically paced at 1 Hz by field stimulation. Single cardiomyocyte contractility 

was measured using a video edge detector (Crescent Electronics, Salt Lake City, UT), and 

data were recorded and analyzed using pClamp 8.0 software. Cell shortening was expressed 

as percentage of fractional shortening, i.e., [(resting myocyte length − contracted myocyte 

length)/resting myocyte length] × 100. Experiments were performed at 21°C.  

Western blot analysis 

 Ventricular tissue was snap-frozen after Langendorff perfusion and homogenized by 

cryogenic grinding then diluted with RIPA homogenization buffer containing phosphatase 

and protease inhibitors. After a BCA protein assay (Pierce, Thermo Scientific, USA), equal 
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amounts of protein were resolved by SDS-PAGE, and were transferred onto a PVDF 

membrane. Target proteins were identified using the primary antibodies: anti-AMPK 

phospho and total, anti-ACC phospho and total, anti-LKB1 phospho and total, anti-Akt 

phospho and total, anti-GSK-3β phospho and total, phospho HSL, anti-PDH phosoho and 

total, FAT/CD36, FATP1, ATGL, ACSL1, VDAC, citrate synthase, succinate 

dehydrogenase, PPAR-α and PGC1-α. Tubulin was used as a loading control. Immunoblots 

were developed using the Amersham ECL Prime Western blotting detection reagents. 

Densitometric analysis was performed using ImageJ software (National Institutes of Health).  

Metabolic measurements  

 Glycolysis, glucose oxidation and palmitate oxidation were measured as described 

previously
390

. Briefly,  hearts were perfused with [5-
3
H] or [U-

14
C]glucose or [9,10-

3
H]palmitate. Total 

3
H2O production and 

14
CO2 production were determined at 10 min 

intervals during the perfusion. To measure the rates of glycolysis and palmitate 

oxidation, 
3
H2O in perfusate samples was separated from [

3
H]glucose or [

3
H]palmitate using 

the dowex method. Oxidation rates for glucose were determined by quantitative measurement 

of 
14

CO2 production
390

. Rates of acetyl CoA, ATP, and proton production were calculated as 

described previously
391

. 

Glycogen content measurement 

 Cardiac ventricle samples were harvested from Kir6.2+/+ and Kir6.2-/- mice, 

immediately fixed using Z-fix, sliced and then stained with periodic acid Schiff (PAS). 

Micrographs were taken using an Olympus Q color 3 digital camera with an Olympus IX51 

inverted microscope and glycogen particles were counted using ImageJ software (National 
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Institutes of Health, Bethesda, MD) (n= 15 images/heart). Colourimetric measurement of 

glycogen content in both hearts was performed using a commercially available glycogen 

assay kit (AbCam, Cambridge, UK) as per manufacturers' instructions. 

Transmission Electron Microscopy 

 Heart ventricles were harvested from 2 month old Kir6.2+/+ and Kir6.2-/- mice and 

immediately fixed in PBS with 2.5% gluteraldehyde. The tissue was then postfixed in 1% 

osmium tetroxide for 1 h at 4 °C, rinsed, dehydrated in a graded ethanol series, and 

embedded in EMbed-812. Embedded tissue was polymerized then sectioned and stained with 

1% uranyl acetate, followed by lead citrate. Tissue sections were then photographed with 

Hitachi H-7650 transmission electron microscope. Mitochondria were counted and their 

length was measured using Zen software (Carl Zeiss MicroImaging, Thornwood, NY, USA). 

Statistical analyses 

 Results are expressed as means ± SEM of n observations. The significance of the 

differences was estimated by the unpaired Student's t-test and One-way analysis of variance. 

Significance between groups was determined using the Bonferroni posthoc test. Differences 

were considered statistically significant when p < 0.05. 

3.3. Results 

 Higher fatty acid oxidation levels and suppressed glycolysis in Kir6.2 -/- mice 

 In order to investigate if the cardiac metabolic profile was changed under resting 

aerobic conditions as a result of the absence of cardiac plasma membrane KATP channels  

compared to that of Kir6.2+/+ hearts, we measured fatty acid, glucose oxidation rates and 

glycolysis by perfusing [U-
14

C/
3
H]glucose and [9,10-

3
H]palmitate into a working heart 
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system. Our metabolic measurements clearly demonstrate that in Kir6.2-/- hearts, the rate of 

glycolysis is 45% lower (Figure 3.1.A), fatty acid oxidation is 102% higher (Figure 3.1.C) 

than in Kir6.2+/+ hearts. Since we observed a markedly higher rate of fatty acid oxidation, 

we expected to see a lower rate of glucose oxidation, however, the rate of glucose oxidation 

was not changed in response to enhanced fatty acid oxidation (Figure 3.1.B). Similarly, ATP 

derived from fatty acid oxidation was higher in Kir6.2-/- hearts compared to Kir6.2+/+ 

(Figure 3.2.C and 3.2.D). Proton production was approximately 42%  less in Kir6.2-/- hearts 

(Figure 3.2.A). Acetyl CoA production was approximately 55% higher in Kir6.2-/- compared 

to Kir6.2+/+ as well (Figure 3.2.B).  

Similar cardiac function on both single cell and whole heart level 

 To examine whether differences in cardiac metabolism observed in the previous 

experiment affected cardiac mechanical function in Kir6.2+/+ and Kir6.2-/- hearts, we chose 

to measure fractional shortening in isolated cardiomyocytes from both groups to test if 

contractility was affected on a single cell level. Our results show that there were no 

differences between both groups on single cardiomyocyte contractility (Figure 3.3.A). At the 

whole organ level, coronary flow (Figure 3.4.A) and left ventricular work (Figure 3.4.B) 

were measured in Kir6.2+/+ and Kir6.2-/- hearts perfused in working mode. Similarly, no 

significant differences were seen between both groups. Cardiac efficiency calculated as LV 

work/acetyl CoA (Figure 3.4.C) or LV work/ATP (Figure 3.4.D) was slightly but not 

significantly lower in Kir6.2-/-. 
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Basal AMPK activation levels are higher in Kir6.2-/- hearts  

 Since physical interaction between AMPK and the KATP channel has been 

demonstrated previously
386

, we investigated whether basal AMPK activity is affected by the 

absence of the channel. Changes in AMPK activity lead to changes in cardiac metabolism as 

previously described. To detect changes in AMPK activity, we used Western blotting to 

probe for differences in phosphorylated protein expression. Our data show that phospho-

AMPK normalized to total-AMPK in mice deficient in Kir6.2 subunit is significantly higher 

compared to their wild-type counterparts perfused in Langendorff mode (*, p= 0.0197)  

(Figure 3.5.A). Similarly, the upstream activator of AMPK, LKB1, was phosphorylated to a 

greater extent in Kir6.2-/- hearts compared to Kir6.2+/+ (Figure 3.5.B). 

AMPK activation is disrupted during stress in Kir6.2-/- hearts 

 Since we have established that AMPK signalling is elevated under basal conditions, 

we decided to test whether AMPK is also changed in Kir6.2-/- hearts in response to stress. 

Considering that activation of AMPK through β-agonist stimulation has been previously 

established
75

, we used 100 nM isoproterenol (Iso) due to its positive inotropic and 

chronotropic effects as our stressor to be infused through hearts from Kir6.2+/+ and Kir6.2-/- 

hearts while they were being perfused in working mode. As expected, phosphorylation of 

AMPK was significantly increased upon perfusion of Iso in Kir6.2+/+ hearts, however a 

similar activation was not observed in Kir6.2-/- hearts (Figure 3.5.C). Additionally, a similar 

uncoupling of AMPK signalling was observed upon blotting for phosphorylation of acetyl 

CoA carboxylase (ACC) which is downstream of AMPK activation (Figure 3.5.D). 
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Fatty acid metabolism markers are increased in Kir6.2-/- hearts 

 Since AMPK was more activated in Kir6.2-/- mice and fatty acid oxidation was 

almost doubled, we decided to look at fatty acid metabolism markers that are downstream of 

AMPK activation. Expression of Adipose triglyceride lipase (ATGL) which catalyzes the 

rate limiting hydrolysis step of triglycerides in the triacylglycerol lipolysis cascade was not 

significantly increased (Figure 3.6.A). Acyl-CoA synthetase long-chain family member 1 

(ACSL1) which leads to acylation of fatty acids, the step preceding their oxidation, was 

higher (*, p=0.0142). in hearts lacking KATP channels (Figure 3.6.B). PPAR-α which is a 

transcription factor that regulates fatty acid metabolism was significantly higher (*, 

p=0.0292) in Kir6.2-/- hearts (Figure 3.6.F). To examine whether fatty acid transport markers 

are increased in Kir6.2-/- hearts, we measured FAT/CD36 that upon AMPK activation is 

expressed more densely on the plasma membrane
392

. FAT/CD36 expression was significantly 

higher (*, p=0.0145) in Kir6.2-/- compared to Kir6.2+/+ hearts (Figure 3.6.C). We also 

measured the expression of fatty acid transport protein (FATP1), which appeared to be 

significantly lower (*, p=0.0291) in Kir6.2-/- hearts. Phosphorylation of hormone sensitive 

lipase (HSL) was also higher (*, p=0.0295) in Kir6.2-/- hearts. (Figure 3.6.E)  

 Higher basal Akt activation and glycogen deposition in Kir6.2-/- hearts 

 Since we observed suppressed glycolysis, we investigated whether this was due to 

decreased glycogen stores or increased glycogen. Basal phospho-Akt levels were 

significantly higher (*, p=0.0102)  in Kir6.2-/- ventricular homogenates as measured by 

Western blotting (Figure 3.7.A). The downstream target of Akt, GSK-3β, was more 

phosphorylated at Ser-9 (***, p=0.0007) which inhibits its activity in Kir6.2-/- hearts as well 
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leading to increased glycogen synthesis (Figure 3.7.B). We used both histology and 

biochemical analysis to measure glycogen content in Kir6.2+/+ and Kir6.2-/- ventricular 

tissue. Ventricular slices stained with Periodic acid-Schiff stain, which stains glycogen 

particles purple (Figure 3.7.C), showed a higher number of glycogen particles in Kir6.2-/- 

hearts (***, p=0.0004) (Figure 3.7.D).  Colourimetric analysis of glycogen content in naive 

hearts from Kir6.2+/+ and Kir6.2-/- also confirms higher glycogen content in the absence of 

the channel. (*, p=0.0485) (Figure 3.7.E). Since pyruvate dehydrogenase activity is an 

important determinant of glycolysis, we measured its phosphorylation which indicates its 

inhibition in Kir6.2+/+ and Kir6.2-/- hearts. Our data show that phosphorylation of  PDH is 

slightly higher in Kir6.2-/- mouse hearts compared to Kir6.2+/+ hearts (2.220 ± 0.7997 and 

1.649 ± 0.1634 respectively) however statistical significance was not reached (n=3, p>0.05) 

(Figure 3.7.F). 

Mitochondrial density 

 The transcriptional coactivator PGC-1α plays a key role in mitochondrial biogenesis 

and is downstream of AMPK activation
393

. Since our basal AMPK activation was higher in 

Kir6.2-/- hearts we measured if expression of PGC-1α was changed accordingly. In 

agreement with our AMPK data, we found that PGC-1α expression was significantly higher 

(***, p=0.0004) in Kir6.2-/- hearts (Figure 3.8.A). Succinate dehydrogenase, an inner 

mitochondrial matrix protein that constitutes respiratory complex II in the citric acid cycle, 

was not significantly different in both groups (Figure 3.8.B). Additionally, voltage-dependent 

anion channel, which is an outer mitochondrial matrix marker, was significantly lower (*, 

p=0.0392) in Kir6.2-/- ventricles than in Kir6.2+/+ ventricles (Figure 3.8.C) and the 

expression of citrate synthase which converts acetyl CoA to citric acid in the citric acid cycle, 
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was not significantly changed (Figure 3.8.D). Quantitative analysis of transmission electron 

micrographs (Figure 3.8.E) indicate that the number of mitochondria in Kir6.2-/- ventricular 

tissue is lower than in Kir6.2+/+ tissue (Figure 3.8.F).  

3.4. Discussion 

 As electrical channels, KATP channels have classically been thought to act 

downstream of changes in metabolism and to couple them to membrane excitability. The 

necessity of KATP channel presence in cardioprotection has already been well established, 

whether in pharmacological
377

 or ischemic preconditioning using the KATP knockout mouse 

model
216

. Most of the reports on the subject attributed that protection to more efficient 

calcium homeostasis conferred by KATP channel activity which prevents intracellular calcium 

accumulation during stress. However, a study by Grover et al. demonstrated that even when 

KATP action potential duration shortening is prevented, hearts are still protected after I/R
394

. 

This suggests that shortening of the action potential is not the only mechanism behind KATP-

provided cardioprotection, but that the physical presence of KATP channels on the membrane 

surface is necessary for cardioprotection.  In that regard, it is important to note that proteomic 

analysis revealed that over 60% of the proteins whose genomic expression was affected by 

the absence of KATP channels were proteins involved in metabolism and bioenergetics
383

. The 

involvement of KATP channels in energy expenditure has also been demonstrated by Alekseev 

et al. showing that absence of KATP channels increases global fatty acid oxidation manifested 

as a lean phenotype compared to Kir6.2+/+ after being fed a high-fat diet
353

). 

 We decided to investigate cardiac metabolism in the absence of KATP channels 

bearing in mind that efficient cardiac metabolism is key in myocardial functional recovery 

after I/R injury
395

. Our data shows for the first time that cardiac metabolism in hearts lacking 
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KATP channels is shifted towards fatty acid metabolism (two fold increase), this is in concert 

with suppressed glycolysis. Despite the discrepancy about whether fatty acid oxidation is 

protective or detrimental during a cardiac insult such as ischemia/reperfusion, a few elegant 

studies have recently demonstrated that reducing fatty acid oxidation is protective in that 

setting
396–401

and that has been demonstrated clinically as well
402

. However, contrary to our 

expectations glucose oxidation was not affected which shows that the Randle cycle has been 

uncoupled where an increase in fatty acid oxidation should suppress glucose oxidation via 

inhibition of pyruvate dehydrogenase
276

. While our data show a trend of higher 

phosphorylation of pyruvate dehydrogenase in hearts lacking KATP channels, we still need to 

increase our sample numbers to confirm this observation. However, if glucose and fatty acid 

oxidation are uncoupled under basal conditions, it is likely that during ischemia, with the 

inability to stimulate glycolysis, the myocardium becomes susceptible to more damage due to 

lack of efficient anaerobic oxidation. Normally, during reperfusion, the heart relies on fatty 

acid oxidation primarily, but it is unclear if Kir6.2-/- hearts have a similar metabolic profile 

and this remains a difficult subject of investigation since Kir6.2-/- hearts exhibit very poor 

post-ischemic recovery.  

 Knowing that activated AMPK is a regulator of fatty acid oxidation and since it has 

been shown to physically associate with the channel
386

, we decided to investigate whether 

basal AMPK activity was affected by the absence of cardiac KATP channels. Our data shows 

that Kir6.2-/- hearts perfused in Langendorff mode have higher basal AMPK activity as 

evident by higher expression of phospho-AMPK protein. A possible contributor to that 

observation is that Kir6.2-/- hearts handle calcium less efficiently than in Kir6.2+/+, as 

previously demonstrated by Gumina et al.
182

. This increase in intracellular calcium may lead 
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to the activation of CaMKK which is one of the upstream kinases governing the activation of 

AMPK
304

. In support of our findings, a study by Hu et al., showed that KATP channels are 

required for the AMPK-mediated cardioprotection offered by resveratrol
218

.  Recent research 

by several groups has linked KATP activity and trafficking to upstream AMPK 

activation
337,386,403

, however, data from our lab suggest that KATP channels may be upstream 

of AMPK activation as will be described in Chapter 4. Taken together, these findings suggest 

a complex multi-faceted AMPK-KATP-centered metabolome with delicate interactions based 

on various triggers. However, it remains to be an intriguing area for future study. 

  We examined differences in  downstream effectors of AMPK activation. A candidate 

target that is regulated by AMPK activation is peroxisome proliferator-activated receptor 

gamma coactivator (PGC)1-α
404,405

. PGC1-α is involved in mitochondrial biogenesis
406

, and 

since we observed a significant increase in PGC1-α expression in hearts lacking KATP 

channels, we also decided to look at mitochondrial density. Our data demonstrate that PGC1- 

α expression is increased in Kir6.2-/- hearts which is in line with the increased AMPK 

phosphorylation observed in the same hearts. It is important to mention that our observation 

showing an increase in PGC1-α  is in contrast to the findings of Hu et al.
407

 which could be 

due to the difference in experimental model. Hu et al. also demonstrated that in the absence 

of KATP channels, PGC1-α  expression in response to pressure overload was significantly 

lower than the sham group. If AMPK activation has already reached maximum 

phosphorylation in Kir6.2-/- hearts under resting conditions, it is possible that downstream 

activation of PGC1-α after simulated I/R would also be disrupted due to the absence of an 

efficient upstream stress signal. 
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  Another target linked to PGC1-α and upregulated in response to AMPK activation is 

PPAR-α
408

. Upregulation of PPAR-α leads to downstream expression of proteins involved in 

fatty acid oxidation
409

. As we expected, PPAR-α expression was increased in Kir6.2-/- 

hearts. We then examined markers of different stages of fatty acid metabolism, starting with 

fatty acid transporters, we found that FATP1 was significantly lower in the absence of KATP 

however there was increased CD36/FAT expression in which may be compensatory and 

could be associated with increased fatty acid transport into the cell. It has been suggested that 

CD36 translocation to the plasma membrane and subsequently fatty acid transport into the 

cell is moderated by active AMPK
410

. We also observed a slight increase in expression of 

adipose triglyceride lipase (ATGL), a significant increase in expression of long chain fatty 

acyl-CoA synthetase (ACSL)1 which catalyzes the formation of fatty acyl CoAs making 

them available for oxidation and higher activation of hormone-sensitive lipase (HSL) which 

accelerates the breakdown of triacylglycerol into free fatty acids for metabolism
411

. It is 

worth mentioning that ACSL1 catalyzes the conversion of fatty acids to fatty acyl CoA using 

ATP it generates AMP which in turn can activate AMPK allostericaly
412

. It is unclear so far 

whether the AMPK activation we observe in our model is upstream or downstream of 

ACSL1 activation. 

 It is thought that  activation of PPAR-α is beneficial in ischemia-reperfusion 

injury
413,414

, however, in a large animal model, activation of PPAR-α was not able to provide 

protection against I/R
415

. Moreover, research from the Taegtmeyer group has also shown that 

downregulation of PPAR-α gene expression prevents lipotoxicity in an ischemic setting
416

. 

They have also shown that increased expression of PPAR-α in cardiomyocytes leads to 
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irreversible ischemic damage and is associated with increased glycogen particle 

deposition
416

. 

 In agreement with their findings, we have similarly observed increased glycogen 

deposition. This is in line with reduced rate of glycolysis demonstrated in our working heart 

model. Since Akt activation is upstream to glycogen synthesis, we sought to examine 

differences in Akt signaling in Kir6.2+/+ and Kir6.2-/- hearts. Phospho-Akt was significantly 

higher in Kir6.2-/- hearts compared to Kir6.2+/+. Similarly, its downstream target GSK-3β 

showed higher phosphorylation at Ser-9 which is the inhibitory phosphorylation site. Akt-

mediated inhibition of GSK-3β leads to glycogen synthase dephosphorylation and 

subsequent activation which increases glycogen synthesis as a result
417

. Since AMPK 

activation has been shown to inhibit glycogen synthesis, we are with the notion that the 

increased glycogen content in Kir6.2-/- hearts is due to suppressed glycolysis.  

 Taken together, while Kir6.2+/+ and Kir6.2 -/- mouse hearts appear similar in 

function under resting conditions, the metabolic profile in Kir6.2-/- mice may set it up for the 

exaggerated damage post I/R. Suppressed glycolysis observed in Kir6.2-/- hearts may be 

detrimental during ischemia since the only source of energy that the myocardium could rely 

on in that case would be anaerobic glycolysis. Although it has been previously reported that 

inhibition of GSK-3β is protective in I/R
418

 and attenuates overload, we cannot project this 

on our model since it has been already established that Kir6.2-/- hearts recover poorly after 

I/R due to severe calcium accumulation
182

. A multitude of compensatory mechanisms could 

be in effect in I/R stress in our genetic knockout model, however they remain yet to be 

investigated. 
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 Finally, our study shows a novel role of plasma membrane KATP channels in cardiac 

metabolism. This metabolic shift towards fatty acid oxidation and suppressed glycolysis 

takes us one step closer towards understanding why hearts lacking KATP channels may 

respond more poorly after I/R injury. Further experiments to examine metabolic efficiency in 

I/R injury are required to advance our understanding of the metabolic role of KATP channels 

under stress. 
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Figure 3.1. Cardiac metabolism is shifted towards fatty acid oxidation in Kir6.2-/- 

hearts. Perfusion of Kir6.2+/+ and Kir6.2-/- working hearts (n=8) with labeled glucose and 

palmitate to measure rates (μmol/min/g dry wt) of glycolysis (A), glucose (B) and fatty acid 

(C) oxidation in both groups. Values are presented as mean ± SEM, ** p < 0.01 compared to 

Kir6.2+/+) 
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Figure 3.2. Comparison between proton, acetyl CoA and ATP production in Kir6.2+/+ 

and Kir6.2-/-. (A) Proton production (μmol/min/g dry wt) in both Kir6.2+/+ and Kir6.2-/- 

groups (n=8/group). (B) Acetyl CoA production (μmol/min/g dry wt) in Kir6.2-/- hearts. (C) 

Measurement of ATP derived from fatty acid oxidation, glycolysis and glucose oxidation 

represented as (μmol/min/g dry wt)  or as percentages (D). Values are presented as means 

±SEM, *p<0.05, **p<0.01 compared to Kir6.2+/+. 
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Figure 3.3. Cell shortening in Kir6.2+/+ and Kir6.2-/- isolated adult ventricular 

cardiomyocytes. (A) Representative recordings of single cell shortening of cardiomyocytes 

isolated from adult Kir6.2+/+ and Kir6.2-/-. (B) Grouped data of fractional cell shortening 

(% of diastolic length) in Kir6.2+/+ and Kir6.2-/-. (C) Maximal rate of relengthening 

represented as -dL/dt. (n=15-18 cells/group) 
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Figure 3.4. Cardiac function in isolated working Kir6.2+/+ and Kir6.2-/- hearts. 

 (A) Coronary flow (ml/min) in isolated working hearts from Kir6.2+/+ and Kir6.2-/- mice. 

(B) Left ventricular work(Joules/min/g dry wt). Cardiac efficiency measured as (C) LV 

work/acetyl CoA (Joules/µmol) produced and (D) LV work/ATP produced (Joules/µM). 

Values are means ± SEM. *p<0.05 compared with Kir6.2+/+ hearts.  
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Figure 3.5. AMPK signalling in Kir6.2-/- hearts under basal and stress conditions.  

(A) AMPK and (B) LKB1 phosphorylation in Kir6.2+/+ and Kir6.2-/- hearts perfused in 

Langendorff mode (n=4). (C) Comparison of AMPK and (D) ACC phosphorylation in 

Kir6.2+/+ and Kir6.2-/- hearts (n=5) perfused in working mode with or without β-

isoproterenol (iso) ACC in Kir6.2-/- was weak compared to Kir6.+/+. Values are means ± 

SEM. *p<0.05 compared with Kir6.2+/+ hearts. 
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Figure 3.6. Expression of fatty acid metabolism markers in Kir6.2+/+ and Kir6.2-/- 

hearts. Comparison of protein expression of (A) Adipose triglyceride lipase (ATGL), (B) 

acyl-CoA synthetase long-chain family member 1 (ACSL1), (C) CD36/FAT, (D) FATP1, (E) 

phosphorylated hormone sensitive lipase (p-HSL) and (F) the nuclear receptor protein 

Peroxisome Proliferator-Activated Receptor (PPAR) α. Histograms show results of 

immunoblot quantification normalized to tubulin. (n=4/group). Values are means ± SEM. 

*p<0.05 compared with Kir6.2+/+ hearts. (G) Schematic representation of the fatty acid 

metabolism proteins whose expression was tested in this study. 
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Figure 3.7. Differences in Akt signalling and glycogen content between Kir6.2+/+ and  

Kir6.2-/- hearts. (A) Phosphorylation of Akt normalized to total Akt and (B) glycogen 

synthase kinase (GSK)-3β normalized to total GSK-3β in Langendorff perfused Kir6.2+/+ 

and Kir6.2-/- mouse hearts (n=4/group). (C) Representative images of a ventricular cross-

section in Kir6.2+/+ and Kir6.2-/- hearts with purple particles representing Periodic Acid-

Schiff stained glycogen. (D) Quantification of glycogen particles in ventricular cross sections 

from Kir6.2+/+ and Kir6.2-/- hearts (n=15 images/group) and (E) colourimetric analysis of 

glycogen content (µg/µl) in naive Kir6.2+/+ and Kir6.2-/- hearts. Values are means ± SEM. 

*p<0.05, ***p<0.001 compared with Kir6.2+/+ hearts. (F) Phosphorylation of the E1 α 

subunit of pyruvate dehydrogenase normalized to total pyruvate dehydrogenase in 

Langendorff perfused Kir6.2+/+ and Kir6.-/- mouse hearts (n-4/group, p>0.05). (G) 

Schematic representation of some of the proteins affecting glycogen synthesis and were 

investigated in this study. 
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Figure 3.8. Protein expression of mitochondrial markers and mitochondrial 

quantification in Kir6.2+/+ and Kir6.2-/- hearts. Immunoblots of protein expression of (A) 

Peroxisome proliferator-activated receptor-γ coactivator (PGC)-1α, (B) succinate 

degydrogenase (SuDH), (C) Voltage-dependent anion channel VDAC, (D) Citrate synthase 

(CS) in Kir6.2+/+ and Kir6.2-/- naive hearts (n=4/group). (E) Representative transmission 

electron micrographs of ventricular tissue from naive Kir6.2+/+ and Kir6.2-/- hearts. (F) 

Quantification of mitochondria in transmission electron micrographs (n=5-6 hearts/group, 

35-40 micrographs/heart). Values are means ± SEM. *p<0.05 compared with Kir6.2+/+ 

hearts. 
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Chapter 4 
Molecular and metabolic aspects of KATP 

channel opener pharmacology 
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4.1. Introduction 

KATP channels have the ability to couple cellular metabolic signals to electrical 

membrane excitability and therefore play important roles in many excitable tissues including 

the endocrine, nervous, skeletal muscle and cardiovascular systems
419

. The channels are 

hetero-octameric trans-membrane protein complexes comprised of four pore-forming inward 

rectifying potassium (Kir6.x) channel subunits surrounded by four regulatory sulfonylurea 

receptor (SUR) subunits that possess intrinsic catalytic Mg-ATPase activity
167,420

. Kir6.1 

(KCNJ8), Kir6.2 (KCNJ11) and SUR1 (ABCC8) are encoded by individual genes, while 

SUR2A and SUR2B are splice variants of the ABCC9 gene product. Differential subunit 

assembly results in distinct channel subtypes that exhibit cell/tissue specific expression 

patterns as well as different biophysical and pharmacological properties
6
.  

KATP channels function as molecular rheostats by adjusting cellular electrical 

excitability in response to alterations in cellular metabolism, primarily via their modulation 

by the intracellular nucleotides ATP and ADP. The major site for the inhibitory action of 

ATP is located within the pore-forming Kir6.2 subunits
421

. In contrast, ADP can release the 

inhibition by ATP, leading to increases in channel activity via a complex molecular 

interaction within the SUR subunits. The SUR subunit contains two evolutionarily conserved 

hydrophilic nucleotide binding domains (NBDs) with each NBD containing a Walker A and 

B motif that bestow intrinsic Mg-ATPase catalytic activity to the KATP channel subunit
422

. 

Adenine nucleotide binding and ATP hydrolysis, generating ADP, take place in the catalytic 

region formed between Walker motifs. It is this Mg-ATPase function that is considered 

important for regulating the appropriate KATP channel activity via ADP-induced KATP 

channel activation
35,43

. This is highlighted by the fact that human mutations in SUR1 that 
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increase Mg-ATPase activity underlie certain forms of rare monogenic neonatal diabetes
158

. 

Furthermore, our lab has previously shown that the common diabetes susceptibility variant 

S1369A in SUR1 results in increased Mg-ATPase activity and channel activation that may 

contribute to the development of type 2 diabetes by suppressing insulin secretion
167

. We 

speculated that the removal of the side-chain hydroxyl group in the S1369A variant results in 

a loss of a hydrogen bond with the side-chain of the Q1372 residue in the hairpin loop region 

adjacent to the catalytic Mg-ATPase site in NBD2
167

. Other determinants and regulators of 

Mg-ATPase activity still remain to be explored. 

Diazoxide (DZX) is commonly used to treat rare monogenic hyperinsulemia resulting 

from certain inactivation mutations in either the ABCC8 or KCNJ11 genes, although the 

precise molecular mechanism by which DZX acts is not totally defined. KATP channels 

containing the SUR1 subunit are activated by the KATP channel opener DZX; while the 

channels containing the SUR2A subunit possesses a substantially different pharmacology
423

, 

requiring ADP to be present
24,114

. In the heart where SUR2A is the dominant SUR subunit, 

DZX has shown to have protective effects in the case of ischemia-reperfusion injury where it 

can mimic the protection provided by ischemic preconditioning
424–428

. However, the 

protection provided by DZX was abolished in a KATP-deficient genetic mouse model 

indicating that the channels mediate this protective effect
106,425,429

. The mechanism 

underlying the cardioprotective effect of DZX was classically thought to be via channel 

opening leading to ionic homeostasis and prevention of intracellular calcium 

accumulation
430

, or through improvement of mitochondrial metabolism
104,424,426

 or through 

activation of the PI3K/Akt pathway
431,432

. Activation of prosurvival kinases, Akt and Erk1/2 

comprise the reperfusion injury salvage kinase pathway known to mediate ischemic 
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preconditioning and postconditioning
433

. The effect of DZX on Mg-ATPase activity in 

SUR2A containing tissue and its downstream consequences have not been fully explored to 

date. 

 In this regard, DZX is thought to increase KATP channel activity via increasing the 

intrinsic Mg-ATPase activity of the channel complex
158,434,435

. It is noteworthy that the 

channel's Mg-ATPase activity is isoform dependent, where SUR1 was shown to possess 

higher Mg-ATPase activity than that of SUR2A
46

. It is worth mentioning that the SUR2A 

isoform is only sensitive to DZX in the presence of ADP
112

.Therefore, DZX sensitivity may 

involve regions important for regulating Mg-ATPase activity such as the residues in the 

hairpin loop adjacent to the major Mg-ATPase catalytic site in NBD2.  

4.2. Methods 

Working heart perfusions, metabolic and cardiac work measurements  

 Briefly, Kir6.2+/+ and Kir6.2-/-mice were anesthetized using pentobarbital, with 100 

U of heparin. After mid-sternal incision, the heart was removed and placed in (37 ± 1 °C), 

modified Tyrode solution of the following composition: 128.2 mM NaCl, 4.7 mM KCl, 1.19 

NaH2PO4, 1.05 mM MgCl2, 1.3 mM CaCl2, 20 mM NaHCO3, and 11.1 mM glucose 

(pH = 7.35 ± 0.05). While bathed in the same solution, lung, thymus, and fat tissue were 

dissected and removed. After cannulation, Kir6.2+/+ and Kir6.2-/- mouse hearts were 

aerobically perfused in the working mode at a constant workload of 11.5 mmHg preload and 

80 mmHg afterload with modified Krebs-Henseleit buffer containing 1.2 mmol/L palmitate 

prebound to 3% fat-free bovine serum albumin, 5 mmol/L glucose, and 100 μU/mL insulin as 

described previously
389

. While the heart was being perfused in working mode, systolic and 
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diastolic aortic pressures were measured using a Gould P21 pressure transducer attached to 

the aortic outflow line. An ultrasonic flow probes placed in the left atrial inflow line was 

used to measure cardiac output (ml/min) and other flow probe in the aortic outflow line was 

used to measure aortic flow (ml/min). Coronary flow was calculated as: cardiac output - 

aortic flow. Left ventricular (LV) work (Joules/min/g dry wt) was used as an index of 

mechanical function and was calculated as: cardiac output x LV developed pressure (systolic 

pressure – preload pressure) and then  normalized to the heart dry weight. Glucose oxidation 

and palmitate oxidation were measured as described previously
390

. Rate of acetyl CoA 

production was calculated as described previously
391

. 

Langendorff heart perfusions 

 Hearts from Kir6.2+/+ and Kir6.2-/- mice were separated and cannulated as described 

above. Cannulated hearts were then retrogradely perfused with modified Krebs-Henseleit 

solution passed through the 5-μm filter (Millipore, Billerica) and warmed (37 °C) using a 

water jacket and circulator (ThermoNESLAB EX7, Newtown). The hearts were allowed to 

normalize for 10 minutes and then were perfused for 30 minutes with DZX (100 μM in 

DMSO) or with DMSO alone. Heart ventricles were clamp-frozen and used for biochemical 

analysis. 

Western blot analysis 

 Ventricular tissue from Kir6.2+/+ and Kir6.2-/- mouse hearts was snap-frozen after 

Langendorff perfusion and homogenized by cryogenic grinding then diluted with RIPA 

homogenization buffer containing phosphatase and protease inhibitors. After a BCA protein 
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assay (Pierce, Thermo Scientific, USA), equal amounts of protein were resolved by SDS-

PAGE, and were transferred onto a PVDF membrane. Target proteins were identified using 

the primary antibodies: anti-AMPK phospho (Thr172) and total, anti-LKB1 phospho 

(Ser428) and total, anti-Akt phospho (Ser 473) and total, anti-GSK-3β phospho (Ser9), 

mTOR phospho (Ser2448) and total as well as anti-p70S6K phospho (Thr389) and total. 

(Cell Signaling Technology, Danvers, Massachusetts). Immunoblots were developed using 

the Amersham ECL Prime Western blotting detection reagents. Densitometric analysis was 

performed using ImageJ software (National Institutes of Health).  

Cell Culture, Transfection and Electrophysiology 

  tsA201 cells, a HEK293 cell line derivative, were cultured and then transfected with 

the Kir6.2 and SUR1 clones using the calcium phosphate precipitation technique
436

.  

Transfected cells were identified using fluorescent optics in combination with co-expression 

of a green fluorescent protein plasmid (Life Technologies, Gaithersburg, MD). Macroscopic 

KATP channel recordings were then performed 48-72 hours after transfection. The excised 

inside-out patch clamp technique was used to measure macroscopic recombinant KATP 

channel currents in transfected tsA201 cells as described in detail previously
436

. Experiments 

were performed at room temperature (21
o
C). The bath solution for recording in the absence 

of Mg
2+

 ions, contained 2 mmol/l EGTA and no MgCl2 and. Beryllium fluoride (BeF2) was 

dissolved in 50 mmol/l KF (33% w/v) to produce sufficient amount of the ATP γ-phosphate 

mimetics BeFx (BeF
3-

 and BeF2
4-

)
437

. In bath solutions used for experiments in the presence 

of BeFx, 50 mmol/l KCl was replaced with 50 mmol/l KF. For the mechanical stress 

experiments, after establishing the gigaseal and moving to the inside out patch configuration, 



116 
 

current responses were recorded after applying GTP alone or with BeF2 and 10 mmHg 

negative pressure was applied by using ALA High Speed Pressure Clamp. The insulin-

secreting β-cell line INS-1 was maintained in culture with Roswell Park Memorial Institute 

(RPMI)-1640 medium supplemented with 11 mM glucose, 2 mM L-glutamine, 10% fetal calf 

serum, and 0.1% penicillin/streptomycin. Human islets from healthy donors were obtained 

from the Clinical Islet Laboratory at the University of Alberta. Islets were dispersed to single 

cells in Ca
++

-free buffer. Islet culture was performed as described previously
438

. INS-1 cells 

and human islets were incubated with either DZX (100 μM in DMSO) or DMSO alone for 

one hour at 37º C. 

Experimental compounds 

  BeF2, MgATP, DZX and Na
+
 salts of GTP and GDP were obtained from Sigma-

Aldrich (Oakville, Canada). ATP, GTP and GDP were prepared as 10 mmol/l stock solutions 

in ddH2O immediately prior to use.  

Site-directed mutagenesis 

 The full-length human SUR1 and SUR2A DNA constructs were a generous gift from 

Dr. J. Bryan (Pacific Northwest Diabetes Research Institute, Seattle, WA). All mutants used 

in this study were generated using site-directed mutagenesis (QuickChange, Stratagene) and 

subsequently confirmed by sequence analysis. 
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In silico homology modeling  

 The homology model of the SUR1 NBD1 and NBD2 dimer
45

, based on the 

prokaryotic ATP binding cassette (ABC) protein crystal structure of MJ0796 (PDB accession 

# 1F30) was generously provided by Dr. C.G. Nichols (Washington University, St. Louis, 

MO) and was used to visualize and predict the location and interactions of key regions and 

residues in the NBD1/2 dimer using Pymol software
45

. 

Biochemical Mg-ATPase assays 

 Four 681-bp-long fragments of NBD2 (encoding amino acids 1301–1528), containing 

either wild type (WT) SUR1 (S1369), WT SUR2A (K1337) or the mutants SUR1 (K1369) 

and SUR2A (S1337) were sub-cloned into pGEX-4T-1 GST fusion protein expression 

vectors. The recombinant plasmids were sequenced and then transformed into BL21 (DE3) 

cells for protein expression. The GST-NBD2 fusion proteins were detected with a 

monoclonal anti-GST-tag antibody (1:5000 dilution, Santa Cruz Biotechnology). Following 

purification, proteins (50 µg) were incubated at 40° C for 30 min followed by 1 hour 

incubation at 4° C to allow homogeneous dimerization of NBD2 monomers. All experiments 

were performed in an ATPase activity buffer at 37° C using ADP-free ATP (ATP-Gold 

DiscoverX, Fremont, CA) as a substrate. Mg-ATPase activities of NBD2 dimers were 

determined by monitoring ADP formation via coupling to production of the fluorescent 

product resorufin (ADP Quest, DiscoverX, Fremont, CA). Resorufin formation was 

continuously (λex 560 nm, λem 591 nm) in black 96-well plates in a SPECTRAmax Gemini 

XPS microplate spectrofluorometer (Molecular Devices, Sunnyvale, CA). Initial rates of 

resorufin formation were plotted vs. ATP concentration and data were fitted to a rectangular 
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hyperbola with the Michaelis-Menten equation to obtain Vmax and KM values. All values are 

given as mean ± S.E.M. Significance was calculated by unpaired two-tailed t-test. 

Statistical analyses 

 Macroscopic KATP channel currents were normalized and expressed as changes in test 

current relative to control current. Macroscopic current analysis was performed using 

pClamp 10.0 (Axon Instruments, Foster City, CA) and Origin 6.0 software. Statistical 

significance was assessed using the unpaired Student’s t test or one-way ANOVA with a 

Bonferroni post hoc test. p<0.05 was considered statistically significant. Data are plotted as 

the mean ± S.E.M. 

4.3. Results 

DZX stimulates glucose oxidation and suppresses fatty acid oxidation 

 Since AMPK is a central metabolic regulator
384

 and its activation by DZX was altered 

in the absence of KATP channels
439

, we sought to investigate how DZX altered cardiac 

metabolism as a result of AMPK activation and its relation to KATP. In our study, DZX 

increased glucose oxidation in both Kir6.2+/+ and Kir6.2-/- hearts (33% and 42% 

respectively, p>0.05) (Figure 4.1.A). It is worth mentioning that we have previously 

documented similar glucose oxidation rates in both groups under basal aerobic conditions. 

We have also previously demonstrated a 105% increase in fatty acid oxidation in Kir6.2-/- 

hearts, however, upon perfusion with DZX, fatty acid oxidation was suppressed by 

approximately 38%. In Kir6.2+/+ hearts, fatty acid oxidation was reduced by approximately 

21% after DZX perfusion (Figure 4.1.B). Fatty acid oxidation-derived acetyl CoA was 
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reduced upon DZX-perfusion however that reduction was compensated by an increased 

acetyl CoA production derived from glucose oxidation. No significant difference in total 

acetyl coA production was observed at the end of the perfusions in both groups (Figure 

4.1.C) (n=3, p>0.05). 

No significant changes in LV work upon DZX treatment under basal conditions 

 Since DZX activates vascular KATP channels causing dilatation
98

, we expected to see 

an increase in coronary flow in Kir6.2+/+ hearts. We did in fact observe a significant 

increase (98.3%)  increase in coronary flow upon perfusion with DZX compared to the 

baseline rate, but as expected, that increase was not observed in Kir6.2-/- hearts (Figure 

4.1.D).We decided to investigate whether DZX treatment was associated with positive 

changes in cardiac work under basal aerobic conditions. Our data show that left ventricular 

work was only slightly elevated upon perfusion with DZX in Kir6.2+/+ but that was not 

statistically significant from Kir6.2-/- (Figure 4.1. E) (n=3, p>0.05). Cardiac efficiency 

measured joules of LV work per μmol of acetyl coA produced per was slightly elevated in 

both groups upon DZX-perfusion, however, Kir6.2-/- were less efficient than Kir6.2+/+ 

when perfused with either vehicle or DZX (figure 4.1.F). Nevertheless, that slightly 

decreased efficiency exhibited by Kir6.2-/- hearts did not translate into worse poorer basal 

cardiac function.  

AMPK activation by DZX is reduced in the absence of KATP channels 

 It has been previously documented that DZX-mediated preconditioning is lost in the 

absence of KATP channels
429

. We have previously shown that in the absence of KATP channels 
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basal AMPK activation is increased. Since activation of AMPK by DZX has been previously 

demonstrated by Kim et al.
439

. We speculated that DZX cardioprotection may be mediated 

via AMPK activation, therefore we decided to test whether AMPK phosphorylation was 

reduced in the absence of KATP channels. Our data show that in the absence of KATP channels 

DZX-mediated AMPK activation is approximately one sixth of that in Kir6.2+/+ 

hearts(Figure 4.2.A-B).(Fold change in Kir6.2+/+ and Kir6.2-/- hearts was 11.89 ± 4.241 and 

1.561 ± 0.4061 respectively, p= 0.0362) (Figure 4.2.C)). We also tested the upstream kinase 

that phosphorylates AMPK, LKB1 and found that is followed the same activation pattern as 

AMPK (Figure 4.2.A-C) (Fold change in Kir6.2+/+ and Kir6.2-/- was 5.694 ± 1.594 and 

0.7330 ± 0.3046 respectively, p= 0.0378) (Figure 4.2.D). 

DZX activates cardiac Akt  

 Activation of the PI3K/Akt pathway has been suggested as the underlying 

preconditioning process by which DZX exerts its cardioprotective effect in neurons
431

 and in 

heart tissue
432

. Additionally, Akt activation was shown to be mediated by AMPK
440

. Since 

our DZX in our hands activated AMPK in Kir6.2+/+ hearts and to a lesser extent in Kir6.2-/-, 

we investigated whether it would be able to exert the same activation pattern on the Akt 

pathway. Our results show that under basal conditions, the activation of Akt as indicated by 

its phosphorylation is higher in Kir6.2-/- hearts. Similar to the pattern that was observed with 

AMPK, activation of Akt by DZX was reduced in the absence of KATP channels (Figure 

4.3.A-B), suggesting that AMPK may be controlling the activation of Akt, however, 

statistical significance was not reached(n=3, p>0.05). We examined inhibition of GSK-3β 

which is downstream of Akt via measuring its phosphorylation on serine 9
441,442

. 
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Interestingly, we found that perfusion of Kir6.2+/+ hearts increased phosphorylation of GSK-

3β, but even to a more significant extent in Kir6.2-/- hearts (Figure 4.3.A-C). Moreover, we 

examined other effectors that are downstream of Akt; mTOR and its substrate p70S6K
443

. In 

our hands, we did not observe significant changes in phosphorylation of either proteins 

(Figure 4.4.A-C), however, it is possible that increasing the sample number could give us a 

clearer trend.  

DZX has negligible effects on AMPK activation in SUR1 expressing cells 

 Since at the molecular level Mg-ATPase activity is distinct depending on SUR 

subunit, where it has been shown to be higher in SUR1 than in SUR2A
46

, and that DZX is 

thought to increase Mg-ATPase activity
9,434,26

, we decided to investigate whether stimulation 

with DZX would lead to activation of AMPK to a different extent than activation observed in 

the perfused hearts. We chose INS-1 cells and human pancreatic β-cells which express 

Kir6.2/SUR1 channels
14,15

 to test DZX-mediated AMPK activation, predicting that the 

degree of AMPK activation would be higher in pancreatic islets. We did not see a significant 

difference between INS-1 cells treated with vehicle and treated with DZX (0.44 ± 0.023 and 

0.47 ± 0.033 respectively) (Figure 4.5.A)  nor in human pancreatic islets treated with vehicle 

and those treated with DZX (Figure 4.5.B) (0.73 ± 0.083 and 0.77 ± 0.054 respectively) (n=3, 

p >0.05). 
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Predicted amino acid side chain interactions and their effects on Mg-ATPase 

activity 

  In an effort to probe for differential regulation of KATP channels, we decided to 

investigate its enzymatic Mg-ATPase properties. Our laboratory has previously shown that 

the side-chain of the S1369 residue may form a hydrogen bond with Q1372 and that the 

common genetic S1369A variant is predicted to demonstrate a loss of this interaction, leading 

to increases Mg-ATPase activity and KATP channel activation in pancreatic β-cells that may 

contribute to the observed increase in susceptibility to type 2 diabetes associated with this 

variant (2). These two residues are on opposite sides of a hairpin loop in the β-sheet forming 

the backbone of the NBD2 portion of the major catalytic Mg-ATPase site 2 in SUR1 (Figure 

4.6.B). This initial work led us to speculate that the relative strength of the molecular 

interaction between the side chains at positions 1369 and 1372 may have an effect on the 

dynamic flexibility of the adjacent β-sheets and therefore influence Mg-ATPase activity in a 

predictive manner. Therefore, we hypothesized that an increase in the 1369-1372 side chain 

interaction strength would decrease flexibility and result in reduced Mg-ATPase activity, 

whereas a decrease in the 1369-1372 side chain interaction strength would result in increased 

flexibility and an increase in Mg-ATPase activity. In order to explore the effect of side chain 

interactions between residues 1369 and 1372, we used previously published predictions of 

adjacent β-sheet side chain interactions
444

 to generate a panel of mutations at positions 1369 

and 1372 in SUR1 (Table 4.1).  We decided to generate mutations in these residues that we 

predicted would either 1) decrease side chain interaction and increase Mg-ATPase activity 

(A1369, A1372 and L1372), 2) have no effect on side-chain interaction or Mg-ATPase 

activity (Q1369, S1372, T1369 and Q1369/S1372) or 3) increase side chain interactions and 
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decrease Mg-ATPase activity (N1372, T1369/N1372 and K1369) (Table 4.1). WT or mutant 

SUR1 subunits were co-expressed with WT Kir6.2 subunits and the inside-out patch 

technique was used to measure macroscopic KATP channel currents in response to application 

of GTP that acts as a substrate for Mg-ATPase activity generating GDP that stimulates KATP 

channel activity. Therefore, an increased GTP response is a convenient way to measure Mg-

ATPase activity by electrophysiology as, unlike ATP, GTP does not possess an inhibitory 

effect on channel function
167,434

. Based on predicted interaction values in Table 1, 

substitution of either residue with an alanine (A1369 or A1372) should result in a weaker 

interaction and a larger GTP response, indicative of increased Mg-ATPase activity. As 

predicted, removal of the side-chains with the A1369 and A1372 mutations each resulted in a 

significant increase in GTP-activated current when normalized to WT GTP-response, 163 ± 

14% and 132 ± 4% respectively (p<0.01, Figure 4.6.B-D and F). To reduce interactions while 

maintaining side-chain length, we generated the L1372 mutation (Figure 4.6.E). As 

predicted, this mutation resulted in a significant increase in GTP-induced current (111 ± 4%) 

compared to WT (p<0.01, Figure 4.6.E, F). We then tested the effect of mutations that are 

predicted to possess similar side-chain interactions to WT (S1369 and Q1372) and not 

significantly alter the observed GTP-response (Table 1). The single mutations Q1369, S1372 

and T1369 did not result in a significant change in GTP-induced KATP channel activity, 107 ± 

4%, 107 ± 6% and 102 ± 3% respectively when compared to WT (p>0.05, Figure 4.7.A-C, 

E).  The reversal of residues from S1369/Q1372 in WT SUR1 in the Q1369/S1372 double 

mutant did not produce any change in the GTP-response, 101 ± 9% (p>0.1, Figure 4.7.D and 

E). Finally, we investigated the N1372, T1369/N1372 and K1369 mutations that are 

predicted to increase the strength of the interaction between residues 1369 and 1372, 
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resulting in a decreased GTP-response. All three mutants, N1372, T1369/N1372 and K1369 

resulted in a significant reduction in GTP-induced channel activity, 91 ± 3%, 89 ± 5% and 69 

± 3% respectively when compared to the WT response (p<0.01, Figure 4.8.A-D).  

Disulfide trapping 

  To characterize further the side chain interactions taking place between residues in 

position 1369 and 1372, we employed a cysteine mutagenic strategy to evaluate the effects of 

reversible covalent bond formation between these two residues by generating a single SUR1 

C1369 mutant (as control) and the double C1369/C1372 mutant pairing in SUR1 (Figure 

4.9.). We utilized H2O2 (0.3%, 100 sec) as the oxidizing agent to promote disulfide bond 

formation between C1369 and C1372, with the disulfide-bond reducing agent DTT (10 

mmol/l, 100 sec) being used to break the disulfide bond.  Application of H2O2 did not result 

in a significant change in GTP-response in either WT SUR1 (S1369 and Q1372) or the single 

cysteine C1369 mutant SUR1 (Figure 4.9.A-B, D).  However, when compared to the WT 

GTP-response, the GTP-response in the double cysteine mutant C1369/C1372 was 

significantly reduced from 176 ± 5%  before H2O2 exposure to 130 ± 5% fold after H2O2 

exposure (p<0.01, Figure 4.9.C and D). Application of DTT returned the GTP-response to 

values similar to those obtained prior to H2O2 exposure (167 ± 3%, Figure 4.9.C and D). 

Mg-ATPase activity from NBD2 dimers 

  We decided to utilize a direct assay of Mg-ATPase activity in several selected GST-

NBD2 protein dimers. Of particular interest is the large reduction in GTP-response observed 

in SUR1 K1369 mutant when compared to WT (S1369). Furthermore, sequence alignment of 
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the NBD2 catalytic region reveals that the only residue difference between SUR1 and 

SUR2A NBD2 is the presence of a lysine (K1337) in SUR2A at the homologous residue to 

S1369 in SUR1 (Figure 4.10.A). SUR1 and SUR2A containing channels also possess 

different properties including Mg-ATPase activity
42,445

. Therefore, we used a biochemical 

enzymatic assay to directly measure the Mg-ATPase activity in NBD2 dimers from WT 

SUR1 (S1369) and WT SUR2A (K1337) respectively, as well as from the reverse mutants 

SUR1 (K1369) and SUR2A (S1337) by generating the corresponding GST-NBD2 dimers. 

Since the relative concentrations of catalytically-active NBD2 dimers present in our assays 

were unknown, kinetic data from the Mg-ATPase assays could not provide useful 

information regarding differences in the measured Vmax and the presence of a serine or lysine 

residue (Figure 4.10.B). However, the KM values are significantly lower in NBD2 dimers 

containing a lysine residue such as the WT SUR2A K1337 (38 ± 6 µmol/l) and mutant SUR1 

K1369 (30 ± 4 µmol/l) compared to the NBD2 dimers with a serine residue in the same 

position, WT SUR1 S1369 (135 ± 6 µmol/l) and the SUR2A S1337 mutant (160 ± 12 

µmol/l). In order to determine what relevance these residues might play under similar 

conditions to those used in the electrophysiological assays, we replotted the Mg-ATPase 

activity observed at 0.1mmol/l ATP. These data suggest that the WT SUR1 S1369 and 

SUR2A S1337 NBD2s are working at rates below 50% of their Vmax values at 0.1 mmol/l 

ATP (42.6 ± 0.3 % and 38.2 ± 1.8 % respectively, Figure 4.10.D), whereas, the presence of 

the positively charged lysine residue results in the WT SUR2A and mutant SUR1 (K1369) 

are functioning much closer to Vmax, at 0.1 mmol/l ATP, 69.7 ± 1.0% and 79.0 ± 2.6 % 

(Figure 4.10.D).  
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The effect of a positively charged lysine residue at position 1369/1337 on DZX 

sensitivity and GTP-induced KATP channel activity 

  Previous work has suggested that the ability of DZX to evoke currents from the KATP 

channel is dependent on Mg-ATPase activity
114,435

  and the SUR2A subunit is not activated 

by DZX unless ADP is also present
112

. Therefore, we investigated the role of the hairpin loop 

S1369 residue in SUR1 and its homologue, K1337 in SUR2A (Fig.ure 4.10.A) on the 

stimulatory effects of DZX. We observed a significantly reduced DZX-elicited KATP current 

in channels containing the WT K1337 SUR2A subunit (p<0.05, 1.28 ± 0.04) compared to the 

WT S1369 SUR1 subunit (2.10 ± 0.12) in our system (Figure 4.11.A-B and D,). Our data 

show that the introduction of a positively charged lysine residue at position 1369 (SUR1 

K1369) significantly reduces the DZX-elicited KATP currents in the absence of ADP (1.41 ± 

0.03), a value that is comparable to WT SUR2A K1337 (1.28 ± 0.04, Figure 4.11.A-D). 

Addition of 0.1 mmol/l ADP did not alter the magnitude of DZX-induced currents in WT 

SUR1 S1369 (Figure 4.11.A,D). However, exposure to ADP resulted in a significant increase 

in DZX-induced currents in both the mutant SUR1 K1369 and WT SUR2A K1337 

containing KATP channels (Figure 4.11.B-D). The SUR1 K1369 single mutation appears to 

convert the DZX pharmacological profile of SUR1 containing KATP channels towards that of 

a SUR2A containing KATP channel phenotype. These results also suggest that the reduced 

effect of DZX and overt ADP-dependence in the SUR2A containing KATP channels may be 

due to the effects of the hairpin loop K1337 residue on intrinsic Mg-ATPase activity. 

Therefore, we investigated GTP-mediated increases in KATP channel currents and DZX 

sensitivity in WT SUR1 and mutant SUR1 K1369 containing KATP channels. Our results 

show that DZX significantly increases GTP-mediated KATP channel current in the WT SUR1 
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S1369 compared to GTP alone (2.83 ± 0.16 vs 1.86 ± 0.09,  p<0.01, Figure 4.8A,D). 

However, introduction of the positively charged lysine residue at position 1369 (SUR1 

K1369) results in a loss of this DZX-elicited increase in GTP-mediated KATP channel activity 

(1.36 ± 0.06 vs 1.23 ± 0.04, Figure4.8.B and D). For comparison, we also performed similar 

experiments in the SUR1 A1369 T2D susceptibility variant (2) and observed that DZX was 

still able to increase KATP current further in the presence of GTP (3.19 ± 0.10 vs 2.87 ± 0.07, 

p<0.05, Figure 4.12.C,D). Taken together, these data support the notion that Mg-ATPase 

activity is required for DZX-induced KATP current activation. To test this concept further, we 

performed DZX experiments in the absence of presence of the Mg-ATPase inhibitor BeFx, an 

ATP γ–phosphate mimetic that is thought to maintain the catalytic region in its pre-

hydrolytic conformation
446,447

. As expected, both WT SUR1 and WT SUR2A exhibited a 

significant decrease in DZX-elicited current in the presence of BeFx (1.24 ± 0.02 vs 2.01 ± 

0.08 and 1.05 ± 0.01 vs 1.27 ± 0.09 respectively, Figure 4.12.A-C). It should be noted that 

the overall magnitude of the decrease observed with BeFx is substantially larger in SUR1 

compared to SUR2A (Figure 4.12.E-G), indicating that SUR1 containing KATP channels 

possess greater intrinsic Mg-ATPase activity (compared to SUR2A).  

Mg-ATPase activity is stimulated by mechanical stress 

 When investigating AMPK in Kir6.2+/+ and Kir6.2-/- hearts, we found that under 

higher afterload pressure (80 mmHg) (Figure 4.10.B), AMPK activation was similar in both 

groups. This is in contrast with  our findings from hearts perfused in working mode at 50 

mmHg afterload and hearts perfused in Langendorff mode (Figure 4.10.A). In this regard, An 

et al. have demonstrated that AMPK is activated to a greater extent in hearts perfused in 
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working mode compared to those retrogradely-perfused in Langendorff mode
75

. This led us 

to investigate if mechanical stress observed at higher workloads and activated AMPK was 

affected by Mg-ATPase activity. To test whether mechanical stress stimulated Mg-ATPase 

activity, we subjected transfected tsA201 cells to mechanical stress by applying vacuum in 

the presence of absence of BeF2 which inhibits ATPase activity. Our results show that 

mechanical stress activates Mg-ATPase activity in tsA201 patches significantly compared to 

patches where activity was blocked by BeF2 (Figure 4.10.C,D) (1.65 ± 0.09 and 1.20 ± 0.04 

respectively, n = 9 patches, p<0.001). 

4.4. Discussion 

In the previous chapter, we have demonstrated that the absence of KATP channels 

increases fatty acid oxidation, which under basal conditions did not appear to pose a problem, 

however, in an ischemic episode would be detrimental
237

. DZX has been shown to mimic 

ischemic preconditioning
448,449,450

, however that effect is lost in the absence of KATP 

channels
377

 suggesting that this protection was mediated by KATP channels. Since efficient 

metabolism is essential in cardioprotection, and we have demonstrated that the metabolic 

profile is shifted towards fatty acid oxidation in Kir6.2-/- hearts (Figure 3.1.C on page 90 in 

Chapter 3) ,we investigated whether DZX changed cardiac metabolic rates under basal 

aerobic conditions. Our results show that DZX increased glucose oxidation to the same 

extent in Kir6.2+/+ and Kir6.2-/- hearts (Figure 4.1.A). In contrast, it modestly reduced fatty 

acid oxidation in Kir6.2+/+  (Figure 4.1.B) but significantly in Kir6.2-/-. Increasing glucose 

oxidation and reducing fatty acid oxidation is the favourable metabolic state should an 

ischemic insult occur since it reduces the uncoupling of glycolysis and glucose, reducing the 

incidence of intracellular acidosis and intracellular calcium accumulation as a result
382

. In our 
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study on the metabolic profile of Kir6.2-/- hearts, we attributed the increase in fatty acid 

oxidation to the increased basal AMPK activation observed in Kir6.2-/- hearts. In the present 

study, we expected to observe higher fatty acid oxidation rates as a result of further AMPK 

activation by DZX but contrary to our expectations, fatty acid oxidation rates were lower in 

groups treated with DZX and accordingly the resultant acetyl CoA derived from this process 

was lower. On the other hand, we did observe reduced DZX-mediated AMPK 

phosphorylation in Kir6.2-/- hearts compared to Kir6.2+/+ hearts, suggesting that KATP 

channels, contrary to the current understanding, are upstream of AMPK signaling. 

 The metabolic effects observed may also be KATP-independent as DZX has been 

shown to have several off-target effects as well
451

. DZX activation of PKCε which has been 

shown to  subsequently reduce hypoxia-reoxygenation induced cell death in H9C2 cells
452

. 

PKC, as shown by Light et al. is a modulator of KATP channel activity through 

phosphorylation of the Kir6.2 subunit
453

. PKC has also been shown to activate Akt
454,455

 

which may explain why Akt phosphorylation levels were increased in DZX perfused 

Kir.2+/+ hearts. The phosphorylation of Akt was lost in Kir6.2-/- hearts suggesting that the 

presence of KATP channels is essential in its activation (Figure 4.3.A,B). Acute activation of 

Akt was shown to increase glucose uptake through promoting translocation of GLUT4 to the 

plasma membrane 
456

 and this may explain why glucose oxidation rates were higher upon 

perfusion with DZX in Kir6.2+/+. Due to reduced Akt phosphorylation in Kir6.2-/- hearts 

perfused with DZX, we expected to see lower glucose oxidation, however the rates were 

similar to those of DZX-perfused Kir6.2+/+ hearts (Figure 4.1.A).We however found that the 

inhibitory phosphorylation of GSK-3β which is a downstream effector of Akt was higher in 

Kir62-/- hearts perfused with DZX (Figure 4.3.C) indicating a high activity of Akt. Inhibition 
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of GSK-3β by phosphorylation at Ser 9 promotes glycogen synthesis through facilitating 

dephosphorylation  and activation of glycogen synthase
457

. Therefore we speculate that the 

glycogen content in DZX-perfused Kir6.2-/- hearts would be higher as a result, however, it 

that was not measured in this study. It is possible that it is due to the protein phosphatase 2A 

(PP2A) activity which may be responsible for dephosphorylation of GSK-3β
458

. This would 

be an interesting target to measure since changes in PP2A activity in Kir6.2-/- mice have not 

been reported yet.  mTOR phosphorylation and that of its substrate P70S6K was also 

investigated as part of the PI3K/Akt/mTOR pathway, but our data show that the 

phosphorylation pattern did not correlate with Akt phosphorylation. In our hands, the use of 

DZX increased mTOR and P70S6K phosphorylation compared to vehicle-perfused hearts 

and to a greater extent in Kir6.2-/- hearts (Figure 4.4.A-C) suggesting again that the effects 

seen by DZX may be due its action on the PI3K/Akt pathway It is worth mentioning that 

DZX has been shown to have direct mitochondrial effects as it inhibits succinate 

dehydrogenase in cardiac mitochondria
459,460

 and this inhibition has been associated with 

cardiac preconditioning-like protection attributed to uncoupling of oxidative 

phosphorylation
461,462

.   

Since we observed disrupted DZX-AMPK phosphorylation in Kir6.2+/+ and Kir6.2-/-  

hearts, we decided to investigate whether DZX could activate AMPK differently in INS-1 

cells and  human islets which express the Kir6.2/SUR1 channel combination. We predicted 

that due to the higher intrinsic Mg-ATPase activity in SUR1, we would see a higher degree 

of AMPK activation compared to SUR2A containing cardiac tissue. Contrary to our 

expectation, we did not observe an increase in AMPK activation, in fact, it was comparable 

to that of vehicle-treated islets (Figure 4.5.A,B). Though the result still suggests distinct 
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signaling in SUR1 and SUR2A, it is hard to pinpoint whether AMPK was as high as in 

untreated islets due to reduced dephosphorylation by Ser/Thr phosphatases. The effect of 

DZX on the phosphatases that modulate AMPK activity has not been reported but would be 

an interesting area for future studies. 

Aside from physically associating to AMPK, KATP channels were shown to bind to 

the phosphotransfer enzymes AK1 and CK, which are sensitive to subtle changes in local 

nucleotide concentrations
47–49

. This change in the adenine nucleotide concentration in the 

vicinity of the channel may occur due to the intrinsic enzymatic Mg-ATPase activity, 

bestowed upon the channel by the SUR subunit. Although it is an important component of 

the appropriate nucleotide regulation of KATP channel activity, the molecular mechanisms 

that govern Mg-ATPase activity are not fully understood. Molecular insights into the 

importance of this mechanism can be taken from a previous study on the rare heterozygous 

SUR1 gene (ABCC8) mutations R1380L and R1380C that cause neonatal diabetes via 

increases in Mg-ATPase activity
158

. In silico homology modeling of the catalytic Mg-ATPase 

regions in SUR1 places R1380 within the predicted major Mg-ATPase catalytic site in 

nucleotide binding domain 2 (NBD2) increasing Mg-ATPase activity and rendering the KATP 

channel markedly less sensitive to Mg-ATP inhibition compared with free ATP inhibition 

and leading to severely impaired insulin secretion in the afflicted patients
158

. Furthermore, we 

have recently shown that residue 1369 also regulates Mg-ATPase activity
167

, providing a 

plausible mechanism by which the type 2 diabetes susceptibility variant S1369A in SUR1 

may suppress insulin secretion in humans homozygous for the risk variant haplotype 

E23K/S1369A
463

. The SUR1 NBD1/2 dimer homology model
45

 places residue 1369 adjacent 

to a hairpin loop in the β-sheet that forms the backbone of the NBD2 portion of the major 
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Mg-ATPase catalytic site 2 (Figure 4.7.B). Therefore, substitution of serine with an alanine 

at residue 1369 (S1369A) may alter the structure and/or flexibility of this region, leading to 

an increase in Mg-ATPase activity of the KATP channel. We further speculated that the side 

chain of S1369 might form a hydrogen bond with the terminal -NH2 group on the side chain 

of Q1372 (Figure 4.7.B). This hydrogen bond would likely constrain the structure of the 

hairpin loop and the beta-sheet adjacent to the major Mg-ATPase activity in NBD2 (Figure 

4.7.B). Substitution of the serine with an alanine at position 1369 (A1369) removes only the 

side-chain terminal hydroxyl group that would remove the ability to hydrogen-bond with 

Q1372 and reduce a putative structural constraint on the hairpin loop, resulting in the 

observed increases in Mg-ATPase activity. 

Our results (Figures 4.6-4.8) provide key evidence that the interaction between the 

side chains of residues 1369 and 1372 is a key determinant of intrinsic KATP channel Mg-

ATPase activity and that the side-chain interaction strength is inversely related to KATP 

channel Mg-ATPase activity, with a stronger interaction resulting in weaker enzymatic 

activity. Interestingly, we observed the greatest reduction in Mg-ATPase activity in KATP 

channels containing the SUR1 K1369 mutation (Figure 4.8.C,D). As NBD2 is the major 

catalytic region of the channel complex, we performed a sequence alignment of NBD2 

between all SUR isoforms; SUR1, 2A and 2B (Figure 4.7.A). The only amino acid difference 

between these isoforms is the presence of a serine at residue 1369 in SUR1, whereas the 

analogous residue in SUR2A and 2B is a lysine at residue 1337. As there are documented 

differences in both Mg-ATPase activity and DZX sensitivity
26,464,465

 we determined whether 

this single amino acid change from a serine to a lysine is responsible for these observed 

differences using a direct biochemical assay of NBD2 Mg-ATPase activity. We observed no 
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differences in absolute Vmax values in any of the NBD2 constructs Figure 4.10.B), however, 

absolute Vmax values are determined both by kcat values and by the concentration of fully 

formed catalytically functional NBD2 dimers in each experimental group. As we are unable 

to determine the precise concentration of active dimers in our assays, the Vmax values 

obtained cannot be used to compare the effects of mutations on kcat values in the NBD2s 

tested. However, as KM values are independent of the concentration of functional NBD2 

dimers present, and since the Mg-ATPase activity meets the requirements of rapid 

equilibrium behavior
466

, we can use this parameter to glean information on binding affinity of 

ATP for the Mg-ATPase active site. The observed decrease in KM values in NBD2 dimers 

containing a lysine residue at 1369 (SUR1) or 1337 (SUR2A), suggests that the presence of a 

positively charged lysine residue results in a higher Mg-ATPase activity at lower ATP 

concentrations by virtue of a higher affinity for ATP as observed previously
467,468

.  

Our results demonstrate that the serine to lysine single amino acid switch at residue 

1369 in SUR1 converts the KATP channel’s DZX sensitivity over to that observed in wild-

type SUR2A-containing channels that require ADP to be present in order to observe DZX 

stimulation (Figure 4.11.). Furthermore, our results also demonstrate that intrinsic Mg-

ATPase activity is required to elicit the full DZX stimulatory response (Figure 4.12). We 

speculate that the positively-charged side-chain of K1337 in SUR2A may electrostatically 

attract the negatively-charged phosphate groups on ATP, leading to an increased local 

concentration of ATP within the catalytic site of NBD2 and account the observed decrease in 

KM values (Figure 4.10.). Furthermore, it has been previously been suggested that the ADP-

dependence of DZX actions in SUR2A-containing channels is due to the requirement for 

ADP-binding to lock the NBD2 region in a post-hydrolytic state rendering channels sensitive 
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to DZX’s actions
43

. If this is indeed the case, then the requirement for ADP may result from a 

direct interaction between the positively charged side-chain of K1337 and the negatively 

charged phosphate groups on the ADP moiety. As SUR1-containing channels possess a 

serine at the analogous NBD2 residue in SUR1 (S1369, Figure 4.10.A), this putative 

electrostatic interaction is lost, resulting in the observed higher KM values and the ADP-

independent DZX stimulatory effect (Figures 4.10-4.12).  

Our data also show for the first time that mechanical stress is capable of activating 

Mg-ATPase activity of cardiac KATP channels. This is particularly important given that the 

mechanical stretch has been shown to provide protection similar to ischemic 

preconditioning
332,469,470

. Since mechanical stress has been shown to activate AMPK
471,472

, it 

would be interesting to test whether AMPK signaling would be altered in the absence of 

stretched Kir6.2-/- hearts in comparison to Kir6.2+/+ hearts.  

In summary, in this study we demonstrate 1) distinct DZX-induced AMPK activation 

in SUR1 and SUR2A expressing KATP channels, 2) suppression of fatty acid oxidation by 

DZX, 3) prediction of Mg-ATPase activity of KATP channels based on the strength of the 

side-chain interaction between residues 1369 and 1372 in SUR1, 4) that flexibility within the 

hairpin-loop region proximal to the major NBD2 catalytic site is an important determinant of 

intrinsic Mg-ATPase activity, 5) that the different sensitivity to the clinically used drug DZX 

between SUR isoforms seems to be largely determined by a single amino acid in NBD2 and 

6) stimulation of Mg-ATPase activity by mechanical stress. Our findings therefore provide 

novel mechanistic insights into the structural determinants that contribute to KATP channel 

activity, common genetic diabetes risk variants and pharmacology. 
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Figure 4.1. Effects of DZX on cardiac metabolism, work and efficiency in Kir6.2+/+ and  

Kir6.2-/-. Values for glucose (A)  and fatty acid (B) oxidation rates measured as (μmol/g dry 

wt/min) in Kir6.2+/+ and Kir6.2-/- perfused with vehicle or with 100 μM DZX at minute 40 

of the working heart perfusions. (C) Left ventricular (LV) work expressed as Joules 

normalized to dry heart weight and (D) Coronary flow expressed as ml/min. Values 

expressed are means ± SEM as calculated by repeated measures two-way ANOVA with 

Bonferroni post hoc test. Values for acetyl CoA production (E) and cardiac efficiency (F) 

Black bars represent baseline values and white bars represent values upon DZX treatment. 

(n=3/group, **, p<0.05) 
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Figure 4.2. AMPK activation by DZX is impaired in the absence of KATP channels. 

(A) Representative immunoblots of AMPK and LKB1 phosphorylation in Kir6.2+/+ and 

Kir6.2-/- hearts perfused with either vehicle or 100 uM DZX in Langendorff mode. (B) 

Graphical representation of phosphorylated AMPK normalized to total AMPK in Kir6.2+/+ 

and Kir6.2-/- hearts treated with either vehicle or 100 uM DZX. (n=3/group, * p<0.05, **, p 

< 0.01, ***, p< 0.001) (C) Graphical representation of phosphorylated LKB1 normalized to 

total LKB1 in Kir6.2+/+ and Kir6.2-/- hearts treated with either vehicle or 100 uM DZX. 

(n=3/group, * p<0.05) (D) Comparison of fold change in AMPK and LKB1 phosphorylation 

by DZX in Kir6.2+/+ and Kir6.2-/- (*, p<0.05) 
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Figure 4.3. Activation of Akt and GSK-3β by DZX (A) Representative immunoblots 

showing phosphorylation of Akt and it downstream target glycogen synthase kinase (GSK)-

3β in Kir6.2+/+ and Kir.2-/- heart ventricles treated with either vehicle or 100 uM DZX. (B) 

Graphical representation of phosphorylated Akt (Ser 473) normalized to total Akt showing 

increased basal phosphorylation in Kir6.2-/- heart ventricles and in Kir6.2+/+ hearts upon 

treatment with DZX but reduced phosphorylation in Kir6.2-/- heart ventricles treated with 

100 uM DZX (n=4, p>0.05).. (C) Graphical representation of phosphorylated GSK-3β (Ser 

9) normalized to GSK-3β also showing a significant increase in phosphorylation i.e. 

inhibition upon treatment with DZX in both Kir6.2+/+ and Kir6.2-/-. (n=4, p<0.05). 
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Figure 4.4. Effects of DZX on mTOR and p70S6K in Kir6.2+/+ and Kir6.2-/-hearts 

(A) Representative immunoblots showing phosphorylation of mTOR and p70S6K in 

Kir6.2+/+ and Kir.2-/- heart ventricles treated with either vehicle or 100 uM DZX. (B) 

Graphical representation of phosphorylated mTOR normalized to total mTOR showing a 

trend towards increased phosphorylation upon treatment with DZX. (C) Graphical 

representation of phosphorylated p70S6K normalized to p70S6K also showing a trend 

towards increased phosphorylation upon treatment with DZX. (n=4, p>0.05). 
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Figure 4.5. Effect of DZX on AMPK activation in INS-1 cells and human pancreatic 

islets  (A) Representative immunoblot showing similar activation of AMPK in INS-1 cells 

treated with vehicle or 100uM DZX and graphical representation of phosphorylated AMPK 

normalized to total AMPK in both groups (n= 4/group, p>0.05). (B) Representative 

immunoblot showing similar activation of AMPK in human pancreatic islets incubated with 

vehicle or 100 uM DZX and graphical representation of phosphorylated AMPK normalized 

to total AMPK in both groups (n= 3/group, p>0.05). 
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Table 4.1.  Estimation of amino acid side chain interactions. Predicted strengths of amino 

acid side chain interactions. Values are based on amino acid pairing preferences in parallel β-

sheets of proteins by Fooks et al.
444

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



147 
 

 

Position 1369  

(side chain radii Ǻ) 

Position 1372  

(side chain radii Ǻ) 

Mutation(s) 

tested 

Interaction  

value (change 

relative to WT) 

Predicted 

change in IMgGTP 

(relative to WT) 

 

(S) Serine (0.71) (Q) Glutamine (1.86) WT  1.5 (None) (None) 

(A) Alanine (0.00)  (Q) Glutamine (1.86) A1369(risk)  0.9 (decrease) Increase 

(S) Serine (0.71) (A) Alanine (0.00)  A1372  0.8 (decrease) Increase 

(S) Serine (0.71) (L) Leucine (1.64) L1372  0.8 (decrease) Increase 

(Q) Glutamine (1.86) (Q) Glutamine (1.86) Q1369  1.4 (no change) None 

(S) Serine (0.71) (S) Serine (0.71) S1372  1.5 (no change) None 

(T) Threonine (1.33) (Q) Glutamine (1.86) T1369  1.5 (no change) None 

(Q) Glutamine (1.86) (S) Serine (0.71) Q1369/S1372  1.5 (no change) None 

(S) Serine (0.71) (N) Aspargine (1.59) N1372  1.9 (increase) Decrease 

(T) Threonine (1.33) (N) Aspargine (1.59) T1369/N1372  3.0 (increase) Decrease 

(K) Lysine (2.27) (Q) Glutamine (1.86) K1369  2.2 (increase) Decrease 
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Figure 4.6. Amino acid substitutions resulting in a significant increase in GTP-induced 

KATP channel current. (A) In silico model of the hairpin loop in the β-sheet region proximal 

to the Mg-ATPase activity site 2 in NBD2. The hydroxyl group on the side-chain of residue 

S1369 is predicted to form a hydrogen bond with the terminal NH2 group of the side-chain on 

the glutamine at position 1372 (Q1372). Dotted line denotes the hydrogen bond. (B-E) 

stimulation of KATP channels via the application of 0.1 mmol/l ATP and 1mmol/l GTP in the 

WT (S1369/Q1372) and A1369, A1372 and L1372 mutant SUR1 KATP channels 

respectively. F, Grouped data of normalized GTP-stimulated KATP channel current. n = 10-17 

patches per group, * denotes P<0.01. 
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Figure 4.7. Amino acid substitutions that do not significantly alter GTP-induced KATP 

channel current. (A-D) stimulation of KATP channels via the application of 0.1 mmol/l ATP 

and 1mmol/l GTP in the Q1369/Q1372, S1369/S1372, T1369 and Q1369/S1372 mutant 

SUR1 KATP channels respectively. (E) Grouped data of normalized GTP-stimulated KATP 

channel current. (n = 5-7 patches per group). 
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Figure 4.8. Amino acid substitutions resulting in a significant decrease in GTP-induced KATP 

channel current. (A-C) Stimulation of KATP channels via the application of 0.1 mmol/l ATP 

and 1mmol/l GTP in the N1369, N1369/T1372 and K1369 mutant SUR1 KATP channels 

respectively. (D) Grouped data of normalized GTP-stimulated KATP channel current. (n = 6-

14 patches per group). * denotes P<0.01. 
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Figure 4.9. Disulfide bond formation decreases GTP-induced KATP channel function in 

a reversible manner. (A-B) stimulation of KATP channels via the application of 0.1 mmol/l 

ATP and 1mmol/l GTP in the WT S1369/Q1372 and C1369 single cysteine mutant SUR1 

KATP channels respectively. Exposure to 0.3% H2O2 did not result in a significant change in 

current magnitude. (C) Exposure to 0.3% H2O2 significantly reduces GTP-stimulated current 

of the double cysteine SUR1 mutant C1369/C1372. Current is restored to previous value 

following application of 10 mmol/l DTT and disulfide bond reduction. (D) Grouped data of 

normalized GTP-stimulated KATP channel current (n = 4-9 patches per group). * denotes 

P<0.01  
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Figure 4.10. Direct Mg-ATPase assay of NBD2 dimers. (A) Amino acid sequence 

alignments of the SUR1 and SUR2A NBD2 domains. Homologous residues SUR1 S1369 

and SUR2A K1337 are highlighted. (B) Hyperbolic plot of raw Mg-ATPase values. (C) 

Hyperbolic plot of normalized Mg-ATPase values. (D) Graphical representation of the 

percentage of Vmax reached in the presence of 0.1 mmol/l ATP (n = 3-5 per group).  * denotes 

p<0.01.  
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Figure 4.11. SUR1 amino acid residue at position 1369 determines diazoxide 

pharmacology of the KATP channel. (A) WT SUR1 S1369 responds in a similar manner in 

response to 0.1 mmol/l diazoxide in the presence or absence of 0.1 mmol/l ADP. (B-C) The 

presence of a positively charged lysine residue in the WT SUR2A K1337 and the mutant 

SUR1 K1369 KATP channels result in a significant decrease in their response to 0.1 mmol/l 

diazoxide in the absence of 0.1 mmol/l ADP. (D) Grouped data of normalized current. (n=4-

17 patches per group) * denotes p<0.05. 
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Figure 4.12. The effect of DZX and the Mg-ATPase inhibitor BeFx on GTP-induced 

KATP channel function. (A-C)  WT SUR1 S1369 and A1369 mutant channels display a 

significant increase in GTP-induced, Mg-ATPase-dependent channel activation while the 

K1369 mutant results in a decrease. (D) Graphical representation of normalized current. (E-

F) WT SUR1 S1369 displays much greater inhibition of KATP channel currents elicited by 0.1 

mmol/l DZX in the presence of 1 mmo/l of the Mg-ATPase inhibitor BeFx than the WT 

SUR2A K1337 channel. (G) Graphical representation of normalized current. (n=5-8 patches 

per group) * denotes p<0.05 and ** p<0.01.  
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Figure 4.13.  Effects of mechanical stress Mg-ATPase activity. (A) Mg-ATPase activity is 

stimulated by applying vacuum to patches of tsA cells transfected with Kir6.2/SUR2A. 

Stimulation was abolished by applying ATPase inhibitor, beryllium fluoride (BeF2) (n= 9 

patches). (B) Comparison between current (I) recorded when vacuum was applied (Istretch) 

normalized to current recorded from unstretched patches in patches treated with and without 

inhibition of ATPase activity by BeF2 (**, p<0.01) 
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Chapter 5 
Non-electrical effects of sulfonylureas on 

cardiac KATP channels and links to 

cardiotoxicity 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Electrophysiological experiments were conducted by Dr. Mohammad Fatehi. Langendorff mouse 

heart perfusions were performed by Beth Hunter. Experimental design, human atria experiments, 

immunoblotting, statistical analysis were performed by the author. 
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5.1. Introduction 

 

 Sulfonylureas (SUs) are the second most-prescribed oral diabetic class of drugs used 

worldwide in the management of type 2 diabetes
118

. Along with metformin, they have been 

included in the World Health Organization's List of Essential Medicines as oral antidiabetic 

therapy
473

. Since the discovery of their glucose lowering effects in World War II
119,120

, 

several generations of SUs have been developed. The first generation of SUs includes 

tolbutamide and chlorpropamide
122

. The second generation SUs include glibenclamide 

(glyburide), gliclazide and glipizide
123

 and the third generation SUs include glimiperide
474

.  

 SUs belong to a group of oral antidiabetic drugs termed secretagogues because they 

exert their blood glucose-lowering effects through promoting insulin secretion from 

pancreatic β-cells. In the pancreas, they act through inhibition of KATP channel activity which 

in turn leads  to depolarization of the membrane potential, opening of voltage gated calcium 

channels causing an increase in intracellular calcium concentration and subsequently insulin 

vesicle secretion(Figure 5.1.)
141

. SUs can be classified according to their KATP channel 

binding sites as A-site, B-site, or AB-site drugs (Figure 5.2.)
125,127,475

. The A-site is located 

within the cytosolic loops linking trans-membrane segments 14-16 of the SUR1 subunit 

while the B-site, resides in the linker between the trans-membrane segments 5-6 of the SUR1 

subunit and the N-terminus of the Kir6.2 subunit (Figure 5.2.)
125,127

. The A-site within SUR1 

subunit interacts with the sulfonylurea moiety of the drug molecules while the B-site 

interacts with the non-sulfonylurea carboxamido moiety of the drug molecules.  

 

 Given that their mechanism of action is by inhibiting KATP channels,  it is important 

to note that KATP channels are also expressed in other tissue such as the brain, skeletal 
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muscle, smooth muscle and the heart
28

. Therefore the question of whether inhibiting KATP 

channels in other tissue may give rise to undesirable off-target side effects associated with 

SU use becomes important to address. Moreover, it has been suggested that SUs may 

interfere with Mg-ATPase activity of KATP channels
39,127,128

. By virtue of this enzymatic 

ability, KATP channels are able to change local Mg-ATP (their inhibitor) to Mg-ADP (their 

activator)
 42–45

. Reports of SUs interfering with SUR1, the A-site ligands in particular, or 

through interfering with Kir6.2 gating means that they could alter K
+
 conduction

39,127,128
 or 

potentially affect downstream signaling as we have demonstrated in Chapter 4 with 

diazoxide. The effect of SUs on Mg-ATPase activity in the heart remains to be investigated. 

 In the heart, KATP channels are mostly in the closed state under resting conditions. 

During physiological stress such as in exercise or a pathological stress such as in ischemia, 

the ADP concentration rises along with an decrease in ATP concentration leading to opening 

of the cardiac channels
175

. This opening of the channels leads to membrane repolarization, 

via potassium efflux and prevention of intracellular calcium accumulation which would 

activate pathways such as apoptosis that would lead to cell demise
177,178

. Therefore the ability 

of the channel to open during stress episodes is one of the endogenous cardioprotective 

means, and losing this ability compromises cardiac function should an insult occur. 

 In this regard, SUs have been a subject of an ongoing debate regarding their 

cardiovascular safety since the publication of the University Group Diabetes Program 

(UGDP) trial which was prematurely terminated due to the increased number of cardiac 

deaths in the tolbutamide-treated group compared to the placebo-treated group
138

. Several 

clinical studies followed after the UGDP considering the weaknesses in the methodology 

followed in conducting the study
139

. However, until today, there is no real consensus on 
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whether SUs actually pose a cardiovascular risk to patients receiving them as part of their 

antidiabetic regime and whether SUs that are less selective to the pancreas would produce 

worse cardiac outcomes
122,124,476

.  

  Different SUs when administered at therapeutic doses exhibit distinct tissue-specific 

binding affinities as elegantly reviewed by Abdelmoneim et al.
144

. For example, gliclazide 

and glipizide are more selective for the pancreatic SUR1 isoform, whereas glibenclamide is 

non-selective and binds to pancreatic SUR1 and cardiovascular SUR2A/B  isoforms
144,145

. 

The differences in the pharmacological properties are supported by animal studies whereby 

glibenclamide, but not gliclazide, was shown to abolish ischemic preconditioning, resulting 

in a larger infarct size and worse deterioration in left ventricular function.  In animal models, 

the differential pharmacology of  glibenclamide was demonstrated in the form of loss cardiac 

ischemic preconditioning, with larger infarct sizes and poorer functional recovery
146–152

. 

Similar effects of abolished cardiac preconditioning were observed in patients undergoing 

one-vessel coronary angioplasty
153

 as well as in isolated human atrial trabeculae
154

. Despite 

of this observed loss of cardioprotection caused by glibenclamide, the exact mechanisms by 

which it disrupts endogenous protection have not been fully elucidated. 

  A potential mechanism for cardiotoxicity is through the inhibition of the protein 

kinase signalling pathway via tumour suppressor LKB1 and AMP-activated protein kinase 

(AMPK). AMPK is a key cellular energy sensor and regulator
384,477

. The rise in AMP:ATP 

and ADP:ATP ratios, intracellular calcium, and reactive oxygen and nitrogen species 

observed during physiological or pathological stress lead to AMPK activation. The activation 

mechanism consists of an allosteric component (AMP, ADP, or ATP binding to the γ-
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subunit) and a covalent component (phosphorylation of Thr172 in the α-subunit controlled by 

upstream kinases, LKB1 or CaMKK, and phosphatases)
384,477

. Upon its activation, AMPK 

induces adaptation of energy metabolism through regulation of cellular signalling cascades, 

activity of metabolic key enzymes, and gene transcription. Activated AMPK stimulates ATP-

generating processes, such as uptake and oxidation of glucose and fatty acids, and suppresses 

a number of ATP-consuming processes, such as protein synthesis, cellular growth, and 

proliferation. Interestingly, several recent studies have described a general link between a 

reduced LKB1–AMPK signalling and cardiac disease
478–480

. In this context, the aim of the 

present study was to analyse the effect of select SUs on cardiac AMPK signaling and their 

effects on the recently identified Mg-ATPase activity of KATP channels.  

5.2. Methods 

Experimental animals 

 All experiments were performed according to protocols approved by the University of 

Alberta Institutional Animal Care and Use Committee. Data was obtained from adult (11-20 

weeks) male C57BL/6 wild-type and Kir6.2 -/- mice. The generation of Kir6.2-/- mice by 

targeted Kir6.2 gene disruption has been previously described in detail by  Miki et al.
388

 and 

were obtained from the Seino laboratory. Mice were housed on a 12-h light and 12-h dark 

cycle with ad libitum access to chow diet and water. 

Langendorff heart perfusions 

 Kir6.2+/+ and Kir6.2-/-mice were anesthetized using pentobarbital, with 100 U of 

heparin. After mid-sternal incision, the heart was removed and placed in (37 ± 1 °C), 

modified Tyrode solution of the following composition: 128.2 mM NaCl, 4.7 mM KCl, 1.19 
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NaH2PO4, 1.05 mM MgCl2, 1.3 mM CaCl2, 20 mM NaHCO3, and 11.1 mM glucose 

(pH = 7.35 ± 0.05). While bathed in the same solution, lung, thymus, and fat tissue were 

dissected and removed. After cannulation, hearts were then retrogradely perfused with 

modified Krebs-Henseleit solution passed through the 5-μm filter (Millipore, Billerica) and 

warmed (37 °C) using a water jacket and circulator (ThermoNESLAB EX7, Newtown). The 

hearts were allowed to normalize for 10 minutes and then were perfused for 30 minutes with 

either 0.228 nM or 1 μM glibenclamide 11.45 nM gliclazide, 10 μM HMR 1098, 100 μM 

DZX or DMSO alone as vehicle control.  Heart ventricles were clamp-frozen and used for 

biochemical analysis. 

Human atrial appendages 

             Appendages were isolated from the right atria of patients undergoing coronary artery 

bypass graft surgery at the Mazankowski Alberta Heart Institute and the University of 

Alberta Hospital on the day of the operation. Appendages were stored in ice cold phosphate 

buffered saline between the operation room and our laboratory. Each appendage was 

weighed and cut into two (1 cm x 0.5 cm) pieces serving as test and control for each patient. 

The appendage halves were then incubated for one hour in Carbogen (95% CO2-5% O2)  

gassed modified Krebs-Henseleit buffer containing 10 µM glibenclamide or 10 µM 

gliclazide dissolved in DMSO or DMSO only as vehicle control. After completion of the 

incubation, the appendages were washed in PBS three times, snap frozen in liquid nitrogen 

and processed for immunoblotting. 
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Western blot analysis 

 Ventricular tissue from Kir6.2+/+ and Kir6.2-/- mouse hearts was snap-frozen after 

Langendorff perfusion and homogenized by cryogenic grinding then diluted with RIPA 

homogenization buffer containing phosphatase and protease inhibitors. After a BCA protein 

assay (Pierce, Thermo Scientific, USA), equal amounts of protein were resolved by SDS-

PAGE, and were transferred onto a PVDF membrane. Target proteins were identified using 

the primary antibodies: anti-AMPK phospho (Thr172) and total and anti-LKB1 phospho (Ser 

428) and total. Immunoblots were developed using the Amersham ECL Prime Western 

blotting detection reagents. Densitometric analysis was performed using ImageJ software 

(National Institutes of Health). 

Electrophysiology 

 tsA201 cells, a HEK293 cell line derivative, were cultured and then transfected with 

the Kir6.2 and SUR1 clones using the calcium phosphate precipitation technique
436

.  

Transfected cells were identified using fluorescent optics in combination with co-expression 

of a green fluorescent protein plasmid (Life Technologies, Gaithersburg, MD). Macroscopic 

KATP channel recordings were then performed 48-72 hours after transfection. The excised 

inside-out patch clamp technique was used to measure macroscopic recombinant KATP 

channel currents in transfected tsA201 cells as described in detail previously
436

. Experiments 

were performed at room temperature (21
o
C). Mg-ATPase activity was measured as described 

previously by our group
167

. 
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Statistical analyses 

 Macroscopic KATP channel currents were normalized and expressed as changes in test 

current relative to control current. Macroscopic current analysis was performed using 

pClamp 10.0 (Axon Instruments, Foster City, CA) and Origin 6.0 software. Statistical 

significance was assessed using the unpaired Student’s t test or one-way ANOVA with a 

Bonferroni post hoc test. p<0.05 was considered statistically significant in GraphPad Prism 

software 5.01 for Windows. Data are plotted as the mean ± S.E.M. 

5.3. Results 

Glib activates AMPK in isolated mouse hearts 

 The direct effect of Glib on AMPK activation has not been demonstrated. We 

investigated whether Glib affected the phosphorylation of AMPK using an ex-vivo model of 

the Langendorff-perfused heart. We perfused age-matched C57Bl6 mouse hearts with either 

vehicle (DMSO) or 1 μM Glib. Our data show significant phosphorylation, thereby activation 

of AMPK induced by Glib compared to vehicle control (2.486 ± 0.6848 and 0.03696 ± 

0.006410 respectively, n=3/group, p<0.05) (Figure 5.3.B). We have also contrasted the 

activation with DZX-induced AMPK activation previously demonstrated in Chapter 4. 

(Figure 5.3.A.) 

Glib activation of AMPK is reduced in KATP-deficient (Kir6.2-/-) mouse hearts 

 Since we observed significant AMPK activation induced by Glib, we attempted to 

investigate whether the observed increase in AMPK phosphorylation was KATP-dependent. In 

order to elucidate that, we perfused wild-type C57Bl6 mice (Kir6.2+/+) and KATP-deficient  

mice of the same background (Kir6.2-/-). Our results show that in the absence of KATP 

channels, Glib-induced AMPK activation is lower (1.836 ± 0.3430) compared to Glib-
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perfused Kir6.2+/+ hearts (2.282 ± 0.1420) (n=3/group, p>0.05) (Figure 5.4.A,B), suggesting 

that presence of KATP channels on the cell surface is necessary for the full AMPK signal to 

occur.  

Glib inhibits Mg-ATPase activity while Glic does not affect it 

 Since we observed different reduced activation of AMPK in the absence of cardiac 

KATP, we sought to investigate whether this effect was due to compromised ionic homeostasis 

or due to a direct effect of Glib on the channel's Mg-ATPase activity. We also investigated 

whether Glic had any effect on Mg-ATPase activity of the channel. Our data show that 0.5 

μM Glib was able to completely abolish Mg-ATPase activity compared to control (n=5 

patches, **p<0.01) while 1 μM Glic had no significant effect on Mg-ATPase activity. 

(Figure 5.5.A,B).  

Glib further stimulates AMPK phosphorylation when perfused simultaneously 

with DZX 

 We have previously demonstrated that DZX is able to activate AMPK significantly 

(Figure 4.2.A on page 139 in Chapter 4). We have also shown that DZX activates Mg-

ATPase activity (Figure 4.11. on page 159 in Chapter 4). We decided to investigate whether 

co-administration of Glib and DZX would counteract their effects on Mg-ATPase activation 

and how that would affect downstream AMPK activation. Our results show that Glib co-

administered with DZX resulted in higher AMPK activation compared to control (0.8869 ± 

0.04953) and to hearts treated with DZX alone(0.7817 ± 0.06685). (Figure 5.6.A, B). 

(n=3/group, * p<0.05, **, p< 0.01) 
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HMR 1098 does not have a significant effect on AMPK activation or Mg-

ATPase activity 

 We then decided to test whether the cardioselective KATP inhibitor HMR 1098 
131,481

 

would exhibit a similar AMPK activation pattern as well as an inhibitory effect on Mg-

ATPase activity as Glib. Our results show HMR 1098 caused a modest increase in AMPK 

phosphorylation compared to vehicle(0.3488 ± 0.1112 and 0.2654 ± 0.08913 respectively. 

Co-administration of DZX and HMR 1098 resulted in a further increase in AMPK 

phosphorylation (0.4518 ± 0.01474, n=3/group, p>0.05) . (Figure 5.7.A,B). HMR 1098 did 

not cause any changes in Mg-ATPase activity as well. (n= 5 patches, p>0.05) (Figure 

5.8.A,B). 

Glib and Glic activate AMPK in isolated mouse hearts at therapeutic doses 

 In order to investigate whether therapeutic doses of Glib and Glic would have an 

effect on AMPK activation, we perfused C57Bl6 mice with plasma steady state levels of Glib 

(2.280E-07 mmol/l) and Glic (1.145E-05 mmol/l)
144

. Our data show that at steady state 

concentration, Glib significantly increased AMPK activation in comparison to vehicle   

p<0.05). Glic was also able to significantly increase AMPK phosphorylation compared to  

vehicle-treated hearts, however the degree of activation was still less than in glibenclamide. 

(p<0.05) (n=3 hearts/group, **, p<0.01, ***, p<0.001). We also measured activation of 

LKB-1, an upstream kinase that phosphorylates AMPK, our results show that LKB-1 

activation followed a similar trend of activation as AMPK where it was higher in the Glib-

perfused group compared to vehicle (1.279 ± 0.1489 and 0.8796 ± 0.1736 respectively). 

However, the Glic-perfused group showed less activation of LKB-1 compared to vehicle 
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control (0.7021 ± 0.1485). No statistical significance was reached between the LKB-1 data 

sets. (n=3 groups, p>0.05)  

Glibenclamide activates AMPK in human atrial tissue 

 To probe for whether activation of AMPK by Glib or Glic occurred in human tissue, 

we tested both drugs on human atrial appendages obtained from patients (4/group, age 68±13 

years) undergoing coronary artery bypass graft surgery. We used each appendage as its own 

control and test group by cutting it in equal halves and incubating in either oxygenated 

modified Krebs-Henseleit containing DMSO or 10 μM Glib or 10 μM Glic. AMPK 

phosphorylation was consistently higher in the Glib-treated group compared to vehicle-

incubated appendages in all 4 patients (Figure 5.10.A). We expected to see an increase in 

AMPK phosphorylation in gliclazide-treated appendages but we observed an increase in 2 

patients and a decrease in the 2 other patients (Figure 5.10.B.) . Group data showed that there 

was a trend towards glibenclamide-induced AMPK activation in human atrial tissue 

5.4. Discussion 

 In the previous chapter, we have shown that the KATP channel opener DZX may exert 

its cardioprotective effects in part through stimulation of Mg-ATPase activity and suggested 

that it causes downstream activation of AMPK which would potentially provide an early 

signal to stimulate energy conserving pathways during stress. In this chapter we attempted to 

address the potential cardiotoxicity attributed to the KATP channel inhibitors, the 

sulfonylureas (SUs) and whether it was mediated by AMPK.  

  In the present study we used Glib, which as an AB site SU that has been frequently 

associated with loss of cardioprotection in experimental settings. For example, Birnbaum's 



176 
 

group has shown that glibenclamide abolished the infarct size limiting effects of the oral 

antidiabetic pioglitazone
482

. Moreover, Gross et al. have previously shown in a canine model 

that cardiac preconditioning induced by left coronary circumflex artery occlusion is lost 

when Glib was administered
376

. Additionally, Toombs et al. have demonstrated that Glib 

administered 30 minutes before the induction of ischemia in preconditioned rabbits exhibited 

larger infarct sizes compared to the preconditioned hearts that were not treated with the 

drug
149

. On the other hand, Yellon's group has demonstrated that while Glib abolishes 

ischemic and nicorandil-induced preconditioning, administration of Glic did not abolish the 

protective effects of either
483

. In addition, on the clinical level, a recent study by 

Abdelmoneim et al. showed that Glib use was associated with a 14% higher risk of acute 

coronary syndrome events compared to Glic use
484

.  

  In terms of cardiotoxicity, one would expect that mechanisms responsible for 

conserving cellular energy would be compromised. One of the key pathways to conserve 

cellular energy during stress is activation of AMPK that signals to downstream pathways to 

stimulate ATP-producing pathways and halting ATP-consuming ones. It has been shown 

previously that cardiotoxicity induced by the anti-cancer agent doxorubicin inhibited AMPK 

activation thus accelerating cardiomyocyte death
485

. Since the direct effects of SUs on 

AMPK activation have not been previously demonstrated we performed a series of 

experiments in an effort to understand whether SUs suppress AMPK activation leading to 

potential cardiotoxicity. 

  In this study we demonstrated that Glib activated AMPK in mouse hearts perfused in 

Langendorff mode significantly (Figure 5.3.B). Interestingly, activation of AMPK by the 
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same concentration of Glib was reduced when we perfused Kir6.2-/- mouse hearts where 

KATP channels are not expressed in cardiac tissue (Figure 5.4.A,B). This observation is 

similar to what we observed with DZX-induced activation of AMPK in Chapter 4, indicating 

that the presence of KATP channels on the cell membrane is essential to full AMPK 

phosphorylation. 

  Since we observed increased Mg-ATPase activation with DZX in the previous 

chapter, we also looked at whether Glib was affecting Mg-ATPase activity of the cardiac 

Kir6.2/SUR2A channel combination known to be expressed in the ventricles
6
. Our results 

show that in that system, Glib completely abolishes Mg-ATPase activity of the channel 

(Figure 5.5.A,B), thereby preventing production of Mg-ADP in the local environment of the 

channel. It is important to note that the local nucleotide concentration is essential in channel 

regulation as has been previously demonstrated
387

. The phosphotransfer-cascade enzymes 

adenylate kinase and creatine kinase both associate physically with the channel  and they are 

ultrasensitive to changes in nucleotide concentration
49,54,486

. Under basal conditions, the 

changes in ATP, ADP and AMP may be very subtle and in our patch model, it would be 

helpful to test the effect of Glib and Glic in the presence different nucleotide concentrations. 

  We also tested co-administration of the KATP channel opener DZX along with 

glibenclamide as well as the cardiospecific KATP inhibitor HMR 1098 to determine whether 

we would still observe changes in AMPK activation. The DZX+Glib test group yielded 

higher AMPK activation than DZX alone indicating that Glib is exerting KATP-independent 

effects that are altering the cellular AMP/ATP ratio thus further phosphorylating AMPK. 

Under basal conditions, Yokota et al. have shown that in an ischemia-reperfusion model in 
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pigs administration of Glib during baseline does not alter ATP concentration, 

phosphocreatine content or proton production
487

. However, that is not the case during 

ischemia, where Glib administration has been shown to enhance ATP depletion during the 

beginning of regional ischemia in dogs as demonstrated by Kamigaki et al.
488

. Therefore, the 

effect of Glib on AMPK signaling and Mg-ATPase activity may be more pronounced in I/R 

where a drop in intracellular pH, decreased phosphocreatine content and ATP depletion may 

all contribute to worsening of cardiac function
489

. 

  On the other hand, when we perfused C57Bl6 mouse hearts with  HMR 1098,  an AB 

site SU, on its own only modestly increased AMPK phosphorylation while having no effect 

on Mg-ATPase activity of the channel. (Figure 5.8.A,B). This indicates that AMPK 

activation in this model does not necessarily correlate with Mg-ATPase activity and AMPK 

phosphorylation could be a result of KATP-independent effects. Interestingly, HMR 1098 has 

been reported to be cardioprotective in the setting of cardiac ischemia
490,491

. This 

cardioprotective effect is attributed to a direct action of HMR 1098 on the mitochondria 

where it promotes reactive oxygen species production
492

. Moreover, Rainbow et al. have 

reported that during metabolic stress, HMR 1098 is unable to inhibit cardiac KATP channels 

fully which may explain why it does not worsen cardiac recovery in ischemia. It also 

suggests that its inhibition of the channel is dependent on nucleotide concentration during 

cellular stress
493

.  

 Since previous studies have used concentrations of Glib and Glic that are higher than 

the therapeutic doses in determining the adverse effects on cardioprotective mechanisms we 

decided to test the effects of plasma steady state concentrations of Glib and Glic on AMPK 

activation. Our results show for the first time that plasma steady state concentrations of both 
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Glib and Glic activate AMPK in murine hearts (Figure 5.9.A, B) . This activation along with 

a similar pattern of activation of LKB-1 (Figure 5.9.A, C) which is an upstream kinase that 

activates AMPK could indicate that the heart is undergoing metabolic stress due to drug 

administration since that activation was not observed in vehicle treated hearts. Activation of 

AMPK would then lead activation of downstream energy-conserving pathways. 

Nevertheless, these results do not reflect how KATP channels are involved in that observed 

AMPK-activation, if at all. A comparison with AMPK activation induced in KATP-deficient 

mouse hearts would give us a clearer picture as to whether KATP channels are necessary for 

AMPK activation at the given concentrations. 

    Additionally, this study shows that Glib is able to activate AMPK in human atrial 

tissue compared to Glic (Figure 5.10.A, B). Since it is difficult to standardize the cardiac 

conditions, underlying disease, medications that the patients who were undergoing coronary 

artery bypass graft surgery, we opted for using the atrial appendage from each patient as the 

test as well as its own control to minimize error. Though our Glic-incubated group was 

inconsistent, our Glib-incubated appendages all demonstrated higher AMPK activation 

compared to their vehicle-incubated controls. The functional and mechanistic implications of 

that activation remain unclear and would require further investigation. 

  In our study, we were unable to correlate Mg-ATPase activity stimulation to AMPK 

phosphorylation. A more specific model that can separate electrical and enzymatic activity of 

the KATP channel would be more conclusive compared to genetic deletion of the entire 

channel. In such a model, ideally, the channel would be allowed to be expressed at the 

surface of the membrane and retain Mg-ATPase in the absence of electrical activity. This 
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model would give us clearer answers to whether the observed AMPK activation is due to 

direct effects on Mg-ATPase activity leading to a cascade of events mediated by the 

phosphotransfer enzymes leading to signal augmentation and activation of cytoplasmic 

AMPK. Contrary to our expectations, Glib tested at different concentrations did not inhibit 

AMPK activation. Nevertheless, AMPK activation could still indicate cellular stress and the 

effect of glibenclamide would be more pronounced to hearts subjected to I/R injury. 

  As a central regulator of cellular metabolism, AMPK activation would have direct 

effects on fatty acid and glucose oxidation as well as glycolysis.  In this regard, a study by 

Cook et al. showed that Glib is an inhibitor of carnitine palmitoyl transferase-1 (CPT-1)
494

. 

CPT-1 inhibition would inhibit fatty acid oxidation by reducing fatty acid transport into the 

mitochondria for β-oxidation
235

. On the other hand, activation of AMPK which we have 

observed would lead to an increase in fatty acid oxidation. In this regard, it is important to 

note that the authors have used 50 μM Glib which is a significantly higher concentration  

than what we have used in our study. Therefore the high concentration would possibly have 

non-specific effects in the cell that are not solely mediated by AMPK. 

 Additionally, a study by Ford et al. showed that 30 uM of glibenclamide increased 

rates of glycolysis and proton production in an ex-vivo working heart model but did not exert 

a significant effect on glucose oxidation rats . The authors of that study associated increased 

proton production to the significantly impaired cardiac recovery of post-ischemic mechanical 

function
495

. On the other hand, Buffington et al. have shown that therapeutic concentrations 

of Glib have a direct effect on the pyruvate dehydrogenase complex in the heart leading to 

increased glucose oxidation. That observation however, occurred in the absence of insulin in 
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the perfusion system which could isolate the effects of the PI3K/Akt signaling pathway 

which could affect glucose uptake directly
385,496

. Therefore, there is an established link 

between Glib use and direct changes in cardiac metabolism. It would be interesting to 

compare differences in cardiometabolic rates, proton production using therapeutic 

concentrations of Glib and Glic and to assess cardiac recovery in the setting of I/R to 

understand how SUs, especially Glib, could mechanistically worsen cardiac function. 

 In summary, our present study shows that Glib activates AMPK at different 

concentrations indicating that the AMPK pro-survival pathway is not inhibited by the drug. 

We found that Mg-ATPase activity in this experimental model did not correlate to AMPK 

activity which could be addressed by more sophisticated transgenic animal models. Finally, 

we have demonstrated the effect of the drug on AMPK activation in the human heart. More 

work towards understand the metabolic effects of SUs in the heart is yet to help us elucidate 

the potential cardiotoxic effects of SUs. 
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Figure 5.1. Mechanism of action of sulfonylureas. Inhibition of KATP channels in 

pancreatic β-cells leads to depolarization of membrane potential causing the opening of 

voltage-gated calcium (Ca
++

) channels. The resultant calcium influx stimulates insulin vesicle 

exocytosis. 
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Figure 5.2. Binding sites of sulfonylureas on KATP channels. (A) General membrane 

topology of KATP channels with marked A-/ B- drug binding sites. (B) Chemical structures 

and binding-site classification of the sulfonylureas discussed in this chapter, gliclazide (Glic), 

glibenclamide (Glib) and HMR 1098. 
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Figure 5.3. AMPK activation induced by DZX and Glib in cardiac ventricles of C57Bl6 

mice. (A) Phosphorylation of AMPK in murine hearts perfused with 100 μM diazoxide 

(DZX) and (B) 1 μM glibenclamide (Glib) in DMSO compared to vehicle (DMSO) controls. 

Hearts were perfused in Langendorff mode. (n=3/group, *<0.05, ***<0.001) 
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Figure 5.4. Glib-induced activation of AMPK in murine hearts. (A) Representative 

immunoblots comparing between AMPK activation in Kir6.2+/+ C57Bl6 and Kir6.2-/- 

C57Bl6 mouse hearts perfused in Langendorff mode with either vehicle (DMSO) or 1 μM 

glibenclamide (Glib). (B) Graphical representation of densitometric measurement of 

phosphorylated AMPK normalized to total AMPK (n=3, *, p<0.05) 

 

 

 

 

 

 

 

 

 



189 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

A. 

B. 



190 
 

 

 

 

 

Figure 5.5. Comparison between effects of Glib and Glic on the Mg-ATPase activity of 

recombinant cardiac KATP channels. Representative traces of Mg-ATPase activity as 

measured in a system of Kir6.2/SUR2A-transfected tsA201 cells. (B) 0.5 μM glibenclamide 

(Glib) abolished Mg-ATPase induced increase in current (A) while 1 μM gliclazide (Glic) 

had no significant effect on Mg-ATPase activity (C). (D) is a graphical representation of the 

normalized current. (n=5 patches, **<0.01) 
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Figure 5.6. Comparison between the activation of AMPK by DZX alone and by a 

combination of DZX and Glib. (A) Representative immunoblots comparing AMPK 

phosphorylation in C57Bl6 mouse hearts perfused in Langendorff mode with 100 uM diazoxide 

(DZX) or with 100 uM DZX and 1 uM Glibenclamide (Glib) compared to vehicle control. (B) 

Graphical representation of phosphorylated AMPK in the three groups normalized to total AMPK. 

(n=3/group, *<0.05, ** <0.01) 
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Figure 5.7. Comparison between the activation of AMPK by HMR 1098 alone and by a 

combination of HMR 1098 and DZX. (A) Representative immunoblots comparing AMPK 

phosphorylation in C57Bl6 mouse hearts perfused in Langendorff mode with 10 μM HMR 

1098 or with 10 μM HMR 1098 and 100 μM diazoxide (DZX) compared to vehicle control. 

(B) Graphical representation of phosphorylated AMPK in the three groups normalized to 

total AMPK. (n=3/group, p>0.05) 
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Figure 5.8. Effect of HMR 1098 on the Mg-ATPase activity of recombinant cardiac KATP 

channels. (A) Representative traces of Mg-ATPase activity as measured in a system of 

Kir6.2/SUR2A-transfected tsA201 cells showing that 10 uM of HMR 1098 has no effect on 

Mg-ATPase activity. (B) Graphical representation of the normalized current. (n=5 patches, 

p>0.05) 
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Figure 5.9. Effects of glib and glic on AMPK and LKB-1 activation  in murine hearts. 

(A) Representative immunoblots showing phosphorylation of AMPK and its upstream 

activator LKB-1 perfused with steady state concentrations of glibenclamide (Glib) and 

gliclazde (Glic). (B) Graphical representation of phosphorylated AMPK normalized to total-

AMPK in murine hearts perfused with vehicle, Glib (Css) and Glic (Css).(C) Graphical 

representation of phosphorylated LKB1 normalized to total-LKB1 in murine hearts perfused 

with vehicle, Glib (Css) and Glic (Css). 
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Figure 5.10. AMPK activation in individual human atrial appendages. Immunoblots and 

graphical representations of AMPK activation by glibenclamide (Glib) (A) and gliclazide (Glic) (B) 

in individual patients whose atrial appendages were isolated during undergoing coronary artery 

bypass graft surgery.  
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Chapter 6 
General discussion and future directions 
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6.1. Summary 

 According to the World Health Organization, cardiovascular disease is the leading 

global cause of death and it is estimated that by the year 2030 around 23.6 million people 

will die of cardiovascular disease
1
. In Canada alone, a heart attack occurs every 7 minutes

497
.  

Development of cardiac disease may be due to several factors including genetic 

predisposition, unhealthy diet and a sedentary lifestyle. In order to develop treatments to 

guard against or limit the damage that occurs after a cardiac event, the pathways underlying 

the incidence of particular cardiac diseases have to be closely studied.  

 One of the most important pathways for maintenance of cardiac function is efficient  

of energy substrate utilization in the myocardium. Most (>95%) of the ATP generated in the 

heart is derived from oxidative phosphorylation in the mitochondria. The remaining 5% is 

derived mainly from glycolysis and to a lesser extent from the citric acid cycle
498,499

. The 

heart utilizes ≈60-70% of the ATP produced to fuel myocardial contraction and the 

remaining 30-40% for the different ion pumps especially the Ca
++

-ATPase in the 

sarcoplasmic reticulum
225,500

.  In cases such as myocardial infarction, the unavailability of 

oxygen and energy substrates to the myocardium severely disrupts cardiac metabolism, and 

upon reperfusion more damage is done due to heavy and rapid reliance on fatty acid 

oxidation which leads to uncoupling of glucose and glycolysis. This in turn generates protons 

causing cellular acidosis leading to subsequent Ca
++

 accumulation intracellularly which is 

ultimately detrimental to the cardiomyocyte
180,237,279

.  

 Changes in cardiac metabolism that result in a drop in ATP concentration and 

increases in AMP as would be the case in an ischemic attack activate cardiac KATP 
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channels
430

. Despite that KATP channels have been classically known to be downstream to 

changes in metabolic signals, a growing body of evidence supports that KATP channels play a 

key role in regulating metabolism
353

. In addition to being linked to metabolism, KATP 

channels were shown to possess Mg-ATPase by which they can produce ADP, their 

activator, from Mg-ATP , their inhibitor, in their local environment
501

. Additionally, KATP 

channels were also shown to physically associate with several important nucleotide sensitive 

enzymes such as adenylate kinase 1
47,49

 and creatine kinase
48

, both of which are key enzymes 

in the phosphotransfer cascade that relays nucleotide signals between the cytoplasm and the 

mitochondria in case of energetic surplus or deprivation
49,502,503

. Moreover, KATP channels 

were shown to associate with several glycolytic enzymes
349,351

 as well as the key cellular 

regulator of metabolism, AMPK
384

. Whether the enzymatic activity of the channel was linked 

to its metabolic properties had not been investigated, yet, it was plausible to speculate that 

the link between KATP channels and metabolism was not solely dependent on the electrical 

properties of the channels. As such, this thesis as a whole focused on identifying non-

electrical effects of cardiac KATP channels that may contribute to changes in cellular signaling 

translating them potentially to changes in cardiac metabolism.  

 In Chapter 3, the focus was to identify whether the absence of KATP channels in the 

heart would alter how energy substrates would be utilized. We used Kir6.2-/- mice in order to 

answer that question. In our isolated working heart model, we demonstrated that absence of 

KATP channels in the heart leads to a significant increase in fatty acid oxidation and reduction 

in glycolysis under basal aerobic conditions. Additionally, we have demonstrated for the first 

time that active AMPK is higher in Kir6.2-/- mouse hearts under basal aerobic conditions. 

Moreover, under stress induced by perfusing hearts with β-isoproterenol, AMPK signaling  is 
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compromised in the absence of KATP channels. Our data support the hypothesis that absence 

of KATP channels sets cardiac metabolism to a more compromised profile that hinders 

functional recovery should an ischemic insult occur. The increased reliance on fatty acid 

oxidation in the setting of ischemia-reperfusion injury has been shown to severely impede 

cardiac mechanical recovery
237,396

, however it is yet to be investigated whether the same 

metabolic profile is observed under stress such as in ischemia-reperfusion injury. In line with 

our observation, we found that fatty acid metabolism markers are upregulated in Kir6.2-/- 

mice, possibly to support the reliance on fatty acid oxidation. We have also reported that 

naïve Kir6.2-/- mouse hearts have higher basal active Akt levels. In this regard, the interplay 

between the AMPK and the Akt pathway has been previously described in the heart
243

. Akt 

activation has been shown to inhibit AMPK activation
355

, while Akt activation can also be 

mediated by AMPK
440

. The observed Akt activation was not as high as AMPK activation, 

raising the possibility that if AMPK was not as active Akt phosphorylation would be much 

higher. Both Akt phosphorylation in response to insulin and AMPK activation have been 

shown to be involved in increased glucose uptake
385,504

, however, the density of surface 

expressed glucose transporters is not known in the Kir6.2-/- mouse and would be an 

interesting point for future study. It would also give us a clue as to why glucose oxidation 

was similar in both Kir6.2+/+ and Kir6.2-/- mouse hearts. Our results on metabolic changes 

in hearts may explain why other studies that utilized the Kir6.2-/- mouse model in an I/R 

experimental model observed worse cardiac recovery compared to Kir6.2+/+ mice. This 

observation however does not exclude that genetic ablation of the channel would result in 

loss of ionic homeostasis in an ischemic episode. As a result, the accumulation of 
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intracellular calcium would also contribute to the poor functional recovery as previously 

demonstrated
182,289

. 

 Since we have observed changes in metabolism under basal aerobic conditions where 

electrical activity of  KATP channels is not triggered, we speculated that our observation could 

be attributed to the channel's newly discovered enzymatic activity
42,379

. Nevertheless, the 

mechanisms that regulate Mg-ATPase activity in KATP channels have not been elucidated. In 

this regard, it has been previously demonstrated that human mutations in SUR1 increase Mg-

ATPase activity underlie several cases of rare monogenic neonatal diabetes
158

. Furthermore, 

work from our lab has previously shown that the common diabetes susceptibility variant 

S1369A in SUR1 results in increased Mg-ATPase activity and channel activation that may 

contribute to the development of type 2 diabetes by suppressing insulin secretion
167

. Based 

on  that we predicted that the removal of the side-chain hydroxyl group in the S1369A 

variant resulted in a loss of a hydrogen bond with the side-chain of the Q1372 residue in the 

hairpin loop region adjacent to the catalytic Mg-ATPase site in NBD2 leading to decreased 

enzymatic activity
167

. Therefore, we sought to determine potential regulators of Mg-ATPase 

activity of the channel in order to help us speculate what implications the difference in 

activity might have functionally. In Chapter 4, we showed that the strength of the interaction 

between amino acids in the hairpin loop adjacent to NBD2 is a direct determinant of the KATP 

Mg-ATPase activity. Furthermore, using site-directed mutagenesis we determined the 

molecular aspects that determine the sensitivity of KATP channels to understand the 

differential pharmacology of the KATP channel opener, DZX. We chose to study DZX 

because it was previously shown to possess differential effects on KATP channels expressing 

SUR1 and SUR2A subunits depending on the presence of ADP
179

. We were able to 
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demonstrate that changes in bond strengths affect the channel's sensitivity to DZX. 

Therefore, our results are particularly important in predicting pharmacological 

responsiveness to drugs such as DZX in patients carrying KATP mutations based on flexibility 

of the NBD2 hairpin loop which would directly affect Mg-ATPase activity. We have also 

shown that DZX-induced AMPK activation is disrupted in the absence of KATP channels 

suggesting that KATP channels are not only affected by AMPK through phosphorylation
386

, 

but they are essential in full AMPK metabolic signal transduction. The full activation of 

AMPK would ensure full execution of downstream ATP-conserving and cell survival 

signalling which is crucial in times of metabolic stress. Moreover, we showed that applying 

mechanical stress on isolated patches from tsA201 cells expressing recombinant cardiac KATP 

channels increased Mg-ATPase activity. Whether the observed increase in enzymatic activity 

will be observed in the native cardiac channels is yet to be determined. If the mechanical 

stress-induced activation in Mg-ATPase activity is seen on the whole heart level, for example 

in experimental models of hypertension or hypervolemia, we would speculate that 

downstream signalling would be affected as a result contributing to changes in metabolism.  

 Following up with the possible non-electrical effects of drugs targeting  KATP 

channels, we tested differences in AMPK activation by the frequently prescribed oral 

antidiabetics, the SUs. The reason we decided to study the effects of SUs is that their use has 

often been associated with cardiotoxity
122,484,505,506

. With the recently discovered non-

electrical effects of the channel, it would be plausible that the cardiac side effects associated 

with SU use are mediated through KATP's non-electrical effects. We focused in Chapter 5 on 

the effects of Glib since it has been extensively reported as a cardiotoxic sulfonylurea that 

worsens cardiac function after ischemia-reperfusion injury or leads to loss of cardiac 
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preconditioning
149,487,507

. Since AMPK activation in the heart is a key cellular line of defense 

against metabolic stress and the detrimental consequences that follow
384

, it was important for 

us to determine whether Glib inhibited AMPK activation thereby compromising the signal 

propagation of survival mechanisms. At all concentrations tested, we have observed a 

significant increase AMPK activation caused by Glib, unlike the more pancreas-selective 

Glic
508

. We also measured phosphorylation of LKB-1, being the key upstream kinase that 

phosphorylates AMPK in the heart
509

, at steady state concentrations of Glib and Glic and we 

have indeed demonstrated higher AMPK activation in the Glib-treated group. It is worth 

mentioning that LKB-1 is also regulated by deacetylation by the action of SIRT-1 

particularly
510

, however the effect of Glib and Glic on SIRT-1 remains to be investigated. 

While treatment with Glib did not inhibit AMPK signalling as expected, the increase in 

AMPK phosphorylation may still indicate metabolic stress induced by the drug. Keeping in 

mind that our treatment was acute, we need to investigate whether chronic use of Glib would 

affect kinase signaling. Additionally, we have shown that Glib abolishes the channel's Mg-

ATPase activity while neither Glic and HMR 1098 had an effect on the channel's enzymatic 

activity. It is worth mentioning that previous studies have shown that Glic does not abolish 

protective cardiac preconditioning
152,483

 and that HMR 1098 was even cardioprotective
490

. 

Interestingly, when we tested Mg-ATPase activity in the presence of metformin; an oral 

antidiabetic that has been shown to have favourable cardiac effects
511,512

, we observed no 

change (Figure 6.1.).Whether Mg-ATPase activity was directly proportional to AMPK 

activation could not be established in this chapter with the current experimental model, 

however, a novel transgenic animal model that could address that will be discussed later in 

this chapter. Moreover, we also need to note that Glib is not entirely selective to KATP 
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channels. Glib for instance has been shown to have direct mitochondrial effects where it was 

shown to inhibit uncoupled respiration in both hepatic and cardiac mitochondria
513

. 

Additionally it has also been shown to disrupt  mitochondrial membrane potential and proton 

gradient
514

, and to lower mitochondrial ATP content in hepatic mitochondria in rats
515

. 

However, the exact mechanism by which Glib interferes with mitochondrial bioenergetics is 

not completely understood. However, disruption in mitochondrial respiration may directly 

increase cellular AMP:ATP ratio contributing to AMPK activation independent of KATP 

channel electrical inhibition or inhibition of Mg-ATPase activity.  

 

6.2. Limitations 

 Due to the limited availability of our Kir6.2-/- mice, we were unable to include that 

group in several experiments in the thesis. For example, in Chapter 5, it would have been 

ideal to include Kir6.2-/- groups that are perfused with vehicle and plasma steady state 

concentrations of Glib and Glic to determine whether KATP channels mediated AMPK 

activation at therapeutic concentrations.  

 Since we were using a Kir6.2-/- mouse model, one could wonder if compensatory 

protein expression takes place. In this regard, Yang et al. have shown that expression of the 

Kir6.1 subunit is unchanged in Kir6.2-/- heart tissue
371

. On the other hand, Terzic's group has 

also shown that in the same model there is a significant increase in Na
+
-K

+
-ATPase 

expression
353

, which we have confirmed as well, suggesting compensatory upregulation to 

maintain ionic homeostasis in these animals. Another major limitation with using this animal 

model for our experiments was that genetic ablation of Kir6.2 which prevented surface KATP 

expression. Since the absence of Kir6.2 meant that there would be no assembly with the SUR 
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subunit and therefore no trafficking or surface expression of the channel, that limited 

separating the channel's electrical activity, attributed to Kir6.2, and the enzymatic activity, 

attributed to SUR. 

 In Chapter 3, we attempted to investigate differences in cardiac metabolism between 

Kir6.2+/+ and Kir6.2-/- mice. We measured glycogen content in naïve hearts from both 

groups which would indicate differences in glycogen synthesis or utilization rates. However, 

since we measured metabolic rates during working heart perfusions, we could improve upon 

the experiment by measuring glycogen turnover in cardiac tissue at the end of the working 

heart perfusions (as described by Jaswal et al.
313

)  which will help us understand more about 

the dynamics of substrate mobilization in Kir6.2-/- mouse hearts. 

 Additionally, we assayed Mg-ATPase activity of the channel using tsA201 cells 

transfected with recombinant KATP channels. Though this technique gave us important 

evidence regarding the direct effect of DZX, Glib and Glic on the enzymatic activity of KATP 

channels, it is important to note that it does not fully represent the environment that the 

native channel would be expressed in. For example, the attachment of glycolytic and 

phosphotransfer enzymes to the recombinant channel in the human kidney cell (tsA201) 

would be exact as would be seen in a cardiomyocyte. Therefore the subtle changes in 

nucleotide concentrations that may affect the channel activity would not be observed in this 

system. (Figure 6.2.). It would be more accurate to determine Mg-ATPase activity in native 

cardiomyocytes although this is complicated by spontaneous contraction which makes 

maintaining a gigaseal to record the current challenging. 
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 For our cardiac perfusions, we chose the ex-vivo Langendorff-perfused heart model 

to administer the different drugs under investigation. Since we intended to measure the 

biochemical changes in cardiac tissue resulting from administration with pharmacological 

agents, it was fitting to the purpose of our experiments
364

. However, it is important to note 

that in this perfusion mode, hearts are perfused retrogradely through the aorta and do not 

pump against hydrostatic pressure such as the case is in normal physiology. A working heart 

perfusion model would be closer to a physiological setting and can enable measurement of 

cardiac functional parameters. Ideally, in vivo measurement of changes in cardiac function 

using echocardiography after drug injection and subjecting the mice to ischemia using 

coronary artery ligation would be a better model to address functional questions. 

 In this thesis, we tested the effects of several pharmacological agents on AMPK 

signalling. Though the concentrations we have used in our experiments are within the 

effective concentration range and if higher, it was for a specific experimental purpose, the 

drugs at these concentrations still could exert KATP-independent effects. DZX has been 

shown to be an inhibitor of succinate dehydrogenase which is a complex II mitochondrial 

protein
459,460

. Inhibition of succinate dehydrogenase has been shown to be 

cardioprotective
516

, however, the exact mechanism is not yet established, although 

production of reactive oxygen species has been suggested to be one of the protective 

mechanisms
461,462,517

. The direct relation between inhibition of succinate dehydrogenase and 

AMPK activation may be through the rise in AMP in the event of uncoupling of oxidative 

phosphorylation that leads to direct activation of AMPK. Moreover, since we have used a 

Kir6.2-/- mouse model, it means that vascular KATP channels which express the Kir6.1 

subunit are still expressed in the hearts we perfused, however, it is hard to speculate if  
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vascular KATP activation contributes to the observed AMPK activation in this experimental 

model. Moreover, DZX treatment has been shown to increase the production of nitric 

oxide
432

 which in turn can contribute to AMPK activation
518

. 

6.3. Future directions 

 The findings of this thesis add another dimension to the complexity of cardiac KATP 

channels. Although they are generally considered to be closed in the myocardium under 

resting conditions, their role during physiological stress is of vast importance. Shortening of 

the action potential duration due to K
+
 efflux through KATP channels during stress is crucial 

to maintain a sufficient refractory period between action potentials. This period is needed for 

full ionic recovery in the cardiomyocyte to sustain membrane polarization in preparation for 

the occurrence of the new action potential. During stress, a sufficient refractory period would 

minimize the generation of cardiac arrhythmias and ensures that the myocardium is working 

faster and harder to meet the increased workload and the accompanying increase in metabolic 

demands. The results in this thesis show that cardiac KATP channels directly affect the 

activation of AMPK, which is central in preserving cellular energy during stress. 

Additionally, absence of the channels markedly alters the cardiac metabolic profile. The 

electrical effects of KATP channels along with its presence in a plasma membrane nucleotide-

sensitive metabolome may prove crucial in providing the cell with an early stress signal 

modulated through KATP-associated AMPK. 

 Although this thesis has presented novel data linking both electrical and metabolic 

channel properties, a significant amount of experiments needs to be performed to further 

characterize the non-electrical role of KATP channels. One of the important aspects that need 
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to be definitively tackled is whether the changes we observed in AMPK signalling and in 

cardiac metabolism in the absence of KATP channels were due to the loss of their electrical or 

enzymatic activity.  

 In this regard, we chose to use the Tg(CX1-eGFP-Kir6.1-AAA) mouse model, 

developed as previously described by the Coetzee group
519

. In that model, the conserved 

motif (GFG) responsible for K
+
 selectivity in the Kir6.x subunit has been mutated to (AAA) 

which has been shown to significantly reduced KATP current
520

(Figure 6.3.B). Interestingly, it 

does not only limit current in Kir6.1, but it reduces current in Kir6.2-expressing KATP 

channels by almost 75%
520

. The mutated Kir6.1 subunit would still normally co-assemble 

with SUR and be trafficked and expressed on the cell surface. Unlike the Kir6.2-/- model, 

this gives us the advantage of having the non-conducting channel normally trafficked and 

expressed in the plasma membrane while preserving its enzymatic activity. In order to 

investigate cardiac-specific effects  of reducing KATP electrical conductance, we crossed the 

Tg(CX1-eGFP-Kir6.1-AAA) with transgenic mice that express Cre recombinase under the 

control of the α-MHC promoter
521

. Target mice for our future experiments would be 

Kir6.1AAA+/Cre+ that would not be expressing GFP in their cardiac tissue which indicates 

successful cardiac-specific Kir6.1AAA expression (Figure 6.3.C). Another helpful model 

that is currently under development is a transgenic mouse model expressing a Kir6.2AAA 

subunit. This transgenic mouse is being generated using Transcription activator-like effector 

nucleases (TALENs) which would enable genome editing by mRNA microinjection in the 

murine embryonic cell
522,523

. This model would have the advantage of co-assembly with SUR 

and expression on the cell surface, however, because the mutation is in the Kir6.2 subunit, it 

would abolish KATP conductance in the heart as opposed to the Kir6.1AAA mutation where 
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residual current by Kir6.2-expressing KATP channels can still be recorded
520

. If the metabolic 

changes we observed in the Kir6.2-/- mouse model were replicated in the new transgenic 

mouse models carrying the non-conducting AAA mutations, then the contribution Mg-

ATPase activity the enzymatic property of the channel is negligible to those changes. 

However, if metabolism is similar to Kir6.2+/+ mice then that would imply a major role of 

Mg-ATPase in regulating cardiac metabolism through changing AMPK signaling. It would 

be imperative then to test the effects of clinically used KATP-targeting pharmacological agents 

to test their effects on Mg-ATPase activity in these new transgenic models under aerobic 

conditions and in different experimental models of I/R and heart failure. The results from 

these studies could shed new light on the mechanism of development of cardiovascular 

complications associated with sulfonylurea use.   

 It is important to note also that the experiments conducted used healthy mice. In 

reality, patients using SUs already suffer from hyperglycemia, which predisposes them to 

cardiac disease development
524–526

. Additionally, increased plasma glucose has been shown 

to may reduce cardiac KATP channels gene expression which may contribute to the poor 

cardiac function observed in diabetic animals
527

. Additionally, they would have a different 

metabolic profile than the healthy individuals. In diabetic hearts, there is a huge reliance on 

fatty acid oxidation at the expense of glucose oxidation
528

. In part, due to the elevated 

circulating free fatty acids that are a result of enhanced lipolysis in the adipose tissue due to 

lack of insulin which normally regulates this process
529

. Additionally, glucose uptake has 

been shown to be markedly reduced in diabetic hearts
530

. In fact, overexpression of GLUT4 

in diabetic db/db mice was shown to  increase glucose uptake, reduce utilization of fatty 

acids and to protect the heart against the development of cardiac dysfunction
530

. It would be 
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very informative to test the effects of SUs on diabetic Tg(Kir6.2AAA) mice to dissect the 

role of KATP enzymatic activity in a setting that is closer to the clinical one.  

 Since the subject of cardiac energy homeostasis is quite intricate and complicated, it 

is natural that we cannot attribute the changes we saw in Kir6.2-/- solely to AMPK 

activation. It would be interesting to investigate changes in the PI3K pathway since its 

activation would lead to increased glucose uptake through promoting the translocation of 

GLUT4 to the cell membrane and fatty acid uptake through the fatty acid  transporters CD36 

and FABPpm
531

. Further examination of how the absence of KATP channel would alter the 

different proteins in the cell survival reperfusion injury salvage kinase pathway, particularly 

MAPK/Erk since we have not probed for any of those kinases in this thesis, would give us a 

clearer picture on what the non-electrical aspects of KATP channels could affect cardiac 

recovery
532

.  

 Another protective mechanism that has been implicated in ischemic preconditioning 

is cardiac autophagy
533

. Activation of AMPK leads to phosphorylation of targets upstream of 

mTOR in the Akt pathway as well as direct phosphorylation of mTOR complex 1 leading to 

its inhibition
534

. As a negative regulator of autophagy, inhibition of mTOR leads to induction 

of the autophagic pathway
535,536

. Since we observed an increase in activity of the Akt 

pathway in hearts perfused with DZX (Figure 4.3 on page 140 in Chapter 4), it would be 

interesting to investigate whether autophagy is still stimulated in the absence of KATP 

channels.  A key marker of induction of autophagy is the formation of the autophagosome 

which in its membrane would incorporate LC3BII, a key marker of autophagosome 

formation
537

. Our preliminary data show that there is much less LC3BII expression in both 

Kir6.2+/+ and Kir6.2-/- perfused with DZX (Figure 6.4.A). This could either mean that the 
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rate of autophagosome formation is the same but there is increased flux of autophagosomes 

or that autophagosome formation is reduced due to decreased autophagy. This could be 

addressed by co-administration of chloroquine or NH4Cl which have both been shown to 

prevent autophagosome flux leading to their accumulation thus enabling us to probe for the 

changes in autophagic rates
538

. This could also be tested on the cellular level using isolated 

cardiomyocytes from Kir6.2+/+ and Kir6.2-/- mice and transfecting them with the GFP-

tagged LC3 vector construct (Figure 6.4.B,C) and inducing autophagy in the presence and 

absence of chloroquine to test for autophagosome formation. Electron microscopy would be 

the gold standard in identifying autophagosomes
538

. The link between KATP channels and 

autophagy has been studied in HL-1 cells where Samokhvalov et al. showed that inhibition of 

KATP channels resulted in the loss of the protective effects of autophagy during HL-1 cardiac 

cell starvation
539

. More studies need to be conducted to confirm whether this observation 

would be observed in the intact heart by inducing autophagy using rapamycin for example or 

possibly in an in vivo model of starvation. 

 Another avenue that could contribute to AMPK activation as well as Mg-ATPase 

activity stimulation is mechanical stress. In that regard, models of pressure overload such as 

transverse aortic constriction
540

 could help us compare between the effects of mechanical 

stress in the presence and absence of KATP channels. In this case, we would use the Tg(CX1-

Kir6.1AAA-eGFP) mouse as well as the Kir6.2-/- mouse models in order  to separate the 

electrical and enzymatic activity of the KATP channel. 

 One more aspect that could be studied is the effect KATP channel ablation on Ser/Thr 

phosphatase activity. Since we observed higher phosphorylation of AMPK, LKB1, Akt and  

mTOR, it would help strengthen our results to examine whether the dephosphorylation 
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process of these proteins is normal or that the expression and activity of phosphatases such as 

PP1, PP2A and PP2A, shown to be involved in regulating key metabolic proteins such as 

AMPK and Akt
308,458,541

, is lower. We can extend that investigation to the effect of the drugs 

we have used in our studies on expression and activity of the phosphatases since this has not 

been investigated as well.  

6.4. Final conclusions 

 Overall, the presentation of the findings outlined in this thesis have confirmed the  

involvement of KATP channels in cellular signaling and metabolism. The results have 

furthered our understanding of non-electrical properties of cardiac KATP channels. Our results 

on Mg-ATPase activity regulation and how it may directly alter pharmacological sensitivity 

of the KATP channel would have direct applications in selecting appropriate therapies for 

patients carrying KATP channel mutations. Furthermore, we have shown that surface 

expression of KATP channels is essential for full stress signal transduction and the resulting 

cardiac metabolic profile which would be particularly important in the setting of ischemia-

reperfusion injury. Moreover, we have shown that among the SUs tested, Glib was the only 

drug that inhibited both electrical activity Mg-ATPase activity of the KATP channel. This 

finding adds to the complexity of KATP channel pharmacology but could be a stepping stone 

towards understanding the we could further advance our knowledge of the pharmacology of 

SUs and their possible cardiovascular adverse effects.  
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Figure 6.1. Representative macroscopic inside-out patch clamp traces of recombinant 

expressed Kir6.2/SUR2A cardiac KATP channels. GTP causes an increase in channel activity 

through production of GDP by the Mg-ATPase of the channel. In the presence of metformin, 

no change in the GDP-induced change in current was observed. 
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Figure 6.2. Immunoblot showing expression of adenylate kinase 1 (AK1) in (A) 

untransfected tsA201 cells, (B) AK1-transfected tsA201 cells, (C) tsA201 transfected with 

recombinant (rc) KATP channels and (D) tsA201 cells transfected with the rc cardiac KATP 

channels and AK1. This blot demonstrates negligible expression of AK1 which is one of the 

major phosphotransfer enzymes in the human embryonic kidney variant, the tsA201 cell line. 
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Figure 6.3. (A) Replacing the conserved (GFG) motif with AAA in the Kir6.1 and Kir6.2 

subunits mutation renders the KATP channel incapable of K
+ 

conductance. B) The targeting 

construct to generate the Tg(CX1-eGFP-Kir6.1AAA) transgenic mouse. C)  An isolated 

cardiomyocyte from our Kir6.1AAA+/Cre- offspring . (D) An isolated cardiomyocyte from 

our Kir6.1AAA+/Cre+ offspring . Both (C) and (D) have been photographed using a digital 

microscope fitted with a GFP filter.   
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Figure 6.4. (A) Immunoblot comparing the expression of LC3BII in Kir6.2+/+ and Kir6.2-/- 

perfused with Krebs-Henseleit buffer containing vehicle or 100 uM DZX. (B) Spinning 

confocal micrographs of neonatal rat ventricular cardiomyocytes were isolated from 1-2 day 

old Sprague-Dawley rat pups transfected with GFP-LC3 plasmid. Upon reaching 

approximately 50% transfection efficiency, the cells were either (B) preserved in DMEM or 

(C) starved for 6 hours using Earl's Balanced Salt Solution (EBSS). The formation of puncta 

indicates induction of autophagy and formation of autophagosomes. 
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I. Introduction 

 At the beginning of my PhD program, I spent one year and 3 months in the laboratory 

of Dr. Richard Schulz where I was studying the role of matrix metalloproteinase 2 in the 

heart. During my time in Dr. Schulz's laboratory, I wrote a book chapter about that topic and 

took part in producing a manuscript that was published in 2011. I have attached both 

publications in the thesis as appendices. 
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Introduction 

Proteases are known to be pivotal regulators of many vital physiological and 

pathological processes. Their activation or deactivation is a key step in preventing or 

effecting disease. They play key roles in cardiovascular diseases, from caspases in cardiac 

cell death, renin and angiotensin converting enzyme in hypertension, to matrix 

metalloproteinases (MMPs) in ischemic and inflammatory heart disease. Known primarily 

for their ability to proteolyze extracellular matrix proteins, MMPs have been extensively 

studied in the past fifty years following their discovery. Their proteolytic activity was later 

found to be central in several physiological as well as pathological processes in the human 

body. MMP-2 is found in almost all cells and is particularly known to be involved in 

cardiovascular pathologies related to enhanced oxidative stress such as ischemia-reperfusion 

(IR) injury. Contrary to the common idea that MMP-2 is only an extracellular protease, 

compelling evidence shows that there are new biological roles for it inside the cell. Acute 

changes in myocardial contractile function are caused by MMP-2’s intracellular localization 

and ability to cleave specific proteins important in regulating the contractile function of the 

heart. In this chapter we will discuss some of the novel intracellular roles of MMP-2 that are 

thus far known in normal and diseased hearts. 

MMPs 

MMPs are a family of structurally related zinc-dependent endopeptidases. MMP 

activity was first discovered in 1962 by Gross and Lapiere as a collagen digesting enzyme 

involved in tail resorption during the morphogenesis of tadpoles into frogs
1
. This discovery 

opened the doors to a new field of research focusing mainly on the biological actions of these 
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proteases to proteolytically remodel the extracellular matrix. Such research explained how 

several physiological remodelling processes such as angiogenesis, embryogenesis
2
, uterine 

involution
3
, bone and connective tissue turnover, to name a few, require the extracellular 

matrix degrading properties of MMPs. In addition to that, MMPs have been shown to play a 

part in several pathologies including aortic aneurysms
4
, cancer

5
 and several inflammatory 

diseases including periodontitis
6
 and arthritis

7
. 

MMPs are referred to numerically from MMP-1 to MMP-28. In the past they were 

conventionally grouped according to their substrates, primary structure or subcellular 

localizations into: gelatinases (MMP-2 and-9), collagenases (MMP-1, -8 and -13), 

stromelysins (MMP-7 and -26), matrilysins (MMP-3, -10 and -11), metalloelastases (MMP-

12) and membrane-type MMPs (MMP-14-16 and MMP-23-25). MMP-4, -5, and -6 are not 

unique MMPs since they turned out to be either MMP-2 or MMP-3. The mammalian 

homologue of MMP-18 has not been found yet
8
. In cardiovascular disease, MMP-2 appears 

to be of greater significance compared to other MMPs, based on its elevated activity in 

hypertension, heart failure, ischemic and inflammatory heart diseases. We refer here to useful 

and extensive reviews on the intracellular
9
 and extracellular

10 
actions of MMPs in the heart. 

This chapter however will focus solely on the more recently discovered intracellular roles of 

MMP-2 in the heart. 

MMP-2 

MMP-2, previously known as gelatinase A or type IV collagenase, is expressed in 

almost all cell types. It proteolyzes denatured collagen (gelatin) and intact collagen type IV, 

both of which are core components of the basement membrane. MMP-2 is abundantly 
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expressed in the heart tissue, particularly in the vasculature, cardiomyocytes and 

fibroblasts
11-14

.  

Structure 

MMP-2 as with other MMPs is synthesized as a 72 kDa inactive zymogen or “pro-

MMP” (See Figure 9.1). At its N terminus it contains an autoinhibitory, hydrophobic 

propeptide domain that shields the catalytic site of the enzyme. The catalytic site contains a 

zinc ion that is essential for its activity. The presence of a second structural zinc ion in 

addition to two or three calcium ions has been suggested
15

.  

 Regulation of MMP-2 

A well studied component of the activation of pro-MMPs is the necessity to disrupt 

the coordination bond between the cysteine sulphydryl of the propeptide domain and the zinc 

ion in the catalytic domain, creating a “cysteine switch” 
16

. In the case of MMP-2, this can 

take place through proteolytic cleavage and removal of the propeptide domain of the full 

length 72 kDa enzyme by action of membrane-type-1 MMP (MMP-14), in conjunction with 

tissue inhibitor of metalloproteinase-2 (TIMP-2), to yield an enzymatically active 64 kDa 

enzyme
17 

(See Figure 9.1). However, far less attention has been given to what is likely a very 

important alternative mechanism of MMP-2 activation, independent of the proteolytic 

removal of the propeptide domain, by specific disruption of the cysteine-zinc bond by 

reactive oxygen/nitrogen species (vide infra).  

The activity of MMP-2 is regulated at several different levels depending on the type 

of stimulus. It can be regulated through: 1) changes in gene transcription and translation, 2) 

post-translational modifications such as glutathiolation and phosphorylation, 3) interaction 
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with endogenous inhibitors known as the tissue inhibitors of metalloproteinases (TIMPs) and 

4) interaction with caveolin-1 in cell membrane caveolae. 

Transcription and translational changes. It was believed that MMP-2 is a constitutive 

enzyme; however, it is now known that its expression can be induced. The promoter region 

of the MMP-2 gene does not contain a TATA box, contrary to that of MMP-9, and allows for 

multiple transcription sites. MMP-2 transcription occurs by binding of transcription factors to 

a downstream GC box. The MMP-2 promoter does not contain a proximal AP-1-binding site; 

however, studies investigating regulation of its transcription revealed a functional AP-1 

consensus binding sequence
18

. At the mRNA level, MMP-2 expression in cardiac and 

vascular smooth muscle cells is upregulated in response to hypoxic conditions, angiotensin 

II, endothelin-1, interleukin-1β or high glucose
18-21

. MMP-2 expression in human 

macrovascular endothelial cells was found to be notably increased upon reoxygenation 

following hypoxia
22

, in hearts after IR injury
23 

and in congestive heart failure
24

. In addition to 

that, protein and mRNA levels of MMP-2 are significantly increased upon signalling by pro-

inflammatory cytokines
25

.  

Oxidative stress. Studies from our lab and others have shown that it is not necessary 

for the full length 72 kDa MMP-2 to lose its propeptide domain in order to become an active 

protease. Activation can also take place upon exposure to reactive oxygen/nitrogen species 

such as peroxynitrite (ONOO
-
), an important mediator of oxidative stress injury

26
. In a 

reaction requiring ONOO
-
 and glutathione, the cysteine-zinc bond in the cysteine switch is 

disrupted without cleavage of the propeptide domain
27-29

. Okamoto et al.
27 

demonstrated that 

low concentrations of ONOO
-
 caused S-glutathiolation of the cysteine residue in the 

PRCGVPD sequence in the MMP-1, -8 and -9 propeptide domain (highly conserved amongst 
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MMPs) and enhanced their enzymatic activity.  Our lab found that 0.3 µ (mu)M - 10 µ 

(mu)M ONOO
-
 activated 72 kDa MMP-2, whereas >100 µ (mu)M inhibited activity

29
. Fliss 

and Ménard showed that H2O2 modulated MMP-2 activity in a similar manner, whereby 4 µ 

(mu)M activated MMP-2 and 10–50 µ (mu)M inhibited enzyme activity. Both the responses 

of MMP-2 to ONOO
-
 and H2O2 suggest a biphasic response to oxidative stress through 

different post-translational modifications of the protein and subsequent configurational 

changes controlling access to the catalytic zinc ion
29, 30

.  

Phosphorylation. Phosphorylation of serine, threonine and/or tyrosine residues is an 

important means to regulate the activity of some proteins. We investigated whether MMP-2 

is a phosphorylated protein and if its phosphorylation status affects its enzymatic activity. 

Recombinant human MMP-2 and native MMP-2 secreted from HT1080 human fibrosarcoma 

cells were found to be phosphorylated
31

. The activity of MMP-2 after its dephosphorylation 

with alkaline phosphatase was enhanced whereas phosphorylation with protein kinase C in 

vitro reduced its activity. We identified five phosphorylation sites on residues with side 

chains accessible on the surface of MMP-2 (S32, S160, T250, S365 and Y271), however, the 

exact phosphorylation sites in vivo are yet unknown. In the setting of IR injury, isolated rat 

hearts perfused with okadaic acid, an inhibitor of protein phosphatase 2A, showed improved 

recovery following reperfusion and reduced loss of troponin I (TnI), an MMP-2 substrate 

(vide infra) which is an important regulator of actin-myosin interaction. This observation 

may be attributed to the effect of inhibiting the action of protein phosphatase 2A on MMP-2 

to keep MMP-2 in a more phosphorylated and hence less active state
32

. The protein kinases 

and phosphatases controlling MMP-2 phosphorylation status in vivo are yet unkown. A study 

by Nyalendo et al. showed that MMP-14 is phosphorylated and inhibition of its 
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phosphorylation reduced tumor cell proliferation in mice
33

. However, the effect of MMP-14 

phosphorylation on its activity is unknown.  

 Figure 9.2 is a diagram which shows activation pathways of MMP-2 and how this 

may be further modified by MMP-2 phosphorylation. 

TIMPs. Tissue inhibitors of metalloproteinases (TIMPs) are endogenous inhibitors of 

MMP activity. The TIMP family consists of 4 known members, TIMP-1 through TIMP-4
34

. 

They bind to MMPs in a 1:1 stoichiometric ratio thereby inhibiting their activity. TIMPs do 

not show particular specificity towards various MMPs, nonetheless TIMP-2 shows some 

preferential inhibition of MMP-2 and TIMP-1 with MMP-9
35

. All TIMPs are constitutively 

expressed in the heart and vasculature
36

. TIMP-4 protein is abundant in the heart and is 

localized to the sarcomere within cardiac myocytes in the same subcellular compartment as 

MMP-2, a fact that implies TIMP-4’s likely protective activity against the detrimental actions 

of MMP-2 in oxidative stress
37, 38 

. TIMP-3 on the other hand is tightly bound to the 

extracellular matrix where it is exclusively localized
39

. Its level is lowered in the hearts of in 

mice with heart failure
40

 and in aortas of patients with thoracic aortic aneurysms
41

.  

Caveolin-1. A recently discovered additional means to regulate MMP-2 activity is 

through its interaction with caveolin-1. A portion of cellular MMP-2 was found to be 

localized within caveolae of cardiomyocytes
13, 42

 and endothelial cells
43

. Caveolae are 

invaginations of the cell membrane that regulate cytoplasmic signalling proteins and 

transport of macromolecules in and out of the cell
44

. We showed that MMP-2 co-localizes 

with caveolin-1 in cardiac myocytes, an integral membrane protein found within lipid rafts 

on the inner leaflet of the cell membrane. Hearts from caveolin-1 knockout mice show 
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elevated myocardial MMP-2 activity compared to wild type control hearts. A peptide 

containing the caveolin scaffolding domain from caveolin-1 or caveolin-3 inhibited MMP-2 

activity in vitro
42

.  Despite these findings we did not find impaired cardiac contractile 

function in isolated working hearts from young (6-8 week) mice, either in response to 

physiological (preload) or pharmacological (isoproterenol) challenges
45

. We speculate that 

the caveolin-1/MMP-2 interaction may be a means to control the activity of the portion of 

MMP-2 which is plasma membrane bound
42

, however, more work in this area needs to be 

done.  

Pharmacological MMP inhibitors. Most pharmacological inhibitors of MMP-2 act by 

chelating the zinc ion in the enzyme’s catalytic site
46

. Such MMP inhibitors include 

batimastat, marimastat, GM-6001 (ilomastat/gelardin), o-phenanthroline, PD-166793
47

 and 

ONO-4817
48

. Although these compounds selectively inhibit MMP activity in comparison to 

their lack of action on other protease classes, they do not preferentially inhibit a single MMP. 

In addition, the tetracycline class of antibiotics, dependant on their ability to chelate divalent 

cations, have proved to be effective inhibitors of MMPs. In investigating their structure-

activity relationship, Golub and co-workers synthesized chemically modified tetracyclines 

which maintained their ability to inhibit MMPs but are devoid of antimicrobial activity
49

. Of 

the tetracyclines, the most potent MMP inhibitor belonging to this family is doxycyline
50 

followed by minocycline. The latter is a more lipophilic molecule and thus exploited for its 

ability to cross the blood brain barrier for treatment of neurodegenerative diseases. Studies 

have demonstrated that doxycycline preferentially inhibits MMP-2, -9, and MMP-8 in 

comparison to MMP-1 and it has no effect on either MMP-3 or -7
51

. In vivo doxycycline was 

found to inhibit MMP activity at a plasma concentration lower than the plasma concentration 
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required for its antibacterial effect
52

. This led to the development of an FDA and Health 

Canada approved, sub-antimicrobial dose formula of doxycycline (doxycycline hyclate, 20 

mg b.i.d) approved for the treatment of periodontitis (Periostat®). 

Physiological roles of MMP-2 in the heart 

Before discussing the role of MMP-2 in heart disease, we would like to shed light on 

some of its few known physiological roles in the heart. MMP-2 appears to have a crucial role 

in embryonic heart development
2
 including angiogenesis

53
, valve development and heart tube 

formation
54

. To exemplify the importance of MMP-2 in heart development, Linask et al. used 

an MMP-2 neutralizing antibody or the MMP inhibitor ilomastat to inhibit MMP-2 in 

developing chick embryos. This caused severe heart tube defects, cardia bifida and a 

disruption in the looping direction which suggested a key role of MMP-2 in cell migration 

and remodeling required for normal heart development
54

. MMP-2 knockout mice survive at 

birth and are viable as adults, however, they display significantly retarded growth in 

comparison to the wild-type controls
55

. These studies, however, have only focussed on the 

extracellular matrix degrading actions of MMP-2. 

Intracellular MMP-2 

 In studying IR injury in perfused rat hearts, Cheung et al. found a significantly 

enhanced release of 72 kDa MMP-2 which peaked in the first 2-5 minutes of reperfusion
56

. 

This release of MMP-2 activity during reperfusion was enhanced with increasing duration of 

ischemia and showed a negative correlation with the recovery of contractile function during 

reperfusion. Addition of semipurified MMP-2 to the perfusion buffer contractile recovery of 

the heart following IR injury whereas a neutralizing MMP-2 antibody or the MMP inhibitors 
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o-phenanthroline or doxycycline improved the recovery of contractile function in 

reperfusion. Looking at these findings one finds compelling evidence for a role of MMP-2 in 

IR injury. We suggested that the release of MMP-2 from heart tissue reflects its preceding 

activation for example by ONOO
-
, the biosynthesis of which peaks in the first minute of 

reperfusion as shown in the same rat heart model
57

. Thus MMP-2 resident within 

cardiomyocytes is rapidly activated by ONOO
-
 stress and its proteolytic activity may have 

cleaved intracellular targets prior to its release from cells, the latter a means to reduce overall 

intracellular proteolytic stress. These findings
56

 suggested that MMP-2 may be acting in a 

different way other than on extracellular matrix proteins to reduce the recovery of cardiac 

mechanical function as changes in the extracellular matrix were absent in a similar model of 

acute myocardial stunning injury
58

. A paper by Spinale’s group studying the activation of 

MMPs in failing hearts showed the localization of MMP-2 to the sarcomere in isolated left 

ventricular myocytes
24

. Although the paper did not discuss this finding; it was one of the 

clues that led us to consider a possible and novel intracellular role of MMP-2 in cardiac 

myocytes independent of its actions on the extracellular matrix. In the next section we will 

describe the discovery of intracellular biological MMP-2 actions in the heart by its 

proteolysis of novel intracellular targets and discuss how this is relevant to heart pathology.  

Troponin I. Although troponin I, an important regulatory protein in the contractile 

machinery of the heart, is known to be rapidly proteolyzed during acute IR injury, the exact 

protease(s) involved in this, despite some evidence for calpain, was unclear
59

. Using 

immunogold electron microscopy we showed that MMP-2 was localized to the sarcomere in 

cardiac myocytes. TnI was highly susceptible to the proteolytic action of MMP-2 in vitro, 

and subjecting isolated rat hearts to acute IR injury diminished myocardial TnI content, an 
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effect which was blocked by MMP inhibitors.  We provided evidence that myocardial 

stunning injury is caused in part by MMP-2 mediated TnI proteolysis. This study was the 

first to recognize an intracellular biological role of any MMP as well as identify the first 

intracellular target of MMP-2 in cardiomyocytes as TnI. In hearts overexpressing a 

constitutively active MMP-2 in myocardial specific fashion there were marked derangements 

in the sarcomere, including TnI degradation and reduced contractile function
60, 61

.  

Other sarcomeric targets of MMP-2 beyond TnI 

Myosin light chain-1. Following the same line of thought, since MMP-2 could be 

localized on the sarcomere, then the possibility of it targeting other sarcomeric proteins was 

not unlikely. Myosin light chain-1 (MLC-1) is a sarcomeric protein and a blood serum 

marker of the severity of myocardial infarction
62

. MLC-1 was found to be proteolytically 

degraded in a canine model of myocardial infarction
63 

 and this was confirmed in isolated rat 

hearts subjected to global IR injury
64

, however, the enzyme responsible for its cleavage was 

unknown. We subjected isolated rat hearts to IR injury to test if MLC-1 degradation was due 

to its cleavage by MMP-2. We took a pharmacoproteomic approach to find myocardial 

proteins which may be cleaved by MMP activity. The hearts were treated with or without 

MMP inhibitors (o-phenanthroline or doxycycline) and 2D gel electrophoresis was 

performed on myocardial extracts to look at changes in protein spot density. We only 

considered those changes in spot density to be worthy of further analysis if they changed as a 

result of IR injury and were normalized in extracts from hearts treated with the MMP 

inhibitors. We identified spots meeting these criteria using mass spectroscopy as MLC-1 

degradation products. Moreover, co-localization of MLC-1 and MMP-2 on the thick 

myofilaments of the sarcomere was demonstrated by immunogold electron microscopy, 
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immunoprecipitation experiments and isolation of purified thick myofilament fractions
65

. The 

loss in contractile function and MLC-1 content after IR injury was reduced in hearts treated 

with the MMP inhibitors. MLC-1 is thus another contractile protein element that could be 

protected by inhibiting MMP activity in oxidative stress injury to the heart. 

Titin. It is the largest known mammalian protein (3000-4000 kDa) and is found in 

striated muscles, both cardiac and skeletal. It spans nearly half the length of the sarcomere, 

between the Z-disc to the M-line region. It consists of elastic segments in the I band region, 

which allows it to act as a molecular spring that helps maintain the structural and functional 

stability of the myocyte
66

. Titin is also the molecular superstructure on which sarcomeric 

proteins are assembled during sarcomerogenesis in embryonic myocytes. In cardiac muscle 

titin is of vast importance since it is a determinant of both diastolic and systolic function and 

the Frank-Starling mechanism of the heart
67

. We showed in rat and human myocardium that 

MMP-2 co-localizes with titin mainly near the Z-disc region of the cardiac sarcomere. 

Cleavage of titin in perfused rat hearts subjected to IR injury or in skinned cardiomyocytes 

incubated with MMP-2 was prevented with MMP inhibitors o-phenanthroline or ONO-

4817
68

. Titin degradation in hearts was abolished in MMP-2 knockout mice subjected to IR 

in vivo. Thus MMP-2 plays an important role in titin homeostasis, which directly affects the 

contractile function of the heart at the sarcomeric level.  

Cytoskeletal targets. α (alpha)-Actinin is a cytoskeletal protein found at the Z line of 

the sarcomere. It connects actin filaments in adjacent sarcomeres and thus serves as a pivotal 

protein in transmitting the force generated by the actin-myosin complex. α (alpha)-actinin 

was shown to activate myosin-ATPase in vitro; therefore any disturbance of α (alpha)-actinin 

homeostasis would directly alter the activity of the ATPase and as a result lead to contractile 
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dysfunction
69

. Some clues lead us to test the possibility that MMP-2 might target α (alpha)-

actinin in IR: 1) myocardial levels of some cytoskeletal proteins including α (alpha)-actinin 

were reduced after IR injury
64, 65

, and 2) immunohistochemistry and confocal microscopy for 

MMP-2 and α (alpha)-actinin in cardiac muscle suggested a close subcellular localization
12

. 

Perfused rat hearts subjected to 15 min ONOO
-
 infusion showed a significant decline 

in contractile function and α (alpha)-actinin content, an effect blocked by MMP inhibitors
70

. 

No significant changes in the protein levels of other cytoskeletal proteins (desmin and α 

(alpha)II-spectrin) were observed. In vitro, α (alpha)-actinin was most susceptible to MMP-2 

degradation followed by desmin, whereas α (alpha)II-spectrin was resistant
71

. A limitation of 

the study was the use of 64 kDa MMP-2 in the in vitro degradation experiments, and not 72 

kDa MMP-2 activated by ONOO
-
 and glutathione. Therefore the in vitro results and their 

interpretation may not truly reflect the exact susceptibility of cytoskeletal proteins to 

degradation by MMP-2 in vivo.  

Nuclear targets. While investigating the subcellular localization of MMP-2 in cardiac 

myocytes with immunogold electron microscopy, we came across additional, unexpected 

findings. MMP-2 staining was not only exclusive to the sarcomere, but there was evidence of 

staining in mitochondria and the nuclei of cardiac myocytes as well
11

. Interestingly, the 

nuclear matrix has similarities to that of the extracellular matrix, and important cellular 

processes such as apoptosis
72

 and cell cycle regulation
73

 all involve proteolysis of nuclear 

matrix proteins. Si-Tayeb and colleagues have also shown that the truncated form of MMP-3 

is localized in the nucleus, whereas the full length enzyme is cytosolic
74

. 
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Kwan et al. showed that nuclear extracts purified from either human hearts or rat 

livers exhibited both MMP-2 as well as MMP-9 activity. We found that both MMP-2 and 

MMP-9 have a nuclear localization sequence at the C-terminal of MMP-2. Both TIMP-2 and 

doxycycline reduced the gelatinolytic activities seen in these nuclear extracts
75

. The study 

also showed that poly (ADP-ribose) polymerase, an enzyme that repairs DNA strand breaks 

and is present in the nuclear matrix, is susceptible to MMP-2 proteolysis in vitro. 

Interestingly, DNA strand breaks are caused by ONOO
-76

, which can also activate 72 kDa 

MMP-2
70

. When DNA damage occurs, PARP uses NAD
+ 

and ATP to repair this. However, 

under severe ONOO
-
 stress, excessive activation of PARP may cause it to deplete 

metabolites essential for cell survival. We speculated that MMP-2 may play dual roles in the 

nucleus under oxidative stress, one may be protective by reducing PARP levels to preserve 

cell energy requirements, and the other is detrimental whereby MMP-2 removal of PARP 

prevents it from repairing damaged DNA strands
75

. Much further investigation is still needed 

to identify the role of MMP-2 in the nucleus in both normal and stress conditions. 

Other targets. Glycogen synthase kinase (GSK)-3 is a serine/threonine kinase 

abundantly expressed in eukaryotes and is important in regulating glycogen metabolism. One 

of its isoforms, GSK-3β (beta), is pivotal in regulating processes such as cell cycle, apoptosis 

and cell polarity
77

. GSK-3β (beta) is susceptible to proteolysis during oxidative stress and is 

therefore dysregulated. Work by Kandasamy et al. showed that incubation of MMP-2 with 

GSK-3β (beta) resulted in the time and concentration dependent cleavage of GSK-3β (beta). 

The cleavage product was shown to be lacking the N-terminal of the enzyme as shown by 

mass spectroscopy. The activity of GSK-3β (beta) was significantly enhanced upon 

incubation with MMP-2 and that was prevented by using MMP inhibitors GM-6001 and 
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ONO-4817. This study showed that GSK-3β (beta) may be a target of MMP-2, and that 

MMP-2 mediates its activity through cleaving the N-terminal of GSK-3β (beta) which 

contains the autoinhibitory phosphor-serine 9 residue. H2O2 stimulated GSK-3β (beta) 

activity in cardiomyoblasts and this was prevented with MMP inhibitors
78

. This may suggest 

that MMP-2 mediated cleavage and activation of GSK-3β (beta) may be an additional means 

whereby MMP-2 contributes to oxidative stress-induced cardiac dysfunction. 

Conclusions 

MMP-2 is abundant in the normal heart. In cardiomyocytes it is localized to discrete 

subcellular compartments including the sarcomere, nuclei, mitochondria and caveolae. It is 

activated within the cell as a rapid (seconds to minutes timescale) response to enhanced 

oxidative stress. It is in close proximity to specific proteins within the cell which it 

selectively proteolyses as a result of enhanced oxidative stress. Figure 9.3 gives a summary 

of the thus far known intracellular targets of MMP-2 in cardiomyocytes. The extensive yet 

incomplete body of knowledge on its activation, regulation and inhibition in both normal 

physiology and in disease states, has added MMP-2 to the list of proteases critical in heart 

disease both for in its intracellular and extracellular actions. Why MMP-2 is localized to the 

sarcomere at the core of the contractile apparatus, is a puzzle that needs solving. The 

discovery of intracellular targets of MMP-2 encourages us to further identify new biological 

roles of MMP-2 inside of cells as the cardiac myocyte is not the only cell where intracellular 

MMP-2 is found. This knowledge will help in the design of tailored pharmacological 

inhibitors of MMP-2 that may provide safe and effective drugs to treat cardiac diseases.  
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Figure 9.1 Schematic structure of 72 and 64 kDa MMP-2. The figure shows the 72 kDa 

form of MMP-2 containing the pro-domain, the catalytic domain, the hinge region and the 

hemopexin/vitronectin domain. The catalytic domain contains a zinc ion that is essential for 

MMP-2’s activity. The figure also shows the 64 kDa form of MMP-2 where the pro-domain 

has been removed by the action of other proteases. 
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Figure 9.2 Different modes of regulation and activation of MMP-2. The 72 kDa form of 

MMP-2 can be activated by MMP-14 or plasminogen via cleavage of its pro-domain to yield 

the 64 kDa form. 72 kDa MMP-2 can also be activated by exposure to ONOO
-
 in the 

presence of cellular glutathione without losing the pro-domain. MMP-2 is also a 

phosphoprotein with several identified phosphorylation sites and whose activity is further 

modulated by its phosphorylation status
31

. However, the kinases and phosphatases involved 

in its in vivo regulation are unknown. 
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Figure 9.3 Thus far identified intracellular targets of MMP-2 in cardiac myocytes. 

Shown are the: 1) sarcomeric targets of MMP-2: troponin I, titin and myosin light chain; 2) 

cytoskeletal targets: α (alpha)-actinin and desmin; 3) nuclear target: poly (ADP-ribose) 

polymerase (PARP), and 4) the cytosolic target glycogen synthase kinase (GSK)-3β (beta). 
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Introduction 

Ischaemia–reperfusion (IR) injury of the heart causes damage to heart muscle resulting from 

increased oxidative stress, which triggers a cascade of pathophysiological events including 

the activation of matrix metalloproteinase 2 (MMP-2)
1–4

. Activated MMP-2 does not only 

proteolyse extracellular matrix proteins, thereby impairing the normal structural support of 

cardiomyocytes,
5
but also degrades susceptible intracellular substrates, including troponin 

I,
6
 myosin light chain 1,

7
 α-actinin

8
 and titin,

9
 which contributes to the acute contractile 

dysfunction seen after IR injury and enhanced oxidative stress in the heart. 

Phosphorylation of proteins is one common mechanism to regulate protein activity. The 

precise cellular regulation of protein phosphatase and kinase activities determines the 

phosphorylation status of specific cellular proteins. Protein phosphatases are responsible for 

phosphoprotein dephosphorylation and act as counterregulators of protein kinases. Therefore, 

the inhibition of phosphatase activity results in the increased phosphorylation of substrates by 

constitutive kinases.
10

 Dephosphorylation of serine and threonine sites requires the activity of 

serine/threonine phosphatases such as protein phosphatase 1 (PP1) and protein phosphatase 

2A (PP2A). These phosphatases are abundantly distributed in all tissues including cardiac 

myocytes.
11–14

 We showed that MMP-2 is a serine and threonine phosphoprotein, and 

phosphorylation is another way to regulate its activity.
15 

While dephosphorylation of native 

MMP-2 increases its activity, phosphorylation of MMP-2 using protein kinase C significantly 

inhibited its proteolytic activity.
15

 Interestingly, membrane type 1 matrix metalloproteinase is 

tyrosine phosphorylated, whereby its phosphorylation status appears to affect tumour cell 

invasion and proliferation.
16,17

 ATP depletion in organs during ischaemia or anoxia shifts the 

balance from phosphorylation towards dephosphorylation.
18

 We therefore hypothesised that 
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changes in phosphatase activity during IR may affect myocardial MMP-2 phosphorylation 

status and the proteolysis of its susceptible target, troponin I. We also examined whether we 

can protect hearts from IR-induced injury by changing the phosphorylation status of MMP-2. 

Here we show that the phosphorylation status of MMP-2 affects its activity in the heart, and 

that inhibition of its dephosphorylation helps to protect hearts from IR-induced contractile 

dysfunction. 

Materials and methods 

Unless otherwise specified all reagents used were obtained from Sigma-Aldrich (Oakville, 

Ontario, Canada) or Fisher Scientific (Ottawa, Ontario, Canada). Rabbit polyclonal anti-

phosphothreonine and anti-phosphoserine antibodies were obtained from Abcam 

(Cambridge, Massachusetts, USA). Monoclonal anti-phosphotyrosine antibody was 

purchased from Cell Signalling Technology (Pickering, Ontario, Canada). Rabbit polyclonal 

MMP-2 antibody was a gift from Dr Mieczyslaw Wozniak (Department of Clinical 

Chemistry, Medical University of Wroclaw, Poland). Monoclonal anti-human troponin I 

antibody (clone 81-7) was purchased from Spectral Diagnostics (Toronto, Ontario, Canada); 

72 kDa human recombinant MMP-2 (purified from mammalian cells) was purchased from 

Calbiochem (Billerica, Massachusetts, USA). The RediPlate 96 EnzChek serine/threonine 

phosphatase assay kit was obtained from Molecular Probes (Burlington, Ontario, Canada). 

Goat anti-rabbit and anti-mouse IgG conjugated with horseradish peroxidase were purchased 

from Santa Cruz Biotechnology (Santa Cruz, California, USA). Molecular weight markers 

and polyvinylidene difluoride membranes were purchased from Bio-Rad (Mississauga, 

Ontario, Canada). Protein A and protein G-sepharose beads and ECL plus were purchased 

from Amersham (Little Chalfont, Buckinghamshire, UK). 
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Prediction of phosphorylation sites within rat MMP-2 

The primary sequence of rat MMP-2 (accession number P33436) was obtained from the 

Swiss-Prot protein database (http://us.expasy.org/sprot/). NetPhos 2.0 

(http://www.cbs.dtu.dk/services/NetPhos/) is based on a neural network method, which 

predicts serine, threonine and tyrosine phosphorylation sites in eukaryotic proteins.
19

 

Isolated rat heart perfusions 

Isolated hearts from male Sprague–Dawley rats (body weight 250–350 g) were perfused at 

constant pressure (60 mm Hg) using the Langendorff method with Krebs–Henseleit buffer at 

37°C, as previously described.1 Coronary flow rate, heart rate and left ventricular pressure 

were monitored throughout the experiment. Cardiac mechanical function was expressed as 

the product of heart rate × left ventricular developed pressure. 

After 25 min of aerobic perfusion, hearts were subjected to 20 min of global, no-flow 

ischaemia (at 37°C) followed by 30 min of aerobic reperfusion. Control hearts were perfused 

aerobically for 75 min (see figure 1A for the perfusion protocols). The serine/threonine 

phosphatase inhibitor, okadaic acid (OA; 10 or 100 nM, prepared as a stock solution in 

dimethyl sulphoxide, and used in a final dimethyl sulphoxide concentration of 0.0083% v/v) 

was infused into the hearts 10 min before the onset of ischaemia and for the first 10 min of 

reperfusion. In preliminary experiments in order to determine an appropriate concentration of 

OA, hearts were perfused aerobically for 15 min followed by a 40 min infusion of either 10 

or 100 nM OA, after which they were frozen for analysis of protein phosphatase activity. 

Coronary effluent samples of equal volume (15 ml) were collected for the determination of 

MMP-2, PP1 and PP2A activities at 24–25, 45–47 and 74–75 min of perfusion.1 Coronary 

flow rates vary in constant pressure perfused hearts, thus the duration period of sampling 

http://heart.bmj.com.login.ezproxy.library.ualberta.ca/external-ref?link_type=GEN&access_num=P33436
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varied somewhat from heart to heart; however, 15 ml was always collected. The samples 

were concentrated using Amicon ultra (10 000 molecular weight cut-off; Millipore, Bedford, 

Massachusetts, USA) ultrafiltration units. Hearts were freeze-clamped in liquid nitrogen at 

the end of the perfusion protocol. 

Preparation of heart homogenates 

Hearts were crushed at liquid nitrogen temperature and then homogenised by sonication in 50 

mM Tris-HCl (pH 7.4) containing 3.1 mM sucrose, 1 mM dithiothreitol, 10 μg/ml leupeptin, 

10 μg/ml soybean trypsin inhibitor, 2 μg/ml aprotinin and 0.1% Triton X-100. The 

homogenate was centrifuged at 10 000g at 4°C for 10 min, and the supernatant was collected 

and stored at −80°C until use. The protein content in homogenates was analysed using the 

Bradford protein assay (Bio-Rad) and bovine serum albumin was used as a protein standard. 

Protein phosphatase activity assay 

PP1 and PP2A activities in heart homogenates were measured by using the RediPlate 96 

EnzChek serine/threonine phosphatase assay kit according to the vendor's instructions. 

Immunoprecipitation 

Heart homogenates were incubated with rabbit polyclonal anti-phosphoserine, anti-

phosphothreonine, anti-MMP-2 or monoclonal anti-phosphotyrosine antibodies, or rabbit IgG 

serum (Sigma; immunoprecipitation control) overnight at 4°C with mixing. Protein A or G-

sepharose beads (50% w/v) were added and the mixture was incubated overnight at 4°C with 

mixing. The beads were then washed three times at 4°C with homogenisation buffer. The 

immunoprecipitates were then used for both gelatin zymography and western blot. 
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MMP-2 activity assay 

Gelatin zymography for measuring MMP activity was performed according to Sawicki 
20

et 

al. Briefly, non-reduced samples were loaded onto an 8% acrylamide gel containing 2 mg/ml 

gelatin and electrophoresed for 60–90 min (150 V, 4°C). After washing the gels with Triton 

X-100 (2.5% v/v, 3×20 min) the gels were incubated at 37°C for 18–24 h, stained with 

0.05% Coomassie Blue and then de-stained. Gelatinolytic activities were detected as 

transparent bands against the background of Coomassie Blue-stained gelatin. To quantify the 

activities of the detected enzymes, zymograms were processed using a GS-800 calibrated 

densitometer (Bio-Rad). The intensities of the separate bands were analysed using Quantity1 

measurement software (Bio-Rad) and reported as such or expressed as a specific activity per 

milligram of protein. 

Western blotting 

The MMP-2 and troponin I content in myocardium were determined by western blotting. 

Briefly, 20 μg of protein from heart extracts was applied to 8% or 15% sodium 

dodecylsulphate–polyacrylamide gel electrophoresis gels under reducing conditions.21 After 

electrophoresis (150 V, 20°C) samples were electroblotted onto a polyvinylidene difluoride 

membrane (by a semi-dry technique, 25 V, 30 min; Bio-Rad). Troponin I was identified 

using a monoclonal anti-human troponin I antibody. The MMP-2 content in samples was 

identified using a polyclonal MMP-2 antibody, which specifically recognises an epitope 

localised in the gelatin-binding domain of MMP-2 and preferentially detects the 72 kDa form 

of MMP-2.6 Immunoreactive protein bands were visualised using the ECL plus detection 

system. 
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Alkaline phosphatase treatment 

Homogenates prepared from hearts subjected to IR and OA treatment were incubated in 

dephosphorylation buffer (50 mM Tris-HCl, pH 8.5) with or without 40 units of calf 

intestinal alkaline phosphatase for 1 h at 37°C. The reaction was stopped by adding an equal 

amount of non-reducing sample loading buffer. MMP-2 activity was also analysed by gelatin 

zymography as described above. 

Statistical analysis 

Results are expressed as mean±SEM. Statistical analysis was performed using analysis of 

variance or the t test, as appropriate; p<0.05 was considered statistically significant. 

Results 

Theoretical prediction of rat MMP-2 phosphorylation 

We previously showed that human MMP-2 is a phosphoprotein.
15 

According to NetPhos 2.0, 

rat 72 kDa MMP-2 has 31 possible phosphorylation sites (12 for serine, 11 for threonine and 

eight for tyrosine; figure 2A). One putative serine and three threonine phosphorylation sites 

are located within the autoinhibitory propeptide domain. Three putative serine, two threonine 

and two tyrosine phosphorylation sites are located within collagenase-like domains 1 and 2. 

One threonine or tyrosine and four serine phosphorylation sites are located in the 

haemopexin-like domain. The other predicted phosphorylation sites (four on serine, five on 

threonine and five on tyrosine) are located in the collagen-binding domain. It is still unknown 

which phosphorylation site(s) or which domain(s) may have the greatest influence on MMP-

2 activity. 
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Ability of OA to inhibit cardiac protein phosphatase activity 

In order to determine the appropriate concentration of the serine/threonine protein kinase 

inhibitor OA to use in heart perfusion studies, rat hearts were perfused aerobically for 15 

min, followed by a 40 min infusion of either 10 or 100 nM OA, at which time they were 

rapidly frozen in liquid nitrogen for analysis of protein phosphatases activity. Figure 

1B shows that rat hearts have significantly more PP2A than PP1 activity (p<0.05, n=4) and 

100 nM but not 10 nM OA significantly inhibited PP2A activity by approximately 20% 

(p<0.05 vs control, n=4). No significant inhibition of PP1 activity was observed at either 

concentration of OA. 

OA protects hearts from IR injury 

Isolated rat hearts were perfused either as aerobic control hearts (AE) for a total of 75 min or 

subjected to 25 min of aerobic perfusion followed by 20 min of global, no-flow ischaemia 

and 30 min of aerobic reperfusion (IR). Additional hearts were infused with OA (10 or 100 

nM) for 10 min before and for the first 10 min following the ischaemic period (IR+OA), or 

for an equivalent period in the aerobically perfused hearts (AE+OA; figure 1A). IR caused a 

significant reduction in the recovery of mechanical function in the reperfusion period (at the 

end of reperfusion to 60±4% of pre-ischaemic function, n=11). Hearts perfused aerobically 

for 75 min had stable mechanical function (data not shown, n=5); 100 nM OA significantly 

improved the recovery of mechanical function to 88±6% of pre-ischaemic function (p<0.05 

vs IR, n=8; figure 1B). The lower concentration of 10 nM OA had no significant effect on the 

recovery of function (n=3, data not shown); 100 nM OA itself had no significant effect on 

left ventricular developed pressure, heart rate, rate-pressure product or coronary flow in 

aerobically perfused hearts (n=11, data not shown). PP2A activity in homogenates prepared 
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from the IR+OA (100 nM) hearts at the end of reperfusion was significantly decreased 

compared with IR hearts (p<0.05; figure 1C). 

MMP-2 in perfusates and heart homogenates 

As a result of reperfusion injury following myocardial ischaemia there is a rapid and 

enhanced release of MMP-2 activity into the coronary effluent, which peaks within the first 2 

min of reperfusion and is accompanied by a decrease in the resulting tissue activity as 

measured at the end of 30 min reperfusion.1 This release of MMP-2 reflects the rapid 

activation of MMP-2 in the myocardium, resulting in the proteolysis of troponin I.
6
 Coronary 

effluent from aerobically perfused hearts showed weak gelatinolytic activity, the most 

prominent band was 72 kDa MMP-2 (figure 3A). OA (100 nM) did not alter MMP-2 release 

from aerobically perfused hearts. As previously shown,
1,6

 IR caused a marked increase in the 

release of 72 kDa MMP-2 in the first 2 min of reperfusion (p<0.05 vs AE), which was 

diminished to background levels at the end of the reperfusion period. OA did not 

significantly alter the IR-induced release of MMP-2 activity from the heart (figure 3A). We 

also detected an unidentified weaker band of approximately 75 kDa gelatinase, which may be 

a modified form of MMP-2 or an activation product of MMP-9 by the action of neutrophil 

elastase (figure 3A).
1,22

 

As previously shown,
1,6

 homogenates prepared from AE hearts frozen at the end of the 75 

min perfusion period revealed the presence of both 72 and 62 kDa activities, the former being 

the most predominant form (figure 3B, left panel). Western blot analysis of the AE heart 

homogenates showed a single band corresponding to the 72 kDa form (figure 3B, right 

panel). IR caused a significant loss in both 72 kDa MMP-2 activity and protein in heart 

tissue, both of which were attenuated by OA treatment (n=3 per group). 
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Alkaline phosphatase treatment enhances MMP-2 activity 

We showed that human recombinant MMP-2, or that released from a human fibrosarcoma 

cell line, is phosphorylated and that dephosphorylation with alkaline phosphatase in vitro 

enhances its activity.
15

 We, therefore, determined whether in-vitro treatment of rat heart 

homogenates with alkaline phosphatase would alter MMP-2 activity. OA, by virtue of its 

ability to inhibit phosphatase activities, should enhance the likelihood of MMP-2 being in a 

more highly phosphorylated state. Therefore, we measured the gelatinolytic activities of heart 

homogenates prepared from the IR+OA (100 nM) group. In-vitro treatment of the heart 

homogenates with 40 U alkaline phosphatase for 60 min at 37°C significantly increased 72 

kDa activity from 100±10 to 117±13 arbitrary units (p<0.05, n=3), but not 62 kDa 

gelatinolytic activity. One plausible explanation is that MMP-2 is present, at least to some 

extent, as a phosphorylated enzyme in the heart and that dephosphorylation enhances its 

activity. 

MMP-2 in heart homogenates is phosphorylated 

We, therefore, determined whether MMP-2 is phosphorylated in heart tissue. Heart 

homogenates prepared from AE, IR and IR+OA hearts were first immunoprecipitated with 

anti-MMP-2 antibody, and the immunoprecipitates were then immunoblotted with either 

phosphoserine, phosphothreonine or phosphotyrosine antibodies. We observed that MMP-2 

in the heart is phosphorylated at serine and threonine, but is less likely at tyrosine residues 

(data not shown). This is in accordance with MMP-2 isolated from a human fibrosarcoma 

cell line, which was phosphorylated in the same pattern.
15

 

Homogenates from the same hearts were alternatively immunoprecipitated with either 

phosphoserine or phosphothreonine antibodies and the immunoprecipitates were analysed for 
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MMP-2 protein content by western blotting. Results showed a band corresponding to 72 kDa 

MMP-2 in all heart samples when anti-phosphoserine antibody was used, suggesting that 

some proportion of MMP-2 also exists in a phosphorylated form in the heart (figure 4A). We 

could not interpret the results using anti-phosphothreonine to immunoprecipitate as the 

unrelated IgG used as a control also resulted in a non-specific band at the molecular weight 

of MMP-2 (data not shown). 

Inhibition of protein phosphatases prevents degradation of troponin I 

As MMP-2 is localised to cardiac sarcomeres and is responsible for troponin I degradation in 

acute myocardial IR injury,6 we determined whether OA would alter the degradation of 

troponin I in hearts. Analysis of troponin I levels in homogenates prepared from the hearts at 

the end of perfusion showed a marked loss of 31 kDa troponin I in comparison to aerobically 

perfused hearts (figure 4B). The degradation of troponin I was abolished in IR+OA (100 nM) 

hearts (figure 4B). 

Discussion 

MMP-2 is a ubiquitous protein and is abundant in several cell types. MMP-2 is also found in 

cardiomyocytes where it co-localises with the sarcomere, and as a consequence of enhanced 

oxidative stress is responsible for the proteolytic degradation of troponin I,
6 

myosin light 

chain 1,
7 

α-actinin
8 

and titin,
9 

which contribute to the acute contractile dysfunction following 

such an injury. Moreover, overexpression of a constitutively active MMP-2 in the 

myocardium results in severe systolic dysfunction, which is accompanied by disruption of 

the sarcomere, lysis of myofilaments and loss of troponin I.
23

 

We have demonstrated for the first time that MMP-2 activity depends on its phosphorylation 

status in the heart tissue and that protein phosphatase inhibition reveals a protective effect 
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against contractile dysfunction induced by IR. OA (100 nM), a potent PP1 and PP2A 

serine/threonine phosphatase inhibitor, decreased PP2A activity in the heart without a 

significant reduction on PP1 activity. This was expected as in terms of its IC50 values, OA 

has approximately two orders of magnitude greater potency against PP2A than 

PP1.
24 

Contractile dysfunction, which correlates with increased MMP-2 activity in coronary 

effluent at the first minute of reperfusion,1 was significantly improved by OA treatment. IR 

injury results in the acute depletion of myocardial MMP-2 as a result of its activation and 

release into the coronary effluent.1 Our results showed that IR caused troponin I degradation 

and significantly decreased the activity and protein level of MMP-2 in heart tissue, seen as 

indicators of the precedent activation of MMP-2 during early reperfusion. OA treatment 

normalised the activity and levels of MMP-2 and protected troponin I from degradation in IR 

hearts. 

We observed no inotropic effect of 100 nM OA. A positive inotropic effect of OA has been 

observed in isolated papillary muscles, but this requires at least a 300-fold higher 

concentration than we used here.
25 

At least 1 μM OA is necessary to increase the 

phosphorylation of phosphoproteins in cardiomyocytes such as troponin I, phospholamban 

and myosin light chain.
25 

Our data suggest that the cardioprotective effect of OA is 

independent of any inotropic action but may include maintaining MMP-2 in a more 

phosphorylated (and thus less active) state. However, we cannot exclude effects of OA on the 

phosphorylation of other important regulatory cardiac phosphoproteins. 

Pharmacological inhibition of PP1 and PP2A is cardioprotective in different experimental 

ischaemia models.
26–28

 OA reduced IR-induced necrosis in hearts from both aged and young 

adult rats.
29

 Armstrong and Ganote
26 

showed that OA or calyculin A, which inhibits PP1 and 
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PP2A equally, reduces the rate of injury relative to the rate of ATP depletion in adult rat 

cardiomyocytes subjected to metabolic inhibition. They also showed similar protection with 

calyculin A or fostriecin, a potent and selective inhibitor of PP2A, against prolonged 

ischaemia in rabbit cardiomyocytes.
27

 Weinbrenner et al
30

 showed that fostriecin reduced 

myocardial infarct size in rabbit hearts when administered after the onset of ischaemia. 

Although PP1 and PP2A are both present in virtually all tissues including the heart, 

Ingebritsen et al
31

 showed that PP2A activity in homogenates of rabbit hearts was 

approximately threefold greater than that of PP1. This is in accordance with our results, 

which showed that the rat heart has significantly higher PP2A activity. These results imply 

that the protective effect of phosphatase inhibition may be mediated by the inhibition of 

PP2A. 

In this study we used isolated hearts perfused with crystalloid buffer devoid of cells and 

global ischaemia before reperfusion. This is a simple and well understood model that allows 

one to control physiological parameters, allows for the precise delivery of drugs, and 

facilitates the collection and analysis of substances released from the coronary 

circulation.
32

 This is also the same model we used previously, which revealed MMP-2 

activation1 6 and loss of TnI in the heart
6
 in IR injury, thus allowing for direct comparison. 

However, this is also a limitation of the study, and extrapolation of the results to in-vivo 

studies requires caution especially in humans in whom myocardial ischaemia is regional and 

cardiomyocytes bordering the ischaemic region are likely to influence IR injury, and due to 

lack of blood, especially neutrophils, which play an important role in reperfusion injury by 

releasing pro-oxidants, proteases and inflammatory products, thereby extending the severity 

of tissue damage.
33
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Although these results suggest that the inhibition of endogenous phosphatases elicit 

cardioprotection against cell injury induced by ischaemia, the target substrate is still unclear. 

We postulate here that MMP-2 may also be one of the target substrates for intracellular 

phosphorylation/dephosphorylation reactions in the heart. Although ischaemia is a complex 

insult that includes acidosis, the build-up of toxic metabolites, and generation of reactive 

oxygen/nitrogen species, keeping MMP-2 in its less active phosphorylated state may have 

major implications in the design of rational drug therapies to lessen the impact of IR injury of 

the heart. 
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Figure 1 

Effect of okadaic acid (OA) on myocardial contractile function and protein phosphatase 2A 

(PP2A) activity subsequent to ischaemia–reperfusion (IR) injury. (A) Experimental protocol 

for isolated heart perfusions. Rat hearts were perfused either aerobically for 75 min or 

subjected to 25 min of aerobic perfusion followed by 20 min of global, no-flow ischaemia 

and 30 min of aerobic reperfusion. In some experiments OA was infused 10 min before and 

for the first 10 min following the ischaemic period, or for an equivalent period in the 

aerobically perfused hearts. (B) Effect of OA (100 nM) on cardiac mechanical function 

measured as the rate-pressure product (heart rate × left ventricular developed pressure) 

during reperfusion after 20 min of ischaemia. *p<0.05 versus IR (analysis of variance, n=8–

11). (C) PP2A activity in the IR hearts at the end of the perfusion period. *p<0.05 versus IR 

(t test, n=3 per group). IR+OA, ischaemia–reperfused hearts treated with 100 nM OA. 



271 
 

 

 

 

 



272 
 

 

 

 

Figure 2 

(A) Domain structure and theoretical phosphorylation sites for rat matrix metalloproteinase 2 

(MMP-2). Potential phosphorylation sites within rat MMP-2 were identified using the 

NetPhos prediction program. Vertical lines that extend above the demarcated threshold 

indicate putative amino acid phosphorylation targets, whether serine, threonine, or tyrosine. 

(B) Effect of okadaic acid (OA) on protein phosphatase 1 (PP1) and protein phosphatase 2A 

(PP2A) activities in homogenates from aerobically perfused hearts. Hearts were perfused 

aerobically for 15 min, followed by a 40 min infusion of either 10 or 100 nM OA. PP1 and 

PP2A activities were determined in heart homogenates prepared at the end of the perfusion. 

*p<0.05 versus control (analysis of variance, n=4 per group); †p<0.05 versus PP1 (t test, n=4 

per group). 
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Figure 3 

Matrix metalloproteinase 2 (MMP-2) activities and protein levels in coronary effluent and 

heart tissue. (A) Representative zymogram showing gelatinolytic activities in coronary 

effluent samples from perfused hearts collected at different time points (upper panel). The 

times given represent the end of the sampling period (see Methods). Densitometric analysis 

of specific activity of 72 kDa MMP-2 in coronary effluent samples (lower panel). (B) 

Representative zymograms (upper left panel) and western blots (upper right panel) showing 

gelatinolytic activities and MMP-2 protein in the heart tissue at the end of the perfusion, 

respectively. Densitometric analysis of specific activity of 72 and 62 kDa MMP-2 (lower left 

panel) or 72 kDa MMP-2 protein levels in the heart tissue (lower right panel). AE, 

aerobically perfused hearts; AE+OA, aerobically perfused hearts treated with 100 nM 

okadaic acid (OA); IR, ischaemia–reperfused hearts; IR+OA, ischaemia–reperfused hearts 

treated with 100 nM OA. *p<0.05 versus AE (analysis of variance, n=3 per group). 
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Figure 4 

(A) Phosphorylation status of matrix metalloproteinase 2 (MMP-2) in heart tissue. Heart 

homogenates were immunoprecipitated with anti-phosphoserine antibody and then analysed 

for MMP-2 protein level by immunoblotting. IgG indicates immunoprecipitation using 

unrelated IgG as a negative control. r-MMP-2 indicates human recombinant MMP-2, which 

was immunoprecipitated with anti-phosphoserine antibody as a positive control. This 

experiment was repeated with different hearts from the same groups on two separate 

occasions and gave qualitatively similar results. AE, aerobically perfused hearts; IB, 

immunoblotting; IP, immunoprecipitation; IR, ischaemia–reperfused hearts; IR+OA, 

ischaemia–reperfused hearts treated with 100 nM okadaic acid (OA). (B) Effect of OA on 

troponin I (TnI) content in heart tissue. Representative TnI protein level in heart 

homogenates prepared at the end of perfusion as determined by western blotting (upper 

panel). Lower panel shows densitometric analysis of TnI content in the samples. AE, 

aerobically perfused hearts; IR, ischaemia–reperfused hearts; IR+OA, ischaemia–reperfused 

hearts treated with 100 nM OA. *p<0.05 versus AE (analysis of variance, n=5 per group) 
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