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reperfusion to cause irreversible injury if not performed timeously, an alternative 

therapeutic means was required to limit the size of the infarction. 

1. Concept of Preconditioning 

Ischaemia causes severe cell death in the myocardium and dead myocytes are 

not replenished by division of surviving myocytes. Reperfusion therapy is 

insufficient to reduce infarct size to appreciable extent that promotes viability of 

the myocardium and is not always successful. In 1986, Murry et al. published a 

seminal paper in which they described a phenomenon whereby four cycles of 

five minutes of ischaemia with intermittent reperfusion prior to a subsequent and 

prolonged ischaemia attenuated infarct size by 75% in the canine myocardium. 

Initially, they found that brief periods of ischaemia reduced the rate of adenosine 

triphosphate (ATP) depletion during subsequent ischaemic episodes (Reimer et 

aI., 1986). Intermittent reperfusion also served to prevent the cumulative effects 

of ischaemic injury by washing out potentially harmful catabolites such as 

lactate, hydrogen ions (H+) and ammonia (NH4). The reduction in ATP depletion 

was also associated with the limitation in infarct size. Given these findings and 

that the procedure could be reproduced successfully, this cardioprotective 

phenomenon was termed 'ischaemic preconditioning' (IPC, Murry et aI., 1986). 

Reperfusion 
5' 5' 5' 5' III • D DOD r--I -IS-CH-A-EM-I-A -----'1 • 

III 

Ischaemic 
stimulus 

D Ischaemia 

Figure 1: Schematic representation of the ischaemic preconditioning protocol as 
demonstrated by Murry et al (1986). 
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Figure 4: TNFa can mimic Ischaemic preconditioning and thus confer cardioprotection in 
the isolated rat heart model. Hearts preconditioned with O.5ng/ml TNFa prior to the sustained 
ischaemia showed a significant reduction in infarct size. ·p<0.05 vs Control IPC= ischaemic 
preconditioning; TNF= Tumour necrosis factor-alpha (Lecour et aI., 2002) 

3. Nuclear factor kappa B (NFKB) 

In 1986, Sen and Baltimore discovered a transcription factor known as nuclear 

factor kappa B (NFKB) that was initially thought to exclusively bind the kappa 

light chain immunoglobin enhancer in f3 cells. However, they subsequently 

identified NFKB in other cell types in an inactive cytoplasmic form (Sen and 

Baltimore, 1986a and 1986b). NFKB is primarily involved in the regulation of the 

immune system as well as inflammatory and stress responses. Due to its 

involvement in many diseases, NFKB has been intensively investigated in the 

past two decades. NFKB can function to prevent programmed cell death (PCD) 

through the induction of target genes for antiapoptotic proteins such as FLiCE 

(FADD [Fas-associated death domain]-homologous interleukin-1 f3-converting 

enzyme [ICED inhibitory protein (FLIP), BcI-XL. cellular inhibitor of apoptosis (c­

lAP) and X chromosome-linked inhibitor of apoptosis (XIAP) (Luo et aI., 2005). 
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TN Fa TNFR-1 

A ~ 
TNFa 

TNFR-2 ~ A 

caspase 8 (TRAF-2 ) 

/ 
Apoptosis 

NIK 

/ (MAP3KK) 

r!i< proteosomal 
- ~ - degradation 

active NFKB 

TRANSCRIPTION 

NFKB site 

Figure 5: Schematic representation showing the activation of NFKB and some of the 
associated factors involved. Details are discussed thoughout the text. FADD= Fas­
associated death domain, IKK= IKB kinase complex, MAP3KK= mitogen-activated protein kinase 
kinase, NEMO= NFKB essential modulator, NFKB= nuclear factor kappa-B, RIP= receptor­
interacting protein, ROS= reactive oxygen species, TNFa= tumour necrosis factor-alpha, TNFR= 
TNF receptor, TRADD, TNF receptor associated death domain, TRAF-2= TNF receptor 
associated factor-2. Adapted from Sack et aI., 2000. 
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B. Objectives and Hypothesis 

The role of nuclear factor kappa-B in TNFa.-mediated preconditioning 

Tumour necrosis factor alpha (TN Fa) is a pleiotrophic cytokine that has been 

associated with cardiovascular diseases such as heart failure and 

atherosclerosis. Recently, we have shown that TNFa can mimic ischaemic 

preconditioning in a dose and time manner and thus confer cardioprotection. 

However, the mechanisms involved in this cardioprotective effect still remain 

unclear. Nuclear factor kappa-B (NFKB) is a transcription factor that is known to 

be activated in response to a TNFa stimulus. Using a cell culture model 

(differentiated C2C12 cells), we hypothesised that TNFa induced 

preconditioning requires the activation of NFKB. 

Preconditioning stimulus (TNFa, ischaemia) 

~ ROS f-- POTC 

Upstream II" 
cytoplasm 

Inactive NFKB 

Kinases 

IKB kinase 
complex 

/ 

~ IMD0354 

+~ , ' .., 
Active NFKB nucleus 

NFKB 

cytoprotection 

Figure 6. Proposed TNFalNFKB signalling pathway leading to cytoprotection. The sites of 
inhibition of PDTC and IMD0354 are indicated in the diagram. IMD0354= IKK-2 inhibitor V, 
NFKB= nuclear factor kappa-B, PDTC= ammonium pyrrolidone derivative dithiocarbamate, ROS= 
reactive oxygen species, TNFa= tumour necrosis factor alpha 
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In all the groups, cells were washed twice with phosphate buffered saline (PBS; 

pH 7.4) prior to the change of medium. 

~ Cell Viability 

1. Normoxic Control 

IL ~ I 2. SI control SI 

71 
/I ~ 

TNF SI / 3. TNFo 

/I 

IL ~ I hypoxia 1 4. IPC SI 

7/ ... It. ~ Q) 

I 5~. TNFo + IMD0354 TNF SI 
orPDTC .;: 71 ... 

IV II ~ :{l 7+8. IPC +IMD0354 hypoxia SI / orPDTC 
III Ii 
~ 

~ u.. II 
Z SI / 9+10. IMD0354 or PDTC 

Ii 
... /I ~ 0 11+12. TNFo + IMD0354 TNF SI / ... 

. !l:! orPOTC 
"C Ii 
Q) , E IL 

13+14.IPC + IMD0354 or hypoxia SI I IV 
POTC UI Ii IV 

III IL , 
~ I u.. 15+16.IMD0354 or POTC SI . 
Z Ii 

30 min 60 min 7 hours 60 min 

SI ~ simulated ischaemia IMOO354 (1 ~M) or POTC 
IPC ~ ischaemlc precond~ioning (100~M) 

Figure 7: Schematic representation of preconditioning protocols - investigation of NFKB as a 
trigger and mediator. IMD0354= IKK-2 inhibitor V, IPC= ischaemic preconditioning, SI= simulated 
ischaemia, PDTC= ammonium pyrrolidone derivative dithiocarnamate, TNF= tumour necrosis factor 
alpha 
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J 
State 2 Respiration 

Normoxic Control 

IL ,J SI control SI ;/ 
71 

IL ,J TN Fa TNF SI I 
II 

II ,J IPC I hypoxia SI T 
7/ 

It: ,J TNFa + POTC I TNF SI ;/ 
/I 

IPC + POTC I 
/L ,J hypoxia SI I 

II 
IL ,J POTC SI I 

II 

30 min 60 min 7 hours 60 min 

SI = simulated ischaemia POTC (100 IJM) 
IPC = ischaemic preconditioning 

Figure 8: Schematic representation of state 2 respiration protocol. IPC= ischaemic 
preconditioning, SI= simulated ischaemia, PDTC= ammonium pyrrolidone derivative 
dithiocarbamate, TNF= tumour necrosis factor alpha 

5. Protein Isolation 

To investigate the role of NFKB as a trigger, either IMD0354 or PDTC were 

administered during the ischaemic or TNFa preconditioning stimulus. Samples 

were collected after 15 minutes (figure 9) as this timepoint was observed as the 

peak of IKB phosphorylation (data not shown). To explore the involvement of 

NFKB as a mediator, IMD0354 or PDTC were given immediately after the 7 h 

simulated ischaemia. Following 15 minutes of reperfusion, samples were 
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! IKB phosphorylation 

Normoxic Control 

TNFa 

IPC 

TNFa + IMD0354 
or PDTC 

IPC + IMD0354 
or PDTC 

TNF 

TNF 

hypoxia 

SI 

SI 

SI 

II 

II 
II 

71 

II 

I 
II 

Normoxic Control 

! IKB phosphorylation 

----------------------------------~--

TNFa TNF 

IPC hypoxia 

TNFo + IMD0354 TNF 
or PDTC 

IPC + IMD0354 hypoxia 
or PDTC 

30 min 

SI = simulated ischaemia 
IPC = ischaemic preconditioning 

SI I 
II 

II ~ 
~----~ ___ sl __ ~jl~l-------~I ~--

II I· 

~---_L __ S_I __ ~)~/-----~I t 
71 

II 1 

~---_L __ s_I __ ~)~/-----~1 t 
II 

50 min 7 hours 50 min 

IMD0354 (1 !-1M) 
or POTC (100 !-1M) 

Figure 9: Schematic representation of the timepoints used to analyze IKB 
phosphorylation. IMD0354= IKK-2 inhibitor V, IPC= ischaemic preconditioning, SI= simulated 
ischaemia, PDTC= ammonium pyrrolidone derivative dithiocarbamate, TNF= tumour necrosis 
factor alpha 
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D. Results 

1. TNFa can mimic ischaemic preconditioning in C2C12 cells 

1.1 Cell viability 

Cell viability was assessed with Trypan Blue (TB) exclusion test (figure 10) 

and confirmed with the propidium iodide (PI) method (figure 11). As shown in 

figure 10, untreated cells (N) that were maintained under normoxic conditions 

during the full protocol had a cell viability of 84.3±1.3% (TB test) and 

82.8±3.02% (PI test). Seven hours of simulated ischaemia followed by one 

hour of reoxygenation (IC) dramatically reduced the cell viability to 

43. 7±8.1 % and 30.7±11.8% for TB and PI tests, respectively. 

Preconditioning the cells with 30 minutes of simulated ischaemia prior to the 

index ischemia (IPC) significantly improved the cell survival to 66.3±1.2% 

(TB) and 72.0±12.01 % (PI) (*p< 0.001 vs IC group). Similarly, cells 

preconditioned with TNFa (0.5ng/ml) prior to the index simulated ischaemia 

restored the cell viability to 70.6±6.1 % (TB test) and 69.0±3.6% (PI test) (*p< 

TNF 

Figure 10: Cell viability in C2C12 myotubes measured with the Trypan Blue method. 
Cell viability (expressed as a percentage) was reduced in cells subjected to 7h simulated 
ischaemia and 1 h of reperfusion (IC). Ischaemic preconditioning (IPC) or TNFa (TNF, 
O.Sng/ml) restored the cell viability. *p< 0.001 versus IC group. n~ 9 per group. 
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As cell viability results did not differ between the trypan blue technique and 

the propidium iodide, further cell viability results presented in this thesis will 

only be given using the trypan blue technique. 

I£: ... 
~ SI I 

// 1 h 

100 
90 * * 

_ 80 * 
~ 70 

T 

~ 60 
:E 50 
"' 

0 
'; 40 
a; 30 
0 

20 
10 
0 

N IC IPC TNF 

Figure 11: Cell viability in C2C12 myotubes measured with the propidium iodide 
method, Cell viability (expressed as a percentage) was reduced in cells subjected to 7h 
simulated ischaemia and 1 h of reperfusion (IC). Ischaemic preconditioning (IPC) or TNFa 
(TNF, 0.5ng/ml) restored the cell viability. *p< 0.01 versus IC group. 
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1.2 Respiratory parameters 

Cellular oxygen consumption (state 2 respiration) in C2C12 myotubes was 

measured immediately after the index simulated ischaemia. Untreated cells 

(N) presented a state 2 respiration of 6.3±0.4 nM of oxygen/million of viable 

cells/min. Following seven hours of simulated ischaemia, state 2 respiration 

was reduced to 2.S±O.1. Both ischaemic preconditioning (I PC) and TNFa 

preconditioning significantly improved the state 2 respiration (S.B±O.6 for IPC 

and S.7±O.6 for TNFa, *p<O.OS versus IC). 

~ 

"2 
7 

E 6 
~ 

c: m 5 o u 
.- c: 
'Mo 4 ~= 
0.= 
II) E 

3 (1)-.. c: 
N(I) 
(l)Dl 

2 -~ J!! 0 
CI)~ 1 

E-
O 

II 

* 

N IC 

~ 
I 

1 h 

* * 

IPC TNF 

Figure 12: State 2 respiration in C2C12 myotubes measured after the simulated 
ischaemic insult. Both ischaemic preconditioning (I PC) and TNFa (TNF, 0.5ng/ml) 
improved state 2 respiration (expressed in nM of oxygen/million viable cells/min). 
N=normoxic; IC=ischemic control. *p< 0.05 versus Ie group. n~ 6 per group 
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2. Role of NFKB as a trigger in preconditioning 

2.1. Ischaemic preconditioning 

2.1.1 Cell viability 

To investigate the role of NFKB as a trigger in ischaemic preconditioning, we 

used two classic NFKB inhibitors, POTC (100 ~M) and IM00354 (1 ~M) that 

were given during the preconditioning stimulus insult (figure 13). As 

previously described (section 1.1, p.43), ischaemic preconditioning improved 

cell viability (66.3±1 .2% versus 43.7±8.1% for IC group, *p<0.001). When 

used on their own, both IM00354 and POTC had no effect on the cell 

viability. In contrast, administration of either IM00354 or POTC during the 

preconditioning stimulus both abolished the protective effect of IPC 

(34.8±2.4% and 39.4±0.9% respectively, $p<0.001 versus IPC) . 

~ 
It. .J 

SI I 
tPDTC.IMD /I 1 h 

100 
90 
80 

~ 70 
!!... 

~ 60 
jS 50 
nI $ :> 40 
a; 

30 0 u 
20 
10 
0 

N IC IPC IPC POTC IPC IMO 
+POTC +IMO 

Figure 13: Effect of NFKB inhibitors given during the preconditioning stimulus on cell 
viability in C2CC12 myotubes subjected to Ischaemlc preconditioning.Celi viability was 
assessed using trypan blue technique. Addition of PDTC (100 iJM) or IMD0354 (IMD, 1 f.l.M) 
during the preconditioning stimulus abolished the protective effect of IPC. *p< 0.001 versus 
ischaemic control (I C) group; $p<0.001 versus IPC. n~9 per group. 
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2.1.2 Respiratory Parameters 

As previously described in section 1.2, p.4S, ischaemic preconditioning 

improved state 2 respiration in C2C12 myotubes subjected to 7h simulated 

ischaemia. When used on its own, POTC (100 !-1M) did not affect the state 2 

respiration. Addition of POTC during the preconditioning stimulus abolished 

the protective effect of IPC on state 2 respiration (IPC +POTC: 2.1±0.1, $p< 

0.05 versus IPC). 

~ 
"ii 
u 

I:: I:: 

~g 
nil:: 
.: E 
0._ 
II) I:: eQ) 
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"15(' 
.!o 
nII-
-0 C/)E 
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f-____ -{==~==~~u======j~--~~ ~ SI I I 
±PDTC Q 1 h 

7 * 
6 
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1 

0 
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IC IPC 

$ 

IPC 
+POTC 

POTC 

Figure 14: Effect of NFKB inhibitor given during the ischaemic preconditioning 
stimulus on the oxygen consumption in C2C12 myotubes. The addition of PDTC (100 
~M) abolishes the increase of state-2 respiration induced by ischaemic preconditioning 
(IPC). *p<0.05 versus ischaemic control (I C) group; $p<0.05 versus IPC. n~ 6 
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2.1.3 Phosphoprotein assay 

The phosphorylation of IKB is an indication of NFKB activation. 

Phosphorylation of IKB was measured after 15 min during the 30 min 

ischaemic preconditioning stimulus. IPC increased IKB phosphorylation 

compared to the untreated cells (in arbitrary units [AU] 1.89±0.03 for IPC 

versus 1.00±0.00 for N, *p< 0.001). The phosphorylation of IKB was reduced 

in the presence of IMD0354 (0.81±0.12 for IPC+IMD, $p<0.01 versus IPC) 

and to a lesser extent with PDTC (1 .39±0.11, versus IPC, *p<0.01). 

~ II 

~ SI I 
±PDTC,IMD /1 1 h 

5' 2.0 * 
~ 1.8 
~ 1.6 
~1.4 
:il 1.2 S ~ 1.0 

D 0 '6 0.8 
-a 0.6 
~ 0.4 
if 0.2 

0.0 
N IPC IPC IPC 

+PDTC +IMD 

Figure 15: Effect of NFKB inhibitors on the phosphorylation of IKB during the 
preconditioning stimulus in C2C12 myotubes subjected to ischaemic preconditioning. 

The addition of PDTC (100 IJM) or IMD0354 (1 IJM) reduced the phosphorylation of IKB 
observed during the ischaemic preconditioning stimulus. "p< 0.01 vs N, $p< 0.01 vs IPC. n~3 
per group 
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2.2 TNFa-induced preconditioning 

2.2.1 Cell viability 

As described in chapter 1.1, TNFa preconditioning improved cell viability 

(70.6±6.1% versus 43.7±8.1% for IC group, *p<O.001). According to figure 

16, the administration of either IM00354 or POTC during the TNFa 

preconditioning stimulus insult abolished the cytoprotective effect of TNFa 

(40.9±2.8% and 33.6±1.2% respectively, $p<O.001 versus TNFa). 

H ~ 
~ SI T 
±PDTC,IMD P 1 h 

100 
90 * 
80 

~ * 
~ 70 
~ 60 
:c 50 $ ns 
:> 40 

[J 
$ 

4i 
30 

0 
0 

20 
10 
0 

N IC TNF TNF PDTC TNF IMD 
+PDTC +IMD 

Figure 16: Effect of NFKB inhibitors given during the preconditioning stimulus on cell 
viability in C2CC12 myotubes subjected to TNFa mediated preconditioning. Cell viability 
was assessed using trypan blue technique. Addition of POTC (100 IJM) or IM00354 (IMO, 
11JM) during the preconditioning stimulus abolished the protective effect of TNFo. "p< 0.001 
versus ischaemic control (IC) group; $p<O.001 versus TNFa. n~9 per group 
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2.2.2 Respiratory parameters 

As previously described (section 1.2), cells preconditioned with TNFa 

improved state 2 respiration. Administration of PDTC during the TNFa 

preconditioning stimulus reduced the oxygen consumption (TNF+PDTC: 

3.6±O.3, *p<O.05 vs TNFa) . 
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Figure 17: Effect of NFKB inhibitor given during the TNFa preconditioning stimulus on 
the oxygen consumption in C2C12 myotubes. POTC (100 J.JM) abolishes the increase of 
state-2 respiration induced by TNFa preconditioning (TNF) .• p< 0.05 versus ischaemic 
control (Ie) group; $p<O.05 versus TNFa. n~ 6 
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2.2.3 Phosphoprotein assay 

IKB phosphorylation was measured after 15 min during the 30 min TNFa 

preconditioning stimulus. As shown in figure 18, preconditioning with TNFa. 

increased the phosphorylation of IKB (1.5±0.2 for TNFa. versus 1.0±0.0 for N, 

p<0.01) and was abolished when TNFa was incubated in the presence of 

POTe or IM00354 (0.8±0.3 and 1.2±0.1 respectively versus TNFa, p< 0.01). 
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Figure 18: Effect of NFKB inhibitors on the phosphorylation of IKB during the 
preconditioning stimulus in C2C12 myotubes subjected to TNFa mediated 
preconditioning. The addition of PDTC (100 ~M) or IMD0354 (1 ~M) reduced the 
rhosphorylation of IKB observed during the TNFo preconditioning stimulus. *p< 0.01 vs N, 
p< 0.01 vs TNFo. n~3 per group 
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3. Role of NFKB as a mediator in preconditioning 

3.1 Ischaemic preconditioning 

3.1.1 Cell viability 

We were also interested as to whether NFKB might be involved as a 

mediator in ischaemic preconditioning. The NFKB inhibitors, POTC 

(100 IJM) and IM00354 (1 IJM) were given at the time of reperfusion (figure 

19). Ischaemic preconditioning improved cell viability as previously 

described in section 1.1, p.43. The NFKB inhibitors had no effect on cell 

viability when used on their own. POTC did not attenuate the protective 

effect induced with ischaemic preconditioning (73.2±2.4% versus 43.7±8.1% 

for IC group, *p<0.001). In contrast, IM00354 reduced cell survival when 

given at reperfusion (37.7±0.9% versus IPC group, p<0.001). 
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Figure 19: Effect of NFKB inhibitors given at the time of reperfusion on cell viability in 
C2CC12 myotubes subjected to ischaemic preconditioning. Only the addition of 
IMD0354 (1 ~M) removed the protective effects at the time of reperfusion. *p< 0.001 vs N, 
$p< 0.001 vs IPC. n~9 per group 
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3.1.2 Phosphoprotein assay 

As an indication of NFKB activation at the time of reperfusion, the 

phosphorylation of IKB was measured following 15 min of reperfusion. IPC 

increased IKB phosphorylation compared to the untreated cells (1.31±O.02 for 

IPC versus 1.00±O.OO for N, *p<O.01). POTC, given at reperfusion did not 

significantly affect the phosphorylation of IKB during IPC (1.27±O.04 for 

IPC+POTC versus IPC). In contrast, IM00354 reduced IKB phosphorylation 

(O.78±O.22, versus IPC, $p<O.01). 
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Figure 20. Effect of NFKB inhibitors on IKB phosphorylation given at the time of 
reperfusion in C2C12 myotubes subjected to ischaemic preconditioning. IMD0354 
(1 IJM) significantly attenuates the increase in IKB phosphorylation shown with IPC ($p<O.01 
vs IPC). PDTC (100 IJM) does not have any noticeable effect when given at the time of 
reperfusion. n~3 per group 
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3.2 TN Fa preconditioning 

3.2.1 Cell viability 

As previously described (section 1.1, p.43), TNFo preconditioning improved 

cell viability (70.6±6.1 % versus 43. 7±8.1 % for IC group, *p<0.001). In figure 

21, POTC did not reduce the high cell viability induced with TNFa 

(70. 7±1. 7%, ns vs TNFo) whereas IM00354 had a more noticeable effect 

and lowered cell survival to levels observed in the simulated ischaemic 

control (40.9±2.8%, $p<0.001 versus TNFo). On their own, both NFKB 

inhibitors had no effect on the cell viability. 
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Figure 21: Effect of NFKB inhibitors given at the time of reperfusion on cell viability in 
C2C12 myotubes subjected to TNFa mediated preconditioning. The addition of POTC 
(100 IJM) did not abolish the protective effect of TNFa preconditioning (TNF). However, 
IM00354 reduced cell viability. *p< 0.001 versus IC. $p< 0.001 versus TNFa. n~9 per group 
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3.2.2 Phosphoprotein assay 

NFKB activation by IKB phosphorylation during the mediator phase was 

examined in TNFa. preconditioning. TNFa preconditioning increased the 

phosphorylation of IKB compared to untreated cells (previously described in 

section 2.2.3, p.51). However, this phosphorylation of IKB was reduced in the 

presence of IM00354 (O.91±O.19 versus TNFa, $p<O.01) and to a lesser 

extent with POTC (1 .22±O.24 for TNF+POTC versus 1.78±O.2 for TNFa, 

$p<O.01). 
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Figure 22: Effect of NFKB inhibitors on the phosphorylation of IKB at the time of 
reperfusion in C2C12 myotubes subjected to TNFa preconditioning. The addition of 
POTe (100 IJM) or IM00354 (1 IJM) reduced the phosphorylation of IKB induced by TNFa 
preconditioning. $p< 0.01 vs TNFa. $p<0.01 vs N. n~3 per group 
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