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ABSTRACT

At present, little is known about the effect(s) of organophosphorous compounds (OPs) on
cardiomyocytes. The present study aimed to investigate the effects of phenyl saligenin
phosphate (PSP), two organophosphorothioate insecticides (diazinon and chlorpyrifos), and
their acutely toxic metabolites (diazoxon and chlorpyrifos oxon) on rat H9c2 and human
cardiomyocyte-like cells. The rat embryonic H9c2 myoblast cell line, which has the ability to
differentiate into a cardiac muscle phenotype, can be instrumental in understanding OP
cytotoxicity at different differentiation stages. Human induced pluripotent stem cell derived
cardiomyocytes (hiPSC-CMs) were used for the validation of selected OP effects in a more
human relevant system. The differentiation of both H9c2 and human cardiomyocytes
resulted in increased expression of differentiated muscle markers such as troponin 1,
tropomyosin and a-actin.

OP-induced cytotoxicity was assessed by monitoring MTT reduction, LDH release, and
caspase-3 activity. Cell death was not observed in mitotic or differentiated H9c2 cells with
diazinon, diazoxon, or chlorpyrifos oxon (48 h exposure; 200 uM). Chlorpyrifos-induced cell
death was only evident at concentrations >100 uM. In marked contrast, PSP displayed
pronounced cytotoxicity towards both mitotic and differentiated H9c2 cells. PSP triggered
the activation of JNK1/2, suggesting a role for this pro-apoptotic protein kinase in PSP-
induced cell death, which was attenuated by the JNK1/2 inhibitor SP 600125, confirming the
role of JNK1/2 activation in PSP-induced cytotoxicity. Dansylated PSP was used to identify
novel PSP binding proteins. 2D-gel electrophoresis profiles of cells treated with dansylated
PSP (25 uM) were used to identify proteins fluorescently labeled with dansylated PSP.
Proteomic analysis identified tropomyosin, heat shock protein B-1 and nucleolar protein 58
as novel protein targets for PSP.

The present study also examined the effect of sublethal concentrations of OP on
differentiating H9c2 cells. This was assessed by monitoring morphological changes, levels of
cardiac cytoskeleton protein expression and AChE activity in cells induced to differentiate in
the presence and absence of OPs. Results showed that exposure to diazinon and chlorpyrifos
induced morphological changes, AChE inhibition and decreases in troponin 1 expression.
Morphological changes were observed with PSP treated cells concomitant with altered
expression of cardiac cytoskeleton proteins, troponin 1, tropomyosin, a-actin and other
novel proteins. When hiPSC-CMs were employed to validate differences in cardiac toxicity
induced by OPs, a similar cardiotoxic pattern when compared to differentiated H9c2 cells. In
summary, PSP induced cytotoxicity was associated with JNK activation and apoptrosis
whereas little cytotoxicity was observed with the other OPs. However PSP, chlorpyrifos and
diazinon induced sub-lethal effects in cultured H9c2 and hiPSC-CMs were associated with
decrease levels of cardiac cytoskeleton protein expression.



DECLARATION

It is hereby certified that the experimental work and analysis embodied in this thesis is the
original research carried out by the author, unless otherwise stated at the School of Science
and Technology, Nottingham Trent University, UK. This work is the intellectual property of
the author. You may copy up to 5% of this work for the private study or personal, non-

commercial research. Any information used from this thesis should be fully cited.

Shatha Felemban



ACKNOWLEDGEMENTS

| would first like to thank my project supervisor Dr. John Dickenson for his support, guide
and continuous monitoring. His office door was always open for me when | ever had a
problem or a question about my research or writing. He steered me in the right direction
whenever | was out of the track all this 4 years period. | am so grateful for his exceptional
supervision and help particularly during the thesis evaluation.

| would also like to thank the expert who was involved in this project, my second supervisor
Dr. Alan Hargreaves. His enthusiasm, support and professional help accompanied all the
period of preparing and finishing this work. Without his participate input this project haven’t
been successfully conducted.

| would also like to acknowledge Nottingham Trent University, in particular the Biomedical
Department for accepting me and involved me in this part of research.

| would also like to acknowledge my sponsor scholarship provided by King Abdullah Bin-
Abdulaziz Al-saud (may he rest in peace) and Ministry of Higher Education of Saudi Arabia.
Thank you for giving me this opportunity to expand my knowledge in science.

Special thanks to who this work is dedicated for, the most two important persons in my life,
my mother Amal and father Ghazi providing me with unfailing support, continuous
encouragements and prayers all my way. | will never forget their word “you will make it”,
without their love and wonderful spirit | wouldn’t be able to make it to this stage.

| would also like to thank my brothers and sisters, Alaa, Mohammed, Abdulrahman, Dania,
Abdulaziz, Sondos and Reem for their support.

| would gratefully like to thank my lab mates and colleague in the Biomedical Department
Dr. James Daubney, Dr. Maha Aldobian and Dr. Ibtisam Almami. Our wonderful teamwork
made my experience during my PhDs journey pleasant and comfortable with them.

Finally | would also like take this opportunity to thank my friends and sisters Marwah Maashi
Reham Balahmar, Hayat Alzhrani, Huda Rayani, Mashail Masshi, Najla Alharbi, Alanod
Algarni, Hiba Almasmoum, Nada Binzagr and Raja Alahmadi. Thank you for being part of my
life along this way, thank you for sharing my happiness and sadness moments and being my
second family in Nottingham.



Table of Contents

Chapter 1: INtrodUCtioN......c.ceiiiiiiiiiiiiiiiiiiiieiiies e resassestenassestessssessenssssssenssssssensssssssnsssssanns 1
O 2 =T =4 o U o PSPPSR 2
1.2 Mechanism of Organophosphate TOXICItY ......cccueeiiiiieriiciiee e e e 3
1.3 Clinical Presentation and Possible Treatments........cccuviiecieiiieiei et 5
1.4 Chemical Structure of Organophosphorous CompouUNds .........cceeeeecuieeeeiiieeeeciiee e e e 6
1.5 OPs of Relevance t0 this StUAY........cccueiiiiiiieiiiec e et e e e etae e e e ebae e e e ares 7

0 A 1 ] o T o1 1 o L3S 8
1.5.2 DHAZINON ettt ettt ettt e e e e et e e e e e e e s e bt e e e e e e e e et e e e e e e e e e bee e e e e e e e e nnreneeeas 10
1.5.3 Phenyl saligenin phoSphate ... e e 11
1.6 MOlecular TArgets OF PSP ...ttt e st e e s s bte e e s sbae e e s sbaeeessnsaeeesans 11
1.6.1 Effect of PSP on neuropathy target @Sterase .....ccccocuveeeccieeeccciiee et 12
1.6.2 Effect of PSP on mitogen-activated protein Kinase........cccveeeeciieeieiiiee et 12
1.6.3 Effect of PSP on cytoskeleton proteins ......cceeeeiiieiiicieeeccieee et 13
1.7 Effect of Organophosphorous Compounds on The Cardiovascular System .........cccccoveveeecveeennns 14
1.8 Alternative Molecular Targets of Organophosphates.........cccoecvveeieciieiicciiee e, 15
1.8.1 CytOSKEIELON PrOtEINS ...uuviiiieiiiee ettt et e e e s e e e e s rae e e s abeeeessreeesenasees 15
IR 372 1| o 10T o 11 I o [o [¥ ot 3SR 16
1.8.3 Acyl peptide NYArOlase ......ccccuiiiieciieee ettt e et e e e e et e e e e e e e e e e nnes 16
1.9 Cell SIBNAIIING . eereeee ettt e e e e et e e e e s bt e e e e sbteeeesbtaeeesbteeeeabeaeeeaseaeaeaans 17
1.9.1 MAPK Signalling PathWay ....cccuuviiieeeeecce et et e e abe e e e e 18
1.9.2 Extracellular-signal-regulated KiNases 1/2 ..........cocvieiieeeciiiecieecree ettt 18
1.9.3Jun N-terminal KiN@SES ......uiiiiiiiiiieiiie ettt e s e e e s abe e e e s nbeeeeenanees 20
1.9.4 The Protein kinase B/Akt signalling pathway ...........cccceeeciieiiiiciiic e 21
1.10 APOPLOSIS AN NECIOSIS ...vveieieriiieiiiiieeeeitteeeeeitteeeeectteeeeeitteeeeeteeeeeeestaeeesastaeesaastseesassessessnssasaeans 23
1.10.1 Two distinct signalling pathways of apoPtOSIS......ccuviiiiiiiiiirciiie e 24
1.10.2 OP-iNAUCEA QPOPLOSIS «.uvvrrrreeeeiieiiiiiieeee e e e eecitttrereeeesesitberreeeeeeessasbereeeeesesannsssneneesssessnnsensnnes 26
LLAT HOC2 CIIS ettt ettt ettt ettt et ettt e sab e e st e e sab e e s bt e e abeesabeeesabeesabaesbbeesabeeenareenn 28
1.11.1 Differentiation 0f HIC2 CEIIS .....ueiriiiiiieeiiieieeee ettt 28
1.11.2 Cardiac excitation-contraction COUPIING .....ccuviiiiiiiiie ettt e 30
1.11.3 The role of retinoic acid in the differentiation of HIc2 cells .......coccvevviinniiiniiiinieiieene 31
L.22 SEEM I CEIIS ettt sttt et e st e bt e s bt e e ab e e s be e e s abe e sabeesbbeesbeeenareena 34
1.12.1 EMDBryonic StEM CEIIS .....eviiieeee et e et e e et e e e e abe e e e e nbe e e e e naes 35
1.22.2 AdUIE SEEM COIIS ..ottt ettt et esbe e e st e sba e e sabeesbeeesabeesanes 36
1.12.3 Induced pluripotent StEM CEIIS ......uviiiiiieeecee e 36
1.15 AIMS AN HYPOTNESIS ..ccneiiiiiceiieee ettt ettt e et e e et e e e et e e e e ebteeeeeabteeeseabtaeassnranaeaans 39

Chapter 2: Materials and Methods ..........ccoieeeiiiiieiiiiiircrirrerrrre e srene s s e sne e s s ennsssssennsnanns 40

B N Y =1 =T =1 DO TSRV OI PP TOPRRRUPPRRTPO 41
2. 1.1 Cell CURUIE FBAZENTS .cee ettt e e e e e et e e e e e e e s bt aeeeeeeeeesnssaaaeeeeaeeannnes 41
2.1.2 Human induced plouripotent stem cells (hiPSC-CC) cell culture ........cccoveevveevcieeecerecreenee, 41
2.1.3 Chemical COMPOUNGS....cccuuiiieiiiiee ettt e e e et e e e s abae e s esabeee s eenraeeeennsees 41
P N ] o = = T ] a1 o1 o ] PP PR 41
2.0.5 ANTIDOIES ..ottt sttt et e st sba e s ateesabeeeaees 42

2.2 IMIEEROAS ...ttt ettt sttt et sttt e s b e e e a b e e s te e s bae e sabeesbae e ateeebaeenabee e 43



A N 0= | I U] U [P 43

2.2.2 HIC2 cell differentiation........cuiiceeeiiee ettt sre e st sae e ste e sbe e e sabeeenees 43
2.2.3 Human induced stem cell (hiPSC-CC) Cell CUIUIE ........ccoovvmrreriiiiiieeiieeeee e 44
DA N =] £ ol oYU o SRR 44
2.2.5 EXperimental ProCEAUIE ......cooiiiii et e e et e e e ae e e be e e s e eaaae e e e anes 45
2.2.6 IMMUNOCYLOCHEMISTIY ...ttt e e e ere e e e etr e e e e arae e e eeabeee e senaaeeeennnees 45
2.3 Cell VIability ASSAYS ..iieuvviiiiiciiiieieciiieeseciitt e e ettt ee e sttt e s s e e e e et e e e sataeeeessbeeeesstaeeesssaeaesansseeeeansneeeen 46
2.3, L M @55aY et iiiiiiiiiiiiiiiie e e e e e e ae s 46
2.3.2 LDH @550y 1 iiiiiiiiiiiiii 47
2.3.3 Acetylcholinesterase (AChE) actiVity @SSaY ....ccccueevueeriiereiieesieeeeeesteeeee e e sreeereeeseee s 47
2.4 CoOmMaAsSIe BIUE STAINING ...c.vviieeeiiiie ettt e e e et e e e s rata e e e eataeeesnsbeeeeannaeeens 48
BRI T =T o o T 21 L USRI 48
D T8 A =Y | I 1 PSPPSR 48
2.5.2 Protein @StimMatioN.....cou e e e e s e e e e e e e e e 49
2.5, 3 SDS-PAGE ...t e et e e e e et e e e e ee et t b aaeeeetaatba e aaaaaans 49
PR VYT =T o o T o] e ) SRR 50
2.6 Two-Dimensional Electrophoresis (2-DE) ......ceeecciiieiiiiiie ettt e s e e e eaaee s 50
2.6.1 SAMESPOL ANAIYSIS..cuviiiiiiiiiieceiee et e e s e e e e e e e ae e e erbee e e e e reeeeearees 52
2.6.2 DE-STAININE ceeitieeiiiiiieeee ettt ettt e e e e s s sttt e e e e e s s s bt bte e e e e e s e s abtataeee e e e e s nbtraaeeeeesanann 52
2.6.3 ZipTip reverse phase chromatography.......cccccciiiiiiiiieicciiee ettt et e 53
2.6.4 MALDI-TOF IMIS/MS ..ttt ettt e e ettt e v e et e e s abe s eteeeeaeeeenbesesseeeenteeeseeesnreeennes 54
2.7 Binding of Dansylated PSP to Purified TropoOmMYOSiN. ......cccccuieiiiciieeeeiiiee e eciree e ssree e e snaee e 54
2.8 STAtISTICAl @NAIYSIS .eeeieeiiiie e e e e e et e e e ba e e e e bbe e e e arreeeeaaaeeean 55
Chapter 3: Differentiation of H9c2 Cardiomyoblasts........ccccceeeiiiiiiiiiimrciiiiiiniinnnnicnn, 56
20 A 1o e T [¥ ot o o [PPSR 57
0 1 1 o LSOO PP PP PPPPPPPT 58
3.3 MIEEROAS ...ttt st e s et et e st e e s ba e e sabe e s baeenbbeesbeeenabeena 58
BuA RESUIES ettt ettt sttt e st e e s bt e e a b e e e bt e e s a bt e s bt e e bae e s bee s beeennteesbeeenareena 58
3.4.1 Morphological characterisation of cardiomyocyte-like cells ..........ccccoveeieciiieicciiieiicieeens 58
3.4.2 Measurement of cardiac-specific troPONIN........ccuviiieciiii i 60
3.4.3 Identification of proteins associated with H9c2 cell differentiation .........cccceevvevveiiicinennns 62
R B[ of U] o] TSP PO PPPPPPOPPPI 66
3.5.1 Assessment of the differentiated H9c2 cardiomyocyte-like phenotype .......cccocovveeiicineennns 66
3.5.2 Expression of proteins associated with differentiated H9c2 cardiomyocyte-like cells ........ 68
TN Y00 o Tl [V 1] T o R SPSPRRR 70
Chapter 4: Effects of Organophosphorus Compounds on Differentiated H9c2 Cells....................... 71
v/ N o A o o [ o1 { o ] o HEO P ST UPP SRR 72
|V =Y i T Yo PSPPSR 73
4.3 AIMNIS ettt ettt ettt e et e st e st e a e e e s be e e s a b e e s te e e bt e e ea b e e e b te e h b e e e b e e e abeeeabae e haeesbeeenabeesabeeebaeesbeeeaaean 73
e B ST U PSPPSR 74
4.3.1 Effects of organophosphates on the viability of mitotic H9c2 cells.........cccecevveveeciieeeennnenn.. 74
4.3.2 Effects of organophosphates on the viability of differentiated H9c2 cells..........cccueeenneee. 82
4.4 Phenyl Saligenin Phosphate Induced Apoptosis in HIC2 Cells.......ceveiiieecciiiieeeiiieeeciieieeee e 91
4.5 Effects of Phenyl Saligenin Phosphate on Protein Kinase Activation ............cccceeeeiieeeeciieeeennee. 93

Vi



4.6 The Effect of the JNK1/2 Inhibitor SP600125 on PSP-Induced Cell Death and JNK 1/2 Activatio

............................................................................................................................................................ 97
4.7 Effects of phenyl saligenin phosphate on AChE activity in differentiated H9c2 cells................ 102
4.8 DANSYIAtEA PSP... ..ttt e e e e e e s b e e e e e b ae e e e s beeeeenarees 103
4.8.1 Dansylated-PSP induced cytotoxicity in HIC2 CellS......ccuvveiiiieieiiiee e, 105
4.8.2 SDS-PAGE analysis for dansylated-PSP binding to differentiated H9c2 cells...................... 106
4.8.3 Identification of PSP labeled proteins by mass spectrometry ......ccccccevcveeeivcieeeeeiieeeeennn 107
4.9 Binding of dansylated PSP to purified tropomyosin .........cccccueiiieiiie e 110
4. 10 DISCUSSION....etttieeeieeiiiitte e e e e e ettt e e e e e et et e e e e e s e e e et e e e e e e s narbaeeeeeeeseeanssbeeeeeeeeeaannrrreeeeaeeans 111
4.10.1 Phenyl saligenin phosphate-induced cytotoXiCity.......ccocevriiieiiriiieiiriiee e 111
4.10.2 Phenyl saligenin phosphate-induced apoptosis.....ccccccuveeieiiieeeiiieee e e 112
4.10.3 Phenyl saligenin phosphate-induced JNK1/2 signalling..........ccccveeveevieniiecceeceecieesieenen, 112
4.10.4 Effect of OPs on cellular AChE activity in differentiating H9c2 cells......ccccoccvveeeviieenennnnen. 115
4.11 Identification of PSP BiNding Prot@ins.........cueeiiiiiieiieiiee ettt et eetee e e evaee e vee e e e 115
A o o To] [V 1] o o RSP 118
Chapter 5: Sublethal Effects of OPs on Differentiating H9c2 Cells .......cccccceeiiiiiiiiirrnneiiiiiniinnnnnne. 119
LT8R [ 1o o ¥ o e o PSP 120
LI A Y 11 Vo Lo £ PSPR 121
D 3 A e 121
LI T U PSP 122
5.4.1 Effect of sublethal concentrations of OPs on cell morphology......ccccccvveeviiiieiiiciveeeiiiien, 123
5.4.2 Effect of sublethal concentrations of OPs on cell viability........cccccevvviiiiiniiiiiiiiiieecien 129
5.4.3 Effect of sublethal concentrations of OPs on cellular AChE activity.......ccccccceeeeccvveeeecnnnennn. 133
5.4.4 Effect of sublethal concentrations of OPs on cardiac cytoskeleton proteins..................... 136
5.4.5 Effect of sublethal concentrations of PSP on the proteome profile of H9¢c2 cells.............. 143
SN B [ of U] (o] TR PP PP PPPPPPPPPTOt 146
5.5.1 Effect of OPs on the morphological features of differentiating H9c2 cells ........cccceeeueeee. 149
5.5.2 Effect of OPs on cell viability of differentiating H9c2 cells ........ccveeevciiiiiiiiiiiicciee e, 150
5.5.3 Effect of OPs on AChE activity in differentiating H9c2 cells..........ceeeeiieeeciiiieccieee e, 151
5.5.4 Effect of OPs on the cardiac cytoskeleton proteins of differentiating H9¢2 cells............... 154
5.5.5 Effect of PSP on novel cardiac cytoskeleton proteins expression of differentiating H9c2
o<1 RS 157
LT S0 3T U Lo o 159
Chapter 6: Effects of OPs on human-induced pluripotent stem cell-derived cardiomyocytes ....... 160
L R o) oY [¥ Tt i o o I O PP PPPPUPPPPRTNt 161
5.2 AlIMNIS ..ttt ettt ettt ettt e st e sttt e sht e e sttt e a b e e et e e e be e e e be e e bt e e bt e e e b e e e eabeeeabeeebbe e e bee e bbeenateesbeeesabeeenres 162
L T 1Y/ =1 d o To Yo LSO PPPOTPPPPRT 162
I S U] | £ PSP PR P UPP 162
6.4.1 Characterisation Of hiIPSCS-CIMIS ........c.ciiiiiiriiiiinieeniie ettt ssite e sreesbee e st sbeessaneesbeeenasees 162
6.4.2 Effects of OPs on the viability of hiPSCS-CMS ........cccoiiiiiieeiiiiie et e 164
6.4.3 Phenyl Saligenin Phosphate induced Apoptosis in hiPSCs-CMSs.........cccccvvveeeeeiiicciiieeeeeenn. 168
6.4.4 The Effect of sublethal concentrations of PSP on hiPSCS-CMS .......ccccccvvviieeniiieinieeniieeennnenn 169
LSRN B [ of U1 (o] TSP P UP TP PPPPPPPPTOt 170
6.5.1 Morphological characterisation of hiPSCS-CIMS.........ccueieeiiiieeeeciiee et et 172

Vil



6.5.2 The Effect of OPs on the viability of hiPSCS-CIMS........ccoeiiiiiiiiiiieieee e 172

6.5.3 PSP-induced caspase activation in hiPSCS-CIMS .........cccueeeiiiiieeeeiiieeeeciiee e ecieee e esiraee e evaeee s 174
6.5.4 The Effect of sublethal concentrations of PSP on hiPSCS-CMS .......ccccccvvvieeriierinieeeniieeennnenn 175
S 3 @o T ol [V 1] T o PSPPSR 175
Chapter 7: General Discussion, Conclusion and Future Work ........cccccovreeecirreeeciirenecenrenencennenenes 176
N 1T o 1=T o | B DT Yol U 1] o T o PRSP 177
7.1.1 Differentiation 0f HIC2 CeIIS.....cccuuiiiiiiiii ettt e e saae e s 177
7.1.2 Effect of OPs on differentiated HIC2 CellS .....oooviiiriiiiiiiieiieceeee e e 177
7.1.3. Cytotoxic effect of PSP on differentiating HIc2 cellS......ccccveririiieeiiiiieeeecieee e 178
7.1.4 Sublethal effect of OPs on differentiating HIc2 cells ........ccvverviiiiiiiiiiiiieiec e 179
7.1.5 Effects of OPs on cardiomyocyte derived from human-induced pluripotent..................... 182
2 A ®e o [ol (VLo [T a =38 2 (=T o o= T PRSPPI 184
0 T SV U S Ve o PSPPSR 186
REFERENGCES ..o a e e e e e e 188
LIST OF FIGURES
Figure 1. 1 Common neurotoxicity mechanism Of OPS........ccccciiiiiiiiiiieiiiee e e 3
Figure 1. 2 A simplified representation of interaction mechanism between OPs and esterases............ 5
Figure 1. 3 General formula of 0rganophosphorous ESters..........ccccviiieiiiieeeciiee e 6
Figure 1. 4 The chemical structures of several common OP compounds........cccceeeevveeeeciiieeeeciiieeeeecnneennn 7
Figure 1. 5 Metabolic pathway of chlorpyrifos. ......c.uvii e 8
Figure 1. 6 Metabolic pathway of diazinon...........cccouiiiiiii e e 10
Figure 1. 7 Activation of MAPK signalling transduction by RAS. .........ccoociiiicciiee e 19
Figure 1. 8 Mitogen-activated protein kinase (MAPK) signaling pathways. ........cccccovveeeciieeecciiee e, 22
Figure 1. 9 Schematic representation of PKB/AKt aCtivation.........c.ccccveeeiieeiiieeiieecee e 22
Figure 1. 10 A simplified schematic representation of extrinsic and intrinsic apoptotic pathways......26
Figure 1. 11 Retinoic acid signaling PathWay. ......ccccuiiiiiiiee e 32
Figure 1. 12 Simple diagram of stem cell POLENCY. ....uviiviiiiiiiiiie e 35
Figure 1. 13 Schematic representation of iPSC generation ........cccccveeiiiiiieiiiiiiee e 38
Figure 3. 1 Light microscopy examination of HIC2 Cells........coocerriiniinrnieinincee et 59
Figure 3. 2 Cardiac-specific troponin 1 expression in differentiating H9c2 cells. .......cccocvvrvieirieinnnenns 60
Figure 3. 3 Cardiac-specific troponin expression of H9c2 cells upon differentiation. ........ccccocuveenneens 61
Figure 3. 4 Representative 2D gel images of protein expression in HIc2 cells. .......cccevvviivieerieennineenns 63

Figure 3. 5 Cardiac cytoskeleton tropomyosin expression and a-actin in differentiating H9c2 cells....65

Figure 4. 1 Effect of chlorpyrifos on the viability of mitotic H9c2 cells monitored by MTT reduction
AN LDH FEIEASE. ..veiiuiiieiiieeiee ettt sttt sttt e st e e bt e e s te e sabt e e sabeessbaeeabeesabaeesabeesabaesbteesabeesnsaean 75
Figure 4. 2 Effect of chlorpyrifos oxon on the viability of mitotic H9c2 cells monitored by MTT
FEdUCEION @Nd LDH reIEASE. ..ciueeiii ittt e st e e s s e e e s s be e e s s sbeeessnabeeessares 76
Figure 4. 3 Effect of diazinon on the viability of mitotic H9c2 cells monitored by MTT reduction and
(D] o I =] T T T PSPPI TUPP 77

Vil



Figure 4. 4 Effect of diazoxon on the viability of mitotic H9c2 cells monitored by MTT reduction and

LDH FEIEASE. eeeiiei ettt e ettt e e e ettt e e e e e e e e ettt aeeeeeeeeesaabaaaeeaaeeeaaaabaaaaeaaeeea bt baaaeaeaeeeanrarraaaeaaaann 78
Figure 4. 5 Effect of PSP on the viability of mitotic H9c2 cells monitored by MTT reduction and LDH
=] 1T T T EUUR PP 79
Figure 4. 6 Effect of PSP on the viability of mitotic H9c2 cells monitored by MTT reduction and LDH
=] 1T T TS EUUR PR 80
Figure 4. 7 Effect of PSP on the viability of mitotic H9c2 cells monitored by MTT reduction and LDH
1= 1Y TR PP 81

Figure 4. 8 Effect of chlorpyrifos on the viability of differentiated H9c2 cells monitored by MTT
FEAUCEION AN LDH FEIEASE. ..eiitiiiitee ettt ettt et e stte e s be e e sate e sateesbeeesabeesnbaesssteesnseeesaseenns 83
Figure 4. 9 Effect of chlorpyrifos oxon on the viability of differentiated H9c2 cells monitored by MTT

FEAUCTION AN LDH FEIEASE. ..cieiiie ettt et s e e e s s be e e e sbbe e e e ssbeeessnnbeeesenrees 84
Figure 4. 10 Effect of diazinon on the viability of differentiated H9c2 cells monitored by MTT
FEdUCTION @NA LDH FEIEASE. ... .eeeieeeeee ettt ettt e et e e et e e e s et e e e e enbaeeeenbeeeeennreneeenrees 85

Figure 4. 11 Effect of diazoxon on the viability of differentiated H9c2 cells monitored by MTT

FEAUCEION AN LDH FEIEASE. ..eiitiieeiee ettt ettt tee st e et e e sete e s be e e sateesate e sbeeesnseeenseeesnseesnseeesnseenns 86
Figure 4. 12 Effect of PSP on the viability of differentiated H9c2 cells monitored by MTT reduction
AN LDH FEIEASE. eeiiieeiiiee ettt ettt ettt e e s et e e e st e e e s eabt e e e e s beee e s abeeeeesabeeeeensbeeeeennseeessnnseeesansees 87
Figure 4. 13 Effect of PSP on the viability of differentiated H9c2 cells monitored by MTT reduction
ANO LDH FEIEASE. ..veiieieiiiie ettt ecee ettt e et e st e st e et e e e bt e s tae e s te e s beeessseessseeestaeanseeessseessseeeseeesnsenssees 88
Figure 4. 14 Effect of PSP on the viability of differentiated H9c2 cells monitored by MTT reduction
QN0 LDH FEIEASE. ..veiieiiiiiee ettt ecee ettt eete e st e st e et e e e bt e e stae e s teeeseeeesseesasae e seaeanseeessseesnseeeseaesnseesnsenas 89
Figure 4. 15 PSP-induced caspase-3 activation in differentiated H9c2 cells. .....ccccccvvveeecieeeecciieeee, 91
Figure 4. 16 PSP-induced caspase-3 activation in differentiated H9c2 cells. .....ccccoevvvviviieeeiiiiieeee, 92
Figure 4. 17 Effect of PSP on PKB activation in differentiated H9c2 cells........ccccoeeecriiiiniieeecciee e, 94
Figure 4. 18 Effect of PSP on ERK1/2 activation in differentiated H9c2 cells. .......coovvreeveiiieeccireenenn, 95
Figure 4. 19 PSP induced JNK1/2 activation in differentiated HIc2 cells. ......c.ccooeeveerreeneeneecireereennens 96
Figure 4. 20 Effect of the JNK1/2 inhibitor SP 600125 on PSP-induced inhibition of MTT reduction and
FEIEASE OF LD H. ...ttt ettt et e st e st esat e e sabeeesabeesabeesabeeesabaesabaeensteesabeeenareenns 98
Figure 4. 21 Effect of the JNK1/2 inhibitor SP 600125 on PSP-induced JNK1/2 activation. .................. 99
Figure 4. 22 Effect of the JNK1/2 inhibitor SP 600125 on PSP-induced caspase 3 activation. ........... 100
Figure 4. 23 Effects of PI-3K, MEK1/2 and p38 MAPK inhibition on PSP-induced caspase 3 activation.
.............................................................................................................................................................. 101
Figure 4. 24 Effects of OP compounds on acetylcholinesterase activity. .......cccccceecieeeiicieeeccciieeeenee, 102
Figure 4. 25 Chemican strucrtures of PSP and dansylated PSP. ........cccccviiiieiii e 103
Figure 4. 26 Strategy of using dansylated PSP for protein targeting. .......cccceeeveeeevcee e 104
Figure 4. 27 Effect of dansylated PSP on the viability of differentiated H9c2 cells monitored by MTT
FEAUCEION AN LDH FEIEASE. ..cciueiieiieiiie ettt ettt ettt sttt e st e st e e s abe e sbe e e sabeesabeessabeesbaeenseeas 105
Figure 4. 28 Visualisation of proteins labeled with dansylated-PSP. .........ccccccovviivieiiicciee e, 106
Figure 4. 29 Visualisation of proteins labelled with dansylated PSP. ...........cccoceieeiiiiieciiee e, 108
Figure 4. 30 Labeling of purified human heart tropomyosin with dansylated PSP. ............ccccceen...e. 110
Figure 5. 1 A schematic representation of the experimental procedure in the present chapter. ...... 122
Figure 5. 2 Effect of sublethal concentrations of chlorpyrifos on differentiating H9c2 cells. ............. 124



Figure 5. 3 Effect of sublethal concentrations of chlorpyrifos oxon on differentiating H9¢c2 cells. ....125

Figure 5. 4 Effect of sublethal concentrations of diazinon on differentiating H9c2 cells. ................... 126
Figure 5. 5 Effect of sublethal concentrations of diazoxon on differentiating H9c2 cells. .................. 127
Figure 5. 6 Effect of sublethal concentrations of PSP on differentiating H9c2 cells.........cccccecuveeennnee. 128
Figure 5. 7 Effect of chlorpyrifos and chlorpyrifos oxon on the viability of differentiating H9c2 cells
monitored by MTT reduction and LDH relEase..........ccoucuieiiiciiiiiceiee ettt evae e e et e e e 130
Figure 5. 8 Effect of diazinon and diazoxon on the viability of differentiating H9c2 cells monitored by
MTT reduction anNd LDH FelIEASE......cciciiiiiieiiee ettt ettt e e st e e ste e sbe e e sabeesabeesbeeesabaeenaeees 131
Figure 5. 9 Effect of PSP on the viability of differentiating H9c2 cells monitored by MTT reduction and
[0 I =] [T T PSPPSR 132
Figure 5. 10 Effects of chlorpyrifos and chlorpyrifos oxon on AChE activity in differentiating H9c2

(o] | PP PPRPPP 133
Figure 5. 11 Effects of diazinon and diazoxon on AChE activity in differentiating H9c2 cells. ............ 134
Figure 5. 12 Effects of PSP on AChE activity in differentiating H9c2 cells. .......ccccoecveieecieeeecieeeee, 135
Figure 5. 13 Effects of chlorpyrifos on cardiac cytoskeleton protein expression in differentiating H9c2
(o] | P PPRURPP 138
Figure 5. 14 Effects of chlorpyrifos oxon on cardiac cytoskeleton proteins in differentiating H9c2 cells.
.............................................................................................................................................................. 139
Figure 5. 15 Effects of diazinon on cardiac cytoskeleton proteins in differentiating H9¢c2 cells. ........ 140
Figure 5. 16 Effects of diazoxon on cardiac cytoskeleton proteins in differentiating H9c2 cells. ....... 141
Figure 5. 17 Effects of PSP on cardiac cytoskeleton proteins in differentiating H9c2 cells. ................ 142

Figure 5. 18 Representative 2D gel images of PSP effects on cardiac protein expression in
differentiating HIC2 CEIIS. ....ooi ettt e et e e e et e e e e bte e e e ebteeeesntaeeeentaaeeeans 144
Figure 5. 19 Summary of major finding of sublethal effects of OPs in differentiated H9c2 cells

illustrated in the PreseNnt StUAY. ... e ebee e e e b ee e e e ares 147
Figure 5. 20 Simple diagrammatic representation of the sublethal effects of OPs (chlorpyrifos,
diazinon, chlorpyrifos oxon, diazoxon and PSP) in differentiating H9c2 cells. ........cccovvevvveecrveennnennne, 148
Figure 6. 1 Structural characterisation of the hiPSCS-CIMS. .......ccovviiriiiiniiinieeeteeriee e 163
Figure 6. 2 The effect of chlorpyrifos on the viability of hiPSCs-CMs monitored by MTT reduction and
LDH FEIEASE. ..veieueiieieeeitteeiee ettt ettt ettt e s et e bt e e sab e e s bee e sabe e s bt e s b te e s bee e bbeeeabe e e beeenabeesabeeebaeesabaeenarean 165
Figure 6. 3 The effect of diazinon on the viability of hiPSCs-CMs as monitored by MTT reduction and
LDH FEIEASE. ..eeieueeieitee ettt ettt ettt ettt e s et s bt e e st e e sttt e sabeesabe e s bt e e s bee e bbeeaabeeeabeeenabeesabeeebbeesbaeenarean 166
Figure 6. 4 The effect of PSP on the viability of hiPSCs-CMs monitored by MTT reduction and LDH

[ EAS . 1ttt ettt ettt ettt ettt e r e et e bt e e bt e e bt e et e e e be e e sa bt e e bt e e b et e e be e e hteeaabe e e beeenabeesabeeeanteesbaeenareas 167
Figure 6. 5 PSP-induced caspase-3 activation in hiPSCs-CMS. ........cccoveerniiinieeniieeniee e 168
Figure 6. 6 The effects of PSP on cardiac cytoskeleton protein expression s in differentiating hiPSCs-
CIV IS, ettt ettt et ettt e h et e s bt e e a bt e et e e e bee e s b e e e b et e bt e e e b e e e eabeeeabee e bte e e b e e e bbeesabeesbaeesabeeentes 169



LIST OF TABLES

Table 1. 1 Sensitivity of different inhibitors of OPs toward human AChE and NTE...........cccooveeeeeiiinnes 7
Table 1. 2 Apoptosis versus Necrosis (King, 2000). .....cccuveeieciieeeeiiieeeeiireeeecrreeessereeeesrreeeesareeeesnseees 24
Table 1. 3 OP-induced cell death by apoptotic-dependent pathways In vivo studies.........ccccceeevrunnenn.. 27
Table 1. 4 OP-induced cell death by apoptotic-dependent pathways in vitro studies..........ccccceeuueeee. 27

Table 2. 1 List if Primary antibodies for Western blotting and immunocytochemistry techniques and

14 o [T VYo Yo N o= 4o 11 (U)o T o L3RR 42
Table 2. 2 List if secondary antibodies for western blotting and immunocytochemistry techniques and
14 0 [T VYo Yo N g =4 11 (U)o o L3RR 43

Table 3. 1 Progenesis Same Spot analysis represent increase in density of protein spot in
differentiated HIC2 CIIS. ...uuiiiiiiei e e e e ee e e s sbe e e s e s bee e e ssabeeeeenarees 62

Table 3. 2 Identification of novel proteins significantly expressed in differentiated H9c2 cells ........... 64

Table 4. 1 Summary of effects of organophosphorous compounds on the viability of H9c2 cells. ...... 90
Table 4. 2 Identification of PSP-Binding proteins in differentiated H9c2 cells. ........ccceeereveeecrieeennnen. 109

Table 5. 1 Summary of the effects of OPs (chlorpyrifos, diazinon, chlorpyrifos oxon, diazoxon and PSP)

on cardiac protiens in differentiating HIc2 cells. .......ooooiiiiiieieee et 137
Table 5. 2 Progenesis Same Spot analysis represent decrease in density of protein spotin 3 uM PSP

LR g1 =Te [ ol =] 1L PR 144
Table 5. 3 Identification of proteins affected by sublethal concentrations of PSP in differentiated

S T 1= | £ USRS 145
Table 6. 1 Comparison of major findings between differentiated H9c2 cell hiPSCs-CM:s. .................. 171

Xl



PUBLICATIONS

Felemban, S. G., Garner, A. C., Smida, F. A., Boocock, D. J., Hargreaves, A. J., & Dickenson, J.
M. (2015). Phenyl saligenin phosphate induced caspase-3 and c-Jun N-terminal kinase
activation in cardiomyocyte-like cells. Chemical research in toxicology, 28(11), pp.2179-2191.

CONFERENCE (POSTER)

Felemban, S. G., Hargreaves, A. J., & Dickenson, J. M. (2016). New binding protein targets for
Phenyl saligenin phosphate in differentiated H9c2 cells. Proceedings of the 9" Saudi
Scientific International Conference, Birmingham University, United kingdom, Poster
presentation, abstract no: 515, pp.221.

Felemban, S. G., Hargreaves, A. J., & Dickenson, J. M. (2014). Organophosphate induced
cardiomyocyte toxicity. The 18" Intentional Congress on In Vitro Toxicology, Egmond aan
Zee, Netherland, June 2014, Poster presentation, abstract no: 7.18, pp.220.

Felemban, S. G., Hargreaves, A. J., & Dickenson, J. M. (2014). The Effects of
Organophosphates on Cardiomyocytes. Proceedings of the 7™ Saudi Scientific International
Conference, Edinburgh University, United Kingdom, Poster presentation, abstract no: 303,
pp.223.

Felemban, S.G., Hargreaves, A. J.,, & Dickenson, J. M. (2013). The acute effects of
organophosphate on H9c2 cardiomyocytes Proceedings of the 7" annual School of Science
and Technology Research Conference, Nottingham Trent university, Nottingham, the United
Kingdom, Poster and oral presentation, abstract no: 10,pp.23.

Xl



Abbreviations

ACh: Acetylcholine

AChE: Acetylcholinesterase

AP-1: Transcription factor activator protein 1
Apaf-1: Apoptotic protease activating factor-1
APH: Acyl peptide hydrolase

ASCs: Adult stem cells

ATP: Adenosine triphosphate

Bak : BCL2 antagonist/killer 1

Bax: Bcl-2-associated X protein

Bcl-X.: B-cell ymphoma-extra large

Bid: BH3-interacting domain death agonist
BuChE: Butyrylcholinesterase

c-FLIP: cellular FLICE-like inhibitory protein)
CRABP: Cellular retinoic acid-binding protein
CREB: cAMP response element-binding protein
CYP : Cytochrome P450

DEP: Diethylphosphate

DETP: Diethylthiophosphate

DISC: Death-inducing signalling complex
DMEM: Dulbecco's Modified Eagle's Medium
ECG: Electrocardiogram

EGF: Epidermal growth factor

ERK1/2: Extracellular signal-regulated kinases
ESCs: Embryonic stem cells

FADD: Fas associated death domain

Fas-L: Fas ligand

FBS: Foetal bovine serum

FGF: Fibroblast growth factor

XM



Fos: FBJ osteosarcoma oncogene

GPCR: G-protein-coupled receptors

Grb2: Growth factor receptor bound protein 2

hiPSCs-CMs: mature human-induced pluripotent stem cell-derived cardiomyocytes
ICAD: Inhibitor of caspase activated DNase

ler2: Immediate early response 2

IL-1B: Cytokine Interleukin-1 beta

iPSCs: Induced pluripotent stem cells

JNK: c-Jun N-terminal kinases

LDH: Lactate dehydrogenase

MALDI-TOF MS: Matrix-assisted laser desorption/ionization
MAPK: Mitogen-activated protein kinase

MAP 1B: Microtubule associated protein 1B

MDA: Malondialdehyde

MS: Mass spectrometry

MSC: Mesenchymal stem cells

mMTORC2: Mammalian target of rapamycin Complex 2
NFAT: Nuclear factor of activated T cells

NTE: Neuropathy target esterase

OPIDN: Organophosphate-induced delayed neuropathy
OPs :0Organophosphorous compounds

Oxt: Oxytocin/neurophysin | prepropeptide

PDGF: Platelet-derived growth factor

PDK1: Pyruvate dehydrogenase kinase 1

PI-3K/PKB: Phosphoinositol-3 kinase/ protein kinase B
PIP,: Phosphorylates phosphatidylinositol 4,5-bisphosphate
PIP;: Phosphatidylinositol (3,4,5)-trisphosphate

PKB/Akt: Protein kinase B/Akt

PKCd: Protein kinase Cd

PMF: Peptide mass fingerprinting

XV



PSCs: Pluripotent stem cells

PSP: Phenyl saligenin phosphate

PTEN: Phosphatase and tensin homolog
RA: Retinoic acid

RAR: Retinoic acid receptor

RARE: RA response element

RXR: Retinoid X receptor

SCOTP: Saligenin cyclic-o-tolyl phosphate

Smac/DIABLO proteins: Second mitochondria-derived activator of caspases /direct IAP binding
proteins

Sos: Son of sevenless

SERCAZ2a: sarcoplasmic Ca®* ATPase

TCPy: 3,5,6- Trichloro-2-pyridinol

TNF-a: Tumor necrosis factors-a.

TOCP: Tri-ortho-cresyl phosphate

TRAIL: TNF-related apoptosis-inducing ligand

VEGF: Vascular endothelial growth factor

XV



Chapter 1:

Introduction



Chapter 1

1.1 Background

Organophosphorous (OP) compounds were first synthesised in the 1800s by French chemists
Jean Louis Lassaigne and Philip de Clermoun (Gallo & Lawryk, 1991). These chemical
compounds were deployed as nerve agents in World War Il (Chambers & Levi, 1992) and as
chemical gas warfare weapons in the 1995 Tokyo subway terrorist attack (Suzuki et al.,
1995). In the latter case, OPs were developed as pesticides by the German chemist Gerhard
Schrader (Gallo & Lawryk, 1991). Since then, numerous OPs have been synthesised and

commercialised worldwide.

Nowadays, OP pesticides are widely used for a variety of purposes due to their wide ranging
chemical and physical properties. For example, in developing countries they are used against
microbial agents, plant pathogens and insects (Lotti, 2000). Some OPs are also used in jet
engine lubricants as anti-wear additives, due to their fire-resistant properties (Solbu et al.,
2007). However in the last 25 years, numerous publications have reported passengers
suffering from chronic symptoms such as cognitive problems and even paralysis
(Montgomery et al., 1977; Winder et al., 2002). Moreover, neurotoxicity was reported in
approximately 10-50,000 Americans who suffered from Tri-ortho-cresyl phosphate (TOCP)
adulterant poisoning, an ethanolic organophosphate compound was first extracted from

Jamaica ginger known as “Ginger Jake paralysis” (Smith & Lillie, 1931).

The increase in the global use of OPs has heightened concerns regarding their associated
health problems. More than three million cases of OP pesticide poisoning have been
reported and over 250,000 cases of mortality per year have occurred world wide (Carey et
al., 2013). As a consequence, there is now considerable interest in determining the
molecular mechanisms of OP-induced toxicity. This study will investigate the effects of
phenyl saligenin phosphate (PSP), the organophosphorothioate insecticides diazinon and
chlorpyrifos and their acutely toxic metabolites diazoxon and chlorpyrifos oxon on mitotic

and differentiated H9c2 cardiomyoblasts.
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1.2 Mechanism of Organophosphate Toxicity

The most well-known effect of organophosphate acute toxicity is due to the significant
inhibition of acetylcholinesterase (AChE). AChE enzymes belong to the serine hydrolase
family and mainly found at the neuromuscular junction, where it is responsible for
acetylcholine (ACh) hydrolysis in the preganglionic and postganglionic neurons of the
nervous system. Thus AChE terminates the transfer of signals to skeletal muscles, cardiac
system and secretory glands (Ray & Richards, 2001). In recent years researchers have also
shown that AChE activity may play a regulatory role in cell differentiation and cell-to-cell
interactions; thus, blocking AChE activity may result in obstructed cellular dynamics (Jordaan

et al., 2013), as shown in Figure 1.1.

A) Acetylcholine signalling at B) Acetylcholine esterase stops C) OPs inhibits acetylcholine
synapse signal transmission esterase
Pre-synaptic Pre-synaptic Pre-synaptic
neuron neuron neuron
o0 o 0 o 0
J ) 8 () 0 8
] 0 < 0

"0 3 ¢ Y van¢t V
9 8 J g 0 30,
ol TY T bt
Post-synaptic Post-synaptic

Post-synaptic neuron or neuron or

neuron or muscle cells muscle cells
muscle cells

@ Acetylcholine Acetylcholine esterase g 0ps

Figure 1. 1 Common neurotoxicity mechanism of OPs

(A) Release of neurotransmitter acetylcholine from pre-synaptic neuron and subsequent
binding to receptors on the post-synaptic neuron or muscle cells. (B) Termination of ACh
function by AChE at cholinergic synapses. (C) Organophosphates bind to AChE and inhibit
enzyme action, causing accumulation of free ACh at the synapse.
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The primary biological targets of OPs are serine esterases. Once the OPs have bound to the
active site of AChE, this leads to enzyme organophosphorylation and the accumulation of
ACh at the nerve cholingenic synapse, resulting in the hyper-stimulation of muscarinic and
nicotinic receptors (Hasan et al., 1979, Costa, 2006). The hydrolysis of OPs can either be via
A-esterases e.g. PON1 or B-esterases e.g. AChE, butyrylcholinesterase (BuChE), and
neuropathy target esterase (NTE). Catalytic hydrolysis by A-esterases is known to break
down OP compounds to their major metabolites (detoxification) without affecting esterase
activity (Costa et al., 2003). Conversely, non-catalytic hydrolysis of OPs by B-esterases causes
significant inhibition of esterase activity and leads to the adverse effect of toxicity (Costa,
2006). Poisoning with OPs may occur through inhalation, ingestion or exposure of the skin
(Karki et al., 2004). The severity of the symptoms depends on the extent of the OP-AChE
binding. The inhibition of acetylcholinesterase by OPs through a stoichiometric reaction may
last from a few hours to several days and may be reversible or irreversible, depending on the
chemical nature of the OP (Chambers, 2004). Irreversible reaction is that the OP-AChE
complex can undergo non-enzymatic dealkylation. This is known as an aging reaction,
resulting in deactivation of phosphorylated esterase via the loss of one or two R groups

(Costa, 2006) as shown in Figure 1.2.
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Figure 1. 2 A simplified representation of interaction mechanism between OPs and
esterases.

Reaction (1) leads to reversibly organophosphorylated AChE. Reaction (2) leads to the spontaneous
reactivation of AChE and hydrolysed OP. Reaction (3) leads to the stable inactive (aged) negatively
charged organophosphorylated AChE.

1.3 Clinical Presentation and Possible Treatments

Clinical signs may include skeletal muscle fasciculation, respiratory failure, muscle weakness
and ultimately death (Kose et al., 2009). Organophosphate poisoning has therefore become
a major research area and a complete understanding of toxicity mechanism(s) is essential to
identify novel OP protein targets. Exposure to OPs can be evaluated by measuring the
activity of AChE in the blood or by the detection of OP metabolites in the urine (Atala &
Lanza, 2001; Eskenazi et al., 2004). However, given the varying nature of AChE inhibition, this
is dependent upon the specific OP involved (Atala & Lanza, 2001; Quistad, 2005). Protection
from OP intoxication is suggested for military personnel (Chambers, 2004). This can be
achieved through the neutralization of OPs by providing exogenous (non-target) esterases,
such as oximes. This allows the phosphorylation of these non-target esterases prior to the
phosphorylation of the target esterases. This retains the availability of active AChE and
prevents undesirable toxic effects (Chambers, 2004). Also, in case of OPs poisoning, atropine

can be provided for patients to reactivate unaged acetylcholinesterase (Worek & Eyer,
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2006). However, their use were controversial and treatment depends on the type of OPs and

the severity of poisoning (Cherian et al., 2005).

1.4 Chemical Structure of Organophosphorous Compounds

Organophosphates are esters derived from phosphoric acid (Figure 1.3), which inhibit AChE
(Eddleston et al., 2008). Organophosphate molecules contain two lipophilic groups R1 and
R2, and an X group which is the “leaving group” more liable to be displaced when an OP
binds to the active site serine on AChE, through an organophosphorylation reaction forming
a stable bond (Costa, 2006). Figure 1.4 illustrates the structures of several common OP
compounds. Some OPs, such as, chlorpyrifos, diazinon and PSP, which will be focused on in

this study.

O (orS)

R2
N7
~ P\

R1 X

Figure 1.3 General chemical formula of organophosphorous esters.

Oxygen or sulphur are attached to the phosphorus. The leaving group detaches when OPs interact
covalently at the active site of AChE. R1 and R2 are commonly alkoxy, amino, thio alkyl and phenyl
groups, which can be the same or vary. X can be a halogen or alkyl, alkoxy group.
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Figure 1.4 The chemical structures of several common OP compounds.

1.5 OPs of Relevance to this Study

This study investigated the effects of PSP, two organophosphorothioate insecticides

(diazinon and chlorpyrifos) and their acutely toxic metabolites (diazoxon and chlorpyrifos-

oxon) on mitotic and differentiated H9c2 cardiomyoblasts, the chemical structures of which

are shown in Figure 1.4. These OPs exhibit differential binding affinity either to AChE or to

NTE from human tissue to exert their toxicity as shown in Table 1.1. Their bioactivation and

mechanism to induce toxicity will be briefly discussed in the following sections.

Table 1. 1 Sensitivity of different inhibitors of OPs toward human AChE and NTE.

OPs AChE Iso (M)

NTE Iso (uM)

Chlorpyrifos oxon

0.01 0.2 (Lotti, 2000)

Diazoxon

0.0068 (Colovi¢, 2010)

no data presented

Phenyl saligenin phosphate

0.12 0.003 (Lotti, 2000)

Iso: half maximal inhibitory concentration.
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1.5.1 Chlorpyrifos

Chlorpyrifos (O, O-diethyl O-3,5,6-trichloropyridin-2-yl phosphorothioate, chlorpyrifos-ethyl)
was the first OP to be released onto the market. It has been used globally as an active
pesticide in the agricultural sector (Fenske et al.,2002) and is also used widely in the non-
agricultural sector. For example, in professional golf lawn care, retail lawn care and in
termite liquid barriers (Eaton et al., 2008; Rush et al., 2010). However, exposure to trace
amounts of more than 0.001-0.01 pg/kg/day of these toxic pesticides poses a health risk for

farm workers (Eaton et al., 2008).

Chlorpyrifos is well absorbed by the intestines and lungs and rapidly metabolized. The
toxicity of chlorpyrifos is dependent on its biotransformation via oxidation reactions to form
the active metabolites TCPy (3,5,6- trichloro-2-pyridinol), diethylthiophosphate (DETP) and
diethylphosphate (DEP), or via desulphuration to form chlorpyrifos oxon (Chambers, 1992)
as shown in Figure 1.5. These metabolites are mainly formed in the liver and brain

(Chambers & Chambers, 1989).

HO N CL
| X
P
cl cL
TCPy
cL CL
. S
. Dearylation and
CL
. A ct  Desulphuration . W hydrolysis \p 0oy
o — I _ —(OCzHs)2
N~ \P//\ ~_ \P//\
_O/ o cL 70/ o cL HO
DETP
Chlorpyrifos oxon Chlorpyrifos o
P——(0C:zHs),
HO
DEP

Figure 1.5 Metabolic pathway of chlorpyrifos.

Desulphuration reaction lead to bioactivation of chlorpyrifos to a more potent cholinesterase
inhibitor chlorpyrifos oxon, or dearylation reaction lead to the degradation of chlorpyrifos to TCPy,
DETP and DEP. Taken from (Eaton et al., 2008).
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Bioactivation of chlorpyrifos is mainly induced by various cytochrome P450 (CYP) isoforms to
produce chlorpyrifos oxon. Cytochrome P450 enzymes are present in the liver and the
activity of specific isoforms varies between individuals (Demorais et al., 1994) CYP isoforms
such as CYP2B6, CYP1A1, CYP3A4 and are responsible for OP biotransformation and CYP2C19
and paraoxonase is important for OP detoxification processes (Sams et al., 2004; Rose &
Hodgson, 2005). However, the balance between the formation of oxon and its detoxification
is dependent upon the expression/activity of the various CYP isoforms (Rose & Hodgson,
2005). For example, CYP2B6 is mostly responsible for the formation of chlorpyrifos oxon,
whilst CYP2C19 seems to have the highest deactivation activity. Furthermore, the expression
levels of these isoforms varies between individuals (Sams et al., 2000). Thus, individuals with
high CYP2B6 and low CYP2C19 are highly susceptible to chlorpyrifos toxicity (Sams et al.,
2004; Mutch & Williams, 2006). Therefore, the profile of CYP isoforms may be an important
contributor to differences between individuals in their susceptibility to the adverse effects of

chlorpyrifos (Stevens et al., 2003).

Several studies have assessed the direct effects of exposure to chlorpyrifos oxon, which is
known to be more potent inhibitor to AChE than its parent compound chlorpyrifos (Das &
Barone, 1999; Zhao et al., 2006; Eaton et al., 2008). The influence of chlorpyrifos oxon were
reported to cause cholingenic hyper-stimulation, which evokes neurobehavioral changes and
induces alterations in gene expression (Slotkin et al., 2007). Chlorpyrifos toxicity has also
been reported. For example, chlorpyrifos (60 uM) reduced pro-apoptotic gene expression
(e.g. Bcl-2 (B-cell lymphoma 2), CDKN2A (cyclin-dependent kinase inhibitor 2A) and MTA2
(metastasis associated 1 family member 2) in JAR cells (Saulsbury et al., 2008). It has also
been reported that chlorpyrifos not only causes the inhibition of AChE activity but may also
affect other organs. For example, Haas et al. (1983) reported gastrointestinal effects in
piglets when exposed to chlorpyrifos and necropsy examination showed an increased level
of intestinal fluid associated with severe diarrhoea and ending in mortality resulted from
chlorpyrifos poisoning. Finally, chlorpyrifos can be detected in blood immediately after
exposure. lts clearance from blood can occur rapidly, whereas its clearance from the whole
body appears to be slow, and higher concentrations of chlorpyrifos are found in lipid adipose

tissue in its steady state (Eaton et al., 2008).
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1.5.2 Diazinon

Diazinon (O,0-diethyl-O-(2-isopropyl-4-methyl-6-pyrimidinyl phosphorothionate) is one of
the most common and widely used pesticides. However, it has a potential toxic effect on
water and food resources and therefore its use is highly restricted. Diazinon evaporates
easily and its half-life varies depending on sunlight, pH, microorganisms present and the
temperature of the environment (Zhang et al, 2011). Diazinon undergoes degradation
through direct oxidation degradation hydrolysis, producing the metabolites 2-isopropyl-6-
methyl-pyrimidin-4-ol and diazoxon (Kouloumbos et al, 2003). Diazinon undergoes a
sulphoxidation reaction to form the toxic metabolite diazoxon (Vittozzi et al., 2001). The

structures of these metabolites are shown in Figure 1.6.

Desulphuration \\ / hydrolysis
—N Z
<— o \ _ N ‘N
) />—< )Q\
N OH

2-isopropyl-6-methyl-
pyrimidin-4-ol

o ( Dearylationand
\ b
e

Diazoxon Diazinon

Figure 1.6 Metabolic pathway of diazinon.

The metabolite from the hydrolysis reaction is 2-isopropyl-6-methyl-pyrimidin-4-ol, while metabolite
from the desulphuration pathway is diazoxon, which exhibits more potency in inhibiting AChE. Taken
from (Kappers et al., 2001).

Diazoxon is produced by oxidative desulphuration (P=S), which involves the substitution of
sulphur with oxygen (P=0; Zhang et al., 2011). Moreover, diazoxon shows a high reactivity,
which gives it a greater potency to inhibit AChE. It also exhibits more polarity than the

parent compound and possesses a greater stability in aquatic environments (Kouloumbos et

al., 2003). In vivo, diazinon metabolism is mediated by several cytochrome P450 isoforms

10
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that include CYP2C19, CYP1A2, CYP3A4 and CYP2C19 (Kappers et al., 2001). Several enzymes
e.g. CYP450, PON1 (paraoxonase 1), and B-esterase present in the intestines and liver are
responsible for diazinon detoxification. Therefore, resistance to toxicity relies on the balance

between bioactivation and detoxification following exposure to diazinon (Poet et al., 2003).

Acute exposure to diazinon has been associated with long-term health problems (Barrett &
Jaward, 2012). For example, it has been reported that diazinon can cause mutagenicity
resulting in chromosome abnormalities and sister chromatid exchange (Cox, 2000). Other
studies have reported renal toxicity following exposure to diazinon (Jha et al., 2013). For
example, diazinon decreases the activity of metabolizing enzymes such as glutathione-S-
transferase and quinine reductase, leading to increased levels of blood urea nitrogen and

serum creatinine (Shah & Igbal, 2010).

1.5.3 Phenyl saligenin phosphate

PSP is an analogue of saligenin cyclic-o-tolyl phosphate (SCOTP), the active metabolite of tri-
ortho cresyl phosphate (TOCP), produced in hepatic cells (Fowler et al., 2008). Since TOCP is
mainly used in aircraft engines. This may lead to an occupational exposure from toxic
aerosols, potentially resulting in memory loss and cognitive dysfunction (Winder & Balouet,
2001, Michaelis, 2011). Extensive studies revealed that some OPs, including PSP and TOCP,
neither of which is a pesticide, exert their toxicity by organophosphorylation and inhibition
of NTE which results in organophosphate-induced delayed neuropathy (OPIDN) in vivo
(Nomeir & Abou-Donia, 1986; Zhao et al., 2006). Both PSP and TOCP act similarly to produce
neurodegenerative poisoning (Hargreaves, 2012). However, to date, human exposure to
TOCP is poorly documented; this therefore represents a wide area for research which needs

to be undertaken (Baker et al., 2013).

1.6 Molecular Targets of PSP

PSP has been found to interfere with other cellular targets such as cytoskeletal proteins,
neurotrophin receptors and transglutaminase enzyme activity (Carlson & Ehrich, 2001; Harris
et al,, 2009; Pomeroy-Black & Ehrich, 2012). Therefore, it is worthwhile to discuss other
targets involved after PSP exposure, in order to understand the potential molecular basis of

PSP toxicity more fully.
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1.6.1 Effect of PSP on neuropathy target esterase

PSP has been shown to be a classical inhibitor of the NTE enzyme (Baker et al., 2013). NTEs
are anchored in the endoplasmic reticulum and are essential for lipid metabolism (Forshaw
et al., 2001; Van Teinhoven et al., 2002). Moreover, NTEs display high catalytic activity in
neuronal cells, although NTE activity has been demonstrated in non-neuronal tissue and cells
such as testicles, kidney, and lymphocytes. Increased expression of NTE occurs in the early
stages of embryo development and is thought to play an important role in signal
transduction and nervous system development (Lotti & Moretto, 1993; Moser et al., 2000;
Road, 2010). Thus any alteration in neuronal NTE activity may cause disruption of the
endoplasmic reticulum, followed by vacuolation in cell bodies leading to defects in cellular

function (Van Teinhoven et al., 2002; Akassoglou et al., 2004).

Organophosphorylation of NTE by OPs is necessary for the development of OPIDN (Costa,
2006). OPIDN occurs when OPs interact with NTE and the latter undergoes an “aging”
reaction, forming a terminal group with a negative charge linked to the active site of
esterase, preventing enzyme to reactivate, as shown previously in Figure 1.2 (Williams,
1983). Complete organophosphorylation of NTE prevents the outgrowth of axon-like
processes in differentiating N2a cells, following exposure to PSP (Flaskos et al, 1994).
Moreover, the inhibition of NTE may lead to neuronal degeneration and to modification of
axonal morphology, both of which are early events of OPIDN in response to OP exposure

(Ehrich & Jortner, 2001).

1.6.2 Effect of PSP on mitogen-activated protein kinase

To further characterize PSP-induced toxicity, the effects of PSP on mitogen-activated protein
kinase (MAPK) and phosphoinositide-3-kinase/protein kinase B (PI-3K/PKB) signalling
pathways has been investigated (Hargreaves et al., 2006; Pomeroy-Black & Ehrich, 2012). For
a detailed description of MAPK and PI-3K/PKB signalling pathways, see section 1.9. These
signalling pathways play a vital role in the neuronal response to OP exposure, as they are
responsible for regulating neurite outgrowth and cell survival (Kaplan, 1995). An increase in
both phosphorylated PKB and MEK1/2 protein kinases was observed in human SH-SY5Y

neuroblastoma cells after PSP exposure (Pomeroy-Black & Ehrich, 2012). Interestingly this

12



Chapter 1

study explored OP-induced activation of neurotrophin receptors by very low concentrations
of PSP (e.g. 0.01-1.0 uM). Thereby any disruption in these cascades may promote
morphological changes and/or neuronal cell death (Nostrandt et al., 1992, Carlson et al.,
2000). The effect of other neuropathic OP compounds on MAPK pathway-signalling proteins
has been demonstrated in differentiating mouse N2a neuroblastoma cells (Hargreaves et al.,
2006). For example, PSP (2.5 uM; 4 h) triggered transient activation of extracellular-signal-
regulated kinases 1/2 (ERK1/2) which is associated with inhibition of NTE activity in mouse

N2a neuroblastoma cells (Hargreaves et al., 2006).

1.6.3 Effect of PSP on cytoskeleton proteins

Further studies have assessed the disruption of cytoskeleton proteins during the induction of
OPDIN by PSP. For example, in white Leghorn hens, PSP (2.5 mg/kg) promoted an increase of
serum autoantibodies toward cytoskeleton protein neurofilament (NF) subunits (EI-Fawal &
McCain, 2008). NF subunits are proteins that play a vital role in the regulation of axonal
diameter and regulation of the dynamics of cytoskeletal proteins such as microtubules and
actin filaments (Perrone Capano et al.,, 2001). If this regulation fails, cells will produce
unstable microtubules with consequent disruption of axonal transport. Massicotte et al.
(2003) also showed that PSP (1 uM) induces microtubule and neurofilament degradation
associated with marked masses of cytoplasmic debris and neurite swelling in chick embryo
dorsal root ganglia cultures. Hargreaves et al. (2006) also observed an increase in the
phosphorylation of NF heavy chain in differentiating mouse N2a neuroblastoma cells when
exposed to a sub-lethal neurite outgrowth inhibitory concentration of PSP (2.5 uM).
Therefore, changes in these proteins can be considered as biomarkers for the progression of
neuronal injury and neurotoxicity and a key event of the development of OPDIN following
extensive PSP exposure (McConnell et al., 1999; Yang et al., 1999; Lalonde & Strazielle,
2003).

Previous studies have also shown that neuronal protein myelin-basic protein (MBP) is also
phosphorylated by PSP (El-Fawal & McCain, 2008). This protein is a key component of myelin
and is involved in its formation and maintenance (Boggs, 2006). It is also required for
neuronal cell migration, survival and neurite outgrowth (Maness & Schachner, 2007). It is

possible that phosphorylation of NF heavy chain and MBP might indicate myelin
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degeneration and axonal damage, which was also seen in brain and spinal cord of chickens
exposed to TOCP (Abou-Donia & Lapadula, 1990). Supporting evidence has come from an in
vivo study by Ehrich & Jortner (2001), which reported that a toxic dose of PSP (10 mg/kg)
resulting in the appearance of abnormal neurite growth and axonal damage in large
myelinated fibres. All together, these studies support the claim that chronic exposure to PSP
induces cytoskeletal disruption as well as NTE inhibition, which are all characteristic of an

early event of OPIDN.

1.7 Effect of Organophosphorous Compounds on The Cardiovascular System

A number of studies have drawn attention to the cardiac effects associated with
occupational exposure to OPs (Zoltani et al.,, 2006). Evidence suggests that cardiac
complications may occur after exposure to OPs (Roth et al., 1993; Karalliedde, 1999);
however, the pathophysiology of cardiotoxicity following exposure to OPs is still not known.
Multiple studies have, however, reported that sudden death may take place after exposure
to OPs, with patients showing myocardial necrosis and toxic myocarditis (Anand et al., 2009).
This is due to the accumulation of ACh at ganglionic and cardiac centres leading to hypoxia

and disruption of ion transportation (Karki et al., 2004).

Growing evidence also suggests that OPs (e.g. methamidophos) may trigger cardiac
hypertrophy (Calore et al., 2007). These authors suggest that the main cause of hypertrophy
is a persistent systemic arterial hypertension following exposure to the toxin (Saadeh et al.,
1997). Hypertrophy is caused by the modulation of several complex biochemical pathways,
such as calcineurin signalling. Calcineurin is a serine/threonine phosphatase, whose
activation leads to the dephosphorylation and activation of transcription factors such as the
nuclear factor of activated T cells (NFAT). The NFAT transcription factor family is involved in
the regulation and development of the cardiac system (Shiojima, 2005). These studies have
increased the interest in the study of cardiac abnormalities associated with OP toxicity and

how they may modulate cardiac specific signalling pathways.

The various alterations seen in cardiac cells reveal a clinical picture of severe poisoning, with
observed symptoms such as ventricular tachycardia, prolonged QT interval (the heart
rhythm condition; measurement between Q wave and T wave in the heart's electrical cycle)

and atrioventricular block (Kiss & Fazekas, 1979). Some authors believe that significant
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cholinesterase inhibition in the plasma may produce changes in the electrocardiogram (ECG)
leading to prolonged QT and ultimately cell death (Lotti, 2000). Pimentel & Carrington da
Costa (1992) also reported that cholinergic overstimulation of cardiomyocytes is associated
with lysis of myofibrils, micro-necrosis and an abnormal Z band. However, at present there
are no current data concerning the cardiac biochemical markers associated with cardiac
damage due to OP exposure. For this reason it is important to understand the molecular
mechanisms associated with OP-induced cardiotoxicity. This project will investigate the

effects of OPs on rat H9c2 cells and human stem cell derived cardiomyocytes.

1.8 Alternative Molecular Targets of Organophosphates

Emerging evidence suggests that not all of their toxicological actions involve the inhibition of
the AChE, since other proteins and enzyme targets of OPs are involved (Casida & Quistad,
2005; Lopachin & Decaprio, 2005). Investigations of other markers beyond AChE were
essential to detect post-OP exposure. Interestingly, the hypothesis that OPs may affect
targets other than AChE is supported by numerous studies and will be discussed in the

following sections.

1.8.1 Cytoskeleton proteins

A number of studies have observed significant effects of OPs on motor proteins such as
kinesin, which can result in the disruption in axonal transport (Massicotte et al., 2003). Thus
kinesin mediates the transport of vesicles and organelles and other cellular proteins along
the microtubules through the axon and it is essential for a number of cellular functions
(Pernigo et al., 2013). Gearhart et al. (2007) have clearly shown that administration of 0.59
nM diisopropylfluorophosphate and 10 uM chlorpyrifos affected kinesin function leading to
impairment of axonal transport and axonal swelling of bovine brain cortex cells. This is
further supported by Inui et al. (1993) who correlated axonal swelling with the development
of organophosphate induced delayed neurotoxicity in male Wistar rats exposed to TOCP.
According to Abou-Donia (1993) axonal swelling is mediated through the hyper-
phosphorylation of cytoskeletal proteins following TOCP exposure, leading to a decrease in

transportation and an aggregation of proteins along the axon (Abou-Donia, 1993).

Organophosphorus compounds were found to target cytoskeleton proteins such as tubulin,

and thus they interfere with their assembly leading to impairment in microtubule function
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(Prendergast et al.,, 2007). For example, low concentrations (0.005 and 0.01 mM) of
chlorpyrifos oxon were found to bind to tubulin and prevent its polymerization (Grigoryan &
Lockridge, 2009). Tubulin polymerization is implicated in the formation of microtubules
which are essential components of the cytoskeletal system, which is disrupted in
neurodegenerative diseases (Gendron & Petrucelli, 2009). It has also been shown that
dichlorvos exposure results in increased phosphorylation of tubulin affecting its assembly,
resulting in axon dissociation and synaptic dysfunction (Choudhary et al., 2006). Moreover,
the effect of individual OPs on actin cytoskeleton filaments in human neuroblastoma cells
varies and relies on their distinct potency and structural activity (Carlson & Ehrich, 2001).
Future studies should focus on the identification of possible non-cholinergic targets of OP
compounds, which will help to increase understanding of the molecular mechanisms of OP-

induced toxicity.

1.8.2 Albumin adducts

In 2005, Peeples et al. investigated novel protein targets for OPs used as pesticides. Initially,
their research started by incubating mice with OP-labelled with FB-biotin (10-
(fluoroethoxyphosphinyl)-N-(biotinamidopentyl) decanamide). Labeled FP-biotin can be used
to identify proteins that bind to OPs (Schopfer et al., 2005). Organophosphates including
chlorpyrifos oxon, dichlorvos, diisopropylfluorophosphate and sarin were incubated with
human serum albumin, after which albumin peptide sequences were compared with and
without OP treatment by mass spectrometry (MS; Peeples et al., 2005). These compounds
were found to bind covalently to Tyr411 and residue in albumin (Li et al., 2007). Thus, this
OP-albumin binding shows more stability than OPs binding to the serine active site of
cholinesterase (Read et al., 2010). These findings support the claim that albumin is one of
the biological markers that could act as a detoxifying protein in cases of OPs endogenous
intoxication, however this also depend on the type of OPs (Xu et al., 2007; Lockridge &
Schopfer, 2010).

1.8.3 Acyl peptide hydrolase

APH is a serine acyl peptide hydrolase primarily present in red blood cells which is

responsible for cleaving N-acetylated peptides for detoxification (Shimizu et al., 2004). The
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detection of such enzyme activity may show more sensitivity than other OP targets due to its
life-span, which is approximately 120 days, thus lasting long after OP in vivo exposures
(Umlas et al., 1991; Quistad et al., 2005). In vivo study with mice have demonstrated that OP
exposure can inhibit the activity of APH in brain (Cardona et al., 2013). Three types of
insecticides (dichlorvos, naled, and trichlorfon) showed sensitivity to the APH enzyme
(Quistad et al ,2005). Other study documented how other serine proteases (dipeptidyl
peptidase IV and t-PA (tissue plasminogen activator) that belong to the APH subfamily may
react with distinct types of OPs (Rosenblum & Kozarich, 2003). In comparison to AChE,
different oxons (toxic metabolites of parent OP) showed ability to inhibit APH at lower
concentrations than those required for AChE inhibition during in vivo exposure (Richards et
al., 2000). APH has been shown to be a potentially sensitive biomarker for identifying OP-
delayed neurotoxicity with respect to AChE (Olmos et al., 2009).Based on these facts,

inhibition of APH activity may be used as a biomarker for monitoring OP toxicity.

Numerous non-cholinesterase targets of OPs were discussed in the previous section.
However, it needs to be emphasized that other non-cholinesterase targets may be
implicated in OP toxicity. An experimental design needs to be developed to study the
association of all types of OPs with their specific targets. As the current study has focused on
the effects of OPs on mechanisms of cell death and signaling pathways a detailed discussion

of such events would be worthwhile.

1.9 Cell Signalling

Organophosphate exposure may modulate cell signalling pathways which are critically
important in the development of differentiated cells and numerous other cellular processes
including cell survival and cell death (Slotkin, 2005). Cell signalling is a response that occurs
within the cytoplasm when a cell receives an external signal leading to the activation of a
cascade to transfer internal signals to the desired place in order to achieve the appropriate
intracellular action. Moreover, this control mechanism involves regulatory proteins
communicating with each other through signal transduction pathways to evoke a myriad of

cellular functions (Weinberg, 2007).
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1.9.1 MAPK signalling pathway

Mitogen-activated protein kinases (MAPKs) are a family of protein kinases that respond to
stimuli and catalyse the phosphorylation of specific proteins inside the cell. They are
involved in the regulation of numerous cellular functions that include cell proliferation, cell
differentiation, cell survival and apoptosis (Kim & Choi, 2010). Their activation is induced by
several external factors such as cytokines, growth factors and hormones (Stathopoulou et
al., 2008). The mammalian MAPK family consists of three major groups, which are the
extracellular signal-regulated kinases (ERK1/2), the c-Jun N-terminal kinases (JNK1/2/3) and
the p38 MAPKs (p38 MAPK-a/B/y/8). Activated MAPKs phosphorylate a multitude of protein
substrates that include transcription factors, in order to bring about a specific cellular
response (Zhang et al., 2003). Each individual MAPK pathway involves the sequential
activation of several different proteins kinases that are summarised in the following

sections.

1.9.2 Extracellular-signal-regulated kinases 1/2

The ERK1/2 signalling pathway plays a key role cell proliferation and differentiation (Johnson
& Lapadat, 2002). Activation of the ERK1/2 signalling pathway is initiated when a ligand such
as epidermal growth factor (EGF), insulin, or platelet-derived growth factor (PDGF) binds to
its respective tyrosine kinase receptor e.g. insulin receptor, EGFR, and PDGFR. This promotes
receptor dimerization and auto-phosphorylation of tyrosine residues. After that the adaptor
protein, growth factor receptor bound protein 2 (Grb2), binds to the phosphorylated
receptor via its SH2 domain. Grb2 functions to link proteins to one another and contains one
central SH2 and two SH3 domains which interact directly with Son of sevenless (Sos) and
place Sos near the membrane. Sos functions as a ubiquitous guanine nucleotide exchanger
for Ras and possesses a Ras binding site. Once Sos is recruited to the plasma membrane, it
catalyses the exchange of GDP for GTP on the monomeric G-protein Ras (Pierre et al., 2011)

as shown in Figure 1.7.
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Figure 1.7 Activation of MAPK signalling transduction by RAS.

Binding of a growth factor (GF) to a tyrosine kinase linked-receptor leading to receptor dimerization.
The receptor then undergoes auto-phosphorylation and binds to Grb2 (adaptor protein) via its SH2
domain. Grb2 then interacts with Sos via SH3 domains which leads to the recruitment of Sos to the
plasma membrane, which stimulates the exchange of inactive Ras-GDP to its active Ras-GTP form.

Activated Ras (Ras-GTP) then promotes the activation of several members of the MAPKKK
family, which in this case are Raf protein kinases (A-Raf, B-Raf, C-Raf). Activated Raf triggers
the downstream phosphorylation and activation of MEK1 and MEK2 (Weinberg, 2007). After
that, MEK1 and MEK2 phosphorylate and activate ERK1/2 as shown in Figure 1.8; once
activated, ERK1/2 phosphorylates a number of downstream targets including transcription
factors (e.g. CREB; cAMP response element-binding protein), phospholipase A, and
ribosomal S6 protein kinase (Bornfeldt, 1996; Chen et al., 1998; Davies et al.,2000). These
targets play essential roles in proliferative responses, cellular machinery and cytoskeletal
reorganization (Reszka et al., 1995; Roskoski, 2012). The ERK1/2 pathway plays a major role
in myocardial growth in the embryonic mouse (Stathopoulou et al., 2008). Similarly,
reduction in phosphorylated ERK1/2 causes an alteration in the ventricular compact layer
outgrowth and affects coronary vessel development (Lin et al., 2010). These observations
support the fact that ERK1/2 is an essential regulator of myocardial growth (Kang & Sucov,

2005).
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1.9.3 Jun N-terminal kinases

JNK or Jun N-terminal kinases comprise three distinct members, namely JNK1, JNK2 and
JNK3 (Derijard et al., 1994; Kallunki, 1994; Gupta et al., 1996). Generally these kinases are
activated in response to stress stimuli such as heat shock, UV-radiation and osmotic shock
(Bogoyevitch et al., 1996). Initially, their activation starts with the activation of small
GTPases of the Rho family (Rac, Rho, Cdc42), which promote the activation of several
members of the MAPKKK family e.g. MEKK1/2/4. Activated MAPKKKs then phosphorylate
and activate MAPKK family e.g. MKK4/7 which in turn phosphorylate and activate JNK1-3
(see Figure 1.8). Once JNK has been activated, it translocates to the nucleus and
phosphorylates several transcription factors to induce programmed cell death or apoptosis

(Weston & Davis, 2002; Dhanasekaran & Reddy, 2008).

Several studies have shown that phosphorylated JNK evokes activation of the transcription
factor AP-1 (activator protein 1; Kolomeichuk et al., 2008). The JNK/AP-1 pathway promotes
apoptotic action via the increased transcription of pro-apoptotic genes such as TNF-o. (tumor
necrosis factors-a), Fas-L (Fas ligand) and Bak (Bcl2 antagonist/killer 1; Dhanasekaran &
Johnson, 2007; Raman et al., 2007). In addition, JNK phosphorylates a number of pro-
apoptotic substrates, which play a vital role in the intrinsic and extrinsic pathways involved
in apoptosis (see section 1.10). For example, JNK phosphorylates pro apoptotic BAD in
primary granule cells which leading to the inhibition of pro-survival proteins such as Bcl-2
(Gross et al., 1999). Moreover, JNK signals also induce the release of cytochrome C from
mitochondria, leading to the activation of caspase-9 and ultimately apoptosis (Aoki et al.,

2002).

There is substantial evidence derived from studies of the effect of JNK inhibition in different
cell types (Chen & Tan et al., 1998; Maroney et al. 1999). For example, the inactivation of
JNK prevents apoptosis in liver cells (Uehara et al., 2005). Similarly, Ferrandi et al. (2004)
observed that JNK inhibitors attenuated apoptosis of rat cardiomyocytes. In addition, the
knockout of JINK1 and JNK2 in mice causes a defects in T-cells and apoptosis, while JNK3 was

found to be responsible for excitotoxicity of the murine hippocampus (Yang et al., 1997).
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Figure 1.8 Mitogen-activated protein kinase (MAPK) signaling pathways.

ERK and JNK pathways are presented schematically. Each pathway is initiated by Ras activation,
which phosphorylates serine/threonine residues of MAPKKK, which subsequently phosphorylates
tyrosine/threonine residues of a MAPKK. This leads to the activation of MAPK, which in turn activates
other protein kinases involved in cellular responses.

1.9.4 The Protein kinase B/Akt signalling pathway
There are three PKB/Akt isoforms in mammalian cells, namely, PKBa/Akt1, PKBB/Akt2 and

PKBy/Akt3 (Cheng et al., 1992). PKB/Akt is employed in the centre of downstream signalling
pathways that are activated in response to a wide variety of extracellular stimuli including
GPCR (G-protein-coupled receptors) agonists and growth factors. PKB is involved in the
regulation of cellular growth, metabolism and cell survival via the phosphorylation of
downstream targets (Brazil & Hemmings, 2001; Song et al., 2005; Dillon et al., 2007). PKB
activation is associated with the downstream effector PI-3K. As shown in Figure 1.9, the
pathway starts with the up-stream activation of PI-3K via the monomeric G-protein Ras
(Wymann et al.,, 2003). Activated PI-3K phosphorylates PIP, (phosphatidylinositol 4,5-
bisphosphate) resulting formation of the second messenger PIP3; (phosphatidylinositol

(3,4,5)-trisphosphate). Increases in PIP; lead to the recruitment PDK1 (pyruvate
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dehydrogenase kinase 1) to the plasma membrane and subsequent phosphorylation of PKB
at Thr*®. PKB is then phosphorylated at Ser*”> by mTORC2 (mammalian target of rapamycin
Complex 2) leading to full activation of the enzyme (Weinberg, 2007). However, the activity
of PKB can be de-regulated by PTEN (Phosphatase and tensin homolog). PTEN is a
phosphatase responsible for dephosphorylating PIP3 to PIP,, thereby causing the inactivation

of the PKB signalling pathway (Simpson & Parsons, 2001).
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Figure 1.9 Schematic representation of PKB/Akt activation.

Activation of PKB/Akt signalling pathway is initiated by RAS activation, which in turn activates PI3K.
PI3-Kinase is activated and generates the second messenger PIP3, that activates the downstream
PKB/Akt. PKB/Akt is an important mediator of organismal growth.

The role of the PKB/Akt cascade in the heart is characterized as a central effector in cardiac-
signalling mechanisms (Lee et al., 2009). The functional description of PKB/Akt is a growth-
promoting protein that stimulates myocyte growth, allowing the recruitment of angiogenic
growth factors such as VEGF (Vascular endothelial growth factor) and inducing coronary
angiogenesis (Shiojima & Walsh, 2006). In normal heart cells, PKB-dependent signalling
pathways maintain the balance between the two mechanisms, myocyte growth and
coronary angiogenesis. Activation of the PKB-mTOR pathway induces both myocyte growth

and coronary angiogenesis recruitment (Takahashi et al., 2002). However, prolonged
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activation of PKB results in a blockage in VEGF secretion and attenuation of coronary
angiogenesis, which leads to the development of cardiac pathological stimuli (Shiojima &
Walsh, 2006). Thus, the PKB/Akt signalling pathway is implicated in the regulation of cardiac
growth (DeBosch et al., 2006).

1.10 Apoptosis and necrosis

Apoptosis is a form of programmed cell death which is energy-dependent. It plays an
essential role in both physiological and pathological processes (Norbury & Hickson, 2001). It
is regulated by specific receptors that activate downstream caspases, which leads to the
degradation of proteins and subsequent apoptosis (Metzstein et al., 1998). An alternative
form of cell death is necrosis, which is considered to be an uncontrollable passive process
and is known to be an energy-independent death (McLaughlin et al., 2001). Necrosis is
characterized as the degenerative processes that can exclusively occur after cell death; it is

known to be an irreversible and un-regulated process (Elmore, 2007).

Structural changes and the biochemical network of cell death have been investigated, using
a number of approaches, to determine the difference between apoptosis and necrosis with
regard to various extracellular stimuli. Studies found that apoptotic cells appear to be DNA-
fragmented: the cells shrink and exhibit membrane blebbing, but they do not release their
cellular organelles into the extracellular space; thus they are rapidly phagocytosed,
preventing inflammation (Savill & Fadok, 2000; Kurosaka et al., 2003). In contrast, necrosis
shows a swelling of the cell and a loss of membrane integrity, followed by the release of
cellular constituents to the surrounding tissue, forming an inflammatory response (Kerr et
al., 1972; Majno & Joris, 1995; Trump et al., 1997). However, despite the fact that each type
of cell death can have different mechanisms, it can be difficult to distinguish necrosis from
apoptosis using morphological analysis. In fact both forms of cell death may occur
simultaneously relying on intracellular ATP (Adenosine triphosphate) and caspase activation

(Zeiss, 2003). Major differences between apoptosis and necrosis are summarized in Table 1.2
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Table 1.2 Apoptosis versus necrosis. Taken from (King , 2000).

Apoptosis Necrosis
Stimuli Genomic damage Changes in pH
Imbalance in signalling pathways Hypoxia
Programmed tissue remodeling Anoxia
Hypoxia Absence of nutrients
Individual cell affected Groups of cells affected
Morphological | Decreased cell volume Increased cell volume
changes Condensed chromatin Fragmented chromatin
Unaffected lysosome Abnormal lysosome
No inflammatory response Marked inflammatory response
Apoptotic bodies are phagocytes Cell lysis
Gene activity required for Don’t require gene activity
Molecular programmed cell death Unaffected intracellular calcium
changes Increase in intracellular calcium Impaired ion pumps
lon pumps continue to function

1.10.1 Two distinct signalling pathways of apoptosis

The molecular machinery of apoptosis involves two main pathways, the extrinsic and the
intrinsic pathway, both of which converge on the cleavage of caspase-3 and result in a
biochemical modification of the cell (Igney & Krammer, 2002). Caspase-3 is a proteolytic
enzyme belonging to the cysteine protease family, playing a major role in both apoptotic
pathways (Gown & Willingham, 2002). Its sequential activation occurs in the early stages of
apoptosis, similar to other caspase family members, as shown in Figure 1.10 (Krysko el al.,
2008). The extrinsic pathway is initiated by extracellular ligand binding to death receptors at
the plasma membrane; such ligands are members of the TNF (tumour necrosis factor) family.
Some examples of include FasL, TNF-a and TRAIL (TNF-related apoptosis-inducing ligand.
(Chicheportiche et al., 1997). Members of their receptors possess a cytoplasmic “death
domain” (Ashkenazi & Dixit, 1998). Once these receptors are activated by ligand binding, the
adaptor protein FADD (Fas associated death domain) is recruited and binds to the death
domains of the receptor (Wajant, 2002). The resultant DISC (death-inducing signalling
complex), cleaves pro-enzyme caspase-8 into active caspase 8 (Kischkel et al., 1995).
Caspase-8 then activates the “executioner” caspase-3, thereby converging with the intrinsic
pathway (Weinberg, 2007). Following activation, caspase-3 cleaves various death substrates
such as ICAD (inhibitor of caspase activated DNase) and lamin, which in turn induces the

apoptotic cell phenotype (Weinberg, 2007). The extrinsic pathway can be controlled by c-
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FLIP (cellular FLICE-like inhibitory protein). This protein binds to the FADD and caspase-8,

thus inhibiting apoptotic signals (Kataoka et al., 1998).

An alternative extrinsic apoptotic pathway is triggered by cytotoxic T-cell. These cells are
able to kill target cells such as tumour cells and virus-infected cells by attaching to their
surface and secreting the serine protease granzyme B (Trapani & Smyth, 2002). Following
secretion, granzyme B attaches and becomes internalized in the cytosol of target cells,
resulting in the cleavage of pro-caspases 10 and 3. In this way, they converge with other
apoptotic pathways, leading to morphological biochemical changes which characterize

apoptotic cell death.

Another spectrum of apoptotic cell death is the non-receptor intrinsic pathway, since it is
initiated by internal signals that originate within the cell such as excessive calcium, radiation,
free radicals and hypoxia (Elmore, 2007). These signals cause the mitochondria to release
cytochrome ¢ and Smac (second mitochondria-derived activator of caspases) into the
cytoplasm. Cytochrome c interacts with Apaf-1 (apoptotic protease activating factor-1)
forming an apoptosome complex resulting in the activation of caspase-9, while
Smac/DIABLO proteins (second mitochondria-derived activator of caspases /direct IAP
binding proteins) function to inactivate anti-apoptotic proteins (Weinberg, 2007). The
resultant active caspase-9 is involved in processing pro-caspase-3 into active effector
caspase-3, thereby converging with the extrinsic pathway as shown in Figure 1.10 (Hill et al.,

2004).

The release of cytochrome c¢ from mitochondrial channels is regulated by members of the
Bcl-2 family of proteins (Cory & Adams, 2002). For example, anti-apoptotic proteins including
Bcl-2 (B-cell lymphoma 2) and Bcl-X, (B-cell lymphoma-extra-large) are involved in keeping
the outer mitochondrial channel closed, thus preventing the release of cytochrome c. On the
other hand, Bax (Bcl-2-associated X protein), Bad (Bcl-2-associated death promoter), Bak
(BcL-2 antagonist/killer 1) and Bid (BH3-interacting domain death agonist) are pro-apoptotic
proteins that function to open mitochondrial channel and induce the release of cytochrome
c to stimulate the initiation of apoptosis (Weinberg, 2007). Therefore, Bcl-2 family proteins
play a major role in determining whether a cell commits to apoptosis or cell survival (EImore,

2007).
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Figure 1.10 A simplified schematic representation of extrinsic and intrinsic apoptotic
pathways.

Each pathway requires specific stimuli to induce molecular machinery events that promote activation
of their own caspase (8,10,9). The resultant active caspase-3 induces apoptotic cell death.

1.10.2 OP-induced apoptosis

Several studies have shown that OP exposure results in the induction/modulation of
apoptosis. For example, exposure to chlorpyrifos resulted in DNA double-strand breaks
associated with cell apoptosis in human Hela and HEK293 cells (Li et al.,, 2015). A large
amount of evidence has shown that OP-induced cell death involves several apoptotic
markers such as cytochrome c release, caspase activation, and nuclear fragmentation (Saleh
et al., 2003). For example, treatment of NK-92C1 cells with the OP dichlorvos triggered
apoptosis via JNK activation and subsequent caspase-3 stimulation (Li et al., 2007). Another
study using primary cortical neuron cells reported that chlorpyrifos induced neurotoxicity,
triggered apoptosis and reduced mitochondrial function via the activation of ERK1/2, JNK,
and p38 MAP signalling pathways (Caughlan et al., 2004). This is consistent with a recent
study that found that chlorpyrifos targeted 40% of apoptotic genes in undifferentiated and

differentiating PC12 cells (Slotkin & Seidler, 2012). Taken together, these findings suggest
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that OPs induce cell death by apoptotic-dependent pathways both in vivo and in vitro.

Studies demonstrating OP-induced apoptosis are summarized in Tables 1.3 and 1.4.

Table 1. 3 OP-induced cell death by apoptotic-dependent pathways In vivo studies

Organophosphate Animal model Dose Incubation Time
Dichlorvos Rat brain 6 mg/kg bw 12 weeks
(Kaur et al., 2007)
Chlorpyrifos Mouse retina 63 mg/kg Single treatment- 24 h
(Yu et al., 2008)
Diazinon New born rats lor2mg/kg |4 days
on postnatal | (Slotkin & Seidler, 2007)
days 1-4
Phosphamidon Wistar strain male 35 ppmiin 30 days
albino rats drinking (Akbarsha & Sivasamy,
water 1997)

Table 1. 4 OP-induced cell death by apoptotic-dependent pathways in vitro studies

Organophosphate

Cell line

Concentration

Incubation time

Chlorpyrifos

PC12 cell line

30 uM

24and 72 h
(Slotkin & Seidler, 2012)

Chlorpyrifos and

Human monocyte

25,50, 100 ppm

4h (Li et al., 2009)

dichlorvos cell line U937 and
NK-92MI , NK-
92Cl cell lines

Carbofuran Rat neuronal 500 uM 3 days (Kim et al., 2003)
cortical cells

Endosulfan and SH-SY5Y human 100 uM 20 h (Jia & Misra, 2007)

zineb

neuroblastoma
cells
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1.11 H9c2 cells

Of particular interest to the current study was the availability of a cardiomyocyte like rodent
cell line. H9c2 cells are derived from embryonic rat heart tissue (Kimes & Brandt, 1976) and
have been used widely as an in vitro model, since they display similar morphological,
electrophysiological and biochemical properties to primary cardiac myocytes (Hescheler et
al. 1991). A number of studies have used mitotic H9c2 cells which possess a more skeletal
muscle-like phenotype and express nicotinic acetylcholine receptors (Kimes & Brandt, 1976;
Zara et al., 2010). However, H9c2 cells in their mitotic form lack some of the properties of
cardiomyocytes, such as gap junction communication and T tubules, and also show an
absence of multi-nucleated cells due to cardiomyocyte de-differentiation (Hescheler et al.,
1991). With regard to H9c2 mitotic cells, this may actually limit the utilization of H9c2 cells
and for this reason differentiated H9c2 cells represent a more physiological relevant cell

model.

1.11.1 Differentiation of H9c2 cells

A number of studies have used this cell line as an in vitro model for cytotoxicity studies
(Hosseinzadeh et al., 2011). Under the right conditions, H9c2 cells are able to be
differentiate into a more cardiomyocyte-like phenotype. This property enhances the use of
H9c2 cells as a model cell line in which to study OP-induced toxicity. When cultured with
reduced levels of foetal bovine serum (FBS) and 10 nM retinoic acid, H9c2 cells undergo
morphological and physiological changes (Menard et al., 1999). These changes include the
appearance of elongated multinucleated myotubes with recognizable actin filaments and
branched fibres of differentiated cardiomyocytes (Kadivar et al.,, 2006; Zara et al., 2010).
Differentiation of H9c2 cells into a more cardiomyocyte-like phenotype is associated with
the increased expression of cardiac specific proteins. For example, it has been shown that
differentiated H9c2 cells express specific cardiac markers such as cardiac specific Ca®'
channels and cardiac troponin (Menard et al., 1999). Cardiac troponin is a specific cardiac
cytoskeleton protein that is involved in muscle contraction (O’Brien et al., 2008).
Furthermore, its expression has been shown in differentiated human embryonic stem cell-
derived cardiomyocytes but not in undifferentiated human embryonic stem cells (Xu et al.,

2002).
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At the molecular level, differentiation of H9c2 cells is regulated via a complex signal
transduction pathway involving lipid and protein kinases. Several kinase cascades are
associated with and up-regulated during cellular differentiation; the activation of such
cascades may help to explain the differentiation process in cell behavior (Qiao et al., 2012).
For example, the PI-3K/PKB pathway promotes the differentiation of H9c2 cardiomyoblasts
(Kim, 1999; Naito et al., 2003). In addition, PKCS (protein kinase C3) has been reported to be
involved in the differentiation of H9c2 cells (Zara et al., 2010). The interaction of PKC3 with
serine/arginine-rich splicing factor 2 (SC35) contributes to the morphological changes that
are related to the cardiomyoblast phenotype (Zara et al., 2010). More importantly, the
physiological and cellular changes associated with retinoic acid-induced differentiation is
complex and involves the expression of distinct proteins (Duester, 2013). It is therefore

important to identify how retinoic acid induces differentiation.
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1.11.2 Cardiac excitation-contraction coupling

Excitation-contraction coupling (ECC) is the process where heart cells contact via an action
potential process. Actin potential is an electrical stimulation achieved by an ion flux through
a specialised channels in the cardiomyocyte membrane (sarcolemma) leading to heart
contraction. Calcium ions is an important mediator for cardiac excitation-contraction process
by entering in and out the heart cells during each action potential (Katz, 1992) . When
calcium ions enter the cell through L-type calcium channels located on the sarcolemma. This
calcium activates a calcium release from the sarcoplasmic reticulum (SR) through a
specialised calcium receptors called ryanodine receptors and further induce a large release

of calcium in the cell (Flucher & Franzini-Armstrong, 1996) as shown in Figure 1.11.

L-type calcium channel

Ryanodine
receptor

Contraction

Sarcoplasmic
reticulum

N

=
C

SERCA
Cardiomyocyte

Figure 1.11 Cardiac contraction mechanism

Calcium ions inter the cardiac cell via L-type calcium channels. Calcium then activates
ryanodine receptors on the sarcoplasmic reticulum. ryanodine receptors induce calcium
release from the sarcoplasmic reticulum leading to increase cytosolic calcium. As the
contractile cycle ends, cytosolic calcium returns to the sarcoplasmic reticulum via the
sarcoplasmic reticulum calcium channel.
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Cardiac contraction is regulated by binding of free calcium ions to troponin-C protein which
is a part of the regulatory contract complex attached to the thin filaments (Mckillop &
Geeves, 1993). Binding of calcium ions to troponin-C results in the conformational change of
troponin/tropomyosin complex and exposing the actin binding site. Cross-bridge formation
of myosin to actin occurs with ATP hydrolysis to ADP+P;. A power stroke moves actin
filament toward the center of the sarcomere and ADP+P; are released from myosin heads as
ATP energy is used to contract cardiac muscle (Mckillop & Geeves, 1993). At low cytosolic
calcium concentration induces a conformational change in troponin complex leading
troponin/tropomyosin complex binding to actin and a new ATP binds to the myosin head.
Binding of ATP to myosin lowers the binding affinity of myosin to actin and allows myosin
release from actin. (Balaban et al., 2003). Myosin then cock back to its position and ready to

make cross bridge for a further contracting cycle (Balaban et al., 2003).

The H9c2 cell line has been established from embryonic rat cardiac ventricle and it has
properties similar to neonatal and adult cardiomyocytes (Menard et al, 1999). After
undergoing differentiation, these cells can functionally express L-type calcium channels ATP-
sensitive potassium channels (Menard et al., 1999). Examination of the action potential and
contractility of H9c2 cells cardiac cells has been well-established previously by using cell
contraction assay. H9c2 cells was successfully proven to contract by measuring changes in
the planar surface areas at different time point (Ku et al., 2011). Previous study also
characterized the calcium dependent activation and ion selectivity in H9c2 cells. In H9c2
myotubes, cells were found to express L-type calcium that activates potassium channels
directly or indirectly via calcium induced calcium release from sarcoplasmic reticulum. Thus,
H9c2 cell line has served as a useful alternate of cardiac and skeletal muscles (Wang et al.,

1999).

1.11.3 The role of retinoic acid in the differentiation of H9c2 cells

Retinoic acid (RA) is an active form of vitamin A (retinol). It is involved in cardiac
development as well as in cellular proliferation and differentiation in the mammalian
embryo (N’soukpoé-Kossi et al., 2014). RA enters the cell and binds to cellular retinoic acid-
binding protein (CRABP), which facilitates its transport into the nucleus. In the nucleus, RA
binds to the nuclear receptor RAR/RXR (retinoic acid receptor/ retinoid X receptor)

heterodimer which recognizes a specific DNA sequence within the target gene known as the
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RA response element (RARE; Chambon, 1996). In response, this recruits co-activator
proteins, which themselves induce transcriptional activity and trigger cardiac differentiation

as shown in Figure 1.12 (Kumar & Duester, 2011).

Retinol Blood

CRBP

Retinol — > Retinaldehyde __, Ra

Target

E gene

Figure 1.12 Retinoic acid signaling pathway in H9c2 cells.

Retinol enters the cell and binds to cellular retinoic acid-binding proteins (CRABPs) and is
metabolized to retinaldehyde followed by metabolism of retinaldehyde to retinoic acid (RA). RA
binds to CRABPs, enters the nucleus and binds to RARs and RXRs, termed heterodimer receptor
(RAR/RXR). These heterodimers bind to RAREs in target genes and regulates gene expression.

Commitment to cardiac lineage is controlled by the up-regulation of specific cardiac genes
such as Nkx2.5, which promotes differentiation of progenitor cells into cardiomyocytes
(Martinez-Fernandez et al., 2014). Homeobox protein Nkx2.5 is expressed in the secondary
heart field where it acts upstream of the BMP (bone morphogenic protein) and the FGF
(fibroblast growth factor) pathways, both of which promote myocardial differentiation (Prall
et al., 2007; Dyer et al., 2010). Nkx2.5 is also known to interact with another transcriptional
factor, namely, Pitx2c, where this interaction is normally required for heart looping (Simard

etal., 2009).
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More recent studies have suggested that RA acts in parallel to EPO (erythropoietin)
pathways and in this way both EPO and RA induce the release of cardiac mitogens, such as
neuregulin (Chen et al., 2002; Kang & Sucov, 2005). RA also induces cardiomyocyte
proliferation through biochemical pathways that involve the activation of PI-3K and ERK1/2
(Niederreither & Dolle, 2010). Furthermore, it has been observed in heart tissue that has a
deficiency in RXR (a specific RA receptor) produces a reduction in the phosphorylation of PKB
and ERK1/2, two important signalling pathways associated with cellular proliferation and

differentiation (Kang & Sucov, 2005).

Another function of RA is the regulation of growth factor signalling such as FGF (fibroblast
growth factor), as confirmed in a study of the developing hearts of chickens and mice (Mima
et al., 1995). Moreover, it was also found that FGF was responsible for controlling cardiac
proliferation at early stages of development (Lavine et al., 2005). Potentially, the activation
of FGF expression is important with regard to heart expansion, as demonstrated in Zebrafish
where excess exposure to RA leading to an increased expression of fibroblast growth factor

9 in the epicardial layer (Marques et al., 2008).

As previously mentioned, RA-mediated pathways play a critical role in cell lineage control
(Huang et al., 2011). More importantly, RA induces the differentiation of cardiac myoblasts
and a key to understanding this is the characterization of embryonic stem cell models that
have been differentiated towards cardiac lineage. For instance, Wobus et al. (1997)
observed that RA controls the differentiation of precursor germ cells in a concentration-
dependent manner (Wobus et al., 1997). Similarly, Honda et al. (2005) noticed that RXR
directs the undifferentiating embryonic stem cell into a beating cardiomyocyte. Indeed,
blocking the RA receptor prevents progenitor cells from differentiating into cardiomyocytes
(Zhou et al., 1995; Wang et al., 2002). Moreover, it was also found that RA inhibited the
expression of myogenin in embryonic muscle cells, leading to the inhibition of myogenic
differentiation and enhancing cardiac differentiation (Xiao et al.,, 1995). Myogenin is a
transcription factor involved in the coordination of skeletal muscle development that is

regarded as a specific marker for skeletal muscle (Menard et al., 1999).

It is also important to note that electrophysiological studies have confirmed that RA induces

differentiation of cardiomyocytes (Menard et al., 1999). For example, RA induces the
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expression of cardiac specific ion channels e.g. L-type Ca?* channels (Gassanov et al., 2008)
which are crucial for cardiac contractile function (Trautwein & Hescheler, 1990).
Furthermore, RA is associated with an increased expression level of the pore-forming ¢
subunit of cardiac L-type Ca** channels, which is essential for maintaining the cardiac

phenotype (Kimes & Brandt, 1976; Kolossov et al.,1998).

On the basis of the above it can be seen that RA is involved in the differentiation of
cardiomyoblasts into cardiomyocyte-like cells. To date, very few studies have investigated
the effects of organophosphates on cardiac cells. The present study will therefore
investigate the effect of OPs using H9c2 cardiomyoblasts cells that have been derived from
embryonic cardiac tissue and have similar features to cardiomyocytes. This will provide
further valuable understanding of the cellular mechanisms involved in OP-induced

cardiotoxicity.

1.12 Stem cells

Stem cells are defined by 3 fundamental properties and they the ability to self-renew and
replace themselves, the ability to differentiate into 1 or more lineages or specialized cell
types, and enormous proliferative potential to renew and maintain the tissues they populate
(Thomson, 1998). Potency specifies the differential potential of the stem cells. Totipotent
stem cell is the fertilised egg that gives rise to the first divisions of the cell. These cells can
differentiate into embryonic and extraembryonic cell types; only the morula cells are
totipotent which are able to become all tissue type including a placenta. Pluripotent stem
cells (PSCs) are cells that originates from the inner mass cell of the blastocyst and have the
ability to generate several different tissue types, excluding the placenta. Multipotent stem
cells can produce only cells of a closely related family of cells e.g. cells in the brain that give
rise to different neural cells and glia, but they can not produce blood cells or haematopoietic
cells, which can give rise to different blood cell types, but they can't produce brain cells.
Unipotent stem cells are able to develop into only one kind of cell. They normally develop
into the same type of cell as those in the tissue from which they derive (Figure 1.13; Odorico
et al.,2001). Finally, stem cells can be divided into different types, namely embryonic stem

cells (ESCs), adult stem cells (ASCs) and induced PSCs (iPSCs).
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Figure 1.13 Simple diagram of stem cell potency.

Differential potential of the stem cells are totipotent embryonic stem cell that can produce any type
of cells. Pluripotent stem cell that can also differentiated in to any specialized cell type, this include
endoderm, mesoderm and ectoderm cell line and excluding embryonic tissue. Multipotent stem cell
that can give a raise to unipotent stem cell, which can be differentiated into one specific cell type.

1.12.1 Embryonic stem cells

ESCs are PSCs that have the ability to differentiate into the three embryonic germ layers,
which are the ectoderm, mesoderm, and endoderm (Shamblott et al., 1999). These cells can
be isolated and maintained as undifferentiated cell lines or stimulated to differentiate into
specific cell lineage in the body (Thompson, 1998). ESCs can be distinguished from
multipotent cells present in adults according to their pluripotency, as multipotent cells are
only capable to differentiate into specific tissue cells (Thompson, 1998). ESCs specific

properties have attracted major research interest, particularly in cell therapy (Mitsui et al.,
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2003). However, a number of ethical controversy have been raised in relation to the

utilisation of human embryos as a cell source (McLaren, 2001).

1.12.2 Adult stem cells

ASCs are undifferentiated cells found throughout the body that divide to replace dying cells
and regenerate damaged tissue. They are also known as somatic stem cells which can be
found in children as well as adults (Takahashi et al., 2006). These cells can appear to exist in
bone marrow and other tissues. However, in vitro, their differentiation process is challenging
and poses some difficulties, as they have less possibility to differentiate in culture than ESCs.
Ethically, these somatic stem cells are well accepted and they are not mired in controversy
because no embryos are harmed when obtaining them (Wang et al., 2009). However, most
ASCs are considered unipotent, as they are destined to grow into the same cell type from

which tissue they originate (Avasthi et al., 2008).

Certain ASC types are multipotent such as, mesenchymal stem cells (MSCs). They are highly
heterogenous cells population consist of multiple cell types with different potential for
proliferation and differentiations. They can be also be isolated from placenta and umbilical
cord. Umbilical cord blood (UCB) makes allogeneic cell treatment possible due to the low
possibility of immune rejection (Erices et al., 2000; Weiss & Troyer, 2006). Moreover, these
cells have been shown to be useful in cellular therapy, as their healing effects have been
proven in many pre-clinical and clinical studies. MSCs have been clinically tested and are
associated limited ethical concerns (Hida et al., 2008). The possibility of healing
improvement of impaired cardiac function via an MSC lineage derived from UCB has shown a
practical recovery ability (Nishiyama et al., 2007). However, there is a remarkably low
amount of MSCs in UCB (Kogler et al., 2004; Terai et al., 2005). Therefore, additional

experiments need to be undertaken to establish an efficient source for MSCs.

1.12.3 Induced pluripotent stem cells

Previous researchers have proposed that cardiomyocytes can be derived from various
human tissues as a source of stem cells (e.g., foetal tissues, adult cardiac progenitor tissue,
BM and adipose tissue). However, cardiomyocytes derived from foetal or adult tissue are
controversial due to their limited plasticity, which prevents their complete differentiation

into functional cardiomyocytes (Dimmeler et al., 2008). Cardiomyocytes derived from adult
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cardiac progenitor cells were shown to possess the strong opportunity to differentiate into
beating cells (Blin et al., 2010). Furthermore, the ability of PSCs to efficiently differentiate
into contracting cardiomyocyte-like cells has been demonstrated in vitro (Kehat et al., 2001;
Mummery, 2003). However, due to the difficulties to obtain cardiomyocyte from adult
cardiac progenitor, there have been breakthroughs of human induced pluripotent stem cell
(iPSc). New techniques have been established to provide a new source of differentiated
functional cardiomyocytes in vitro that share similar properties of cardiomyocyte derived
from hESC (Zhang et al., 2009). Therefore the current study utilised cardiomyocyte iPSCs due

to the difficulty of obtaining them from human PSCs.

iPSCs can be described as genetically reprogrammed somatic cells to express specific genes
to transform the cells into an ESC—like state with defining properties. iPSCs possess the
advantage of being similar to ESCs, as they can form different cell type (Takahashi &
Yamanaka, 2006). The reprogramming of adult somatic cells (human fibroblasts) to iPSCs has
been established by the transduction of transcription factors, such as Oct4 (octamer-
binding transcription factor 4), Sox2 (Sex determining region Y-box 2) and KIf4 (Kruppel-like
factor 4; Takahashi et al., 2007; Shi et al., 2008; Huangfu et al., 2008). These iPSCs are
capable of indefinitely renewing themselves and differentiating into numerous cell types,
including pancreatic B-cells, hepatocytes, haematopoietic cells and cardiomyocytes (Sanders,
2012). More recently, certain reprogramming factors and chemical compounds, such as 5'-
azacytidine (a DNA demethylating agent) and valproic acid (a histone deacetylase inhibitor),
have been demonstrated to improve the efficiency of iPSCs without causing genetic
alterations (Mikkelsen et al., 2008). To emphasise cardiac differentiation, iPSCs can be
treated with signalling molecules, such as activin A and BMP4 (bone morphogenic protein 4;
Laflamme et al., 2007, Yang et al., 2008). Remarkably, some studies have reported minimal
and insignificant differences in transcriptional profiles between cardiomyocytes derived
from ESCs and cardiomyocytes derived from iPSCs. Moreover, Gupta et al. (2010) reported
that the two types of PSC-derived cardiomyocytes’ transcriptional profiles were identical. It
has also been demonstrated that ESC and iPSC-derived cardiomyocyte types show similar
sarcomere organisation and the ability to differentiate into cardiomyocyte subtypes (eg,
ventricular, atrial, and nodal); furthermore, they are both able to differentiate into

cardiomyocyte subtypes like ventricular, atrial and nodal cardiomyocytes (Zhang et al.,
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2009). This appears to indicate that it is possible for iPSCs to replace ESCs successfully for
cardiac tissue engineering and cell-based treatment sources as shown in Figure 1.13 (Batalov

& Feinberg, 2015).
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Figure 1.11 Schematic representation of iPSC generation

Patient-derived somatic cells can be reprogrammed or genetically engineered and expanded in vitro
to produce iPSC. These cells then can differentiate into the interested specialized cell type and

candidate for several use including disease modelling and drug screening. Taken from (Batalov &
Feinberg, 2015).
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1.15 Aims and Hypothesis

Literature review indicated that OPs can and cause human poisoning. Exposure to OPs lead
to neurotoxic effects depending on the dose, frequency of exposure, and the type of OP.
Toxicity of OP may also induce toxic myocarditis and a late occurrence of sudden death. At
present, the majority of studies have focused on the effects of OPs on the central nervous
system. There is very little information on the effect of OPs on muscle function, particularly
toxic effects on cardiac muscle. There for it was important to investigate direct toxic effect
of OPs on cardiomyocytes. The present study hypothesis that OPs would cause apoptotic cell
death in H9c2 cardiomyocyte-like cells, and modulate cell signalling involved in cell death
and cell survival. In addition OPs may target specific proteins involved in cardiac contraction

leading to a serious cardiac complication. There for this study aimed :

. To study the morphological characteristics of differentiated H9c2
cardiomyocytes.

. To determine the effects of OPs on the viability of undifferentiated (mitotic) and
differentiated rat H9c2 cells.

. To identify cell signalling pathways implicated in OP-induced effects.

. To detect and identify using dansylated PSP possible protein targets of PSP in
differentiated H9c2 cells.

. To assess the effect of sub-lethal concentrations of OPs on the differentiation of
HIc2 cells.
. To validate the cytotoxic effects of OPs in a human induced pluripotent stem cell

derived cardiomyocytes
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2.1 Material

2.1.1 Cell culture reagents

Dulbecco’s modified Eagle’s Medium (DMEM), foetal bovine serum (FBS), trypsin (10 x), L-
glutamine (200 mM), penicillin (10,000 U/ml)/streptomycin (10,000 pg/ml) were purchased
from BioWhittaker Lonza Group Ltd., UK. Phosphate buffered saline (PBS) were obtained
from Life Technologies (Invitrogen, UK). All-trans-retinoic acid was obtained from Sigma-
Aldrich Co. Ltd (Gillingham, Dorset, UK). All other chemicals were purchased from Sigma-

Aldrich and of analytical grade.

2.1.2 Human induced plouripotent stem cells (hiPSC-CC) cell culture

Vial of frozen hiPSC-CC, cardiomyocyte plating medium-basal, Cardiomyocyte Growth

supplement were purchased from (Sciencell research laboratories, Carlsbad, USA).

2.1.3 Chemical compounds

Chlorpyrifos, chlorpyrifos oxon, diazinon, and diazoxon were purchased from Greyhound
Chromatography and Allied Chemicals (Birkenhead, Merseyside, UK). Phenyl saligenin
phosphate (PSP) and dansylated PSP were synthesized in house at Nottingham Trent
University. Stock concentrations of 100 mM OPs were diluted in DMSO (dimethyl
sulphoxide), which was present in all treatments including the control at a final

concentration of 0.5 % (v/v).

2.1.4 Kinase inhibitors

LY 294002 (30 mM), PD 98059 (50 mM), SB 203580 (30 mM), SP 600 125 (20 mM) and
wortmannin (10 mM) were obtained from Tocris Bioscience (Bristol, UK) were diluted in
DMSO which was present in all treatments including the control at a final concentration of

0.5 % (v/v).
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Table 2. 1 List if Primary antibodies for Western blotting and immunocytochemistry

techniques and their working dilutions.

Working Working
Antibody dilution dilution Company
(Western | (immuno-
blotting) | Cytochem.)
NA New England Biolab,
Monoclonal phospho-specific JNK 1:1000 UK, 9251
(Th r_183’»/-|-yr_185)
NA New England Biolab,
Polyclonal total unphosphorylated JNK 1:1000 UK, 9252
Polyclonal phospho-specific PKB (Ser*’?) NA Sigma-Aldrich, UK,
1:1000 9271
Polyclonal total unphosphorylated PKB NA New England Biolab,
1:1000 UK, 9272
Monoclonal phospho-specific ERK1/2 NA Sigma-Aldrich, UK,
(Thr®%Tyr?%) 1:1000 M8159
Monoclonal phospho-specific p38 MAPK NA New England Biolab,
(Thr'®/Tyr'#?) 1:1000 UK, 9216
Polyclonal total unphosphorylated p38 NA New England Biolab,
MAPK 1:1000 UK, 9212
Monoclonal total unphosphorylated NA New England Biolab,
ERK1/2 (9107) 1:1000 UK, 9107
Monoclonal cleaved caspase-3 New England Biolab,
1:500 1:500 UK, 9661
Polyclonal Troponin 1 1:1000 1:1000 Abcam, UK, 47003
Polyclonal Tropomyosin 1:100 1:500 Abcam, UK, ab77884
1:1000 1:100 Abcam,
Monoclonal a-actin UK, ab124964
GAPDH 1:1000 NA Abcam, Uk, ab8245
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Table 2. 2 List if secondary antibodies for western blotting and immunocytochemistry
techniques and their working dilutions.

Working dilution
. Working dilution (immuno-
ALLLLE (Western blotting) cytochemistry) Company

Anti-mouse IgG-HRP 1:5000 NA Sigma-Aldrich,UK

(A4416)
Anti-rabbit IgG-HRP 1:5000 NA Sigma-Aldrich, UK

(A0545)
Anti-mouse-Alexa 568 NA 1:200 Molecular Probes,

UK, A-11031
Anti-rabbit-Alexa 568 NA 1:200 Molecular Probes
Invitrogen, UK,
A10042
2.2 Methods

2.2.1 Cell Culture

Cells (H9c2) derived from rat embryonic cardiomyoblast were purchased from the European
Collection of Animal Cell Cultures in (Porton Down, UK). Mitotic H9c2 cells were cultured in
T75 culture flasks in Dulbecco’s Modified Eagle’s Medium (DMEM), supplemented with 2
mM L-glutamine, 10% (v/v) Fetal Bovine Serum, 100 U/ml penicillin and streptomycin (100
ug/ml). Cells were grown in a humidified incubator of 5% CO,, 95% air at 37 °C and left
overnight. Cells were grown until they reached 70-80% confluence and growth monitored
using a light microscope. Cells were sub-cultured by removing the medium and washing the
cells with 10 ml sterile phosphate buffered saline (PBS). Cells were then detached by using
trypsin (0.05 % w/v)/EDTA (0.02 % w/v) in PBS and left for 2-3 min in the humidified
incubator. 10 ml of fully supplemented DMEM medium was added to the trypsinized cells
and centrifuged for 5 min at 5000 xg. Supernatant was discarded and the cell pellet

resuspended in 1 ml of the medium. Cells were then further sub-cultured (1:5 split ratio).

2.2.2 H9c2 cell differentiation

Differentiation of H9c2 cells were induced by culturing the myoblasts cells for 7 days with
growth medium (DMEM) supplemented with 1% (v/v) FBS and 10 nM all-trans retinoic acid.
The medium was replaced every 2 days. To confirm the effect of differentiating treatment,

cells were monitored under a light microscope every 2 days. Cells showed cardiomyocyte-

43



Chapter 2

like phenotype by forming multinucleated elongated myotubes. Further confirmation was
performed by monitoring the expression of cardiac specific troponin 1 Vvia

immunocytochemistry and western blotting.

2.2.3 Human induced stem cell (hiPSC-CC) cell culture

Prior to HPSC-CC culture, three wells of 6-well plate were coated with 2 ml 1% (v/v)
fibronectin in sterile Ca®* and Mg?* free Dulbecco’s phosphate buffered saline, (DPBS) per
well and incubated overnight in a humidified incubator at 37°C. Next day Cardiomyocyte
Plating Medium (CPM) was warmed at room temperature, and the coating fibronectin
solution aspirated from the three wells and 1 mL of the warmed CPM was added to each
well. Cryopreserved cells (hiPSC-CC), obtained from Sciencecell research laboratories, were
thawed gently in a water bath (37°C) for 90 seconds and transferred to a 15 mL conical tube,
resuspended in 10 ml of CPM and centrifuged at 5000 xg for 5 min at room temperature.
The supernatant was carefully aspirated avoiding any disturbance of the cell pellet and 6 mL
of CPM add to the pellet with gentle mixing 2 - 3 times. After which 2 mL of cell suspension
was added to each fibronectin coated well (3000,000 cell/well) and incubated 48 h in a
humidified incubator 37°C to avoid any disturbance of cultured cells. On the third day the
medium was replaced by cardiomyocyte growth medium (CGM) to remove unattached cells.
Cells were then detached by trypsin (0.05 % w/v)/EDTA (0.02 % w/v) in sterile phosphate
buffered saline (PBS). Maturation and contraction of HPSC-CC was induced by culturing the
cells for 7 days in CGM. The CGM medium was replaced every 48 h. The cells were
monitored under light microscope to maturation and contraction. Further confirmation was
performed by monitoring the expression of cardiac specific troponin 1, trypomyosin and a-

actin via immunocytochemistry.

2.2.4 Cells count

The amount of viable cells was determined prior to any treatment. Trypan blue exclusion
assay a method was used to estimate viable cell count. The H9c2 cell pellets were re-
suspended in 1.0 ml of medium that was prepared during sub-culturing (section 2.2.1). A
volume of 10 pl of cell re-suspension was mixed with 10 ul trypan blue dye. This mixture was
pipette onto an Improved Neubauer haemocytometer (Camlab, UK) (0.1 mm depth, 400

mm2) and the cells were counted in the four (0.1 mm?®) corner squares via light microscope
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at (100x) magnification (Olympus CK40-54-SLP, Japan). The cell density per ml was then

calculated according to the following formula :

Cell density = cell number (mean from four fields) x 10* x dilution factor
2.2.5 Experimental procedure

A) B) Q)

- Analysis

Cultured mitotic H9c2 cells Differentiating H9c2 cells Exposure period
Figure 2.1 A schematic representation of the experimental procedure

A) Cultured mitotic H9c2 cells. B) Cells were induced to differentiate for 7 days. C) Differentiated
H9c2 cells are incubated with the desired concentration of OPs at different time points. Different
analyses were performed to study the effect of different concentrations of OPs on differentiating
H9c2 cells.

2.2.6 Immunocytochemistry

Cells (H9c2) were seeded in 8-well chamber slides (BD Falcon Culture Slide) at a cell density
of 15,000 cells/ chamber, for 24 hours with DMEM medium. The medium was removed and
replaced with differentiation medium and incubated for a further 7 days with the
differentiation medium changed every 2 days. After 7 days incubation H9c2 cells were
completely differentiated. The medium was then aspirated gently from the chambers and
the adherent cells were washed gently with pre-warmed PBS (37 C°) three time for 5 min.
Cells were then fixed in 3.7% (w/v) paraformaldehyde (Sigma-Aldrich, UK) in PBS for 15 min
at room temperature without agitation. Cells were then washed gently with pre-warmed
PBS (37 °C) three times for 5 min and permeabilized with 0.1% (v/v) Triton X-100 in PBS for
15 min at room temperature without agitation. Cells were washed gently with pre-warmed
PBS (37 °C) three times for 5 min. Fixed cells were then blocked by incubating the cells for 2

h with 3% (w/v) bovine serum albumin (BSA) in PBS (BSA/PBS) at room temperature without
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agitation to prevent non-specific binding of antibodies. After blocking, cells were then
incubated with specific primary antibody (1:1000) in 3 % (w/v) BSA in PBS (see table 2.1) and
left over night at 4 °C in a humidified chamber. Cells were then washed gently with PBS three
times for 5 min to remove unbound primary antibody. Cells were then then incubated for 2
h at 37 °C in a humidified chamber with the secondary antibody anti-mouse immunoglobulin
G conjugated Fluorescein isothiocyanate (FITC; Abcam, UK), diluted 1:1000 in 3 % (w/v) BSA
in PBS (see table 2.2). The chamber slides were then washed gently three times with PBS for
5 min. Cells were air dried and mounted with Vectashield® mounting medium (Vector
laboratories Ltd, Peterborough, UK) containing DAPI (4',6-diamidino-2-phenylindole) nuclear
counterstain for nuclear visualization. Slide were then cover-slipped and sealed from the
edges of the cover slip by transparent nail varnish and left to dry for 5 min at room
temperature. Finally, immunostained cardiomyocytes were visualized using an Olympus
DP71 epifluorescence microscopic system equipped with an argon/krypton laser (FITC:

EX493/EMs2g; DAPI: EX360/EMago).

2.3 Cell Viability Assays

2.3.1 MTT assay

Cell viability was determined by measuring the activity of mitochondria respiratory chain via
MTT (thiazolyl blue tetrazolium bromide, Sigma-Aldrich) reduction assay. The MTT is a dye
that will is converted to water-insoluble purple formazan on the reductive cleavage of its
tetrazolium ring by the respiratory enzyme succinate dehydrogenase in active mitochondria.
Undifferentiated H9c2 cells were seeded in 24-well plat at a density of 15,000 cells/well for
24 h (Sarstedt, Leicester, UK) in fully supplemented DMEM growth medium. Cells were then
subsequently induced to differentiate for 7 days as described above in section (2.2.2). Cells
were then treated with OPs at the indicated concentrations and incubation time. Following
OPs exposure, cell viability was determined by incubating the cells with 0.5 mg/ml MTT
solution in DMEM at 37 °C for 1 h. After that, the medium in each well was aspirated, and
replaced with 500 ul of DMSO. The plate was then gently agitated to ensure sufficient
dissolution of the water-insoluble purple formazan crystals. After that, 200 pl of the resulting
solution was transferred into a 96-well plate (Sarstedt, Leicester, UK) and the absorbance of
the solutions was read at 570 nm using a standard 96-well plate reader (Expert 96, Scientific

laboratory, UK). The absorbance of the blank was subtracted from each sample absorbance
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reading and the viability of the cells is directly proportional to the MTT reduction, which

determined by the absorbance of the solubilized formazan product at 570 nm.

2.3.2 LDH assay

Cytotoxicity induced by OPs was assessed by lactate dehydrogenase (LDH) release into the
culture medium. The LDH assay was performed according to the manufacturer’s instructions
(CytoTox 96® non-radioactive cytotoxic assay kit, Promega, Southampton, UK). The assay is a
colorimetric assay based on the measurement of LDH release from damaged tissue that
catalyze the conversion of lactate to pyruvate via reduction of NAD+ to NADH. Then, the
dehydrogenase enzyme diaphorase (present in the substrate mix in the kit) coupled with
NADH and the formation of red formazan product tetrazolium salt (INT). Thus, LDH release
was proportional to the red formazan product. Cells (H9c2) where seeded into 96-well plates
at a density of 5000 cells/well (Sarstedt, UK) and incubated overnight at 37 °C in fully
supplemented DMEM growth medium to allow cell to adhere at the bottom of the plate.
Cells were then differentiated for 7 days in differentiation medium as described in section
(2.2.2). Following OP exposure, the plate was centrifuged (5 min, 300 g) to allow cellular
debris to be compacted to the bottom of wells. A volume of 50 ul of the supernatant was
then transferred to a new non-sterile 96 well plate and 50 ul of the reconstituted assay
buffer (10 ml assay buffer added to one bottle of substrate mix, in kit) added to each sample
well. The plate was then covered with foil and incubated at room temperature for 30 min
using a mixer shaker. After that, a volume of 50 pl of assay stop solution (1 M acetic acid)
was added to stop the reaction. The change in absorbance was monitored at 490 nm using a

standard plate reader.

2.3.3 Acetylcholinesterase (AChE) activity assay

Cells (H9c2) were cultured in T75 culture tissue flasks and induced to differentiate for 7 days
as described in section (2.2.2). Following experimentation, cells were detached using trypsin
(0.05 % w/v)/EDTA (0.02 % w/v) and incubated for 2-3 min at 37 °C. Following detachment,
10 ml of fully supplemented medium was added to the flask and centrifuged for 5 min at
5000 Xg. The supernatant was then discarded and the pellet was resuspended in 1 ml ice
cold PBS and transfered to an Eppendorf tube on. The cell suspension was centrifuged at

47,000 xg for 3 min. Supernatant was discarded and 1 ml of ice cold 200 mM sodium
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phosphate buffer (pH 7.4) containing 0.2% (v/v) Triton X-100 was added to the pellet and
mixed gently up and down using a pipette. 100 uL of the sample suspension was added to 96
well plate in four replicates, followed by 50 pL of (0.03 % w/v) 1.25 mM acetyl thiocholine
iodide in PBS and 50 pL of (0.047 % w/v) 1.25 mM of 5,5-dithiobis (2-nitro-benzoic acid)
DNTB in PBS with gentle mixing. Using a standard plate reader change in absorbance was
monitored at 405 nm and was linear over a 10 min period. Color intensity is proportional to
the enzyme activity and data were expressed as mean specific activity (absorbance

change/min/mg protein) from at least three independent experiments.

2.4 Coomassie Blue Staining

Cells were stained with Coomassie blue for morphological change detection and visualised
under light microscopy. Cells were cultured and differentiated for 7 days as mentioned
previously and exposed to OPs. The growth medium was aspirated and the cells were
washed with PBS three times. The cells were then fixed at -20 °C with 90 % (v/v) methanol
solution for 15 min. The methanol fixing solution was then removed and Coomassie blue
staining solution (0.1% (w/v) Coomassie brilliant blue G, 50 % (v/v) methanol, 10 % acetic
acid) was added the cells for 10 min to stain the cells. Staining solution was aspirated and
stained cells were washed three times with deionised water and left to air dry at room

temperature.

2.5 Western Blot

2.5.1 Cell lysis

To examine the activation or the expression of cell signaling proteins, Western Blotting was
employed. Cells (H9c2) were differentiated for 7 days in T25 tissue culture flasks. Following
experimentation cells were rinsed twice with 2 ml of warmed PBS. A volume of 300 pL of hot
(100 °C) sodium dodecyl sulfate buffer (0.5% w/v SDS in Tris buffered saline) was added and
cells were removed by a scrapper from the flask surface. The resulting cell lysates were
transferred to 1.5 ml Eppendorf™ tubes in order to guarantee the total lysate. Cell lysates

were then boiled for 10 min and samples stored at -20°C until required.
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2.5.2 Protein estimation

Protein concentration in cell lysates was measured by Bicinchoninic acid (BCA) protein
method (Bio- Rad laboratories, Hertfordshire, UK) . In brief, 5 ul of the sample cell lysate
was added in duplicate to a 96 well plate. After which 200 pl of assay reagent B and 25 pul of
assay reagent A (1 ml of reagent A, 20 pl of reagent S, and set according to the instructions
of the manufacturer) were added. The samples were then covered with foil and placed in
the shaker for 30 min at room temperature. Bovine serum albumin (BSA) protein standards
were prepared in a range of 0-10 mg/ml. A standard plate reader was used to read the
absorbance at 620 nm and the concentration of the protein samples were compared with

standard curve produced of BSA.

2.5.3 SDS-PAGE

A volume of 75 pl of the sample lysate was mixed with 25 ul 4x Laemmli (8 % w/v SDS, 40 %
(v/v) glycerol, 10 % (v/v) B-mercaptoethanol, 0.01 % (w/v) bromophenol blue, 250 mM Tris-
HCl pH 6.8) in deionised water and boiled for 10 min. A 0.75 mm thickness 15 % (w/v)
acrylamide gel was prepared, which contained the resolving gel (23 % (v/v) deionised water,
50 % (v/v) ProtoGel® acrylamide mix (30 % acrylamide solution 37.5:1 ratio, Geneflow Ltd,
Staffordshire, UK), 25 % (v/v) 1.5 M Tris-HCl pH 8.8, 1 % (v/v) SDS solution, 10 % (w/v)
Ammonium persulfate (APS) solution and 0.04 % (v/v) N,N,N’,N’-
tetramethylethylenediamine (TEMED) and were poured in to the gel cast (Bio-Rad Mini-
Protean Ill system) and a space was left at the top of the gel cast for the stacking gel
(Stacking gel; 68 % (v/v) deionised water, 17 % (v/v) ProtoGel® acrylamide mix, 12.5 % (v/v)
1.0 M Tris-HCI pH 6.8, 1 % (v/v) SDS solution (10 % (w/v) Sodium dodecyl sulphate in
deionised water) 1 % (v/v) APS solution (10 % (w/v) Ammonium persulfate in deionised
water), 0.1 % (v/v) TEMED) and the comp was added immediately. Once the gel was
polymerized, 5 pl of protein ladder (Precision Plus Protein™ dual standards, Bio-Rad
laboratories, Hertfordshire, UK) and the buffered lysate samples which contained 15 ug of
protein were loaded into the gel wells. After that the gel was placed in electrophoresis
container that contained 1x electrophoresis buffer (0.01 % (w/v) SDS, 2.5 mM Tris, 192 mM
glycine, pH 8.3,). Gels were run at 200 V for 45 min. After protein separation, gels were
placed in Western blot transfer buffer (25 mM Tris, 192 mM glycine and 20% (v/v) MeOH) at
4°C for 5 min.
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2.5.4 Western blot

Proteins were transferred to nitrocellulose membranes using a Bio-Rad Trans-Blot system. A
set up of a wet transfer was performed as follows; pre-wet sponge - filter paper - gel-
nitrocellulose membrane - filter paper — pre-wet sponge. The layers were then placed into a
western blotting cassette and closed gently to avoid air bubble and placed in the transfer
tank that contained chilled transfer buffer. Proteins were transferred at 100 V for 1 h. After
electrotransfer of the proteins, the nitrocellulose membrane was stained by Ponceau red
stain (Sigma-Aldrich, UK) to confirm protein transfer from the gel. The membranes were
then washed with PBS for 5 min with agitation to remove Ponceau staining. Un-occupied
protein binding sites on the membrane were blocked using blocking buffer (5 % (w/v)
skimmed milk powder and 0.1% v/v Tween-20 in TBS) for 1 h at room temperature with mild
agitation. This will prevent nonspecific binding of the antibodies. Following blocking, the
proteins of interest were detected by using primary antibodies diluted in a fresh blocking
buffer (1:1000; see table 2.1) and incubated overnight at 4°C with mild agitation. After that,
the antibody is removed and the membrane was washed with TBS/tween three times for 15
min. The membrane was then incubated for 2 hours at room temperature with mild
agitation with secondary antibody conjugated with horseradish peroxidase diluted in a
blocking buffer (1:1000; see table 2.2). The membrane was then washed at room
temperature in TBS/Tween three times for 15 min. Blots were developed by Ultra
Chemiluminescence Detection System (Cheshire Sciences Ltd, Chester, UK) and proteins
were quantified by (Advanced Image Data Analysis). Software (Fuji; version 3.52). Target
protein were normalized to GAPDH or to its total protein target to measure the value of

target protein.

2.6 Two-Dimensional Electrophoresis (2-DE)

2D gel electrophoresis could separate proteins in a mixture according to their charge (p/) in
the first dimension and their molecular weight in the second dimension. This reproducible
technique enable protein identification when combined with mass spectrometry. and

assessment of protein expression levels.

Differentiated H9c2 cells (7 days) were cultured in T25 culture flasks. Following
experimentation, cells were washed twice with warm PBS (37 °C) and lysed in 300 pL of urea

lysis buffer (8 M urea, 50 mM DTT, 4% w/v CHAPS, and 0.2% v/v Bio-Lyte 3/10 ampholyte;
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Bio-Rad, UK) in deionised water. Cell lysates were then precipitated in a proportion of 10%
(v/v) cell lysate to 90 % (v/v) acetone and kept overnight in -20 °C. After that, the
precipitated cell lysates were then centrifuged at 10,000 RCF at 4°C for 10 min and the
supernatant removed. The pellets were partially covered to prevent any contamination and
left to dry for 1 h in the fume cupboard. To determine protein concentration, 5 ul of the
sample was used for DC Lowry protein assay. An amount 300 pg of protein sample was
added to 120 pL rehydration buffer (Biolite®ampholytes (p