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Abstracts

Abstract

Cardiovascular disease (CVD) is the leading cause of global mortality and its
prevalence is still increasing. Despite current drug treatments that can significantly
improve the clinical outcomes in patients with CVD, adverse effects or no
pharmacological responses exist in some cases. Hence, there remains an unmet need
for developing novel pharmacological agents with improved efficacy and free of the

side effects to prevent CVD.

Danshensu (DSS) and tetramethylpyrazine (TMP) are major active ingredients from
danshen and chuanxiong, respectively. Previous studies indicated that additive
synergistic effects may exist when danshen and chuanxiong are co-administered. In
view of these results, we postulated that the beneficial effects of danshen and
chuanxiong might be exploited by the combination of the pharmacophoric moieties
of DSS and TMP. We had synthesized a novel compound named ADTM by
modifying a heterodimer of DSS and TMP. The activities of ADTM were

investigated in numerous experimental models of cardiovascular diseases.

ADTM was much more potent than its parent compounds, DSS and TMP alone as
well as in combination, against tert-butylhydroperoxide-induced cell injury in H9c2
cardiomyoblasts. ADTM treatment significantly alleviated myocardial infarction in a
rat model of myocardial ischemia. Moreover, the PI3K/Akt and Nrf2 pathways were
found to be involved in the cardioprotective effect of ADTM both in vitro and in vivo.
In addition, ADTM demonstrated a more potent and broader spectrum of anti-platelet
aggregation activity than its parent compounds in in vitro and in vivo. In order to

identify the protein interacting targets of ADTM, pull-down proteins bound with
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biotinylated modified ADTM chemical structure were analyzed by LC-MS/MS. We
had identified and confirmed protein isomerase disulfide (PDI) family members,
particular ERp57, as novel interacting targets of ADTM. The mechanisms underlying
the anti-platelet aggregation effect of ADTM, at least in part, are mediated by the
inhibiting the activity of ERp57 as well as activating vasodilator-stimulated
phosphoprotein (VASP) and heme oxygenase-1 (HO-1), leading to suppress platelets

surface expression of allbf3 and P-selectin.

Collectively, ADTM, a novel heterodimer of DSS and TMP, represents a promising
lead candidate for the treatment of CVDs, partly through alleviating myocardial

infarction and thrombotic problems.



Declaration

Declaration

| declare that the thesis here submitted is original except for the source materials
explicitly acknowledged and that this thesis as a whole, or any part of this thesis has

not been previously submitted for the same degree or for a different degree.

I also acknowledge that | have read and understood the Rules on Handling Student
Academic Dishonesty and the Regulations of the Student Discipline of the University

of Macau.



Table of Contents

Table of Contents

ACKNOWIEAGEMENTS........iiiiiiieiee et nre e i
ADSTIFACT ...t i
D =Tod U= o] o PSSR v
List of Tables and FIQUIES.........cvoii it iX
LiSt Of ADDIEVIATIONS .....oviiiiiii e X
Chapter 1 INtroAUCTION ......cc.ooiiiic et 1
1.1. General BaCkground ...........cccoooiiiiiiiiiice e 1
1.1.1. Epidemic status, types, mechanisms and causes of cardiovascular
ISBASES ...ttt ettt sttt ettt b ettt et et e nneenre s 1
1.1.2. Ischemic heart disease and current treatment drugs ...........ccccceeveenenn. 2
1.1.3. Platelets and CVD .....ccviieiieecieceee e 3
1.1.4. Current antiplatelet therapy ........cccccveveiveiieie e, 3
1.1.4.1. Current antiplatelet drugs...........ccoovviiieiiienc s 4
1.1.4.2. Chinese herb for promoting blood circulation and removing
blood stasis.........v . £ A L B e T 6
1.1.5. Drug targets «. . . R e it e e 6
1.1.6. Brief summail,, 5"  .orrey. orrmm. G2 ammmy prevy - one e pfe s 7
1.2. Specific BaCKground.............cooiiiiiiieii e iesie et 8
1.2.1. Danshensu, tetramethylpyrazine and its derivative ..............cccceeenee. 8
1.2.1.1. DANSNENSU ....ctveiuierierieriniesiesiestessessaseeseeseeseeseessaesesbessessesseeneenees 8
1.2.1.2. Tetramethylpyrazing..........cocviviiininicee i 11
1.2.1.3. DSS and TMP deriVatiVe.........ccccuvuriiierieieieic i, 14
1.2.2. Discovery of drug targets by chemical proteomics approach............ 14
1.2.3. Protein disulfide isomerase family and disease..............c.cccccevvevennenn 15
1.3. Research Goals and ODJECHIVES..........c.cooeiiiiiiinie i 18
1.3.1. General Goals and ODJECLIVES .........ccceeriieiieiienii e 18
1.3.2. Specific Goals and ODJECTIVES ............oov i 18
1.4. Research Methodology and DeSign cc...ciciiieiecieciieiecce e 19
1.5. Potential CONtriDULIONS ... icueeiiiiieiieriine e n e sie e 21
1.6. Organization of the ThESIS.........ccccciviii i 22
1.7. Statement of Originality.........cccooueriiiiiiiiie e 23
Chapter 2 ADTM confers protective effects against oxidative stress-induced cell
injury in H9c2 cells and myocardial injury in rat..........ccccooeveiiiniiiicce 25
2.1, INEPOTUCTION ..t 25
2.2. Materials and Methods ..........cooeiiiiiiieiie s 26
2.2.1. MALEIIAIS ...t 26
2.2.2. Cell CUITUIE ..o s 27
2.2.3. Cell treatment and MTT @SSAY......ccververrerererieieie e, 27
2.2.4. Lactate dehydrogenase (LDH) aSSay.........cccoevverivieiieiieesiesiieesiee e 28

2.2.5. Fluorescein isothiocyanate (FITC)-labeled Annexin V-based
APOPLOSIS ASSAY ..vvervvrerrieiireeiteesire et e st teesteeeb e e sbeeabe e beear e e sae e s beeateeereenreeanes 28
2.2.6. Measurement of mitochondrial membrane potential (Aym)............. 28
2.2.7. Detection of Intracellular Reactive Oxygen Species (ROS) ............. 29
2.2.8. IMMUNOSTAINING SSAY ....vvvevieirreeirieiieesieesieesrre e see e sree e snee s 29
2.2.9. Nrf2 transcriptional aCtiVIty..........cccooceriiiniiniiiee e, 29
2.2.10. Preparation of whole cell, cytosolic and nuclear extracts ............... 30
2.2.11. Nrf2 SIRNA transfection..........cccooeveieiininieee e 31
2.2.12. ImmUNOPIECIPITALION ....oveiieiiieiiieie e 31

Vi



Table of Contents

2.2.13. Western blot analysiS..........ccceeiieiieie i 31
2.2.14. Model of acute myocardial ischemia, drug treatment and
determination of the iINfarct SIze ... 32
2.2.15. Statistical ANAIYSIS .......coeiieiiiieiie e 33
2.3, RESUILS ...ttt 33
2.3.1. Protective effects of ADTM on t-BHP-induced cell injury in H9c2
cardiomyoblast CellS .........coviiiiiieece e 33
2.3.2. ADTM inhibited apoptosis induced by t-BHP in H9c2 cells ............ 35
2.3.3. ADTM pretreatment attenuated t-BHP-induced decrease in
MItoChoNdrial ACHIVILY.........oiviiiiiei e 36
2.3.4. Oxidant scavenging property of ADTM on t-BHP-induced ROS
GENETALION ...ttt 37
2.3.5. Effects of ADTM on PI3K/AKt signaling...........cccccoveveiiieieenccinennnn, 38
2.3.6. Effects of ADTM on the activity of PI3K, Akt and GSK-3f in H9¢2
cells against t-BHP-induced cell injury..........ccccoeiveiiiic i 39
2.3.7. ADTM activates the Nrf2/Keapl pathway .........cccccoocevenerenininennenn 41
2.3.8. Nrf2-siRNA transfection abolished the cytoprotection of ADTM in t-
BHP-treated HIC2 CEIIS .........ooeee it 43
2.3.9. ADTM activated the Nrf2/HO-1 signaling pathway which was
mediated DY PISK/AKL........ccoiiiiiiiee i 44

2.3.10. Protective effects of ADTM after acute myocardial ischemia in rat45
2.3.11. ADTM activated the PI3K/Akt and Nrf2/HO-1 pathways in vivo.. 47

2.4, Dige¥ssion........... Jo i ... LT 48
Chapter 3 ADTM inhibits platelet aggregation and thrombus formation.......... 52
T8 1011 0o 1t o O ST ST PRPRPRRRRR 52
3.2. Materials and MethOUS ... ....eiveiieiineeite et neees 54
3.2.1. MaterialS®) W=t T 54
3.2.2. Preparation of platelet-rich plasma............cccccooviiiiiiiinininiceee 55
3.2.3. Protein preparation from platelets ...........cccooveviiiii i, 55
3.2.4. Western blot analysis............oooiiiiiiii 55
3.2.5. Platelet aggregation iN VItr0 ......ccccovvveiiieiiiie i ses e 56
3.2.6. Determination of platelet activation by flow cytometry.................... 56
3.2.7. Rat platelet aggregation-induced by ADP in VivO ..........ccccceevveinenenn 57
3.2.8. FeCls-induced inferior vena cava thrombosis in rat...........cccccceeeenenn 57
3.2.9. Evaluation of plasma 6-Keto-PGF, levels inrat...........c.cccceevenenenn 58
3.2.10. Statistical analySiS ........c.ccvveiiiieiiecr e 58
3.3  RESUILS ... e 59
3.3.1. ADTM inhibits platelet aggregation-induced by ADP, AA and
101 (0] 141 o] | [ USSR 59
3.3.2. ADTM inhibits activation of alIbB3 ........ccccovviiiiiiiiiiiin 61
3.3.3. ADTM inhibits ADP-induced P-selectin expression ............cccceee.. 61
3.3.4. ADTM inhibits platelet aggregation-induced by ADP in vivo.......... 62
3.3.5. ADTM inhibits thrombus formation in Vivo............ccccceeeeviveieiinennnnn 64
3.3.6. ADTM reverses the decrease in 6-Keto-PGF,, level-induced by
(O E | T4 LYo R 64
3.3.7. ADTM enhances VASP phosphorylation and HO-1 protein levels.. 66
3.4 DISCUSSION ... e etiesieetesteesie e e e staestesseestaestessaessaeseeaneesneeseeneenseeneeaneenneas 67
Chapter 4 Identification of a primary target of ADTM ..o, 69
A1, INEFOUUCTION. ...ttt et 69
4.2. Materials and methods ..........cooueiiiiieii s 70

vii



Table of Contents

4,21 MALEITALS ..t 70
4.2.2. Preparation of platelet-rich plasma...........ccccooiiiiiiiiiieen, 70
4.2.3. Protein preparation from platelets ...........c.ccovevieiiiiciiececc e, 70
4.2.4. NeutrAvidin Agarose Resin pull-down with BDB............c..ccccevnee. 71
4.2.5. Nan0o LC-MS/MS @nalySiS........ccccovereiiimiiereiieseeniesie e e eee e 71
4.2.6. Database Search and Data ANalysis .........ccccovviiiereiniienene e, 72
4.2.7. Western blot analysiS.........ccoviieiieieiiie e 72

4.3, RESUITS ...ttt r e e 73
4.3.1. Identification of ADTM binding with PDI protein family members by
chemical proteomics apProach ...........cccceeeririiininieee e 73
4.3.2. Validation of binding between ADTM and PDI protein family by
WeStern DIOt @NalYSIS........coiiiiieieiee e 75
4.3.3. ADTM inhibits redox activities of PDI family..........c..cccooveveinnnn. 77

O D ol U (1] o] SRR SR 78
Chapter 5 CONCIUSIONS ........cviiieieccce e 81
5.1, CONCIUSIONS .....ciiiiiieie ettt sttt ene et e e e sneeneennes 81

5.1.1. ADTM confers cardioprotection via PI3K/Akt and Nrf2 pathways.. 83
5.1.2. ADTM targets protein disulfide isomerase ERp57 to inhibit platelet

aggregation and thrombus formation..........c.cccieeiiiin i 83

5.2. Limitations Of CUITENt STUAY .......ooiveiiieiiieiiieeeeie s 83

5.3. Perspectives for Future WOrk ..o iiviiie it 84

5.4, ClOSING FEMATKING ......cvitiitiitieiieieiesi ettt ab et bt 85
RETEIENCES c.viver el oglPrheceeeeceerrees Bt dit Rkt bbbt e eeeeeeerenende TR e eeeeneaes 87
CUTTICUIUM VITAE. vt nnes 97

viii



List of Tables and Figures

List of Tables and Figures

Fig. 1.1. Platelet function and targets of antiplatelet pharmacological agents............. 4
Fig. 1.2. Chemical structure 0f DSS ..o 8
Fig. 1.3. Chemical structure of TMP .......ccoooiiiiiii e 11
Fig. 1.4. Research methodology and desSign (A) .....ccccvevveiieieiieere e 19
Fig. 1.5. Research methodology and design (B) ........cccoiiiiiiieiencicecee 20
Fig. 2.1. Evaluation of cytoprotective effects for DSS, TMP and ADTM. ............... 34
Fig. 2.2. Effects of ADTM on t-BHP-induced apoptosis in H9c2 cells..................... 35
Fig. 2.3. Effects of ADTM on t-BHP-induced dissipation of mitochondrial membrane
potential (Awym) and intracellular oxidant level in H9¢2 cells. .....oooovvviiviviieiennnne 37
Fig. 2.4. ADTM significantly reduced ROS level induced by t-BHP............c..c........ 38
Fig. 2.5. Involvement of the PI3K/Akt pathway in cardioprotection by ADTM in
HOC2 CEIIS. ..ttt re e nns 39
Fig. 2.6. ADTM activates PISK/AKt pathway. ..........ccccovveviiiiiiciecc e, 40
Fig. 2.7. ADTM increased protein expression of Nrf2 and HO-1, but decreased
Keapl protein in a time-dependent manner in H9c2 cells. ..........ccccovevvevviieevnenene, 41
Fig. 2.8. ADTM confers cardioprotection through the activation of Keap1/Nrf2
signaling in HICZ.CelIS. ....... .ot e v et 42
Fig. 2.9. ADTM disrupted the Keap1-Nrf2 complex.........ccovvvieiiieiininieninieeenn 43
Fig. 2.10. Nrf2 siRNA transfection blocked the cardioprotection by ADTM. .......... 44
Fig. 2.11. ADTM-induced Nrf2 signaling was dependent on PI3K/AKkt. .................. 45
Fig. 2.12. Cardioprotective effect of ADTM N Iats. .........cccoovviiieiiiieieece e, 46
Fig. 2.13. Involvement of PISK/Akt and Nrf2 pathways in cardioprotection conferred
by ADTM in rat heart ischemia MOdeL. ...........ccceiveiiiiiiiiccece e 48
Fig. 3.1. The inhibitory effects of ADTM on ADP, AA and thrombin-induced
platelet aggregation IN VITFO. ... i iiii et re e sneesreas 60
Fig. 3.2. ADTM inhibits surface expression of activated allbp3 and P-selectin on
platelets. . &....... % ... 0 el 62
Fig. 3.3. ADTM inhibites platelet aggregation-induced by ADP in a concentration
dependent MANNEE IN VIVO........cciciuiiiiiiie i sttt raesreeeesneesreas 63
Fig. 3.4. Anti-thrombotic effect of ADTM on FeCls-induced thrombosis model in rat.
.................................................................................................................................... 65
Fig. 3.5. Effects of ADTM on VVASP phosphorylation and HO-1 protein expression.
.................................................................................................................................... 66
Fig. 4.1. Chemical structures of DSS, TMP, ADTM, and BDB............cccccvevvrreennenn. 74
Fig. 4.2. Schematic diagram for the target identification by a chemical proteomics
APPFOACH. . bbb 74
Fig. 4.3. Target validation and the inhibition of the PDI members by ADTM.......... 76
Fig. 4.4. Proposed mechanism of anti-platelet of ADTM.........ccccoovviiiiiiciiic e, 77
Fig. 5.1. Proposed mechanisms of beneficial effects conferred by ADTM on CVDs.
.................................................................................................................................... 82
Table 1.1. Current main FDA-approved antiplatelet drugs..........cccocoevviiiiiiiiienenn, 5
Table 1.2. Summary of the main biological activities of DSS..............cccovviiiieiinnn. 9
Table 1.3. Summary of the main biological effects of TMP reported from 2012 to
70 TSRS 12
Table 4.1. Proteins identified by pull down and mass spectrometry ..............ccocoe..... 75



List of Abbreviations

ADP
CvD
DSS
ER
ERp
FBS
FDA
HO-1

IHD

LDH
MS
Nrf2
PDI
PI3K
PPP
PRP
ROS
SIRNA
t-BHP
TMP

VASP

List of Abbreviations

Arachidonate

Adenosine diphosphate
Cardiovascular disease
Danshensu

Endoplasmic reticulum
Endoplasmic reticulum protein
Fetal bovine serum

Food and Drug Administration
Heme oxygenase 1

Ischemic heart disease
Immunoprecipitation

Lactate dehydrogenase

Mass spectrometry

Nuclear factor erythroid 2-related factor 2
protein disulfide isomerase
Phosphoinositide 3-Kinase
Platelet-poor plasma
Platelet-rich plasma

Reactive oxygen species
Small interfering RNA
tert-Butylhydroperoxide
Tetramethylpyrazine

Vasodilator stimulated phosphoprotein



