Screening triterpenoid compounds
with potential to treat retinal
diseases

Zhengqi Cheng

A thesis submitted in fulfilment of the requirements for the

degree of Doctor of Philosophy

School of Pharmacy
Faculty of Medicine and Health
The University of Sydney
2020



Statement of Originality

This thesis is submitted to the School of Pharmacy, Faculty of Medicine and Health,
The University of Sydney, in fulfilment of the requirement for the degree of Doctor of
Philosophy. This is to certify that to the best of my knowledge, the content of this thesis

is my own work. This thesis has not been submitted for any degree or other purposes.

I certify that the intellectual content of this thesis is the product of my own work and
that all the assistance received in preparing this thesis and sources have been

acknowledged.

Zhengqi Cheng
January 2020



Contents

ACKNOWICAZEMENLS ... VvV
LiSt Of PUDIICATIONS ....c.vviiiiiiiiiesiie ettt et snne s VI
LiSt Of ADDIEVIALIONS. ... .eeiiiiiiieiiiiiiee ettt ettt na e VI
LSt OF TADIES ...ttt XII
LSt OF FIGUIES ...t X1V
TRESIS ADSIIACT.....eiutieitiieiee sttt ettt e et et e e sbe e e beennee s XV
Chapter 1 LAterature TEVIEW .....ccviieeiiiiiiiiesie e 1
F N o3 T TR PTOTRTPURRPROPRN 1

L1 Back@round.........cccoiiiiiiiiiiiisieei e 1

1.2 Biosynthesis of TIterpenoids ..........ccerveririiiieniiieniene s 2

1.3 Naturally occurring PTS ........coiiieiiiiiiieiie s 3
1.3.1  GIyCYITRIZIN ..o 3

1.3.2  CarbenoXOlOne .......ccceriiieiiieiiiiiie ittt 5

1.3.3  Acetyl-11-keto-B-boswellic acid...........cceovvriiriiiiiiiiien e 5

1.3.4  Celastrol .......ooiiiiiiiieecie e 6

L.3.5  ESCIMuiiiiiiiiiiie et 7

1.3.6  Oleanolic acid ........ccovuiiiiiiiiiiie et 7

1.3.7  UTSOIIC ACIA ..ot 8

1.3.8  Other PTS ...eeiiiiieee e 9

1.4 Chemically modified PT derivatives ..........cccocceiiiriinieniec e 9
1.4.1 CDDO and dh404 .........cooooiiiiiiieiieie e 11

1.4.2  CDDOIM oottt 12

1.4.3  CDDOME......ociiiiiiiiieiieee et 12

144 RTAAOS ...t 13

LS RSO s 13

1.5 CONCIUSIONS....oiiiiiiiiiiiieiiie et 14

1.6 Objectives of this thesSiS ......ocviiiiiiiiiiieee e 29
RETETEICES ...ttt ree e 30

(O] 0F:1 011 o TP 39

A derivative of betulinic acid protects human Retinal Pigment Epithelial (RPE) cells
from cobalt chloride-induced acute hypoXic Stress.........covvvrviriieiiiiiiiere e 39
ADSITACT ...ttt 39



2.1 INEEOAUCTION ...ttt 40
2.2 Materials and methods ..........cooiiiiiiiiiiii e 41
2.2.1 Reagents and chemicals ..........ccoceiiiiiiiiiiiiicic e 41
2.2.2 Cell CUUIE....ciiiieiie e e 42
2.2.3 Cytotoxicity and anti-hypoxiC aSSay .........cccuvverririveriieiiniinieiineenies 42
2.2.4 Measurement of intracellular Reactive Oxygen Species (ROS)........ 42
2.2.5  APOPLOLIC ASSAY ..euvviviirriiiriiieeitiaie ettt 43
2.2.6 WESLEIN DIOT ..o 43
2.2 7 SHTALISEICS c.uveetieiitiestee et e stee st et e sttt e sttt e sbe et e e be e e beenbeesnbeennee s 43
2.3 RESUIES .ttt 44
2.3.1 Cytotoxicity of BA, BE and their derivatives..........ccccceevveiveriieeninnnn 44
2.3.2 Protective effect of BA, BE and their derivatives on ARPE-19 cells
with cobalt chloride-induced hypoxXic Stress.........ccuvveiiriririeiiniisieiiseenen 47

2.3.3 H7 suppresses CoClz-induced hypoxic stress in the ARPE-19 cells .50
2.3.4 H7 attenuated the activation of Akt, Erk1/2 and JNK pathways induced

by oxidative stress in RPE ..o 53

2.3.5 H7 suppresses CoClzx-induced hypoxic stress in human primary RPE

LIS ettt bbb e re e 56

2.4 DISCUSSION c.teiitietiisittestiesiteesteesste et e ssbeesbeessbe e sbeeasbeesbeessbeesbeeasbeesbeeenbeenbeeanees 60

2.5 CONCIUSION ...ttt et e e snnee e 62
RETETENCES ... 64

(O] 0F:1 011 o PP PR PP 72
Betulinic acid derivatives can protect human Miiller cells from glutamate-induced
OXIAALIVE SIT@SS ..euvtieeiiieeitie ettt ettt ettt ettt et e et e e st e e e bt e e e bb e e e bn e e snbreeenneeeenes 72
ADSITACT ...ttt nes 72

3.1 INErOAUCHION ...t 72

3.2 Materials and methods ..........ooceiiiiiiiiiii 73
3.2.1 Reagents and chemicals ...........cccoviiiiiiiicn e 73

3.2.2  Cell CUTUIE. ..o 74

3.2.3  CytOtOXICILY @SSAYS .vveeurerrurrereeririareessneareessreasneesresnreesseeareessneanseeses 74

3.2.4  ApoptoticC and NECTOLIC ASSAY ...evvrereeririrreerirerieesireereesireeree e 75

3.2.5 Intracellular Reactive Oxygen Species (ROS) assay ..........cccocevvnene. 75

3.2.6 WEStEIrN DlOt ... 75

32,7 SEATISTICS toevvieiiiieeiiiie ettt ettt 75

3.3 RESUILS . 76
3.3.1 Cellular toxicity of BA and its derivatives in MIO-M1 cells............. 76

3.3.2  Protective effect of BA derivatives on MIO-M1 cells against
I



glutamate-induced 0Xidative STIESS .......coivveiiiiiiiieiiii e 78
3.3.3 The BA analogues H3, H5, H7 and H11 attenuated necrosis in MIO-

MI cells elicited by glutamate-induced oxidative Stress ........cccocevervrriveeninnns 81

3.3.4 The BA analogues H3, H5 and H7 suppressed the increase in ROS
production in MIO-M1 cells following glutamate treatment.................c.c..... 83

3.3.5 The cytoprotective agents H3, HS and H7 modulate Akt, Erk1/2 and

INK signaling in MIO-M1 CellS .......ccooeouiiiiiiiiiiiiiice 84

34 DISCUSSION -.teieitiiiitietie sttt et ettt sttt s s et e sbe e e bt esbeeebeesbeeenbeesaneanbeesnneas 89

3.5 CONCIUSION .ttt snee s 91
RETOIEIICES ...ttt re e e 93
CRAPLET 4 ... 98
Evaluate the protective effect of Compritol liposome-encapsulated betulinic acid
derivatives in human Miiller and retinal pigmented epithelium (RPE) cells............... 98
YN 013 ¢ T ST PRT PP 98

o B 0313 ¢ 0T L1 15 o) o SRR PT TP 99

4.2 Materials and methods .........cccoiiiiiiiiiei e 100
4.2.1 Reagents and chemicalS .........cccooeriiiiniiiiiiiciic e 100

4.2.2  LipOSOME PIePATALIONS ....vveuviiereiieriisiiesieeieseesie e 100

4.2.3 Particle size and concentration measurement .............cccccereeervernennn 100

4.2.4 Zeta potential MEASUTEMENT .........covvriirieeiiiiienieeie e 101

4.2.5 Encapsulation efficiency (EE%) measurement.............c.cceevernennne. 101

42,6 Cell CUItUI®.....coviiiiiiieiie e 102

4.2.7 Anti-oxidative assays on MIO-M1 cells.......c.cccceviiiiiiniiiicnnnnn. 102

4.2.8 Anti-oxidative assays on ARPE-19 cells .........ccccooiiiiiiiiicnnnn. 102

4.2.9 Measurement of reactive oxygen species (ROS) on ARPE-19 cells103

4210 StAtISTICS 1oouvveeiuiiieiiiie st e siee ettt ettt 103

4.3 RESUILS ..eieiiiie it 103
4.3.1 Characterization of Compritol 888 ATO and Compritol HD5 ATO
liposome encapsulated with betulinic acid derivatives..........ccccoocveviveennen. 103

4.3.2 Protective effects of liposomes encapsulated with betulinic acid

derivatives in the MIO-M1 cells against glutamate-induced oxidative stress

433 888 ATO and HDS5 ATO liposomes loaded with betulinic acid

derivatives showed no antioxidative effect in ARPE-19 cells stressed with

434 888 ATO and HDS5 ATO liposomes loaded with betulinic acid

derivatives suppressed ROS production induced by CoCl, in ARPE-19 cells
i



N B o 113 (o) o H RSOSSN 115
4.5 CONCIUSIONS ....uvvieiiiireitie e it e ste e e st e e et e e e e et e e et e e e sse e e e sseeeaseeeeseeeanneeeanes 117
| 1S (=) 1 (oLt RS PPRPPR 118
CRAPLET 5. 121
Conclusions and future dir€CtIONS........coviiiverriiiiie et 121
5.1 CONCIUSIONS ....eiiuiiieitiieeiiie ettt e e e e e e e s e e seeeanaeeeas 121
5.2 FUture dir€CtiONS ....c.vveeiiiieiiieeiiieeciie e st s e e e e e e e nne e e naeeaaee e 122
Appendix Supplementary data for Chapter 3............ccoveiiiiinieiii e 123



Acknowledgements

First of all, I’d like to express my deepest gratitude to my supervisor A/Prof. Fanfan
Zhou, for her patient and generous guidance throughout three years of my PhD life. As
a supervisor, she is always eager to help me with difficulties in research, and often
inspires me with novel ideas and encourages me to think independently to be a real
researcher. She is also a brilliant guide and a kind friend to me, it is never easy to do a
PhD, but Fanfan comforted me a lot and supported me to weather the tough period in
my research. Therefore I’'m sincerely grateful to Fanfan, her knowledge and rigorous
attitude to science strengthened my belief in scientific research, her optimism and
enthusiasm shaped me into a person of courage and independence.

Next, [ would like to thank all the collaborators and Pharmacy Support Team for their
kind contribution for this thesis and help in my PhD study: Mrs. Priyanka Tharkar and
A/Prof. Wojciech Chrzanowski for their help in liposome preparation and
characterization; Dr. Ling Zhu and Dr. Ting Zhang from Save Sight Institute, for their
help in primary cell culture and reagents; Dr. Donna Lai and Dr. Sheng Hua from Bosch,
for their guidance in flow cytometry, liposome size, particle concentration and zeta
potential measurement; Mrs. Padmaja Dhanvate (Paddy), Dr. Kaiser Hamid and Mrs.
Jiamin You, for their lab trainings and support in my UPLC experiment.

I also wish to thank members in my group, including Yue Li, Youmna Ali and
previous summer scholar and Honours students Jessica Nguyen, Yulu Wang and
Chelsea Siu-wai Chun, who kindly helped with my experiments. Especially, I want to
thank visiting scholars in our lab, A/Prof. Wenjuan Yao and Dr. Wenying Shu, who not
only provided me with advice in experiments and research, but also motivated me to
move forward during my PhD journey.

Besides, I want to say a big thank you to all my friends who bring me a lot of
happiness, especially Huiping (Ophelia) Huang, Qingyu (Sarah) Lei, Mengyu Li, Yiqun
(Amy) Qu, Quanqging (Helen) Gao, Amjad Alrosan and Tingyue Yang, who are good
listeners and understand me a lot. They are always there when I’m depressed and want
someone to talk with, their company makes my life colorful and gives me tremendous
emotional support.

Last but not least, I would like to appreciate my parents and grandparents, their
endless love empowers me all the time, and they financially supported me to finish my

PhD, so that I was able to pursue my dream and career bravely.
v



List of Publications

Publications in support of this thesis:

Cheng Z, Yao W, Zheng J, Ding W, Wang Y, Zhang T, Zhu L, Zhou F. A derivative of
betulinic acid protects human Retinal Pigment Epithelial (RPE) cells from cobalt
chloride-induced acute hypoxic stress. Exp Eye Res. 2019 Mar 1;180:92-101. (Chapter
2)

Cheng Z, Zhang T, Zheng J, Ding W, Wang Y, LiY, Zhu L, Murray M, Zhou F. Betulinic
acid derivatives can protect human Miiller cells from glutamate-induced oxidative
stress. Exp Cell Res. 2019 Oct 1;383(1):111509. (Chapter 3)

Other publications during candidature:

Lu X, Chan T, Cheng Z, Shams T, Zhu L, Murray M, Zhou F. The 5'-AMP-Activated
Protein Kinase Regulates the Function and Expression of Human Organic Anion
Transporting Polypeptide 1A2. Mol Pharmacol. 2018 Dec 1;94(6):1412-20.

Moussa YE, Ong YQ, Perry JD, Cheng Z, Kayser V, Cruz E, Kim RR, Sciortino N,
Wheate NJ. Demonstration of in vitro host-guest complex formation and safety of para-
sulfonatocalix [8] arene as a delivery vehicle for two antibiotic drugs. J Pharm Sci.
2018 Dec 1;107(12):3105-11.

Ali 'Y, Shams T, Wang K, Cheng Z, Li Y, Shu W, Bao X, Zhu L, Murray M, Zhou F.
The involvement of human Organic Anion Transporting Polypeptides (OATPs) in drug-
herb/food interactions. Chin Med. (Accepted)

Ali'Y, Shams T, Cheng Z, Li Y, Chun CS., Shu W, Bao X, Zhu L, Murray M, Zhou F.
The clinical Wnt inhibitor PRI-724 regulates transport activity by human renal Organic
Anion Transporters (OATs) and Organic Anion Transporting Polypeptides (OATPs). J

Pharm Sci. (Revision submitted)

Vi



LiY, Cheng Z, Wang K, Zhu X, Ali Y, Shu W, Bao X, Zhu L, Fan X, Murray M, Zhou
F. Procyanidin B2 and rutin protect human Retinal Pigment Epithelial (RPE) cells from
oxidative stress by modulating Nrf2 and Erk1/2 signalling. Eur J Pharm Sci. (In review)

Cheng Z, LiY, Zhu X, Wang K, Ali Y, Shu W, Zhang T, Zhu L, Murray M, Zhou F. The

potential application of pentacyclic triterpenoids in the prevention and treatment of

retinal diseases. Eur J Pharm Biopharm. (In review)

VII



List of Abbreviations

11B-HSD1 11B-Hydroxysteroid dehydrogenase type 1
AA Asiatic acid

AKBA Acetyl-11-keto-b-boswellic acid
AMD Age-related macular degeneration
ATCC American type culture collection
BA Betulinic acid

BAC Benzalkonium chloride

BARD Bardoxolone methyl

BBB Blood brain barrier

BDNF Brain-derived neurotrophic factor
BE Betulin

BRB Brain retina barrier

CA Corosolic acid

CBX Carbenoxolone

CNV Choroidal neovascularization
COHT Chronic ocular hypertension

CVI Chronic venous insufficiency

DES Dry eye syndrome

DMEM Dulbecco’s modified eagle medium
DMSO Dimethyl sulfoxide

DR Diabetic retinopathy

EE Encapsulation efficiency

ER Endoplasmic reticulum

Erk Extracellular signal-regulated kinases
FBS Fetal bovine serum

Vil



GA

GCLC

GCLM

GFAP

GL

GRX1

GST

HIF-1a

HMGB1

HO-1 (or HMOX1)
HRMECs
Hsp70

HUVECs

I/IR

ICAM-1 (or CD54)
IOP

JNK

KBA

Keapl

LPS

MA

MAPK

MCP-1 (or Ccl2)
mGIuRS5

MTT

NLCs

NMDA

NQO1

Nrf2

OA

Glycyrrhizic acid

Glutamate-cysteine ligase catalytic subunit
Glutamate-cysteine ligase regulatory subunit
Glial fibrillary acidic protein

Glycyrrhizin

Glutaredoxin-1

Glutathione S-transferase
Hypoxia-inducible factors

High-mobility group box protein 1

Heme oxygenase-1

Human retinal microvascular endothelial cells
70 kilodalton heat shock proteins

Human umbilical vein endothelial cells
Ischemia-reperfusion

Intercellular adhesion molecule 1
Intraocular pressure

c-jun N-termnal kinase
11-keto-B-boswellic acid

Kelch like-ECH-associated protein 1
Lipopolysaccharide

Madecassic acid

Mitogen-activated protein kinase
Monocyte chemoattractant protein 1

Major metabotropic glutamate receptor 5
Thiazolyl blue tetrazolium bromide
Nanostructured lipid carriers
N-methyl-D-aspartic acid

NAD(P)H quinone oxidoreductase 1
Nuclear factor erythroid-2 related factor 2

Oleanolic acid



OH Ocular hypertension

OIR Oxygen-induced retinopathy
ONC Optic nerve crush

ONL Outer nuclear layer

P-gp P-glycoprotein

PARP-1 Poly (ADP-ribose) polymerase 1
PBS Phosphate-buffered saline

PDI Polydispersity index

PDR Proliferative diabetic retinopathy
Pl Propidium iodide

PI3K Phosphoinositide-3 kinase
PLGA Poly(dI-lactide-coglycolide) acid
PTs Pentacyclic triterpenoids

RECs Human retinal endothelial cells
ROP Retinopathy of prematurity

ROS Reactive oxygen species

RP Retinitis pigmentosa

RPE Retinal pigment epithelium
SHP-1 Src homology region 2 domain-containing phosphatase-1
Sl Sodium iodate

SLMs Solid lipid microparticles

SLNs Solid lipid nanoparticles
SQSTM1 Sequestosome-1

SRXN1 Sulfiredoxin 1

STAT3 Signal transducer and activator of transcription 3
TA Triamcinolone acetonide

tBHP tert-Butyl hydroperoxide

TNFa Tumor necrosis factor-o

TRX1 Thioredoxin-1

TXNRD1 Thioredoxin reductase 1



UA Ursolic acid

UPLC Ultra-high performance liquid chromatography
VEGF Vascular endothelial growth factor
Z0-1 Tight junction protein-1

Xl



List of Tables

Table 1.1 Summary of pharmacological effects and mechanisms of of pentacyclic
triterpenoids 1N the TEHINA ......viiviiiiiii e 17
Table 1.2 Summary of pharmacological effects and mechanisms of of chemically
modified pentacyclic triterpenoids in the retina...........ccevvieriiiii e 24
Table 2.1 Chemical structures of betulinic acid and its derivatives...........ccc.ceeueeee. 44
Table 2.2 Cell toxicity of betulinic acid and its derivatives in ARPE-19 cells......... 47

Table 2.3 The protective effect of betulinic acid and its derivatives on hypoxia

induced by cobalt chloride in the ARPE-19 cells ......cccoviiiiiiiiicieeee 48
Table 2.4 The protective effect of betulinic acid and its derivatives on hypoxia
induced by cobalt chloride in the ARPE-19 cells (Control as 100%)..........cccceverunnee. 49
Table 3.1 Cell viability of betulinic acid derivatives with or without glutamate in
MIO-MT1 CelIIS (IMTT @SSAY)...veeureareeiiriaieesireesieesireesieessreesteesneeesseesnneesreesneesneesnneesneens 78
Table 3.2 Anti-oxidative effects of betulinic acid derivatives (MTT assay)............. 79

Table 3.3 Cell viability of betulinic acid derivatives with or without glutamate in
MIO-M1 cells (CalCeiN-AM @SSAY) .....eeervreririaiieirieitiesireesiee st e siee e seesneesieeareesinens 80
Table 3.4 Anti-oxidative effects of betulinic acid derivatives (Calcein-AM assay).81
Table 4.1 Physicochemical properties of 888 ATO and HD5 ATO liposomes loaded
with H3, HS and H7 ......c.ooorii e 104
Table 4.2 Encapsulation efficiency (EE%) and H compound concentration of 888
ATO and HD5 ATO liposomes loaded with H3, HS and H7 ..., 105
Table 4.3  Cell viability of 888 ATO liposomes with or without glutamate in MIO-M1
cells (Alamar DIUE @SSAY) ...ccuviiiueiiiieiieiii et 107
Table 4.4 Cell viability of HD5 ATO liposomes with or without glutamate in MIO-
MI cells (Alamar BIUE @SSAY) .....verveerieeiiieiiieiieesiie et 108
Table 4.5 Cell viability of 888 ATO liposomes with or without glutamate in MIO-M1
CEIIS (CalCEIN-AM @SSAY) ..eevvieutieiiiieiie it etee sttt et ie et e et e e be e teesneeebeesneeas 109
Table 4.6  Cell viability of HD5 ATO liposomes with or without glutamate in MIO-
MI cells (CalCiN-AM ASSAY) ....eeiveerieireieiiieiiiesiee et e siee e e e e e b e sbe e e e sneeenees 109
Table 4.7 Cell viability of free H3 and HS with or without glutamate in MIO-M1 cells
(CalCEIN=AM @SSAY) .vveeneieiieietie st e siee sttt te e teesie e bt esie e et e e sbeeabeeabeeebeesnneenbeennneas 110
Table 4.8 Cell viability of 888 ATO liposomes with or without CoCl; in ARPE-19

Xl



CEILS (IMTT @SSAY) «.uveevreauiiesiieaieesiee et e st e ettt et e e e it et e b e et e e abn e e teennneenbeesnneas 111
Table 4.9 Cell viability of HDS5 liposomes with or without CoCl» in ARPE-19 cells
(IMTTT @SSAY) 1.ttt siee et s ettt eneennne s 112
Table4.10 888 ATO liposomes loaded with betulinic acid derivatives suppressed ROS
production induced by CoClz in ARPE-19 cellS........ccoiiiiiiiiiiiiiiiiieccee 113
Table 4.11 HDS5 ATO liposomes loaded with betulinic acid derivatives suppressed
ROS production induced by CoClz in ARPE-19 cells .......cccoooiiiiiiiniiiiiiie e 114
Supplementary Table 1 Time dependence of the anti-oxidative effect of H3, H5 and
H7 against glutamate-induced toxicity in MIO-M1 cells .........cocceriiiinniniiiciine. 123
Supplementary Table 2 Concentration dependence of the anti-oxidative effect of H3,
H5 and H7 against glutamate-induced toxicity in MIO-M1 cells.........ccccceriiernnnnn. 126

Xl



List of Figures

Figure 1.1  Structures of common PTS........cccccvviiiiiiiiiiiii e 3
Figure 1.2  Structures of chemically modified OA derivatives .........ccccoecveviieeniinens 10
Figure 1.3 Signaling pathways of PTS .....ccccccviiiiiiiiiii e 16

Figure 2.1  H7 protects ARPE-19 cells from cobalt chloride-induced cell death....53
Figure 2.2 H7 inhibits cobalt chloride-induced Akt, Erk1/2 and JNK activation in the

ARPE-T9 CeIIS .ttt 56
Figure 2.3 H7 suppressed hypoxic assaults and inhibits cobalt chloride-induced Akt,
Erk1/2 and JNK activation in human primary RPE cells ............ccooieiiiiiiiiiiienn, 59

Figure 3.1 Cytotoxicity of BA, its analogues and glutamate in MIO-M1 cells........ 77
Figure 3.2 The BA analogues H3, HS5, H7 and H11 protected MIO-M1 cells from
glutamate-induced cell death and modulated ROS production.............cccoceviviiiinnnns 83
Figure 3.3 Time- and concentration-dependence of the cytoprotective activity of H3,
HS and H7 ..o 86
Figure 3.4 Modulation of glutamate-induced Erk, Akt and JNK activation in MIO-
M1 cells by the BA analogues H3, H5S and H7 ... 88

XV



Thesis Abstract

Retinal degeneration is a leading cause of impaired vision or even blindness all
around the world, unfortunately, most retinal diseases are irreversible, and there is no
ideal treatment to cure the diseases, therefore it is important to protect retina from
disease progression. In the recent years, natural compounds have shown great
pharmacological potentials. Pentacyclic triterpenoids (PTs) are a group of compounds
widely existing in nature, they have shown diverse pharmacological effects in vitro and
in vivo. In this thesis, we evaluated the antioxidative effect of betulin, betulinic acid and
their 18 derivatives (groups were modified at C3 and C28 positions of betulinic acid
skeleton) in human retinal pigment epithelium (RPE) and human Miiller cells.

RPE is a monolayer of cells between the outer neural layer of photoreceptors and
choroid, responsible for mediating visual cycle and nourishing photoreceptors. Hypoxia
in RPE cells is likely to cause retinal diseases such as the age-related macular
degeneration (AMD), which is the leading cause of blindness in old people worldwide.
In Chapter 2, we established the hypoxia model in ARPE-19 cells with CoClz, which
induced a dramatic reduced cell viability, increased reactive oxygen species (ROS)
level, induced apoptosis and necrosis. H7 pretreatment could significantly reversed the
above damage. In addition, H7 could inhibit the activation of Akt, Erk1/2 and JNK
pathways stimulated by CoClo. We also verified the same signaling pathways in human
primary RPE cells.

Miiller cells are predominant neuron-supporting glial cells, they play important roles
in maintaining the retinal homeostasis, releasing trophic factors and supporting other
retinal cells. One of the key functions is to uptake the neurotransmitter glutamate and
convert it into glutamine, therefore high concentrations of glutamate will lead to
pathological changes of Miiller cells, which may promote progressions of some retinal
degenerations like diabetic retinopathy (DR) and glaucoma. In Chapter 3, we tested the
antioxidative effect of betulinic derivatives in MIO-M1 cells against glutamate-induced
excitotoxicity. The betulinic derivatives H3, H5, H7 and HII could significantly
increase cell survival and reduce necrosis level after glutamate treatment. H3, H5 and
H7 could effectively inhibit ROS production. H5 and H7 showed the effects by inhibit
the activation of Akt, Erk1/2 and JNK pathways induced by glutamate, while H3 only
inhibited Erk1/2 phosphorylation. Studies in Chapter 2 and Chapter 3 indicate that these

XV



betulinic derivatives protected RPE and Miiller cells by deactivating Akt, Erk1/2 and
JNK.

However, the effective concentrations of betulinic derivatives in Chapter 2 and
Chapter 3 are hard to reach in the retina by systematic administration. Liposome is a
widely-used approach to increase drug delivery efficacy and therapeutic effects,
therefore we encapsulated the active betulinic derivatives (H3, H5 and H7) into
Compritol 888 ATO or Compritol HD5 ATO liposomes and evaluated the
cytoprotective effect of each liposome-based formulations in ARPE-19 and MIO-M1
cells. We found that H3 and H5 Compritol 888 ATO liposomes, as well as H5
Compritol HD5 ATO liposomes increased cell viability in glutamate-treated MIO-M1
cells. H5 Compritol 888ATO liposome, and Compritol HD5 ATO liposomes with H3,
H5, H7 significantly attenuated ROS production caused by CoCl.. Furthermore,
Compritol 888 ATO liposomes particularly enabled encapsulated compounds to release
sustainably. Studies in this Chapter indicated that liposomes are a promising drug
delivery carrier for betulinic acid derivatives to achieve an improved cellular protective
effect against oxidative stress in human RPE and Mdler cells.
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Chapter 1  Literature review

Abstract

Retinal diseases are a leading cause of impaired vision and blindness but some lack
effective treatments. New therapies are required urgently to better manage retinal
diseases. Natural pentacyclic triterpenoids (PTs) and their derivatives have shown a
wide range of activities in the retina, such as anti-oxidative, anti-inflammatory,
cytoprotective, neuroprotective and anti-angiogenic properties. A variety of chemically
modified PTs have shown enhanced activities compared to their parental compounds,
therefore group modification is a promising approach to increase their pharmacological
activities. The retina-protective effects of PTs are often mediated through signaling
pathways, including Nrf2, HMGBI, 118-HSD1 and SHP-1. This review summarizes
recent in vitro and in vivo evidence of the pharmacological potential of natural and

chemically modified PTs in the prevention and treatment of retinal diseases.

1.1 Background

The retina is a light-sensitive layer at the rear of the eye that converts light into
neuronal impulses to obtain vision. Ramony Cajal discovered the cellular connections
in the retina (1). He identified the retinal pigment epithelium (RPE), photoreceptor cells,
horizontal cells, bipolar cells, amacrine cells, ganglion cells and Miiller cells and
illustrated the major circuitry and connections in the tissue (1). The retina is one of the
most metabolically active tissues in the body and requires appropriate levels of nutrients
and oxygen for normal function (2). Disruption to the blood flow or oxygen
consumption are leading causes of impaired energy production in the retina and may
also promote inflammation, neovascularization and even retinal cell death, other factors
like hypertension, high blood sugar level, heredity will also contribute to disease
progression. Common retinal diseases include Age-related Macular Degeneration,
Diabetic Retinopathy (DR), glaucoma, retinal detachment and Retinitis Pigmentosa
(RP). Patients suffering from these diseases have blurred or distorted vision, and their
lives can be seriously affected. However, effective treatments are few and current
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interventions are limited to intravitreal injections of anti-Vascular Endothelial Growth
Factor (anti-VEGF) or corticosteroids, surgery and laser, these treatments are miserable
and not friendly to patients, therefore new mild therapies are urgently needed to
prevent/treat the initiation and progression of disease.

Natural compounds are the subject of intensive research interest for their potential in
managing a range of diseases. This review focuses on recent advances in the potential
application of natural compounds, particularly pentacyclic triterpenoids (PTs) and their

derivatives, in the prevention and treatment of retinal disease.

1.2 Biosynthesis of Triterpenoids

The terpenoids are a large and diverse group of natural products. The biosynthesis of
terpenoids begins with condensation of the five-carbon isoprenoid subunits
dimethylallylpyrophosphate and its isomer isopentenyl pyrophosphate to produce the
C10 monoterpenoids (3). Condensation with additional isoprenoid subunits produces
the sesquiterpenoids (C15), diterpenoids (C20), sesterpenoids (C25), triterpenoids
(C30), and tetraterpenoids (C40) (4). As the number of component isoprenoid subunits
increases, the potential for structural complexity increases.

The linear triterpenoid squalene is the precursor of a wide range of triterpenoids.
Thus, squalene is cyclised to lanosterol and then to cholesterol (3), which is the
precursor to important molecules, such as the steroids, bile acids and vitamin D that act
via a series of nuclear receptors to activate target genes and regulate mammalian
homeostasis.

Over 30,000 triterpenoids exist in nature; most of which are distributed in plants (5).
Many triterpenoids are present as the aglycones (free hydroxyl or carboxylate moieties),
while others are glycosylated (the saponins) or carry other types of conjugates (6).

PTs have received considerable attention due to their potent biological and
pharmacological properties (4, 5). Different PTs exhibit anti-tumor, antiviral,
antimicrobial, antiparasitic, anti-diabetic and anti-inflammatory actions, and also
mediate cardio-, hepato- and gastro-protection (4, 6). Important PTs that have found
clinical application include glycyrrhizin (GL), celastrol, carbenoxolone (CBX), acetyl-
11-keto-B-boswellic acid (AKBA), escin, ursolic acid (UA) and oleanolic acid (OA;
Fig. 1). These molecules have attracted attention for their potential in treating a range

of human pathologies, including recent interest in the treatment of retinal diseases.



Glycyrrhizin(GL) Carbenoxolone (CBX) Acetyl-11-keto-b-boswellic acid (AKBA)

Celastrol Escin Ursolic acid (UA) Oleanolic acid (OA)

Figure 1.1 Structures of common PTs

1.3 Naturally occurring PTs

1.3.1 Glycyrrhizin

Glycyrrhizin ~ (GL;  20B-Carboxy-11-0x0-30-norolean-12-en-33-yl-2-O-3-D-
glucopyranuronosyl-a-D-glucopyranosiduronic Acid), also known as glycyrrhizic acid
or glycyrrhizinic acid, is a saponin glycoside from the root of the medicinal herb
Glycyrrhiza glabra (liquorice) (7). GL has been used in China and Japan for over 20
years to treat chronic hepatitis (7). There is evidence that GL also has anti-inflammatory,
anti-viral and anti-microbial, and anti-cancer actions (8). GL has been approved by the
FDA as a dietary sweetener (9) and was previously approved in Canada (9). There are
29 clinical investigation records of GL, mainly for the treatment of liver diseases and
cancers. According to clinical data, GL showed linear pharmacokinetics profile below
orally 200 mg 6 times/week (10), drug accumulation was seen with consecutive

administration (10), the threshold GL plasma concentration for sufficient effect is close
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to 5 mg/mL with chronic hepatitis (11).

The protective actions of GL in the retina include maintenance of the structure and
metabolic activities of retinal cells in vitro and in vivo in disease models. For example,
He et al. (12) reported that GL significantly decreased the production of reactive oxygen
species (ROS) induced by sodium iodate (SI) and prevented apoptosis in human ARPE-
19 cells. GL was also found to promote the activation of nuclear factor erythroid-2
related factor 2 (Nrf2) and heme oxygenase-1 (HO-1, HMOXI1) expression by
increasing the phosphorylation and activation of the pro-survival Akt cascade. These
findings are in broad agreement with another study that also reported that GL protected
the retina by attenuating ROS production, increasing the Poly [ ADP-ribose] polymerase
1 (PARP-1) DNA-repair enzyme and decreasing cell death mediated by caspase-3 (13).

In mice, GL (10mg/kg by i.p. injection) administered prior to and following
ischemia-reperfusion (I/R) injury, protected the retina from neuronal and vascular
damage (14). In addition, Song et al. (15) reported that GL suppressed ocular
hypertension induced by triamcinolone acetonide, improved electrophysiological
parameters and compensated for triamcinolone acetonide -induced changes in ocular
metabolism.

GL also inhibits high-mobility group box protein 1 (HMGB1), which is a ubiquitous
nuclear protein that is released from damaged cells and induces proinflammatory
responses (16). The intravitreal injection of HMGB1 upregulated the pro-inflammatory
intercellular adhesion molecule-1 (ICAM-1) in the rat retina, which was attenuated after
oral administration of GL (17). Accordingly, GL has the potential to inhibit pro-
inflammatory processes mediated by HMGBI.

Detailed studies by Mohammad's group (18) and others have established a role for
HMGBI in pathogenic mechanisms that are activated in DR. HMGBI is proangiogenic
(19) and has been shown to increase retinal proliferation in patients with DR (20). By
suppressing the increase in HMGBI1 expression and the activation of NF-xB in DR, GL
attenuated pro-angiogenic signaling (21). GL also prevented the diabetes-induced loss
of brain-derived neurotrophic factor (BDNF) in rats (22), decreased excitotoxicity by
high glutamate concentrations in the central nervous system (23) and restored retinal
occludin (18). In addition, GL prevented the activation of Toll-like receptor 4 (TRL4)
and tumor necrosis factor a (TNFa) in primary retinal endothelial cells that were
cultured in high glucose medium. This modulated the decrease in phosphorylated-Akt
under the culture conditions and decreased caspase-3 cleavage to promote cell survival
(14).

There has been no study reporting side-eftects of GL’s application in the retina, but
multiple studies have observed GL has induction or inhibition effects on PK
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performances of other drugs or chemicals, such as Midazolam (24), Paeoniflorin (25),
Ribavirin (26), Puerarin (27), Glibenclamide (28), Omeprazole (29, 30), Aconitine (31),
Talinolol (32), and even other PTs like Asiatic acid (33) and Celastrol (34) in systematic
administration, this effect may due to impact on CYP450 enzymes and P-glycoprotein

(P-gp) activity.

1.3.2 Carbenoxolone

Carbenoxolone (CBX; 3-O-(B-carboxypropionyl)-11-oxo-18B-olean-12-en-30-oic
acid) is a derivative of GL and is also found in licorice root. CBX has been used in the
treatment of ulcers of the stomach and digestive tract (35), but this has decreased
because of adverse effects, such as electrolyte disturbance and hypertension (15).

CBX is a non-selective inhibitor of 11B-hydroxysteroid dehydrogenase type 1 (11-
HSD1) (15) that regulates the biosynthesis of ligands for glucocorticoid and
mineralocorticoid receptors (36). Na et al. (37) reported that CBX prevented dry eye
syndrome in the rat by inhibiting the expression and activity of 113-HSD1.

Pan et al.(38) found that CBX was a partially reversible inhibitor of gap junction
channels, which are specialized membrane domains between adjacent cells that regulate
the transfer of cytoplasmic components (39). CBX is now used as an experimental
reagent in in vitro and in vivo retinal models to decrease membrane potential, to study
the role of connexins in gap junctions (40), and to investigate a range of retinal
processes (41-44). As an irreversible inhibitor of voltage-dependent calcium channels,
CBX has been used to evaluate the role of these channels in the retina (45-47). However,
the clinical usage of CBX is limited by its toxicity that leads to retinal opacity, swelling
(38) and thinning (48). CBX also decreases the responses of photoreceptors to light (49,

50) and photoreceptor-to-horizontal cell synaptic transmission (51).

1.3.3 Acetyl-11-keto-B-boswellic acid

Boswellic acids are PTs present in resin of Boswellia species (52). Boswellic acids
have reported anti-inflammatory (52, 53), anti-microbial (52, 53), anti-parasitic (52),
anti-cancer (54), anti-arthritic (53) and immunomodulatory (53) actions. Three clinical
trials have evaluated boswellic acids in relapsing remitting multiple sclerosis,
osteoarthritis of the knee, and in pain, stiffness and impaired function in joints; another
trial of the efficacy of boswellic acids in the treatment of renal stones is scheduled, but

recruitment has not yet started. Although more than 12 different boswellic acids have
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been identified in resin extracts, 11-keto-B-boswellic acid and acetyl-11-keto-p-
boswellic acid (AKBA) appear to have the greatest pharmacological significance (52).

The Src homology region 2 domain-containing phosphatase-1 (SHP-1, also known
as tyrosine-protein phosphatase non-receptor type 6) regulates growth, mitosis,
differentiation, and oncogenic transformation in a range of cell types, including retinal
cells. Indeed, SHP-1-deficient mice exhibit progressive retinal degeneration (55), while
the activation of SHP-1 in retinal pericytes promotes apoptosis in DR (56).

AKBA has been reported to increase SHP-1 expression and activity in normoxic
mouse retina explants (57), which modulates signaling by STAT3. This prevents the
activation of hypoxia-inducible factor-la and VEGF in the oxygen-induced mouse
model of retinopathy (OIR) (57). As a result of neovascularization in the OIR mouse
retina was decreased by AKBA by suppressing STAT3 phosphorylation and VEGF
expression. AKBA also inhibited cell proliferation and tube formation in this model.
Similarly, AKBA prevented the increase in p-STAT3 in VEGF-treated human retinal
microvascular endothelial cells (HRMECs) (58). The anti-angiogenic actions of AKBA
are of potential value in studying the role of neovascularization in the pathogenesis of
retinal disease (58).

The fed/fasted condition has a huge impact on PK performance of AKBA, the Cmax
and absorbance increased around four folds after a high-fat meal in healthy volunteers
receiving single oral dose of Boswellia extract (AKBA 20-30 mg) (Cmax: 6 ng/mL
(fasted) vs. 28.8 ng/mL (fed)) (59, 60). In repeated oral administration (Boswellia
extract 800 mg, three times daily, 4 weeks), the steady-state concentration was 0.04
uM/L (~20.5 ng/mL) (61), low absorption and/or extensive metabolism may be the
reason for the poor bioavailability of AKBA (62).

1.3.4 Celastrol

Celastrol is a major constituent of the medicinal plant Tripterygium wilfordii Hook F.
Its reported pharmacological activities are broad and include anti-inflammatory,
cardioprotective and neuroprotective actions, as well as anti-cancer, anti-obesity and
anti-diabetic effects (63). The anti-inflammatory actions of celastrol in the retina are
attributed to its capacity to modulate multiple inflammatory mediators, including the
cytokines IL-1p, CCL2 and TNFa, heat shock protein-70 (Hsp70) and cyclooxygenase-
2 (COX2)(63-67). Bian et al. demonstrated the efficacy of celastrol against light-
induced retinal inflammation at low concentrations (64). Pre-treatment of ARPE-19

cells with 0.1-1.5 uM celastrol inhibited the phosphorylation and activation of the NF-
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KB p65 subunit on Ser536 and decreased IL-6 secretion following the application of
lipopolysaccharide (LPS).

Celastrol protected rat retinal ganglion cells (RGCs) from damage due to ocular
hypertension (65). The intraperitoneal injection of celastrol (1mg/kg for 14 days)
promoted RGC survival in the rat optic nerve crush model (66). Celastrol also preserved
the outer nuclear layer structure and thickness in mouse retina after damage by bright
light, attenuated light-induced photoreceptor apoptosis and increased the amplitudes of
scotopic a- and b-waves (64).

Most studies report that the intraperitoneal administration of celastrol in vivo
decreases body weight in experimental animals (66, 68, 69). Thus, to retain the
pharmacological benefits of celastrol, alternate delivery routes have been tested.
Intravitreal administration of celastrol (1 mg/kg) was effective, but less so than daily
intraperitoneal administration, and multiple applications may be required for optimal

benefit. Detailed studies are now warranted to evaluate this possibility.

1.3.5 Escin

Escin is a mixture of triterpenoid saponins from the horse chestnut tree, desculus
hippocastanum. Earlier studies reported anti-inflammatory, anti-edematous and anti-
cancer properties of escin (70, 71), which has potential application in chronic venous
insufficiency, haemorrhoids and post-operative edema (70, 71). It has been reported
that escin functions by activating Akt-Nrf2 signaling (72).

In the ARPE-19 model the combination of escin and triamcinolone acetonide
prevented the disruption of the brain-retinal barrier due to VEGF treatment, and
increased the expression of occludin and the ZO-1 protein that maintains tight
junctions(73). Similar effects were also produced by the combination in vivo and
decreased retinal leakage in the rat following ischemia and that was associated with loss
of the integrity of the brain-retinal barrier (74).

Clinical studies by Wu (75) reported the Cmax of escin Ia and escin Ib to be 0.77+0.64
ng/mL and 0.384+0.26 ng/mL in healthy volunteers after oral administration of 60 mg
escin saposin tablets (escin Ia 18.6 mg, escin Ib 11.4 mg), both compounds reached

Tmax at around 2 h.

1.3.6 Oleanolic acid

Oleanoic acid (OA; 3-hydroxyolean-12-en-28-oic acid) is one of the best-known PTs
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and is found in the bark, leaves and fruits of over 1,600 plant species as both the free
acid and the glycosylated saponin (76). OA is most abundant in members of the
Oleaceae family such as the principal commercial source olive (Olea europaea),
Lantana camara and Lisgustrum lucidum (76-80)

OA has been used clinically in China as a hepatoprotective adjuvant agent for
decades (76, 77, 79) and has also been reported to have antitumor, anti-diabetic,
antimicrobial, anti-parasitic and anti-hypertensive actions, as well as antioxidant and
anti-inflammatory properties (79). Studies in Chinese healthy volunteers showed
plasma concentration of 12.124+6.84 ng/mL after single oral dose of 40 mg (81). The
highest used oral dose in rats can be 50 mg/kg with Cmax of 132.0+£122.0 ng/mL (82).

OA suppresses VEGF induced activation of VEGF-receptor 2 and its downstream
protein Erk1/2 in human umbilical vein endothelial cells (HUVECs). However, the anti-
angiogenic actions of OA in mouse retina in vivo requires higher doses (up to
125mg/kg), which may be due to its short half-life and low oral bioavailability (only
~0.7%), most likely due to poor absorption (83).

1.3.7 Ursolic acid

Ursolic acid (UA; 3B-hydroxy-urs-12-ene-28-oic acid) is a secondary plant
metabolite that is structurally similar to OA. UA is present in the bark, leaves, peel and
wax layers of many edible fruits (84). UA reportedly has diverse pharmacological
properties, including anticancer (84, 85), anti-microbial (84), anti-virus (84), anti-
inflammatory (85), and antidiabetic activities (85). Clinical trials of UA have provided
some evidence that it may have value in preventing muscle atrophy and sarcopenia
(NCT02401113; study completed). However, the application of UA in the treatment of
the metabolic syndrome (NCT02337933; study completed, but results not reported) and
primary sclerosing cholangitis (NCT03216876; study withdrawn due to lack of
feasibility) didn’t result in a satisfactory outcome.UA is rapidly absorbed (tmax <1 h)
(86, 87), but the bioavailability is low, with Cmax reached 294.8 ng/mL by orally taking
80 mg/kg UA extract in Wistar rats (86), and 68.26 ng/mL in SD rats by taking 10 mg/kg
pure UA (87).

The photoprotective activity of UA in RPE cells has been assessed. UA was found to
mitigate damage elicited by UV light by inhibiting the NF-xB pathway (88, 89), but
also produced an increase in ROS (88). However, the bioavailability of UA is low and
both medicinal chemistry and formulation strategies have been undertaken to improve
its activity. Alvarado et al. (90) designed and tested UA-loaded PLGA (poly(dl-lactide-
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coglycolide) acid) nanoparticles that exhibited potent anti-inflammatory activity in the
rabbit eye without producing toxicity. Such approaches may be valuable in optimising

the clinical application of PTs, especially those with poor pharmacokinetic properties.

1.3.8 Other PTs

There are several other PTs with pharmacological potential in the treatment of retinal
injury (Table 1.1). The intravitreal injection of asiatic acid in rats with elevated
intraocular pressure and chronic ocular hypertension improved RGC survival and
prevented retinal dysfunction such as retinal thinning. Asiatic acid prevented retinal
apoptosis in chronic ocular hypertension by preventing the decrease in the Bcl-2:Bax
ratio (91).

Madecassic acid protected HRMECs from hypoxia-induced apoptosis, by preventing
the decline in the Bax:Bcl-2 ratio and attenuating caspase-3 and caspase-9 cleavage.
Madecassic acid also decreased ROS production and lipid peroxidation, and modulated
endoplasmic reticulum stress in hypoxic HRMECs (92).

Corosolic acid elicited anti-angiogenic effects in a chorioallantoic membrane assay,
characterized by a decrease in the vascular area and density and the number of gap
junctions. Although the intravitreal administration of corosolic acid in Wistar rats was
safe and well tolerated pharmacological activity was low (93). As with certain other
PTs, the clinical use of corosolic acid may be enhanced by improved formulation.

In addition to the PTs mentioned, the activity crude of crude plant extracts that
contain triterpenes has been assessed in vivo. Such extracts have been tested in rat
models of DR and vasculopathy and have been found to exhibit antioxidant and anti-

proliferative activities.

1.4 Chemically modified PT derivatives

Naturally occurring PTs have shown favorable pharmacological activity in a number
of retinal pathologies. However, their clinical application has been limited by
unfavorable pharmacokinetic profiles and adverse effects. Chemical modifications have
been adopted in medicinal chemistry strategies to attempt to overcome such barriers. In
addition, novel formulation strategies are emerging that would improve the delivery of
bioactive PTs to ocular tissues. The structures of semi-synthetic PTs based on OA are

shown in Fig 1.2.
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1.4.1 CDDO and dh404

CDDO (2-cyano-3,12-dioxo-oleana-1,9-dien-28-oic  acid, also known as
bardoxolone or RTA 401; where R=COOH in Fig. 2C) is a potent semi-synthetic
derivative of OA. Further structural modifications have been introduced to produce a
series of CDDO analogues, including dh404 (R=CONHCH>CF3; and where the
unsaturated bond in the C-ring of CDDO is reduced; Fig 2C), CDDO methyl ester
(CDDO-Me), RTA408 and CDDO-imidazolide (CDDO-Im) (Fig. 1.2C). One phase I
clinical study on CDDO in patients with solid tumor reported at least 1 uM blood
concentration (effective preclinical concentration) can be reached at 38.4 mg/m?/h dose
with 5-day continuous intravenous infusion for every 28-days (94).

The CDDO analogues are potent activators of Nrf2, which is the master regulator of
the Nrf2-inducible gene battery of antioxidant genes in response to oxidative stress.
Under normal conditions, Nrf2 is present in the cytoplasm bound to Kelch like-ECH-
associated protein 1 (Keapl) and Cullin 3. In a normoxic environment this complex
may be rapidly degraded by ubiquitination. However, in oxidative stress, Nrf2 is
translocated to the nucleus and activates the transcription of genes that enhance the
antioxidant response, including NAD(P)H quinone oxidoreductase 1 (NQOI1),
glutamate-cysteine ligase catalytic subunit (GCLC), glutamate-cysteine ligase
regulatory subunit (GCLM), sulfiredoxin 1 (SRXN1), thioredoxin reductase 1, HO-1
and glutathione S-transferase. Nrf2 and its downstream genes are a major component
of the antioxidant defence against the pathogenesis of retinal injuries like Age-related
macular degeneration (AMD), DR, choroidal neovascularization, I/R injury, posterior
uveitis and glaucoma (95-101), Indeed, Nrf2 knockout animals exhibit increased retinal
degeneration and retinopathy (95-101). The capacity of CDDO analogues to activate
the Nrf2-inducible gene battery affords protection to the retina.

Deliyanti et al. (102) reported the antioxidant and anti-inflammatory activities of
dh404. In the OIR mouse model, dh404 activated the major Nrf2-responsive genes
NQOI, glutathione synthase, HO-1 and GCLM. dh404 also alleviated inflammation by
decreasing TNFo, CCL2 and ICAM-1 expression and also prevented vascular leakage
by restoring VEGF in vitro and in vivo (Table 1.2).

Similar findings were made in a rat model of diabetes (103). Thus, dh404 activated
the Nrf2-responsive genes HO-1 and NQO1 in the retina, attenuated gliosis in in Miiller
cells by decreasing glial fibrillary acidic protein and suppressed the proinflammatory
TNFa, IL-6, ICAM-1 and monocyte chemotactic protein 1 (MCP-1). dh404 also
prevented vascular leakage from the diabetic rat retina by inhibiting the increase in

albumin and VEGF, and decreased angiopoietin 2.
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14.2 CDDO-Im

As mentioned, the Nrf2-inducible gene battery is important in maintaining the
survival of ocular tissues after exposure to prooxidant stresses. Like dh404, CDDO-Im
(2-Cyano-3,12-dioxooleana-1,9-dien-28-imidazolide) attenuated ROS production in
the murine photoreceptor 661 W cells and minimised I/R injury in mice by upregulating
the major Nrf2-inducible genes NQO1, GCLC, GCLM and HO-1 (104). Similar
findings were reported by Himori et al., CDDO-Im protected mouse eyes in vivo and
RGC cells in vitro against oxidative stress (105). Two further CDDO derivatives -
CDDO-trifluoroethyl-amide (CDDO-TFEA) and CDDO-ethyl-amide (CDDO-EA)-
potently activated NQO1 activity in 661 W cells in a concentration dependent fashion
within the nanomolar range (106). CDDO-TFEA decreased light-induced retinal
damage by preventing thinning of the outer nuclear layer (ONL) and increasing retinal
NQOI1 and GCLC expression in BALB/c mice (106).

1.4.3 CDDO-Me

CDDO-Me (also known as RTA402, bardoxolone methyl or CDDO-methyl ester)
activates Nrf2 and inhibits NF-kB. CDDO-Me has been evaluated in ~30 clinical trials
for potential application in a range of pathological conditions, including renal diseases,

diabetes and pulmonary hypertension (https://clinicaltrials.gov). A phase I clinical trial

of CDDO-Me in patients with tumor by Hong (107) reported the maximum tolerated
dose is 900 mg/d in when orally administrated once a day for 21 days in a 28-day cycle,
with Cmax to be 24.7+13.3 ng/mL and Cmin to be 8.8+4.3 ng/mL. CDDO-Me also has
low bioavailability, but it can be improved in an amorphous spray dried dispersion
(SDD) dosage form (108).

CDDO-Me preserved the integrity of the blood brain barrier, protected endothelial
cells and upregulated tight junction proteins (109). CDDO-Me is highly potent in its
protective actions against oxidative stress. Thus, CDDO-Me protected the mouse retina
against I/R injury by abrogating superoxide levels and inhibiting retinal vascular
degeneration, as well as activating Nrf2 target genes such as NQO1, GCLM, GCLC
and HO-1 (110).
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1.4.4 RTA408

RTA408 (also known as omaveloxolone) is the only OA analogue to date that has
been evaluated in clinical trials of corneal endothelial cell loss, ocular pain and ocular
inflammation following cataract surgery (NCT02128113, NCT02065375). RTA408 is
protective in human fetal RPE cells at low concentrations (<100 nM) and inhibits H2O»-
induced apoptosis and necrosis, by increasing the Bcl-2:Bax ratio and inhibiting H>O»-
induced protein glutathionylation (111). As an Nrf2 activator, RTA408 promotes cell
survival by increasing the expression of Nrf2, HO-1, NQO1, superoxide dismutase-2
(SOD2), catalase, glutaredoxin-1 (GRX1) and thioredoxin-1 (TRX1) (111). Clinical
studies on patients with Friedreich’ ataxia (112) and solid tumors (113) have the similar
PK profile (AUC, Cmax, ti2) at low oral doses (20 mg/d), and RTA408 showed a dose-
dependent manner between 2.5 mg/d to 300 mg/d (112).

1.45 RS9

Nakagami et al. (114) used CDDO as a lead compound to prepare a series of
derivatives using microbial transformation. One of the products - termed RS9 - carries
an epoxide moiety in the A-ring, an esterified carboxylate substituent at the D/E-ring
junction and a hydroxyl group in the E-ring. RS9 was more potent than CDDO-Me in
inhibiting --BHP-induced RPE cell death, mediated via Nrf2 activation and leading to
increased expression of NQOI1, HO-1 and GCLM. Multiple doses of RS9 (114),
increased NQO1 and HO-1 expression in the retina of neonatal rats. Other studies
corroborated these findings in murine photoreceptor and ARPE-19 cells (115, 116).
Indeed, when formulated with PLA-0020, RS9 protected the retina from light-induced
ONL thinning in zebrafish and NalOs-mediated oxidative damage in ARPE-19 cells
(116). RS9 also suppressed neovascularization in the OIR rat model and inhibited blood
brain barrier hyperpermeability produced in rabbits by administration of glycated
albumin. In contrast, CDDO-Me was relatively ineffective. The potency of RS9 was
corroborated in another study (117). Thus, RS9 increased the expression of HO-1 and
NQO1 mRNAs at a low dose (1 and 3 mg/kg), whereas CDDO-Me only activated HO-
1 expression at much higher doses (10 mg/kg). Again, RS9 improved the endothelial
cell barrier in vitro and in vivo assays.

RS9 was also reported to be effective in certain gene-related retinal diseases. For
example, Nakagami (118) showed that RS9 significantly inhibited ONL in rhodopsin
Pro347Leu transgenic rabbits by activating the Nrf2-targeted genes NQO1 and HO-1
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(Table 2). This finding suggested that activation of the Nrf2-Keap1 signaling pathway
could delay RP pathogenesis due to rhodopsin gene mutations.

Apart from the OA analogues, very few other PTs have been subject to structural
modifications by medicinal chemistry or chemical biology approaches. Betulinic acid
is structurally similar to OA but has a substituted cyclopentane E-ring in place of the
cyclohexane system. Several betulinic acid derivatives with improved aqueous
solubility had improved cytoprotective activity and safety in RPE and Miiller cells.
Antioxidant activities were mediated by attenuating the activation of Akt, Erk1/2 and
JNK pathways(119, 120).

1.5 Conclusions

In summary, the potential of PTs and their derivatives for the treatment retinal
pathologies includes cytoprotective, antioxidant, neuroprotective, anti- angiogenic and
anti-inflammatory effects; these have been assessed in a number of studies (Table 1.1
and 1.2). Important considerations in future studies to assess PTs include:

1) That retinal cell damage in vitro or retinal degeneration in vivo may be caused by
several injurious stimuli, including light, chemicals, ischemia and physical injury.
Retinal damage and disease development are complex processes that involve multiple
contributory mechanisms and can be exacerbated by coincident diseases, such as
diabetes and hypertension. Inflammatory and metabolic indicators may be useful
endpoints to monitor retinal degeneration.

2) Retinal damage and retinal diseases are related to altered cellular signaling
pathways. Many PTs also modulate such pathways, eg. OA derivatives activate the Nrf2
gene battery and GL inhibits HMGB1. Cytoprotection afforded by PTs could enhance
insight into the pathogenesis of retinal diseases that may lead to new therapies.

3) Most PTs exhibit diverse biological activities so that off-target actions may
produce side effects during treatment.

4) The reported synergism between PTs and glucocorticoids suggests that effective
compounds could be used at lower doses when used in combination.

5) Chemical modification of PTs may improve aqueous solubility and
pharmacokinetic properties of active agents. For example, CDDO analogues are more
potent and exhibit greater retinal protection than the parent compound OA. However,
precautions are necessary because chemical modification can also alter the bioactivities
of analogues. For example, GL is a HMGBI inhibitor with retina-protective actions,
while CBX is a 113-HSD1 inhibitor, and may elicit retinal toxicity.

6) In addition to structural modifications, changes in the route of administration and
14



formulation are other ways to improve their pharmacokinetic and pharmacodynamic
profiles. For example, intravitreal injections can enhance topical drug concentrations
and nano-scale formulations may achieve superior drug delivery and bioavailability.

This is also potentially important because some PTs are toxic at higher doses.
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Table 1.1 Summary of pharmacological effects and mechanisms of of pentacyclic triterpenoids in the retina

Drug In vitro model  In vivo

model

Glycyrrhizin Rabbits

Disease model

Pharmacological
effects

Pharmacological/
Pathologic
improvements

Molecular mechanism

Reference

(GL)

ARPE-19 cells Mice

Ocular hypertension

Sodium 1odate

Reduce ocular
hypertension

| ocular hypertension,
improve
electrophysiological
parameters (flash
electroretinogram and
flash visual evoked
potential), compensate
for changes in ocular
metabolism induced by
triamcinolone acetate

Improve
electrophysiological
parameters, regulate

metabolism

(15)

induced damage

Cytoprotective

Mice: |apoptosis and
ROS, |retina thinning,
ldrusen number, 1 the
amplitude of ‘a-wave’
in photoreceptors and

‘b-wave’ in bipolars

ARPE-19 cells: 1p-
Akt, TNrf2, THO-1

(12)
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Rat RGC-5 Advanced glycation  Anti-angiogenic I VEGF-A by blocking (19)
cells end products (ages)— HMGBI, |INK2/3
induced vascular activation
endothelial growth
factor A (VEGF-A)
production
Rats Diabetes Neuroprotective |brain-derived (22)
neurotrophic factor
(BDNF)
Rats Diabetes Anti-angiogenic, JCXC chemokine (21)
anti- receptor type 4
inflammatory (CXCR4), |HIF-1a,
|Early growth response
protein 1 (Egr-1),
| Non-receptor
tyrosine-protein kinase
TYK2 (TYK2),
| Stromal cell-derived
factor 1 (CXCL12)
Rats Diabetes Anti- IHMGB-1, |[NF-xB (18)
inflammatory activation, Toccludin
Rats Diabetes Anti- IHMGBI, |Erk1/2, (23)
inflammatory Tsynaptophysin,
Ttyrosine hydroxylase,

lutamine synthetase,
g Y
Tglyoxalase 1,]
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glutamate

Primary Mice REC: high glucose Anti- Mice: | the loss of REC: (14)
human retinal Mice: inflammatory,  retinal thickness, | cell IHMGBI,|TLR4,
endothelial ischemia/reperfusion ~ neuroprotective number loss in the | TNFa, | cleaved
cells (REC) (I/R) ganglion cell layer, caspase-3; Tp-Akt
ldegenerate capillary
cell numbers
Rats Diabetes IROS, |[Nox2, (13)
1p47phox, |p22phox,
|Poly [ADP-ribose]
polymerase 1 (PARP-
1), [cleaved caspase-3
Carbenoxolone Rats Dry eye syndrome Cytoprotective locular surface J11B-HSD1, | TNFa, (37)
(CBX) (DES) damage, |tear LIL-6, | Bax/Bcl-2
reduction,? corneal
thickness, |apoptosis
in conjunctival
epithelium
AKBA Mice Hypoxia in OIR Cytoprotective TSHP-1 activity, (57)

expression and
phosphorylation, |p-
STAT3, |HIF-1a,
I VEGF, |phospho-
Vascular endothelial
growth factor receptor
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2 (p-VEGFR-2)

HRMECs Mice OIR Anti-angiogenic HRMECs: |cell HRMECs: |p-STAT3 (58)
proliferation, | Mice: 1SHP-1 activity
migration, |tube and expression, |p-

formation STAT3, | VEGEF, p-
Mice: VEGFR-2
Ineovascularization
Celastrol ARPE-19 Mice Retinal degeneration Anti- Mice: |ONL loss, ARPE-19: |[ROS, (64)
cells, induced by bright inflammatory, Tscotopic a-wave and  |HO-1, |[IL1pB, |CCL2
RAW264.7 light anti-oxidative b-wave amplitudes, | RAW264.7: | TNFa,
cells photoreceptor ICAM-1,]IL1B,
apoptosis, |retinal JCCL2
inflammation, Mice: | IL1B,|Ccl2,
|leukostasis, |reactive 1COX2, |TNFa
gliosis, |microglial
activation
ARPE-19 cells Inflammation caused Anti- LIL-6, |NF-kB p65 (67)
by LPS inflammatory phosphorylation,
THsp70
Rats Optic nerve crush Cytoprotective ~ TRGC survival, |body THeat shock factor (66)
(ONC) weight, protein 2(Hsf2),
|TNFa
Rats Hypertension-induced = Cytoprotective TRGC survival (65)

degeneration
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Escin ARPE-19 H>0z-induced Anti-oxidative, Jmurine RPE cell IROS, [lipid (72)
cells, primary cytotoxicity cytoprotective damage (low peroxidation; THO-1,
murine RPE concentration), [cell  TNQOI, 1Sulfiredoxin-
cells apoptosis 1 (SRXN1), 1 Nrf2
phosphorylation,T Akt
phosphorylation
ARPE-19 BRB breakdown Cytoprotective HUVECs: improved =~ HUVECs: combination (73)
cells, tight junction of triamcinolone
HUVECs acetonide and escin:
Toccludin, 1Z0-1,
Tglucocorticoid
receptor expression
Rats Ischemia, BRB Cytoprotective Escin: |retinal Toccludin (74)
leakage thickness;
combination of
triamcinolone
acetonide and escin:
|BRB permeability
Ursolic acid Human RPE Broad light irritation Cytoprotective INF-«B activation, (88)
(UA) cells TROS
Human RPE UV-induced oxidative ~ Cytoprotective  |apoptosis, |cell death 1p53, | NF-xB (89)
cells stress activation
Oleanolic acid  HUVEC cells Mice Angiogenesis Anti-angiogenic HUVECs and mice: HUVEC cells: (121)
(OA) langiogenesis IVEGFR-2, |Erkl/2
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OA/UA Rabbits Anti- (90)
nanoparticles inflammatory
with PLGA
Asiatic acid Rat Increased intraocular Cytoprotective Rat: 1RGC survival, 1Bcl-2; |Bax, (91)
pressure (OIP), lretinal thinning, Jcaspase-3
glaucoma lapoptosis, Tphotopic
negative response
amplitudes in COHT
Madecassic Human Hypoxia-induced Antioxidative LER stress lcleaved caspase-3, (92)
Acid Retinal oxidative stress lcleaved caspase-9,
Microvascular lcleaved caspase-12,
Endothelial |Bax, |ROS,
Cells Jmalondialdehyde,
(hRMEC:s) JLDH, | glucose-

regulated protein 78
(GRP78),| CHOP,
linositol-requiring

kinase/endonuclease 1a
(IREla),|cleaved
activating transcription
factor 6 (ATFO6),
| ATF4 nuclear
translocation, | p-Erk,
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lp- eukaryotic
initiation factor 2 (p-
elF2a); 1Bcl-
2,1 glutathione
peroxidase (GSH-PX),
1SOD

Corosolic acid  ARPE-19 cells

Eggs,
rats

Angiogenesis

Anti-angiogenic

Eggs: |vascular area, | (93)
number of junctions,
lvessels length and
lacunarity
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Table 1.2 Summary of pharmacological effects and mechanisms of of chemically modified pentacyclic triterpenoids in the retina

Drug In vitro In vivo Disease model Effects Pharmacological effects Molecular Reference
model model mechanism
dh404 Primary Mice OIR Antioxidative, anti- Phase IT OIR: |Miiller Phase I OIR: 1VEGF (102)
astrocyte vascularization cell damage, | vascular in the retina.
and rat leakage, In astrocytes: |[ROS,
primary lleukostasis, | Ibal- TNQOI, Tglutathione
Miiller positive microglia synthase,T HO-1 ,
cells lglial

fibrillary acidic protein
(GFAP), |TNFa,]
iNOS
Phase II OIR:| VEGF,
lerythropoietin, |p-
Erk/Erk ratio, |ROS,
|GFAP, |MCP-1;
TNQO1, 1GCLM,
THO-1 ; | ICAM-1,
| Vascular cell
adhesion protein 1
(VCAM-1), |TNFa
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Rat Rats Diabetes Antioxidative Retina:| albumin, (103)
primary IROS, |VEGEF,

Miilller langiopoietin-2, |
cells TNF-a, |IL-6,
I ICAM-1, |MCP-1,|
8-OHdG,| Noxl,
INox2, |Nox4,
1p22phox, ;THO-1,
TNQOI,
Miiller cells:| GFAP,
IVEGF, |MCP-1, |IL-
6, | TNFa, |Noxl1,
INox4, |p22phox;
THO-1, 1NQO1
CDDO-Im RGCs Mice Axonal damage Antioxidative Mice: TNQOI1, THO-1, (105)
1GCLM, 1GCLC,
1GSTA4, 1TXNRD
ARPE-19 t-BHP induced Anti-oxidative, ARPE-19 and 661W: ARPE-19: 1NQOI1, (106)
cell, oxidative stress in cytoprotective Tcell survival THO-1, 1 p-Akt, |ROS
661W ARPE-19 and
cells 661W cells
661W Mice I/R Neuroprotective Mice: |neuronal cell loss  661W: TNQO1, 1HO- (104)
cells 1, 1GCLM, 1GCLC,
JROS

Mice: TNQO1, tHO-1,
1GCLM, 1GCLC,
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Tglutathione S-
transferase Mu 1

(GSTM1),
Tthioredoxin reductase
1 (TXNRD1)
CDDO-  ARPE-19 Mice t-BHP induced Anti-oxidative, 661W: 1cell survival, ARPE-19: 1NQO1, (106)
TFEA cell, oxidative stress in cytoprotective Mice: TONL thickness THO-1
661W ARPE-19 and Mice: 1NQOI1, 1GCLC
cells 661W cells, light
induced retinal
damage in mice
CDDO-EA ARPE-19 t-BHP induced Anti-oxidative, ARPE-19: 1NQOI1, (106)
cells oxidative stress in cytoprotective THO-1
ARPE-19 cells
CDDO-Me Mice Focal cerebral Suppress BBB lhemorrhagic 1Z20-1, Tclaudin-5, (109)
ischemia permeability transformation, [ BBB ~ {VE-cadherin, 1CD31,
permeability 1Platelet-derived
growth factor
receptorfy (PDGFR-f)
Wilde type I/R Neuroprotective, lsuperoxide levels, TNQO1, 1GCLM, (110)
mice inhibit I/R lretinal vascular 1GCLC, THO-1
degeneration
RTA408 Human H>0:-induced Cytoprotective lapoptosis and necrosis, 1Bcl-2, 1Nrf2 (111)
RPE cells cytotoxicity Tcell survival expression and nuclear
transformation,

1NQO1, 1 HO-1,
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1SOD2, Tcatalase,
Tglutaredoxin-1
(GRX1), tthioredoxin-
1 (TRX1); |Bax,

IROS, |
glutathionylation
RS9 Rhodopsin Retinitis Inhibit ONL |ONL thinning, cell loss  t1NQOI1, HO-1, |IL-6 (118)
Pro347Leu pigmentosa thinning
Rabbits
ARPE-19 Rats, t-BHP in ARPE-19, antioxidative, Rats: ARPE-19: 1NQOI1, 1 (114)
cells rabbits BRB inhibit lneovascularization HO-1, 1GCLM
hypermeability in ~ neovascularization, Rabbits: |BRB Rats: TNQOI1, 1 HO-1
rabbits inhibit BRB hyperpermeability
permeability
HRMEC Mice, Microvascular Suppress ocular HRMECs: |cell HRMECs: THO-1, (117)
cells monkey endothelial barrier angiogenesis and migration, TNQOI1, TNrf2,
dysfunction, hypermeability lmicrovascular TPDGFR-B, 1VE-
choroidal endothelial barrier cadherin, 1Z20-1,
neovascularization dysfunction Tclaudin-5, | VEGF
Monkey: |vascular
leakage
ARPE-19  Zebrafish Non-exudative Cytoprotective ARPE-19: 1cell survival ~ ARPE-19: THO-1, 1 (116)
cells model in ARPE-19 Zebrafish: JONL microtubule-associated

cells, light-irritated
retina degeneration
in zebrafish

thining, 1 LC3-positive
autophagosome

protein light chain 3-I1
(LC3-II) /LC3-1,
Tsequestosome-1
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(SQSTM1)
zebrafish: 1LC3-II,

1SQSTM1
661W Mice Light irradiation Cytoprotective 661W: 1cell survival 661W: TNQOI, HO-1, (115)
cells Mice: |retinal GCLM
degeneration |ONL Mice:THO-1 and its
thining, activation, TNrf2
activation
Betulinic  RPE cells Hypoxia-induced Anti-oxidative Tcell survival, |apoptosis ~ |ROS, | Akt, Erk1/2, (119)
acid oxidative stress and necrosis JINK
derivative
H7
Betulinic Miiller Excitotoxicity- Anti-oxidative Tcell survival, |necrosis ~ |ROS, | Akt, Erk1/2, (120)
acid cells induced oxidative JNK
derivatives stress
HS5, H7
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1.6 Objectives of this thesis

This thesis aims to investigate the protective potentials of betulin, betulinic acid and
their derivatives in human RPE and Miiller cells with testifying the idea of applying
nano-technology in improving cellular effects of these compounds. The relevant

specific aims are:

1. To investigate the protective effect of betulin, betulinic acid and their derivatives
against CoClz-induced hypoxia in ARPE-19 and human primary RPE cells and
study signaling pathways involved in this effect (Chapter 2).

2. To investigate the protective effect of betulin, betulinic acid and their derivatives
against glutamate-induced excitotoxicity in MIO-ML1 cells and study signaling
pathways involved in this effect (Chapter 3).

3. To evaluate the influence of liposome-encapsulated betulinic derivatives and
investigate the protective effect of these new formulations in MIO-M1 and ARPE-
19 cells (Chapter 4).
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Chapter 2

A derivative of betulinic acid protects human Retinal
Pigment Epithelial (RPE) cells from cobalt chloride-

induced acute hypoxic stress

Abstract

The Retinal Pigment Epithelium (RPE) is a monolayer of cells located above the
choroid. It mediates human visual cycle and nourishes photoreceptors. Hypoxia-
induced oxidative stress to RPE is a vital cause of retinal degeneration such as the Age-
related Macular Degeneration. Most of these retinal diseases are irreversible with no
efficient treatment, therefore protecting RPE cells from hypoxia stress is an important
way to prevent or slow down the progression of retinal degeneration. Betulinic acid
(BA) and betulin (BE) are pentacyclic triterpenoids with anti-oxidative property, but
little is known about their effect on RPE cells. We investigated the protective effect of
BA, BE and their derivatives against cobalt chloride-induced hypoxia stress in RPE
cells. Human ARPE-19 cells were exposed to BA, BE and their eighteen derivatives
(named as H3-H20) that we customized through replacing moieties at C3 and C28
positions. We found that cobalt chloride reduced cell viability, increased Reactive
Oxygen Species (ROS) production as well as induced apoptosis and necrosis in ARPE-
19 cells. Interestingly, the pretreatment of H7 (3-O-acetyl-glycyl- 28-O-glycyl-
betulinic acid) effectively protected cells from acute hypoxia stress induced by cobalt
chloride. Our immunoblotting results suggested that this derivative attenuated the
cobalt chloride-induced activation of Akt, Erk1/2 and JNK pathways. All findings were
further validated in human primary RPE cells. In summary, this BA derivate has
protective effect against the acute hypoxic stress in human RPE cells and may be

developed into a candidate agent effective in the prevention of prevalent retinal diseases.
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2.1 Introduction

Our capacity to see the world starts in the retina, a thin layer of neural tissue at the
back of the eye. The processing of light information relies on the visual cycle, where
retinoids are exchanged between photoreceptors and the Retinal Pigment Epithelium
(RPE). This cycle converts light energy into electrical signals for visual processing
within the neural retina (1). The RPE monolayer is located just outside the neural retina,
between the outer neural layer of photoreceptors (rods and cones) and the underlying
vascular choroid. RPE is responsible for selectively transporting molecules between the
vascular choroid and outer neural retina as well as the phagocytosis of shredded
photoreceptor outer segments (2). RPE is also the main producer of angiogenic factors
in the retina (3). Furthermore, RPE cells are able to absorb excess light and protect the
retina from phototoxicity (4), thus pathologic damage to RPE is a vital cause of many
retinal diseases (5-9).

Age-related macular degeneration (AMD) is the most prevalent, irreversible retinal
disease (1), which accounts for 8.7% blindness worldwide with an increasing morbidity
(10, 11). It is also the leading cause of blindness among those aged over 50 years. There
are two main types of AMD: “dry” (atrophic) and “wet” (neovascular). The dry form is
associated with chronic loss of photoreceptors and RPE cell death (12); whereas wet
AMD involves with choroidal neovascularization (CNV), new vessel growth originated
from the choroid to the subretinal space (13). Anti-VEGF drugs can be used to treat wet
AMD, but there is no therapy for dry AMD now.

Due to a high metabolic rate and oxygen level, exposure to light as well as abundance
of polyunsaturated fatty acids, RPE cells are prone to oxidative damage caused by the
imbalance of generation and elimination of reactive oxygen species (ROS) (4, 7, 14,
15). In addition, antioxidant ability declines with aging (16), which further leads to
ROS level increase and potentiates retinal degeneration. Hypoxia-induced oxidation in
RPE cells is a vital cause of dry AMD (9, 17), and RPE is thought to be the prime early
target of this disease (18), therefore it is important to protect RPE cells from hypoxia
in order to prevent or slow down the progression of retinal degenerations.

In the current study, we investigated the protective effect of betulinic acid (BA),
betulin (BE) and their chemical derivatives on hypoxia-induced oxidative stress in
human RPE cell line. BE and BA are both pentacyclic triterpenoids extracted from the
bark of birch trees; BA is more biologically active than its precursor BE. These natural
compounds have been shown to have anti-oxidative, anti-cancer, anti-inflammatory,
anti-microbial, anti-viral and anti-diabetic properties (19, 20). Publications have

reported that BA and BE can effectively protect various cell types from oxidative
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damages (21-23); however, little is known about their effects on retinal cells. It is
known that the solubility of BA and BE in the gastrointestinal tract and their
bioavailability in the body are low (24, 25). According to the studies on their structure-
effect relationship, chemical modifications at the position C3 and C28 were considered
to be preferable in improving their solubility and bioavailability with reduced
cytotoxicity (24, 25). We synthesized a series of BA and BE derivatives with replacing
various moieties at C3 and C28 positions previously (26, 27). In this study, we evaluated
the anti-oxidative potentials of BA, BE and their 18 derivatives in human RPE cells

with cobalt chloride-induced hypoxic stress.

2.2 Materials and methods

2.2.1 Reagents and chemicals

Fetal Bovine Serum (FBS) and Dulbecco’s Modified Eagle Medium (DMEM) were
purchased from Thermo Scientific (Lidcombe, NSW, Australia). Dimethyl sulfoxide
(DMSO), thiazolyl blue tetrazoliuM bromide (MTT), Betulinic Acid (BA, named as H1
in this thesis) and cobalt chloride were purchased from Sigma-Aldrich (Castle Hill,
NSW, Australia). Betulinic acid derivatives were in house synthesized and customized
as described before (26, 27). 2',7'-Dichlorodihydrofluorescein diacetate (CM-
H>DCFDA) was obtained from Thermo Scientific (Lidcombe, NSW, Australia). FITC
annexin V apoptosis detection kit was purchased from BD Bioscience (North Ryde,
NSW, Australia). PVDF membrane was obtained from Merck Millipore (Bayswater,
VIC, Australia). Phospho-Akt (Ser473), Akt (pan), phospho-p44/42 MAPK (Erk)
(Thr202/Tyr204), p44/42 MAPK (Erk) phosphor-SAPK/INK (Thr183/Tyr185)
(81E11), SAPK/INK and a-Tubulin (DMI1A) antibodies were obtained from
Genesearch Pty Ltd (Arundel, QLD, Australia); p-p38 Antibody (D-8) and p38a/P
Antibody (A-12) antibodies were purchased from Bio-strategy Laboratory Products
(Tingalpa, QLD, Australia); B-actin antibody was obtained from Sigma-Aldrich (Castle
Hill, NSW, Australia). Horseradish peroxidase-conjugated goat anti-rabbit and anti-
mouse IgG was purchased from Bio-strategy Laboratory Products (Tingalpa, QLD,
Australia). Protein signal was detected with the SuperSignal West Pico

Chemiluminescent Substrate (Thermo Scientific, Lidcombe, NSW, Australia).
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2.2.2 Cell culture

Human retinal pigment epithelium (ARPE-19) cell line was purchased from
American Type Culture Collection (ATCC). Cells were maintained at 37 °C and 5%
CO; with Dulbecco’s modified Eagle medium suppled with 10% FBS (v/v) and 1% L-
Glutamine.

Three postmortem human eyes (age range, 38-69 years, postmortem delay < 16 hours)
were requested through the Lions NSW Eye Bank and used to isolate primary RPE cells
with human ethical approval from The University of Sydney human Research Ethics
Committee. As described previously (28), after removing the anterior segment, the
neurosensory retina and vitreous from the eyes, the eyecups were washed with
phosphate buffered saline (PBS, pH 7.4). Trypsin-EDTA was used to remove the cells
at 37 °C for 45 min. The RPE was gently dissected from the Bruch’s membrane with
pipetting. The cells were collected into DMEM supplied with 4.5 g/L. glucose, 2 mM
L-glutamine and 20% FBS. Primary RPE cells were maintained in flasks at 37 °C with

5% CO2 and used between passages 2 to 5 in the following experiments.

2.2.3 Cytotoxicity and anti-hypoxic assay

ARPE-19 cells were seeded into 96-well plates (3x10* cells/well) and cultured
overnight to reach confluence. In the cytotoxicity study, cells were treated with 10 uM
H1-H20 compound in DMEM plus 1% FBS (v/v) for 24 h and DMSO was used as the
vehicle control. To determine the anti-hypoxic effect of H1-H20, cells were further
incubated with 8 mM cobalt chloride for 4 h before measuring cell viability.

Cell viability was performed using MTT assay as shown before (29-37). In details,
cells were incubated with 0.5 mg/mL MTT solution for 2 h in dark and washed with
phosphate-buffered saline (PBS, pH 7.4; 0.001 M KH>PO4, 0.154 M NaCl, 0.003 M
Na,HPO4). 100 pL. DMSO was then added into each well and shake at room
temperature for 10 min. The absorbance was measured at 550 nm with the BioRad
Model 680 microplate reader (Bio-rad, Gladesville, NSW, Australia).

2.2.4 Measurement of intracellular Reactive Oxygen Species (ROS)

ROS level was measured with CM-H,DCFDA reagent as to the manufacture’s

manual. Briefly, cells were seeded into 96-well plates (3x10* cells/well) and pretreated
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with each compound for 24 h, then incubated with 2 pyM CM-H>DCFDA for 1 h at 37 °C
in dark. Cells were then washed with PBS three times and measured at Ex/Em: 485
nm/535 nm by the PerkinElmer VictorTM X4 Multimode plate reader (PerkinElmer,
Melbourne, VIC, Australia). Readings were subtracted by that of control (cells treated
with vehicle). The changes of compound treated cells were calculated as the fold of

control.

2.2.5 Apoptotic assay

Similar to our published studies before (38-40), ARPE-19 cells (1.8x10° cells/well)
were seeded on 24-well plates and incubated with each compound for 24 h at 37 °C.
Cells were collected after exposure to 10 mM cobalt chloride for 4 h. Cells were stained
with annexin V-FITC and propidium iodide (PI) according to the manufacturer’s
protocol. Samples were analyzed with Guava easy®cyte flow cytometer (Merck

Millipore, Bayswater, VIC, Australia).

2.2.6 Western blot

ARPE-19 cells were lysed with NP-40 lysis buffer (50 mM Tris, 150 mM NaCl, 1%
IGEPAL, pH 7.8) supplied with protease inhibitor cocktail and centrifuged at 15,000
rpm for 10 min at 4°C. Protein samples was separated by electrophoresis using 10%
SDS-PAGE gels and transferred onto PVDF membranes. After blocking with 5% non-
fat milk in PBST for 30 min at room temperature, immunoblots were probed with
different primary antibodies overnight at 4 °C. After washing, the blots were probed
with secondary antibodies for 1 h at room temperature. Blots were washed and
incubated with the SuperSignal West Pico Chemiluminescent Substrate (Thermo
Scientific, Lidcombe, NSW, Australia).

2.2.7 Statistics

All the data are presented as mean + standard deviation (SD). Student’s #-test was
used to evaluate differences between cobalt chloride treated and control group. Two-
way ANOVA was used to compare the compound treated groups vs. control group.

p<0.05 was considered as significant.
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2.3 Results

2.3.1 Cytotoxicity of BA, BE and their derivatives

Chemical modifications were made at the C3 and C28 positions of BA and BE (Table
2.1) (26, 27). To elucidate the therapeutic potentials of these compounds, we first
evaluated their cytotoxicity in ARPE-19 cells at 10 uM, which concentration is close to
the Cmax reported in murine models (41-44). Compound H1, H11 and H14 had mild
cytotoxicity at 10 pM; while compound H2, H4, H6, H9 and H19 had moderate toxicity
to the APRE-19 cells (Table 2). The remaining derivatives without significant

cytotoxicity were selected for following studies.

Table 2.1 Chemical structures of betulinic acid and its derivatives

ID R1 R2

H1 HO COOH
(Betulinic

acid)

H2 HO CH,OH
(Betulin)

H3 HO n

~N o
o}
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H4

H5
H6

H7

HS8

H9

HI10

HI11

HI12

HO

COOH

COOH
COOH
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HI13

H14

HI5

H16

H17

HI18

H19

H20

HO

HO

HO
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Table 2.2  Cell toxicity of betulinic acid and its derivatives in ARPE-19 cells

Cells were pre-treated with 10 uM of betulinic acid or its derivatives for 24 h and cell viability was
then assessed with MTT assay. Data was presented as the percentage of cell viability with

compound treatment as to that of DMSO control treated cells.

Compound Viability (%) (AVG=SD)
Control 100.0+6.3
H*** 82.7+5.2
H2*** 66.847.1

H3 106.8+8.3
H4*** 56.847.9
H5 98.9+5.8
He*** 54.7+8.8
H7 95.849.2
HS 100.3+2.9
HO*** 59.643.3
H10 91.9+9.4
H1*** 84.0+4.0
HI2 97.543.3
H13 102.8+4.0
H14%* 88.5+1.5
HI15 100.2+12.9
H16 105.0+5.9
H17 96.7+7.7
HI8 99.143.4
H19%** 69.447.6
H20 107.8+7.8

**p<0.01 vs Control, ***p<0.001 vs Control, t-test

2.3.2 Protective effect of BA, BE and their derivatives on ARPE-19 cells with

cobalt chloride-induced hypoxic stress

Cobalt chloride is an iron analogue often used for mimicking hypoxic conditions in

the RPE cells (13, 45-47) and has been widely used in disease-relevant studies including
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cancers and retinal diseases (48). We established an acute hypoxia in vitro model in this
study to explore the protective effect of BA, BE and their derivatives. We treated the
ARPE-19 cells with various concentrations of cobalt chloride for 4 h. We performed an
initial screening to assess the cell viability with the treatment of cobalt chloride at the
concentrations varying from 1 to 20 mM (data not shown). We found all concentrations
caused certain levels of reduction in cell viability; the maximum effect was observed at
10 mM and above. 8 mM cobalt chloride decreased approximately 50% of cell viability
and this concentration was used in the following experiments.

Next, we assessed the protective effect of BA, BE and their non-cytotoxic derivatives
on ARPE-19 cells with cobalt chloride-induced hypoxia stress. Cells were pre-treated
with BA, H3, H5, H7, H8, H10, H12, H13, H15, H16, H17, H18 or H20 compound (10
uM) for 24 h, followed by cobalt chloride for 4 h, then cell viabilities were assessed
with MTT assay (Table 2.3). We found that H7 (3-O-acetyl-glycyl- 28-O-glycyl-
betulinic acid) compound can significantly attenuate the cytotoxicity induced by cobalt

chloride (Table 2.4). Therefore, this compound was chosen to be further studied.

Table 2.3 The protective effect of betulinic acid and its derivatives on hypoxia induced by

cobalt chloride in the ARPE-19 cells

Cells were pre-treated with 10 pM of betulinic acid or its derivatives for 24h and then incubated
with or without 8 mM cobalt chloride for additional 4 h. Then cell viability was assessed with MTT

assay. Data was presented as the percentage of cell viability as to that of 0.1% DMSO control treated

cells.
Treatment Viability (%) (AVG£SD)

Control 100.0+£6.9

Control+CoCl» 51.746.9
H3 100.9+13.5

H3+ CoCl» 56.8+4.9
HS 94.0+11.3

H5+ CoCl, 56.3+2.9

H7 89.2+2.9

H7+ CoCl» 61.6£5.1
HS8 100.6+£12.3

H8+ CoCl, 58.1+4.9
H10 92.0£12.6
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H10+ CoCl; 49.4+4.2

H12 94.3+8.3
H12+ CoCl, 47.0+6.1
H13 105.6+£5.7
H13+ CoCl» 50.5£7.7
H15 93.2+5.2
H15+ CoCl, 52.3+6.1
H16 105.7£6.3
H16+ CoCl» 57.5£7.7
H17 102.74£9.8
H17+ CoCl, 56.1+9.8
H18 101.6+5.4
H18+ CoCl, 57.1£6.8
H20 112.7£6.9
H20+ CoCl, 56.1+3.8

Table 2.4 The protective effect of betulinic acid and its derivatives on hypoxia induced by

cobalt chloride in the ARPE-19 cells (Control as 100%)

Re-analysis of the data from Table 2.3. Data as presented as the percentage of anti-hypoxia effect
of compound treatment (the viability of betulinic derivatives pre-treated cells without cobalt

chloride treatment vs. that with cobalt chloride treatment) as to that of DMSO control.

Treatment Anti-hypoxic effect (%)
(AVGZSD)

control 100.0+£6.9
H3 111.9+4.9
H5 116.0£2.9
H7# 133.8+4.9
H8 111.8+4.9
H10 104.0+4.2
H12 96.6+6.1
H13 92.6+7.7
H15 108.7+6.1
H16 105.4+7.7
H17 105.7+£3.2
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H18 108.9+6.8
H20 96.4+3.8
#p<0.05, two way ANOVA

2.3.3 H7 suppresses CoCl-induced hypoxic stress in the ARPE-19 cells

ARPE-19 cells were pre-treated with different concentrations of H7 (0-15 uM) for
24 h followed by cobalt chloride exposure. The pretreatment of 10 uM or higher
concentration of H7 exhibited significant anti-hypoxic effect compared to control (Fig
2.1A); therefore, 10 pM were selected as the optimal treatment condition in the
following studies.

The treatment of cobalt chloride elevates ROS level which leads to oxidative damage
in ARPE-19 cells (46). We found cobalt chloride markedly increased the cellular ROS
level in the control group; whereas H7 significantly attenuated such oxidative stress
(~5.49 folds increase in the DMSO control group vs. the ~2.66 folds increase in the H7
treated group, Fig 2.1B). This result indicated that H7 protects ARPE-19 cells by
scavenging ROS.

Furthermore, we adopted annexin V-FITC/PI dual staining assay to evaluate the
rescue effect of H7 compound. We found moderate apoptosis and necrosis with cobalt
chloride treatment; while H7 pre-treatment significantly reduced cellular apoptosis
(5.96%=£2.41% vs. 13.06%=+2.69% of control, Fig 2.1C) and necrosis (4.14+1.32% vs.
17.32+4.36% of control, Fig. 1D). This suggested that H7 exhibited protective effect

through decreasing both cellular apoptosis and necrosis induced by cobalt chloride.
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Figure 2.1  H7 protects ARPE-19 cells from cobalt chloride-induced cell death

(A) ARPE-19 cells were pre-treated with different concentrations of H7 (1-15 puM) for 24 h,
followed by 8 mM CoCl, for 4 h. DMSO was used as vehicle control. Anti-hypoxic effect of H7
was analyzed by MTT method as described in Materials and Methods. Data were shown as
percentage of control. (B) ARPE-19 cells were pre-treated with or without 10 uM H7 for 24 h,
followed with or without 8 mM CoCl; for 4 h. DMSO was used as vehicle control. ROS level was
assessed by CM-H,DCFDA method as described in 2.2.4. Data were shown as folds of control. (C)
ARPE-19 cells were pre-treated with or without 10 uM H7 for 24 h, followed with or without 8 mM
CoCl; for 4 h. DMSO was used as vehicle control. Cell apoptosis and necrosis were analyzed by
annexin/PI staining method as described in 2.2.5. Representative image was demonstrated in the
figure. (D) Analysis of cell apoptosis and necrosis of Fig. 2.1C. Data was shown as percentage of
control. Data were presented as mean + STD, n=3. *p<0.05, **p<0.01, ***p<0.001, t-test; ##p<0.01,
###p<0.001, two-way ANOVA.

2.3.4 H7 attenuated the activation of Akt, Erk1/2 and JNK pathways induced by

oxidative stress in RPE

Akt, Erk1/2 and JNK signaling are major pathways involved in RPE survival and
oxidative stress (15, 18, 49-55); therefore, we investigated the involvement of these
signaling pathways in cobalt chloride stressed RPE cells with or without H7
pretreatment. We found that Akt, Erk1/2 and JNK pathways were significantly activated
in the ARPE-19 cells under cobalt chloride-induced stress (Fig. 2.2). The activations
were markedly inhibited with H7 pre-treatment (Akt: 2.01 £ 0.25 fold of increase in the
H7 group vs. 3.78 £ 0.54 fold of increase in the control group; Erk: 1.54 + 0.26 fold of
increase in the H7 group vs. 8.94 +2.65 fold of increase in the control group; JNK: 3.13
+ 0.56 fold of increase in the H7 group vs. 61.02 &+ 10.32 fold of increase in the control

group).
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Figure 2.2 H?7 inhibits cobalt chloride-induced Akt, Erk1/2 and JNK activation in the ARPE-

19 cells

ARPE-19 cells were pre-treated with or without 10 uM H7 for 24 h, followed with or without 8 mM
CoCl, for 4 h. DMSO was used as control. Phosphorylated- and total-Akt (A and B), -Erk1/2 and -
JNK (C, D and E) were detected with western blot. B-actin and a-tubulin were included as loading
controls. Representative image was demonstrated in (A) and (C). Results in (B), (D) and (E) were
presented as mean £ STD, n=3. *p<0.05, **p<0.01, ***p<0.001, t-test; ##p<0.01, ##p<0.001, two-
way ANOVA.

2.3.5 H7 suppresses CoCl-induced hypoxic stress in human primary RPE cells

We further verified our findings in the primary RPE cells cultured from three healthy
donors without known retinal disorders. Initial testing indicated that 12 pM of cobalt
chloride was optimal in inducing significant hypoxia in the primary RPE cells (~50%
viability vs. control); therefore, this concentration was used in the experiments
conducted on human primary RPE cells. Consistently, H7 showed a pronounced
protective effect on cobalt chloride-induced hypoxia in the primary RPE cells at a
concentration dependent manner (Fig. 2.3A). Our preliminary data showed that the
treatment of 15 uM H7 demonstrated a better effect compared to that of 10 pM;
therefore, this concentration was chosen as the preferred condition in the following

experiments. It was also noted that at this concentration, there was no significant
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cytotoxicity observed in the primary RPE cells (data not shown). H7 pre-treatment
suppressed the cobalt chloride-induced activation of Erk and JNK in all primary RPE
cells from three different donors (Fig. 2.3D). It inhibited the upregulation of Akt
signaling in 2 out 3 primary RPE cell lines (Fig. 2.3B); while the Akt signaling in one
of the primary RPE cell lines was not changed upon cobalt chloride treatment. The
unresponsiveness of Akt signaling to cobalt chloride in this primary PRE cell line might
be associated with the genetic variation of individuals. However, to explore the actual

reason underpinning such unresponsiveness is beyond the scope of this study.
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Figure 2.3 H7 suppressed hypoxic assaults and inhibits cobalt chloride-induced Akt, Erk1/2

and JNK activation in human primary RPE cells

(A) Human primary RPE cells were pre-treated with different concentrations of H7 (5-15 uM) for
24 h, followed by 12 mM CoCl; for 4 h. DMSO was used as control. Anti-hypoxic effect of H7 was
analyzed by MTT method as described in 2.2.3. Data was shown as percentage of control. (B-E)
Human primary RPE cells were pre-treated with or without 10 uM H7 for 24 h, followed with or
without 8 mM CoCl; for 4 h. DMSO was used as control. Phosphorylated- and total-Akt (B and C),
-ERK and -JNK (D, E and F) were detected with western blot. f-actin and a-tubulin were included
as loading controls. Representative image was demonstrated in the figure. Data in (A), (C), (E) and
(F) were represented as mean £ STD, n=3. *p<0.05, **p<0.01, t-test; #p<0.05, ##p<0.01, two-way
ANOVA.
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2.4 Discussion

RPE cells are essential to human retina and vision (2-9). Oxidative stress to RPE
cells greatly potentiates human retinal degenerative diseases (4, 7, 9, 14, 15, 17).
Apoptosis of RPE cells was widely observed upon oxidation induced by cobalt chloride,
H>0,, UVB etc. (18, 56-63); previous studies also demonstrated cellular necrosis due
to oxidative stress (49, 64). Most early-year research concluded that apoptosis is a major
mechanism for RPE cell death in response to oxidative stress in AMD, but more and
more recent studies indicated that necrosis is the primary consequence of RPE cell death
in AMD (65). Among the oxidative stimuli, cobalt chloride is a chemical hypoxia
mimetic agent that has been widely used to induce hypoxic assault in the RPE cells (46,
59, 62, 66-68). Furthermore, literature suggested that the oxidation-induced apoptosis
and/or necrosis of RPE cells could be involved with multiple signaling pathways (13,
47, 69, 70).

The anti-oxidative effect of BA and BE was widely reported in in vitro and in vivo
studies (21-23, 71-74). In this study, we were the first to investigate the anti-hypoxic
effect of BA, BE and their derivatives (H3-H20) on human RPE cells. As there is no
previous in vivo pharmacokinetic report on derivatives in this Chapter, we used 10 uM
for drug screening, which is close to in vivo condition of BA (41-44). However, there
may exist some limitations in this concentration selection: firstly, different animals,
disease models, administration methods and dosages will contribute to different PK
profile; secondly, the derivatives may have different plasma concentrations to its
parental compound due to different structures and bioavailability. Considering the large
number of candidates, this concentration could better mimic the practical drug effect in
vivo and is suitable for drug screening.

Consistent with previous reports (55, 75), we observed both apoptosis and necrosis
upon the acute treatment of cobalt chloride in human ARPE-19 cells (Fig. 1C and 1D).
Then we found that compound H7 possesses the relatively best protective effect among
all these compounds (Table 2.4), which significantly decreased the induced apoptosis
and necrosis of RPE cells (Fig. 1C and 1D).

The derivatives H6, H7, H14 and H15 are structurally similar (Table 2.1). They differ
at the C28 position, but the moieties at their C3 position remain the same. We noticed
that H6 with a carboxylic acid group was associated with a pronounced cytotoxicity
followed by H14 with a hydroxyl group residue at C28 position; while H7 and H15
with residues less hydrophilic at this position have little toxicity to RPE cells (Table
2.2). Aldehyde group of H15 has higher oxidative potential than the carboxylic acid
group of H7 at C28 position, so it is plausible that H7 has better anti-oxidative effect
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than HI15.

Cobalt chloride induced ROS production in the RPE cells (46, 66). In the current
study, we observed a significant elevation of ROS level in the ARPE-19 cells with the
treatment of cobalt chloride; while pretreatment with H7 greatly attenuated the cellular
ROS production (Fig. 2.1B). Moreover, our data indicated that the cyto-protective effect
of H7 was accompanied with markedly counteracting the hypoxia-induced Akt, Erk and
JNK activation (Fig. 2.2). Such findings were further verified using human primary
RPE cells (Fig. 3). It is interesting that although Hypoxia-inducible Factor 1a (HIF-1a)
and Vascular Endothelial Growth Factor (VEGF) were shown to be the major protein
factors involved with the anti-hypoxic effect of several agents in the previous reports
(76-78), there was no significant influence of H7 treatment on the expressions of these
two factors observed in our study (data not shown).

Arising evidence suggested that mitogen-activated protein kinase (MAPK) pathway
is involved in cell proliferation (15, 79-81). MAPK superfamily includes three major
signaling pathways: extracellular signal-regulated kinases (Erk), p38 and c-jun N-
termnal kinases (JNK). Erk can generally be stimulated by growth factors, while p38
and JNK are more likely to be activated by cellular stress including inflammation, UV
irradiation, oxidative stress, hypoxia and ischemia (18, 81). ROS elevation stimulates
Erk, JNK and Akt pathways in various cell types (82); therefore, it is not surprising to
find the activation of these three signaling pathways accompanied with an increased
ROS level upon cobalt chloride-induced acute hypoxic stress in RPE cells in this study.

Erk is closely involved with the oxidative damage in human RPE cells (18, 80, 83).
Glotin et al. (18) reported that a transient but not prolonged Erk activation was involved
in the acute oxidative spike of t-BHP; neither JNK nor p38 were involved in this process.
Koinzer et al. (84) also demonstrated a biphasic role of Erk in the RPE cells upon tBH
treatment, where Erk phosphorylation is time-dependent (it was observed 30 min after
the tBH treatment but decreased after 1 h, and then phosphor-Erk level increased again
after 4h). Tsao et al. (83) also revealed the protective role of Erk to H>O»-induced
oxidative stress in the RPE. Therefore, it is plausible that H7 attenuated the activation
of Erk protected the RPE cells from hypoxic stress in our study.

The role of JNK pathway in cell death remains controversial. Generally speaking,
whether JNK is pro-apoptotic or apoptotic, largely depends on cell type, stimulus, other
signaling pathways and the duration of activation (51, 85). The previous study showed
that JNK was activated in cobalt chloride-treated ARPE-19 cells, which effect could be
suppressed in the presence of the anti-oxidative compound Ginsenoside Rg-1 (58). In
addition, the activation of JNK signaling was also observed in ARPE-19 cell death
under other oxidation stimuli like 4-HNE and H>O» (86-88) and also under UV-C
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irradiation (80). And it has been demonstrated that mRNA and protein level of JNK was
upregulated in ARPE-19 cells exposed to A2E (a prominent cytotoxic side product of
retinoids) and/or blue light; however, JNK inhibition resulted in a further increase of
cell death (89). These evidences suggested an apoptotic role of JNK in RPE cells. In
contrast, Cao et al. demonstrated a pro-apoptotic role of JNK in ARPE-19 cells that
JNK inhibition was observed with cellular apoptosis under UV-B exposure, while
EGCG attenuated such oxidative damage partially via blocking the decreased
phosphorylation of JNK (57). Our study is consistent with some of the previous
observations (58, 80, 86-89) that JNK signaling was activated due to the acute treatment
of cobalt chloride and H7 is potent in suppressing such effect (Fig. 2.3C and 2.3D).

Akt activation is widely observed in the RPE and other cell types after exposure to
oxidative stress (55, 60, 90, 91). It has been shown to mediate the cyto-protective effect
of various compounds in the RPE (63, 90, 92) as well as the programmed necrosis in
neurons (52). And our study suggested that the anti-hypoxic and cyto-protective effect
of H7 is partially mediated through deactivating Akt pathway.

There is also evidence obtained from animal and patient studies verifying that Akt
and MAPK pathways are closely associated with dry AMD. Akt activation was found
in the AMD mice model (93). Erk activation was observed both in mice model and dry
AMD patients (94). And biphasic Erk activation after oxidative assaults was reported
in primary mouse RPE cells (95). Makarev et al. used “AMD Medicine” software to
analyze signaling pathways and discovered significant activation of Akt and MAPK
(Erk, p38, INK) involved in dry AMD (96).

A meta-analysis of more than 1,000 people showed a strong enrichment of JNK in
AMD patients (97). And the activation of Akt and MAPK pathways is a hallmark of
RPE damage and dry AMD progression, which indicates Akt and MAPK pathways may
be the potential targets in the treatment of AMD. We found H7 can attenuate the
activation of these pathways induced by oxidative stress, which suggested that H7 is a
promising candidate agent to protect RPE cells from hypoxic stress and prevent the

progress of retinal degenerations.

2.5 Conclusion

We found that the betulinic acid derivative H7 (3-O-acetyl-glycyl- 28-O-glycyl-
betulinic acid) is safe and effective in protecting RPE cells from cobalt chloride-induced
hypoxia stress. H7 pretreatment can significantly improve cell viability through
decreasing cellular ROS level as well as inhibiting apoptosis and necrosis under

hypoxic stress. We also found activation of Akt, Erk1/2 and JNK signaling induced by
62



hypoxia stress in RPE can be attenuated by H7 pretreatment. Therefore, H7 may be a
candidate agent to be used in the prevention of untreatable dry AMD and other hypoxia-

related retinal diseases.
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Chapter 3

Betulinic acid derivatives can protect human Miiller

cells from glutamate-induced oxidative stress

Abstract

Miiller cells are the predominant retinal glial cells. One of the key roles of Miiller cells
is in the uptake of the neurotransmitter glutamate and in its conversion to glutamine.
Miiller cell dysfunction due to oxidative stress elicited by high glutamate
concentrations can lead to toxicity, which promote the pathogenesis of retinal diseases
like diabetic retinopathy and glaucoma. This study investigated the anti-oxidant activity
and mechanisms of betulinic acid (BA) and its derivatives in human Miiller cells.
Human MIO-M1 Miiller cells were pre-treated in the presence or absence of BA, BE
as well as their derivatives (named H3-H20) followed by incubation with glutamate.
Cell viability was evaluated with the MTT and Calcein-AM assays. Reactive oxygen
species (ROS) production in MIO-M1 cells was measured using CM-H>,DCFDA and
flow cytometry. The activation of cellular apoptosis and necrosis was analysed with
annexin V/PI staining and flow cytometry. The modulation of signalling pathways
involved in glutamate-mediated cytotoxicity and ROS production was evaluated by
immunoblotting. The BA derivatives H3, H5 and H7 exhibited minimal cytotoxicity
and significant anti-oxidant activity. These compounds significantly suppressed ROS
production and attenuated cellular necrosis elicited by glutamate-induced oxidative
stress. The protective effects of H3, HS and H7 in MIO-M1 cells were associated with
the attenuation of Akt, Erk1/2, and JNK signalling. The BA analogues H3, H5 and H7
are protective against glutamate-induced oxidative stress in human Miiller cells, and
elicit their actions by modulation of the Erk, Akt and JNK signalling pathways. These
agents are potential candidate molecules for the prevention or treatment of human

retinal diseases.

3.1 Introduction

Miiller cells are the predominant neuron-supporting glial cells. Miiller cells extend
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vertically throughout the retina and are functionally linked with other retinal and
neuronal cells in the maintenance of retinal structure and health (1). Thus, Miiller cells
regulate retinal blood flow (1-4), ion and pH homeostasis (1-3, 5), glucose metabolism
and the visual cycle (1, 5), the release of trophic factors (2-5) and the response of
photoreceptors to light (2, 3, 5). Together with endothelial cells and pericytes (5), the
Miiller cells are integral components of the blood-retinal barrier (BRB) that protects the
retina from toxins.

As the major excitatory neurotransmitter, glutamate mediates the transmission of
visual signals by several retinal cell types including bipolar, photoreceptors and
ganglion cells (2). Glutamate is continuously synthesized and released from the
synaptic terminal of photoreceptors and acts at postsynaptic receptors on horizontal and
bipolar cells (2, 6). A major function of Miiller cells is in the uptake and recycling of
glutamate to prevent toxicity (1, 4, 5). Glutamate-induced toxicity contributes to retinal
loss and impaired vision and may progress to a range of retinal diseases like glaucoma,
diabetic retinopathy (DR), ischemia and inherited photoreceptor degeneration (3, 6).

DR and glaucoma are the two most common irreversible ocular diseases in humans.
Indeed, DR is the primary cause of blindness in people, who are aged 20-74 years old

(https://www.visionaustralia.org) followed by glaucoma (7). The incidence of these

conditions is increasing dramatically. Although several potential therapeutic strategies
have been tested (eg. anti-VEGF therapy, surgery and laser treatment), they remain
incurable. Therefore, new approaches to prevent the progression of such retinal diseases
are urgently required.

Betulinic acid (BA) and betulin (BE) are both pentacyclic triterpenoids. They are
extracted from the bark of birch trees. Literature reports indicate that these agents have
anti-cancer, anti-diabetic, anti-inflammatory, anti-microbial, as well as anti-viral
properties (8, 9). We recently reported that BA derivatives carrying a range of
substituents at positions C3 and C28 (10-12) protected human retinal pigmented
epithelial cells against hypoxia (12). These agents also exhibit potent anti-oxidative
activities in a range of cell lines (13-15). The present study evaluated these promising
agents in the prevention of glutamate-induced oxidative stress in the human MIO-M1

cell line that express markers of mature retinal Miiller cells (16-19).

3.2 Materials and methods

3.2.1 Reagents and chemicals

Dulbecco’s Modified Eagle Medium (DMEM), CM-H>,DCFDA, Fetal Bovine Serum
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(FBS) and Calcein-AM were purchased from Thermo Scientific (Lidcombe, NSW,
Australia). Dimethyl sulfoxide (DMSO), L-glutamic acid monosodium salt hydrate and
thiazolyl blue tetrazolium bromide (MTT) were obtained from Sigma-Aldrich (Castle
Hill, NSW, Australia). BA derivatives were chemically synthesized as described
previously (12, 20, 21). The FITC-annexin V apoptosis detection kit was bought from
BD Bioscience (North Ryde, NSW, Australia). PVDF membranes were purchased from
Merck Millipore (Bayswater, VIC, Australia). Akt (pan), Phospho-Akt (Ser473),
p44/42 MAPK (Erk), phospho-p44/42 MAPK (Erk) (Thr202/Tyr204), SAPK/JNK and
phospho-SAPK/JNK (Thr183/Tyr185) (81E11) antibodies were obtained from Bio-
strategy Laboratory Products (Tingalpa, QLD, Australia) or Genesearch Pty Ltd
(Arundel, QLD, Australia). The B-actin antibody was bought from Sigma-Aldrich. Goat
anti-mouse and anti-rabbit IgGs conjugated with horseradish peroxidase were obtained

from Bio-strategy Laboratory Products.

3.2.2 Cell culture

MIO-M1 cells were maintained in a humidified incubator (5% CO3) at 37 °C in
DMEM (Gibco, Thermo Fisher) containing 10% FBS (v/v) and 1% L-Glutamine.

3.2.3 Cytotoxicity assays

MIO-M1 cells were cultured in 96-well plates (1.2x10* cells/well) for 24h. In
cytotoxicity studies, cells were treated with BA and its derivatives (10 uM) in DMEM
containing 1% FBS (v/v) for 24 h. 0.1% DMSO was applied as the negative control.
Cells were then treated with 300 mM glutamate for 4 h prior to MTT assay (22-26).
Briefly, cells were treated with MTT solution (0.5 mg/mL) in the dark for 2 h and then
washed with phosphate-buffered saline (PBS, 0.154 M NacCl, 0.001 M KH>PO4, 0.003
M Na;HPOy4; pH 7.4). Cells were then treated with DMSO and the plate was shaken for
10 min at room temperature. The absorbance of the treated cells was measured at 550
nm in a microplate reader (Model 680, Bio-Rad, Gladesville, NSW, Australia).

Cell viability was also evaluated using Calcein-AM assays following incubation with
glutamate. As mentioned before (17, 27), cells were then washed with PBS and then
incubated in the dark with 2 uM Calcein-AM for 0.5h. The fluorescence ratios at the
excitation/emission wavelength pair of 485 nm/535 nm were determined in a plate

reader (Victor™ X4 Multimode, PerkinElmer, Melbourne, VIC, Australia); ratios were
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corrected by subtraction of values in Calcein-AM-free cells.

3.2.4 Apoptotic and necrotic assay

MIO-MI1 cells were treated with each of the test compounds (10 uM, 24 h, 37 °C)
and then treated with glutamate (300 mM) for 4 h. Cells were collected and as described
previously, stained with propidium iodide (PI) and annexin V-FITC (12, 28). Samples
were analyzed in a flow cytometer (Guava easy®cyte , Merck Millipore, Bayswater,
VIC, Australia).

3.2.5 Intracellular Reactive Oxygen Species (ROS) assay

MIO-M1 cells were treated with each of the test compounds (10 uM, 24 h, 37 °C)
and then treated with 300 mM glutamate for 4h. ROS formation was quantified as
mentioned before (28). Briefly, cells were treated with CM-H2DCFDA (1 uM) for 40

min in the dark, washed with PBS and analyzed in a flow cytometer.

3.2.6 Western blot

MIO-MI1 cells were harvested and lysed with the lysis buffer containing NP-40 (1%
IGEPAL, 50 mM Tris and 150 mM NaCl pH 7.8 supplied with protease inhibitors).
Lysate was centrifuged at 15,000 rpm (10 min, 4°C). Protein samples were denatured
and separated by electrophoresis. After transferred onto PVDF membranes, the blots
were incubated with 5% non-fat milk (in PBST) for 30 min (at room temperature). The
blots were incubated with a primary antibody at 4°C overnight and then washed with
PBST for three times. Blots were then incubated with a secondary antibody for 1 h (at
room temperature) and then with the chemiluminescent substrate (SuperSignal West
Pico, Thermo Scientific, Lidcombe, NSW, Australia). The signals were visualized with
the image box (ImageQuant LAS500, GE health care, Silverwater, NSW, Australia).

3.2.7 Statistics

All data are shown as mean + standard deviation (SD). The Student’s 7-test was used
to identify differences between glutamate-treated and control groups, and between
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compound-treated and vehicle-treated groups. Two-way ANOVA was used to compare

multiple treatment and control groups. p<0.05 was considered as significant.

3.3 Results

3.3.1 Cellular toxicity of BA and its derivatives in MIO-M1 cells

In initial studies, we evaluated the cytotoxicity of BA, BE and their analogues in
MIO-MI cells. Cells were treated with individual analogues at 10 uM for 24 h. This
concentration was selected, because it is close to the reported Cmax of BA in vivo (29-
31). Under these conditions H1, H2, H4, H6, H9 and H19 and, to a lesser extent, H15
were toxic in MIO-M1 cells (Fig. 3.1A). Interestingly, H8 and H20 produced a slight
but significant increase in the viability of MIO-M1 cells. Analogues with no apparent

effects on cell viability were selected for further analysis.
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Figure 3.1 Cytotoxicity of BA, its analogues and glutamate in MIO-M1 cells

(A) MIO-M1 cells were incubated with H1-H20 (10 uM) for 24 h and cell viability was measured
using the MTT assay. (B) MIO-M1 cells were pre-incubated with glutamate (0-500 mM) for 4 h and
cell viability was assessed using the MTT assay. (C) MIO-M1 cells were pre-incubated with
glutamate (300 mM) for 0-8 h and cell viability was evaluated with MTT assay. DMSO was adopted
as vehicle control. Data are presented as the percentage of control (mean + SD). *p<0.05, **p <

0.01, ***p < 0.001 vs. control group, t-test.
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3.3.2 Protective effect of BA derivatives on MIO-M1 cells against glutamate-

induced oxidative stress

Glutamate-induced oxidative stress is considered to be a primary cause of neuronal
cell death (32), the prevention of which is a potential approach for the treatment of
retinal diseases. The protective actions of BA derivatives were assessed in MIO-M1
cells as a model of acute toxicity (33, 34).

MIO-M1 cells were incubated with glutamate (4 h) over the concentration range
100 to 500 mM. As shown in Fig. 3.1B, glutamate (200-500 mM) significantly
decreased cell viability. A concentration of 300 mM was selected for further study as it
produced an approximate 50% decrease in cell viability (55.8 + 7.6 %). From the time
dependence study, cell viability was decreased at 2 h and appeared to be maximal at 4
h (Fig. 3.1C). Thus, a 4 h treatment duration was adopted in further studies.

To examine the protective effect of non-cytotoxic BA derivatives against glutamate-
induced oxidative stress, MIO-M1 cells were pre-treated with each compound (10 pM)
for 24 h prior to the addition of glutamate (300 mM). After 4 h, cell viability was
estimated using MTT (Table 3.1), the data was then re-analyzed as shown in Table 3.2.
However, all the selected compounds showed significant cyto-protective activity
compared to vehicle control, so we need to adopt another method of different
mechanism to narrow-down the candidates. By using Calcein-AM assay (Table 3.3 and
Table 3.4), H3, HS5, H7, H11 and H12 were observed with significant improved cell
viability, as H12 exhibited relatively low antioxidative effects ( 67.6+£9.5% in Table 3.2),
we will only include H3, HS5, H7 and H11 for further studies.

Table 3.1 Cell viability of betulinic acid derivatives with or without glutamate in MIO-M1

cells (MTT assay)

MIO-M1 cells were treated with BA or its derivative (10 pM) for 24 h and then treated with or
without glutamate (300 mM) for additional 4 h. Cell viability was evaluated using MTT assay. Data

are presented as percentages of cell viability relative to DMSO treated control.

Treatment Viability (%) (AVG= SD)
Control 100.0£5.2
Control + glutamate 52.6+10.4
H3 93.8+£5.3
H3+glutamate 68.3+6.4
HS5 90.7+7.1
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H5+ glutamate
H7
H7+ glutamate
H8
H8+ glutamate
HI10
H10+ glutamate
H11
HI11+ glutamate
H12
H12+glutamate
H13
H13+ glutamate
H14
Hl14+glutamate
H16
H16+ glutamate
H17
H17+ glutamate
H18
H18+ glutamate
H20
H20+ glutamate

75.8+£5.6
89.6+7.7
75.8€3.9
92.8+4.9
81.2+6.9
104.1+4.2
85.8+7.0
99.8+8.5
85.249.4
96.7£8.2
65.4£8.6
92.5£3.9
69.1+14.1
94.8+5.1
75.2£5.5
94.9+6.1
81.4+6.0
99.3+£5.6
72.8+£7.6
110.0+7.8
81.5+4.9
101.0£5.9
77.1£7.5

Table 3.2 Anti-oxidative effects of betulinic acid derivatives (MTT assay)

A re-analysis of data in the Table 3.1. Data are shown as the percentage viability of cells pre-treated

with betulinic acid derivatives and glutamate divided by that of cells treated with the BA derivative

alone.
Treatment Anti-oxidative effect (%0)
(AVG £SD)
Control 52.6£11.1
H3 72.8+7 2H#Ht
H5 83.5+6.5###
H7 84.6+4.6##H
HS8 87.5+7 8H#itHt
H10 82.4+7 14t
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HI11 85.4+10.0###

HI12 67.6+9.5#

HI13 74.7£16.2###
H14 79.3+6.3##
H16 85.7+6.8###
H17 73.3+8. 1###
HI18 T4 14, TH#Ht
H20 76.3+7.9##Ht

Table 3.3 Cell viability of betulinic acid derivatives with or without glutamate in MIO-M1

cells (Calcein-AM assay)

MIO-M1 cells were treated with BA or its derivative (10 uM) for 24 h and then treated with or
without glutamate (300 mM) for additional 4 h. Cell viability was evaluated using Calcein-AM

assay. Data are shown as percentages of cell viability relative to DMSO treated control.

Treatment Viability (%) (AVG £ SD)
Control 100.0+£8.7
Control + glutamate 43.6+7.4
H3 107.2+12.4
H3+glutamate 66.3+11.4
H5 106.4£11.7
H5+ glutamate 68.6+£9.6
H7 109.7+11.3
H7+ glutamate 74.2+9.7
H8 99.9+10.6
H8+ glutamate 55.448.3
HI10 101.4+11.9
H10+ glutamate 54.8+£7.3
H11 95.3+7.1
H11+ glutamate 56.2+8.9
H12 102.6+6.3
H12+glutamate 57.5€7.3
H13 94.9+£5.1
H13+ glutamate 39.9+6.5
H14 107.4+6.3
Hl14+glutamate 59.9+12.9
HI16 105.4+10.1
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H16+ glutamate 59.5+11.7

H17 100.4+3.6
H17+ glutamate 49.9+£9.0
HI18 106.4+8.8
H18+ glutamate 53.8+11.3
H20 105.2+6.9
H20+ glutamate 52.8+12.7

Table 3.4 Anti-oxidative effects of betulinic acid derivatives (Calcein-AM assay)

A re-analysis of data in the Table 3.3. Data are shown as the percentage viability of cells pre-treated

with betulinic acid derivatives and glutamate divided by that of cells treated with the BA derivative

alone.
Treatment Anti-oxidative effect (%0)
(AVGHSD)

Control 43.6+£7.4
H3 61.9£10.7#
H5 64.5+9.0#
H7 67.6:8.9##
H8 55.4+8.3
H10 54.0+£7.2
H1l1 59.049 .44##
H12 56.0+£7.2#
H13 42.0+6.8
H14 55.7£12.0
H16 56.5+11.1
H17 49.7+9.0
H18 50.6£10.6
H20 50.2+12.1

3.3.3 The BA analogues H3, H5, H7 and H11 attenuated necrosis in MIO-M1

cells elicited by glutamate-induced oxidative stress

Glutamate-mediated oxidative stress has been reported to activate apoptosis and
necrosis in neuronal cells, such as HT22, PC12 and ganglion cells (35-38). We utilized
annexin V-FITC/PI dual staining to elucidate whether H3, H5, H7 and H11 modulated
cell death in glutamate-treated MIO-M1 cells. The data showed that necrosis was the

81



primary death program in MIO-M1 cells resulting from glutamate-induced oxidative
stress (Fig. 3.2A). Pre-treatment with the BA derivatives H3, HS5, H7 and HI1I
attenuated glutamate-dependent necrosis in MIO-M1 cells (Fig. 3.2A and 3.2B).
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Figure 3.2 The BA analogues H3, HS, H7 and H11 protected MIO-M1 cells from glutamate-

induced cell death and modulated ROS production

MIO-MI cells were incubated with H3, H5, H7 or H11 (10 uM) for 24 h and then treated with or
without glutamate (300 mM) for 4 h. (A) Cell apoptosis and necrosis were analyzed by annexin
V/PI staining and flow cytometry. Only representative images are shown. (B) Analysis of cell
necrosis in (A). Data are shown as percentage of control (mean + SD). (C) ROS production was
quantified in MIO-M1 cells after glutamate treatment (300 mM, 24 h) by CM-H,DCFDA and flow
cytometry. Data are shown as folds of control (mean + SD). DMSO was adopted as negative control
in these experiments. **p < 0.01, ***p < 0.001 vs. corresponding groups without glutamate
treatment, t-test; #p<0.05, ##p < 0.01, ###p < 0.001 vs. control groups with or without glutamate,
two-way ANOVA.

3.34 The BA analogues H3, HS and H7 suppressed the increase in ROS

production in MIO-M1 cells following glutamate treatment

Oxidative stress is a likely consequence of the increase in cellular ROS production
following glutamate treatment and could be an early, and perhaps causative, event in
toxicity (6). In the present study, we confirmed that glutamate treatment increased
cellular ROS production in MIO-M1 cells. The BA analogues H3, H5 and H7 attenuated

this increase in ROS formation (Fig. 3.2C); the anti-oxidative activity of H11 was
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somewhat lower. Accordingly, H3, H5 and H7 emerged as agents with potential
protective actions against glutamate-induced toxicity in MIO-M1 cells by decreasing
ROS production.

3.3.5 The cytoprotective agents H3, HS and H7 modulate Akt, Erk1/2 and JNK

signaling in MIO-M1 cells

As shown in Fig. 3, H3, H5 and H7 exhibited time- and concentration-dependent
cytoprotection in MIO-M1 cells. Compared to 24h, H3 showed much increased anti-
oxidative effect from 48 h, while H5 from 64 h and H7 from 40 h. Anti-oxidative effect
of these compounds was significant at concentrations of 5 uM and above (Fig. 3B-D
and Supplementary Table 2). To facilitate comparison with earlier findings, we

employed a concentration of 10 uM in subsequent mechanistic studies.
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Figure 3.3 Time- and concentration-dependence of the cytoprotective activity of H3, HS and

H7

(A) MIO-M1 cells were incubated with H3, H5 or H7 (10 uM) for 24, 40, 48, 64 or 72 h and then
treated with or without glutamate (300 mM) for 4 h. Cell viability was measured using Calcein-AM
assay. (B-D) MIO-MI1 cells were treated with 0, 0.5, 1, 5, 10, 15 or 20 uM of H3 (B), H5 (C) or H7
(D) for 24 h and then incubated in the presence or absence of 300 mM glutamate for 4 h. Cell
viability was measured using Calcein-AM assay. DMSO was used as vehicle control in these
experiments. Data are shown as the percentage of control (mean + SD). **p < 0.01,**p<0.01, ***p

< 0.001 vs. control, t-test.

The mitogen-activated protein kinase (MAPK) as well as phosphoinositide-3
kinase (PI3K)/Akt signaling pathways have been widely implicated in glutamate-
induced toxicity. From Western blot analysis, the Akt, Erk1/2 and JNK MAPK
pathways were activated in MIO-M1 cells following treatment with glutamate
(increased phospho-protein expression; Fig. 3.4A). The BA analogues H5 and H7
markedly attenuated the activation of Akt, Erk and JNK pathways, whereas H3 was less
effective (Fig. 3.4B-D). Thus, the agents with the greatest capacity to prevent ROS
production and cytotoxicity after glutamate treatment also prevented the activation of
Akt/MAPK signaling.
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by the BA analogues H3, HS and H7

(A) MIO-M1 cells were pre-treated with or without H3, H5 or H7 (10 uM) for 24 h and then
incubated with or without glutamate (300 mM) for 4 h. Protein expression of p-Akt/Akt (B), p-Erk
/Erk (C), and p-JINK/INK (D) was evaluated by Western blotting. Intensities of bands were analyzed

by densitometry. DMSO was used in control cell treatments and B-actin was included as the control
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of sample loading. Data are shown as fold of control (mean + SD). *p < 0.05, ***p < 0.001 vs.
corresponding groups without glutamate, t-test; #p<0.05, ##p < 0.01, ###p < 0.001 vs. control
groups with or without glutamate, two-way ANOVA.

3.4 Discussion

Glutamate is an important excitatory neurotransmitter, which level in the CNS is
controlled by its uptake and cycling mechanisms. Dysregulation of the glutamate cycle
may increase extracellular glutamate leading to inflammation and oxidative stress (2).
Miiller cells are mainly responsible for the uptake and recycling of glutamate in the
retina (1, 4, 5). Under pathological conditions, the dysfunction of Miiller cells can lead
to an abnormal accumulation of glutamate. The glutamate-induced oxidative stress will
consequently cause the damage of Miiller and other retinal cells resulting in a range of
retinal diseases such as DR and glaucoma (3, 6).

In the human retina, glutamate transporters are shown to be downregulated in
pathological conditions such as glaucoma, which is associated with impaired removal
of glutamate by glial and neuronal cells, and may lead to the accumulation of glutamate
in the extracellular space. Miiller cells are the predominant glial cells of the human
retina, and are susceptible to the consequences of glutamate accumulation (39). The
protection of cells against glutamate-induced oxidative damage is a potentially valuable
strategy for the prevention of retinal pathologies.

The present study evaluated a range of BA analogues for the capacity to modulate
ROS production and necrosis in MIO-M1 cells after glutamate treatment. We employed
two cytotoxicity assays reflecting different cytotoxic mechanisms: The MTT assay
assesses cellular metabolic activity, while the Calcein-AM assay reflects endogenous
plasma membrane integrity and esterase activity. The data showed that the BA
analogues H3, H5, H7 and H11 protect MIO-M1 cells against glutamate toxicity in both
assays (Table 3.1- 3.4).

Glutamate toxicity can cause neuronal loss. Both apoptosis and necrosis were
activated in cells that were subject to glutamate-induced oxidative stress (35-38, 40-42).
The mechanism of cell death following glutamate exposure varies in a cell type- and
treatment-related manner (43). In general, mild insults primarily activate apoptosis (35,
37, 38, 41), while acute, intense and excitotoxic stimuli or free-radical related insults
are more likely to induce necrosis. Necrosis can be activated rapidly within minutes to
hours, whereas apoptosis requires a longer time-frame (44). Thus, Ankarcrona et al
detected necrosis in cerebellar granule cells soon after glutamate treatment; while
apoptosis occurred later and in cells with impaired mitochondrial function (41). We

treated MIO-M1 cells with 300 mM glutamate for 4 h, to reflect clinically relevant acute
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toxicity in retinal pathologies, such as glaucoma (45).

Glutamate-induced apoptosis and necrosis have also been observed in vivo. It has
been reported that in albino mice, necrosis of the inner retina was observed a few hours
after subcutaneous injection of sodium L-glutamate, which suggested that glutamate at
high concentrations can induce retinal cell death (46). Mitori also observed retinal
apoptosis when glutamate was injected directly into the retina in neonatal rats (47).
Glutamate has been shown to elevate the Ca’" concentration in neurons, which
increases the uptake into mitochondria and promotes ROS production (48). In the
present study, the BA analogues H3, H5, H7 and H11 prevented necrosis in glutamate-
treated MIO-M1 cells (Fig. 3.2A and 3.2B). H3, H5 and H7 in particular, also
effectively inhibited ROS production (Fig. 3.2C).

The MAPK and PI3K/Akt signaling cascades are implicated in the responses of a
number of cell types to ROS (49). The Erk MAPK is primarily considered to be
stimulated by growth factors, mitogens and survival factors, resulting in the activation
of genes that promote cell growth and differentiation (50-52). Erk pathway proteins are
highly expressed in neurons and are also involved in synaptic plasticity, memory and
learning (53, 54). However, the Erk pathway also mediates retinal apoptosis and Miiller
cell death in response to glutamate-induced toxicity (43). In accord with these findings,
Roth et al., (55) reported that Erk was activated in MUler cells of the ischemic rat and
that the death signal was transmitted to nearby retinal ganglion cells and photoreceptors.
ROS-induced Erk phosphorylation in microglia (56), can also stimulate the release of
inflammatory factors (56). We previously showed that H7 has protective effect on
human RPE cells via modulating the Erk, Akt and JNK pathways (12). In the current
study, the Erk pathway was activated in response to increased ROS production in
glutamate-treated MIO-M1 cells. Pre-treatment with the BA analogues H3, H5 or H7
effectively attenuated ROS production and necrosis, which suggests that Erk blockade
might be employed therapeutically to prevent retinal damage due to glutamate-induced
oxidative stress.

The alternate MAPK isoforms p38 and JNK are responsive to cellular stresses like
UV irradiation, inflammation, hypoxia, ischemia and oxidative stress (57, 58), as well
as to proinflammatory cytokines such as tumor necrosis factors and interleukin-1.
Activating the INK and p38 pathways can promote the expression of genes that mediate
cell death (59). The JINK pathway mediates neuropathological events including cellular
toxicity (60); while p38 and apoptosis are activated in retinal ganglion cells by the N-
methyl-D-aspartic acid (NMDA) receptor agonist NMDA (61). In the present study,
JNK was activated in MIO-M1 cells by glutamate; this was attenuated by H5, H7 and,
to a lesser extent, H3 (Fig. 3.4D). In contrast, none of the compounds were found to

activate the p38 pathway (data not shown).
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The PI3K/Akt cascade enhances cell survival in response to injurious stresses, and is
also important in CNS development and plasticity (62). In the present study, Akt
activation in MIO-M1 cells appeared to be a component of the cellular defense against
glutamate-induced oxidative stress, although there have been conflicting reports that
Akt is unresponsive to glutamate (63-65), which might reflect differences in cell
protocols or cell contexts. Pretreatment of cells with HS and H7 prevented the
glutamate-mediated activation of Akt; in comparison, H3 pretreatment was less
effective.

The three signaling pathways under investigation also exhibit crosstalk in response
to glutamate in vivo and in vitro. Thus, p-Erk, p-p38 and p-JNK expression was
activated in the ischemic rat retina in a time-dependent pattern (55), and the blockade
of the Erk and p38 MAPKSs, but not JNK, significantly improved recovery in ischemic
retina (55). Yu et al. (37) reported the CaMKII-dependent activation of the ASK-
1/INK/p38 cascade in glutamate treated PC12 cells, while activation of p38 and JNK
was produced by NMDA exposure (66, 67). Zhang et al. (68) demonstrated that
increased activity of the major metabotropic glutamate receptor 5 (mGIluRS5) increased
Erk and Akt signaling and promoted retinal progenitor cell proliferation. However,
Asomugha et al (63) did not replicate these findings in glutamate treated porcine retinal
ganglion cells. The findings in the current study demonstrated that the Akt, Erk and
JNK cascades were all activated by glutamate in MIO-M1 cells.

The structural requirements for activity in BA analogues are not completely clear.
The most active agents were substituted at C3 and C28 in the triterpenoid ring system.
Thus, HS possesses a carbonyl function and a carboxylate group at C3 and C28,
respectively. None of the other test analogues carried a C3 carbonyl but several toxic
analogues contained a carboxylate at C28. The analogue H7 carries acylglycine
substituents at both C3 and C28 (with one being esterified). H3 possesses a hydroxyl
group at C3 and a succinate at C28. Although several other analogues also carried a C3
hydroxyl group (H1, H2, H9, H16-H18), these derivatives were either toxic or carried
bulky and flexible groups at C28. Further analogues, perhaps based on H5 and H7,
could now be prepared to elucidate the structural basis of cyto-protection in greater
detail.

3.5 Conclusion

Considered together, several BA analogues have emerged from the present study as
potential protective agents against glutamate toxicity in the MIO-M1 Miiller cell line.
The analogues H5 and H7 and, to a lesser extent, H3, were capable of preventing ROS

production, necrosis and the loss of cell viability. The underlying mechanism was
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related to attenuation of the glutamate-mediated activation of Akt/MAPK signaling
cascades that regulate cell death.
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Chapter 4

Evaluate the protective effect of Compritol liposome-
encapsulated betulinic acid derivatives in human

Miiller and retinal pigmented epithelium (RPE) cells

Abstract

Retinal pigmented epithelium (RPE) and Miiller cells are important retinal cells
essential in maintaining the physiological activities of retina and vision. Their
dysfunction can lead to many irreversible retinal diseases. Oxidation is a leading cause
of retinal cell damage. Our previous studies identified several betulinic acid derivatives
that are potent in protecting human RPE and Miiller cells from oxidative stress.
However, it is highly desired that these compounds can be favorably delivered into
retinal cells so as to avoid unnecessary toxicity with enhanced efficacy. In the current
study, we encapsulated the active betulinic acid derivatives (H3, H5 and H7) into the
Compritol 888 or Compritol HD5S ATO liposomes and molecularly evaluated the
cytoprotective effect of each liposome-based formulations in human RPE and Miiller
cell models. We found that greatly reduced dosage is required to achieve the desired
anti-oxidative effects in liposome-based formulations compared to their free drugs.
Campritol 888 ATO liposome encapsulated with HS is relatively most potent in
protecting MIO-M1 cells from glutamate-induced oxidative damage; while both H5
loaded liposome formulations pronouncedly inhibited the ROS production induced by
CoClz in ARPE-19 cells. The anti-oxidative effects of H3 and H5 were greatly enhanced
compare to their free drugs when delivered in liposome formulations in ARPE-19 cells.
Furthermore, liposome-based formulations particularly the Compritol 888 ATO
liposome enabled slow release of the betulinic acid derivatives and achieved prolonged
effects. Overall, liposome-based nano-particles are promising drug delivery carriers for
betulinic acid derivatives with an improved cellular protective effect against oxidative

stress in human RPE and Miiller cells.
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4.1 Introduction

Retinal pigmented epithelium (RPE) and Miiller cells are essential for retinal
metabolism, homeostasis, visual signal transfer, vision maintenance and retinal neuron
support (1-3). The dysfunction of either of these cells will lead to retinal diseases such
as diabetic retinopathy (DR), age-related macular degeneration (AMD), choroidal
neovascularization (CNV) and retinopathy of prematurity (ROP) (2). Although some of
the pathologies can be managed by clinical treatments such as laser, surgery, anti-VEGF
drugs, the therapeutic outcomes are unsatisfied and none of diseases can be cured.
Nevertheless, it is emerged that cellular protective agents can be used to prevent retinal
cell damage and reduce the risk of retinal disease progression.

As mentioned above in the our previously published studies (4, 5), we reported the
anti-oxidative effects of betulinic acid and its derivatives on retinal cells and have
confirmed the cytoprotective potentials of several candidates, in particular H3, HS and
H7. However, it was noticed that the effective concentrations of these compounds are
no less than 5 uM. In practice, such plasma concentration is hard to achieve clinically
in the retina; therefore it is expected that nano-technology could be adopted to improve
drug delivery efficiency.

In the past decade, nanodrug systems have shown great potentials to delivery drugs
by increasing efficacy, stability, bioavailability and solubility (6). Among all the
nanoscale drug delivery systems, liposome is a more preferred route of compound
delivery. Liposome is a sphere-shaped vesicle consisting of one or more phospholipid
bilayers and can be used to encapsulate both hydrophilic and hydrophobic compounds
(7, 8). It 1s a clinically preferred compound delivery carrier because it has relatively
better biocompatibility and biodegradability, lower toxicity, and controlled release of
the entrapped drug, improved pharmacokinetic and pharmacodynamic performance,
enhanced therapeutic effects of drugs with minimum side effects (7-11), thus liposomes
have risen widespread research interests in the past few decades and have already been
marketed and used clinically. There have been many studies reporting betulinic acid
and its derivatives delivered in liposomes (7, 12-17), but no previous literature studied
the anti-oxidative activity of liposome-formulated betulinic acid and its derivatives in
the retina. In this section, we prepared two types of liposomes (Compritol 888 ATO and
Compritol HD5 ATO liposomes) loaded with the active betulinic derivatives identified
in the our previous studies, and evaluated their protective effects on MIO-M1 and

ARPE-19 cells against oxidative stress.
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4.2 Materials and methods

4.2.1 Reagents and chemicals

Dulbecco’s Modified Eagle Medium (DMEM), L-glutamine, AlamarBlue™ Cell
Viability Reagent, Calcein-AM, CM-H,DCFDA, 2-6 mL Pierce™ protein concentrator
PES 100K MWCO and Fetal Bovine Serum (FBS) were purchased from Thermo
Scientific (Lidcombe, NSW, Australia).Glutamic acid monosodium salt hydrate and
cobalt chloride were purchased from Sigma-Aldrich (Castle Hill, NSW, Australia).
Betulinic acid derivatives H3, H5 and H7 were synthesized in house. Compritol 888
ATO and Compritol HD5 ATO were purchased from GattefosséS. A. (France),
Pluronic F127 was purchased from BASF (Australia).

4.2.2 Liposome preparations

Liposomes were fabricated using micro-emulsion method. To make 50 mL
formulation, 400 mg Compritol 888 ATO (lipid phase) was heated above the melting
point (80 — 90°C).10 mL aqueous phase containing Pluronic F127 was heated to the
same temperature. The aqueous phase was then dispersed in the melted lipid while the
temperature was maintained at 80 °C. The mixture was next homogenized using
homogenizer (D1000 Hand-Held Homogenizer, Benchmark Scientific; Edison, NJ,
USA) in hot condition for 5 min at 5000 rpm to obtain hot oil in water (O/W) micro-
emulsion. Next, the hot microemulsion was dispersed/diluted in water at the
temperature of 2-4 °C under stirring conditions (6,000-8,000 rpm), which resulted in
the formation of the liposome.

To encapsulate the drug, 0.0027 g H3 or 0.0023 g HS or 0.0028 g H7 powder was
mixed with the melted lipid phase before mixing with the aqueous phase.

Another type of lipid Compritol HD5S ATO was used for preparation of Compritol
HDS5 ATO liposome with the same procedure.

4.2.3 Particle size and concentration measurement

The size distribution and concentration of liposomes made from Compritol 888 ATO
(named as 888 liposomes) and Compritol HD5 ATO (named as HDS liposomes) were

determined by using Nanosight NS300 system (Malvern Panalytical, Australia).
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Liposomes were diluted 5,000 times with MilliQ water, 1 mL diluted sample was
infused into the machine and the particle size was measured at 25 °C. Three
measurements were performed for each liposome, the mode value was used as the mean

size of the liposomes.

4.2.4 Zeta potential measurement

The zeta potential values of two types of liposomes were determined with Zetasizer
Nano ZS (Malvern Panalytical, Australia). 1 mL liposome sample was added into a
polystyrene cuvette, then the zeta potential was measured. Measurements were repeated
independently for twelve times. Then mean value was used as the mean zeta potential

of liposomes.

4.2.5 Encapsulation efficiency (EE%) measurement

The amount of betulinic acid derivatives encapsulated in two types of liposomes was
determined with ultra-high performance liquid chromatography (UPLC, shimadzu,
Nexera X2, Australia). Liposomes were centrifuged with 100K centrifuge tubes at
4,400 rpm for 30 min, the supernatant sample was measured for free drugs with UPLC.

The liposome formulation was vortexed with 2 folds of methanol (v/v) for releasing
the encapsulated drug, then centrifuged at 15,000 rpm for 20 min. Supernatant was
collected and filtered with 0.45 pm membrane before UPLC detection.

The amount of betulinic acid derivatives was measured using a reverse C18 column
(Phenomenex, 250x4.60 mm, 5 um). The mobile phase consisted of acetonitrile and
water (90:10 v/v, pH=2.5 with trifluoroacetate) with the flow rate of 1 mL/min. The
injection volume was 20 plL and the detection wavelength was 210 nm. The

encapsulation efficiency (EE%) was calculated according to the following equation:

EE% = (Warug in unprocessed formulation-Waryg in supernatant)/ Warug for
preparation><100%

The H compound concentration in the liposome formulation was calculated
according to the following equation:
Cadrug = Waryg for preparation/ (Molecular weight > Viormulation) XEE%
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4.2.6 Cell culture

MIO-M1 and ARPE-19 cells were cultured in 37 °C and 5% CO; with DMEM plus
10% FBS (v/v) and 1% L-glutamine (v/v).

4.2.7 Anti-oxidative assays on MIO-M1 cells

MIO-M1 cells were seeded into 96-well plates (1x10* cells/well) and maintained
overnight, cells were then treated with 888 and HDS5 liposomes with and without
betulinic acid derivatives (diluted for 100 and 200 times) in DMEM containing 1%
FBS (v/v) for 24 h, 48 h and 72 h. Blank liposomes with the same dilution were served
as negative control. Cell were further treated with 300 mM glutamate for 4 h (4) before
Alamar blue assay. Cell viability was evaluated according to the manufacturer’s
manual. AlamarBlue™ Cell Viability Reagent was diluted 10 times with DMEM and
incubated with cells in dark for 2 h. The plate was measured at Ex/Em: 550/590 nm
with PerkinElmer Victor™ X4 Multimode plate reader (PerkinElmer, Melbourne, VIC,
Australia).

Cell viabilities was also verified with Calcein-AM assay after glutamate
incubation. Cells were washed with PBS once and then incubated in dark with 2 pM
Calcein-AM for 30 min. The fluorescence was measured at Ex/Em: 485/535 nm,

readings were corrected by subtraction of that in Calcein-AM free cells.

4.2.8 Anti-oxidative assays on ARPE-19 cells

ARPE-19 cells were seeded into 96-well plates (2x10* cells/well) and maintained
overnight, cells were then treated with 888 and HDS liposomes with and without
betulinic acid derivatives (diluted for 100 and 200 times) in DMEM containing 1% FBS
(v/v) for 24 h, 48 h and 72 h. Blank liposomes with the same dilution were served as
negative control. Cell were further treated with 8 mM CoCl; for 4 h before MTT assay
(5): Cells were incubated with 0.5 mg/mL MTT solution for 2 h in dark and washed
with PBS. 100 uL DMSO was then added into each well and shake at room temperature
for 10 min. The absorbance was measured at 550 nm with the BioRad Model 680
microplate reader (Bio-rad, Gladesville, NSW, Australia).
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4.2.9 Measurement of reactive oxygen species (ROS) on ARPE-19 cells

ARPE-19 cells were seeded in 96-well plates (2x10* cells/well) and cultured
overnight, cells were then treated with 888 and HDS5 liposomes with and without
betulinic acid derivatives (diluted for 100 and 200 times) in DMEM containing 1% FBS
(v/v) for 24 h, 48 h and 72 h. Blank liposome and PEGylated liposome were served as
negative control. Cell were further treated with 8 mM CoCl. for 4 h (5), then incubated
with 1 uM CM-H,DCFDA reagent for 40 min in dark at 37°C. Afterwards, cells were
washed with PBS for three times and measured at EX/Em: 485/535 nm. The ROS ratio
was calculated as the fold of corresponding liposome control.

4.2.10 Statistics

All the data are shown as mean =+ standard deviation (SD). Two-way ANOVA was
used to compare liposome treated groups vs. corresponding liposome control group.

p<0.05 was considered as significant.

4.3 Results

4.3.1 Characterization of Compritol 888 ATO and Compritol HD5 ATO

liposome encapsulated with betulinic acid derivatives

The size, particle concentration, zeta potential, polydispersity index (PDI) value and
encapsulation efficiency (EE%) of Compritol 888 ATO and Compritol HDS ATO
liposomes loaded with H3, H5, H7 or vehicle are listed in Table 4.1 and Table 4.2.

The size of the two types of compound-loaded liposomes are similar and narrowly
distributed between 50-70 nm. PDI values are below 0.3, suggesting that all types of
liposomes are uniformly distributed with minimal aggregation.

In general, zeta potentials are all negative and higher than -30 mV, which indicated
the good stability of all the liposome preparations. For the Compritol 888 ATO
liposomes, H3 encapsulation didn’t change the zeta potential; while the entrapment of
HS5 and H7 both decreased the charge. The Compritol HD5 ATO control liposome
possesses relatively higher zeta potential compared to that of Compritol 888 ATO

formulation. H7 encapsulation didn’t change the zeta potential in this type of liposome,

103



but the charge dramatically increased when H3 and H5 were loaded. As zeta potential
is determined by liposome surface chemistry and medium properties such as pH and
ionic strength, such changes may be due to compound characteristics.

In this study, Pluronic F127 (Poloxamer 407) was used as surfactant for both types
of liposomes. Surfactants can not only assist the formation of solid liposome
nanoparticles but also stabilize the nano-structure and prevent coagulation (18). In
Compritol 888 ATO liposome formulation, surfactants can also help to prevent
liposome polymorphic transition (19).

All the drug-loaded liposomes showed relatively high EE% compared to parental
liposome preparations, which indicated that the betulinic derivatives used in this study
are suitable for liposome preparation with Compritol 888 ATO and Compritol HD5
ATO. And the different EE% values among the three betulinic acid derivative
formulations may be due to the diverse physiochemical properties of lipids and

compounds.

Table 4.1 Physicochemical properties of 888 ATO and HD5 ATO liposomes loaded with H3,

HS and H7
Sample Size(nm)  Particle concentration Zeta potential PDI
(particles/mL) (mV)

888 liposome 53.649.3 9.50x10'"'+1.86x10'" -17.60+£6.31 0.294

Control
888 with H3 58.4+10.2 1.70x10"2£2.13x10" -17.90£5.70 0.262
888 with H5 58.5+9.8 1.57x10'%+4.70x10" -6.45+5.58 0.246
888 with H7 58.7+6.1 2.34x102£1.81x10" -9.84+3.40 0.222
HDS5 liposome ~ 52.5+3.4 2.26x10'%+2.39x10"! -7.51£5.76 0.231

Control
HDS5 with H3 66.6+8.7 1.94x101%£2.69x10" -20.90+6.40 0.288
HDS5 with HS 56.4£1.7 2.60x10"2+2.22x10" -12.40+4.80 0.231
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HDS5 with H7 50.2+7.7 1.52x10"%+1.23x10! -9.71+4.09 0.256

Table 4.2 Encapsulation efficiency (EE%) and H compound concentration of 888 ATO and

HD5 ATO liposomes loaded with H3, H5 and H7

Sample EE% H compound
concentration in the
liposome
formulation (uM)

888 liposome

Control
888 with H3 78.55 78.55
888 with H5 75.10 75.10
888 with H7 55.27 55.27

HD5

liposome

Control
HD5 with H3 76.23 76.23
HD5 with H5 58.92 58.92
HD5 with H7 48.30 48.30

4.3.2 Protective effects of liposomes encapsulated with betulinic acid derivatives

in the MIO-M1 cells against glutamate-induced oxidative stress

In accordance with our previous study (4), we used glutamate to mimic the
excitotoxicity in MIO-M1 cells. Alamar blue and Calcein-AM assays were applied to
test the cytoprotective effect of the two types of liposomes loaded with betulinic acid
derivatives. The viability of cells exposed to liposome treatment are listed in Table 4.3-
Table 4.7. In our previous study (4), H3, H5 and H7 showed potent antioxidative effects

105



on MIO-M1 cells from 24 h to 72 h in Calcein-AM assay (Fig. 3.3); therefore we
selected 24 h, 48 h and 72 h as the time points to evaluate the cytoprotective effect of
liposome preparations. Considering the accumulative toxicity with repetitive dosages
(data now shown), we only applied single treatment on cells and incubated for 24 h, 48
h or 72 h.

In Alamar blue assay (Table 4.3 and Table 4.4), both dilutions (x100 and x200) for
all the liposomes didn’t show significant cytotoxicity at any time points. The control
888 ATO and HDS5 ATO liposomes had no effect on cells against CoClz-induced
oxidative stress (data not shown). No liposomes loaded with drugs exhibited
cytoprotective effects at 24 h. However, significant cellular protective effect was
observed upon the treatment of H5 888 ATO liposome with x100 dilution at 48 h, H3
888 ATO liposome with x100 dilution, HS 888 ATO liposome with X100 and %200
dilutions at 72 h. In contrast, for HD5 ATO liposomes, only the one loaded with H5
with x200 dilution had moderate cellular protective effect at 48 h.

Next, the liposome formulations and experimental conditions shown cytoprotective
activities in Alamar blue assay were selected to be assessed using Calcein-AM assay
(Table 4.5 and Table 4.6). We only observed that H5 888 ATO liposome with x100
dilution restored cell viability significantly compared to the corresponding liposome
control (91.8£8.6 % of H5 888 ATO liposome vs. 62.3+12.0% of control) at 48 h.
However, none of the liposome formulations showed anti-oxidative activity at 72 h.

The pronounced effect of liposome-based formulations was also compared to the
corresponding free drugs. Noteworthy, the concentration of free drugs to be used were
calculated as to EE% and drug amounts added when preparing the liposome-based
compound formulations. As listed in Table 4.2, H3 has the highest concentration (nearly
80 uM in both formulations), thus it is estimated that the actual concentration of
encapsulated compounds should be no more than 0.8 uM (x100 dilution) and 0.4 uM
(%200 dilution) in all the liposome formulations, these two concentrations was chosen
for free drugs to compare the cyto-protective effect with their liposomal forms.

MIO-MI cells were treated with 0.8 uM or 0.4 uM of H3 or HS in the form of free
drugs. The viability of cells exposed to free drugs was evaluated using the Calcein-AM
assay (Table 4.7). In Chapter 3 (4), we performed the concentration and time dependent
assay of H3, HS and H7, all the compounds showed anti-oxidative effect at minimum
of 5 uM. As we expected, compared to their liposome formulations, the free drugs

didn’t show any cellular protective effects under the current treatment condition.
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Table 4.3 Cell viability of 888 ATO liposomes with or without glutamate in MIO-M1 cells

(Alamar blue assay)

MIO-M1 cells were treated with 888 ATO liposomes loaded with H3, H5 and H7 (X100 and %200
dilution), then incubated for 24 h, 48 h and 72 h, followed by 300 mM glutamate for additional 4 h.
Cell viability was evaluated with Alamar blue assay. Data was presented as the percentage of cell
viability to that of cells treated with liposome with the same dilution. #p<0.05, ##p<0.01,
###p<0.001, two-way ANOVA.

Treatment 24h viability 48h viability 72h viability
(%) (%) (%)
888 lipoosme 100.0£6.5 100.0£6.7 100.0£2.5
Control x100
888 liposome Control 65.3+4.5 65.2+£5.8 51.2+1.5
%100 +glutamate
888 with H3 x100 106.6+8.4 105.1£7.7 99.6+6.2
888 with H3 x100 74.8+5.9 78.5+5.7 60.7+3.4##
+glutamate
888 with H5x100 103.3£1.3 103.5+£5.6 103.6+4.5
888 with HS x100 70.5+4.5 81.2+4.6# 67.8+4.0###
+glutamate
888 with H7 x100 99.1+6.2 97.6£10.4 98.4+1.4
888 with H7x100 69.1£8.5 61.2+1.7 56.8+0.9
+glutamate
888 liposome 100.0+0.9 100.0£7.5 100.0+2.8
Control x200
888 liposome Control 75.7£0.4 68.4£9.5 56.0£2.7
x200+glutamate
888 with H3 x200 108.0+3.6 112.6+6.2 103.0£3.5
888 with H3x200 76.9+3.8 79.0+£9.0 64.0+£6.5
+glutamate
888 with HS x200 91.2+4.2 104.5+8.6 105.6+6.1
888 with H5%200 74.8+4.4 84.3+5.4 69.6+4.3#
+glutamate
888 with H7 x200 85.6£1.2 102.4+7.4 96.74+3.8
888 with H7x200 68.8+2.9 73.1+2.8 58.5+3.4
+glutamate
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Table 4.4 Cell viability of HDS ATO liposomes with or without glutamate in MIO-M1 cells

(Alamar blue assay)

MIO-MI1 cells were treated with HD5 liposomes loaded with H3, HS and H7 (X100 and *x200
dilution), then incubated for 24 h, 48 h and 72 h, followed by 300 mM glutamate for additional 4 h.
Cell viability was evaluated with Alamar blue assay. Data was presented as the percentage of cell

viability to that of cells treated with liposome with the same dilution. #p<0.05, two-way ANOVA.

Treatment 24h viability (%) 48h viability (%) 72h viability (%)
HDS5 liposome 100.0+6.5 100.0+8.2 100.0+7.3
Control x100
HD5 liposome Control 65.3+4.5 68.2+3.8 54.5+£5.7
x100+glutamate
HDS5 with H3 x100 106.4£3.6 111.94£9.8 105.3£1.9
HDS5 with H3 x100 81.946.6 84.0+£5.5 66.7+5.3
+glutamate
HDS5 with H5x100 90.9+7.0 106.0£9.1 104.6£8.0
HDS5 with HS x100 71.5+2.4 79.6+5.9 67.849.1
+glutamate
HDS5 with H7 x100 91.0+5.6 99.6+5.3 100.9+2.3
HDS5 with H7x100 71.7+4.2 61.4£2.6 57.4£5.6
+glutamate
HDS5 liposome 100.0£5.6 100.0+5.7 100.0+6.1
Control x200
HDS5 liposome Control 65.2+2.3 60.5+4.8 58.543.1
x200+glutamate
HDS5 with H3 %200 99.6+1.7 107.0+8.2 104.6+2.9
HDS5 with H3%200 71.5£3.5 77.0+4.6 66.3+£6.5
+glutamate
HDS5 with H5 %200 90.1+6.4 109.0+5.1 106.4+3.5
HDS5 with H5x200 59.7+6.2 84.4+7 3# 67.0£7.6
+glutamate
HDS5 with H7 x200 87.0+4.7 97.5+8.7 101.2+£2.2
HDS5 with H7x200 60.3£5.8 65.6+£0.6 58.4+1.2
+glutamate
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Table 4.5 Cell viability of 888 ATO liposomes with or without glutamate in MIO-M1 cells

(Calcein-AM assay)

MIO-M1 cells were treated with 888 ATO liposomes loaded with H3 and H5 (*100 dilution), then
incubated for 48 h and 72 h, followed by 300 mM glutamate for additional 4 h. Cell viability was
evaluated with Calcein-AM assay. Data was presented as the percentage of cell viability to that of

cells treated with liposome with the same dilution. ##p<0.01, two-way ANOVA.

Treatment 48h viability (%) 72h viability (%)
888 liposome 100.0£9.7 100.0£5.0
Control x100
888 liposome Control 62.3£12.0 35.949.1
x100+glutamate
888 with H3x100 102.0+6.7
888 with H3x100 36.6+6.4
+glutamate
888 with H5x100 106.0+1.7 102.0+6.7
888 with H5 x100 91.8+8.6## 36.6+6.4
+glutamate
888 with Control x200 100.0+6.4
888 with Control x200 32.7£3.3
+glutamate
888 with H5 x200 103.1£12.3
888 with H5 x200 43.5+8.8
+glutamate

Table 4.6 Cell viability of HDS ATO liposomes with or without glutamate in MIO-M1 cells

(Calcein-AM assay)

MIO-M1 cells were treated with HDS ATO liposomes loaded with H5 (X200 dilution), then
incubated for 48 h, followed by 300 mM glutamate for additional 4 h. Cell viability was evaluated
with Calcein-AM assay. Data was presented as the percentage of cell viability to that of cells treated

with liposome with the same dilution.
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Treatment 48h viability (%)

HDS5 liposome Control x200 100.0£7.5

HDS5 liposome Control*200 51.1£7.2
+glutamate

HDS5 with HS %200 114.8+8.5

HDS5 with H5%200 51.5+8.9
+glutamate

Table 4.7 Cell viability of free H3 and HS with or without glutamate in MIO-M1 cells

(Calcein-AM assay)

MIO-MI1 cells were treated with 0.8 uM H3, 0.8 uM HS5 and 0.4 uM HS5, then incubated for 48 h
and 72 h, followed by 300 mM glutamate for additional 4 h. Cell viability was evaluated with

Calcein-AM assay. Data was presented as the percentage of cell viability to that of cells treated with

medium.

Treatment 48h viability (%) 72h viability (%)

Control 100.0+4.3 100.0+3.0

Control+glutamate 69.7+2.8 51.748.0

H3 0.8 uM 106.249.4

H3 0.8 uM+glutamate 39.3#4.9

H5 0.8 uM 115.8+8.2 106.8+1.5

HS5 0.8 pM+glutamate 56.0+4.7 60.2+2.7

H5 0.4 uM 117.8+7.7 08.846.1

HS5 0.4 uM+glutamate 53.245.1 529434

4.3.3 888 ATO and HDS ATO liposomes loaded with betulinic acid derivatives

showed no antioxidative effect in ARPE-19 cells stressed with CoClz

As we previously reported (5), CoCl; could lead to hypoxia in ARPE-19 cells with
inducing oxidative stress. We treated ARPE-19 cells with all the liposome formulations
as to the same experimental conditions adopted in MIO-M1 cells above and applied
MTT method to further explore the toxicity and cytoprotective potential of liposome-
based formulations. The viabilities of two types of liposomes were shown in Table 4.8

and Table 4.9. However, we didn’t observe anti-oxidative effects in any types of
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liposomes in ARPE-19 cells.

Table 4.8 Cell viability of 888 ATO liposomes with or without CoCl; in ARPE-19 cells (MTT

assay)

ARPE-19 cells were treated with 888 ATO liposomes loaded with H3, H5 and H7 (X100 and %200
dilution), then incubated for 24 h, 48 h and 72 h, followed by 8 mM CoCl, for additional 4 h. Cell
viability was evaluated with MTT assay. Data was presented as the percentage of cell viability to

that of cells treated with liposome with the same dilution.

Treatment 24h viability 48h viability 72h viability
(“o) (%) (%)
888 lipoosme 100.1+2.2 100.0+4.2 100.0+7.7
Control x100
888 liposome Control 47.4+1.7 41.3£1.5 36.3+0.1
%100 +CoClz
888 with H3 x100 97.8+£3.2 109.743.6 90.7£1.6
888 with H3 x100 48.5+0.5 41.1£1.3 36.5£0.9
+ CoClz
888 with H5x100 100.1+2.3 103.7+4.8 84.6+4.6
888 with H5 x100 48.3+3.0 38.3£2.3 32.7£1.4
+ CoCl2
888 with H7 x100 102.3+3.9 97.3+4.3 101.243.0
888 with H7x100 47.4+1.7 37.3£2.1 34.3+0.8
+ CoCl2
888 liposome 99.9+£5.3 99.9+5.0 100.0+3.2
Control x200
888 liposome Control 50.9+2.8 38.5+0.8 32.7+1.4
%200+ CoClz
888 with H3 %200 94.4+6.8 105.9+8.6 98.5£3.3
888 with H3x200 51.6£2.4 42.4+0.7 36.3+4.7
+ CoCl2
888 with H5 %200 100.4+8.9 105.7£5.7 86.3+£1.2
888 with H5%200 49.142.5 43.3+2.1 35.8£2.6
+ CoCl2
888 with H7 x200 90.8+2.7 97.3+4.0 89.8+2.1
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888 with H7x200 33.8£1.0

+ CoCl

49.9+3.6 41.9+1.0

Table 4.9 Cell viability of HD5 liposomes with or without CoCl; in ARPE-19 cells (MTT

assay)

ARPE-19 cells were treated with HDS5 liposomes loaded with H3, H5 and H7 (X100 and *x200
dilution), then incubated for 24 h, 48 h and 72 h, followed by 8 mM CoCl, for additional 4 h. Cell
viability was evaluated with MTT assay. Data was presented as the percentage of cell viability to

that of cells treated with liposome with the same dilution.

Treatment 24h viability (%) 48h viability (%) 72h viability (%)
HDS5 liposome 100.0+3.0 100.0+4.3 100.0+2.0
Control x100
HD5 liposome Control 42.0+0.9 44.3+2.1 35.6+£0.2
%100+ CoCl,
HDS5 with H3 x100 104.2+2.5 96.7<11.4 96.6+£2.3
HDS5 with H3 x100 42.842.8 44.6+0.4 37.9+0.7
+ CoClx
HDS5 with H5%100 93.9+5.2 97.7£2.0 92.7+£2.8
HDS5 with HS x100 36.6x1.5 37.5+1.1 31.3+0.4
+ CoCl2
HDS5 with H7 X100 95.7£2.8 112.0+£6.9 111.8+£2.0
HDS5 with H7x100 36.6=1.1 39.5+1.0 31.4£1.5
+ CoCl2
HDS5 liposome 100.0£3.5 99.9+2.7 100.0+3.3
Control x200
HDS5 liposome Control 40.4+2.6 52.0+1.9 38.9+1.0
%200+ CoClz
HDS5 with H3 %200 101.6+9.6 125.6£8.5 110.6+8.7
HDS5 with H3%200 43.245.7 58.5£2.4 42.1£1.6
+ CoCl2
HDS5 with H5 x200 107.5+8.2 131.8+4.5 94.5+4.7
HDS5 with H5%200 43.1+0.5 51.2+£3.7 38.240.6
+ CoCl2
HDS5 with H7 x200 110.0+£9.4 133.2+15.4 116.9+6.2
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HDS5 with H7x200 40.6+2.2 55.8+1.9 38.8+1.5
+ CoCl

4.3.4 888 ATO and HDS ATO liposomes loaded with betulinic acid derivatives

suppressed ROS production induced by CoClz in ARPE-19 cells

CoCl> was reported to increase ROS production in the previous study (5). As
presented in Table 4.10 and Table 4.11, we observed that the ROS production induced
by CoCl, were significantly attenuated with the treatment of 888 ATO H5 formulation
at x200 dilution for 24 h; 888 ATO HS5 formulation at x100 dilution, 888 ATO H5
formulation at X200 dilution for 48 h and 888 ATO H5 formulation at x100 dilution at
72 h. In the case of HD5 ATO liposome (Table 4.11), HD5 ATO H3 formulation at x100
dilution, HD5 ATO HS5 formulation at X100 dilution and HD5 ATO H7 formulation at
x100 dilution for 24 h, HD5 ATO H5 formulation at X200 dilution and HD5 ATO H7
formulation at X200 dilution for 48 h significantly inhibited ROS production upon
CoCl; exposure. Our earlier study showed H7 was more potent in inhibiting CoCl.-
induced oxidative stress in ARPE-19 cells than H3 and HS5 (5); with liposome
embedded formulations, H3 and H5 had more pronounced anti-oxidative effect on
ARPE-19 cells than H7. Furthermore, HS in both liposome formulations showed
consistent anti-oxidative effect, which indicated that the two liposome formulations
used in this study may be favorable for H5 encapsulation with enhanced anti-oxidative

effects.

Table 4.10 888 ATO liposomes loaded with betulinic acid derivatives suppressed ROS

production induced by CoCl; in ARPE-19 cells

ARPE-19 cells were treated with 888 ATO liposomes loaded with H3, HS and H7 (X100 and %200
dilution), then incubated for 24 h, 48 h and 72 h, followed by 8 mM CoCl, for additional 4 h. ROS
level was measured with CM-H,DCFDA. Data was presented as folds of liposome control with the

same dilution. #p<0.05, ##p<0.01, two-way ANOVA.

Treatment 24h ROS level 48h ROS level 72h ROS level
888 liposome 1.00+0.03 1.00+0.07 1.00+0.04
Control X100
888 liposome Control 2.06 £0.19 4.22+0.09 4.82+0.09
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x100+CoCl»

production induced by CoCl; in ARPE-19 cells

888 with H3 x100 1.00+0.07 1.05+0.07 0.94+0.08
888 with H3 x100 1.94+0.01 4.12+0.25 4.90+0.66
+ CoCl2
888 with H5x100 0.98+0.02 1.03+0.04 1.00+0.06
888 with HS %100 1.87+0.13 3.83+0.28# 4.40+0.12##
+ CoCl2
888 with H7 x100 0.90+0.03 1.05+0.07 1.02+0.06
888 with H7x100 1.99+0.40 4.05+0.39 4.33+0.46
+ CoCl2
888 liposome 1.00+0.04 1.00+0.01 1.00+0.03
Control x200
888 liposome Control 2.07+0.05 4.19+0.23 4.94+0.44
x200+ CoCl;
888 with H3 x200 1.02+0.11 1.00£0.01 1.03+0.00
888 with H3x200 2.08+0.07 4.24+0.20 5.66+0.02
+ CoCl»
888 with HS %200 0.96+0.05 0.99+0.03 1.07+0.09
888 with H5x200 1.68+0.12## 3.67+0.05# 4.36+0.13
+ CoCl2
888 with H7 %200 0.98+0.12 1.02+0.05 1.03+0.04
888 with H7x200 1.84+0.12 4.05+0.46 5.29+0.49
+ CoCl»
Table 4.11 HD5 ATO liposomes loaded with betulinic acid derivatives suppressed ROS

ARPE-19 cells were treated with HD5 ATO liposomes loaded with H3, H5 and H7 (100 and 200
times dilution), then incubated for 24 h, 48 h and 72 h, followed by 8 mM CoCl; for additional 4 h.
ROS level was measured with CM-H,DCFDA. Data was presented as folds of liposome control
with the same dilution. #p<0.05, ##p<0.01, ###p<0.001, two-way ANOVA.

Treatment 24h ROS level  48h ROS level 72h ROS level
HDS5 liposome 1.00+0.13 1.00+0.04 1.00+0.03
Control x100
HDS5 liposome Control 2.49+0.22 4.42+0.23 5.24+0.36
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%100+ CoClz

HDS with H3 x100 1.19+0.07 1.08+0.14 1.01+0.00

HDS with H3 x100 1.72+0. 14### 4.29+0.28 5.58+0.49
+ CoCl2

HDS with H5x100 0.81+0.04 1.01+0.01 0.97+0.10

HDS with H5 x100 1.60+0.27# 4.30+0.21 4.78+0.44
+ CoCl2

HDS with H7 x100 0.79+0.05 0.98+0.03 1.02+0.06

HDS with H7x100 1.35+0.22## 4.36+0.47 5.334+0.82
+ CoCl2

HDS liposome 1.00+0.24 1.00+0.08 1.00+0.08

Control x200
HDS5 liposome Control 1.47+0.19 5.64+0.51 6.57+0.57
%200+ CoCl;

HDS5 with H3 %200 0.71+0.05 1.03+0.04 1.20+0.17

HDS5 with H3%200 1.33+0.17 5.20+0.07 6.79+0.32
+ CoCly

HDS with H5 x200 1.30+0.00 0.99+0.04 1.08+0.02

HDS with H5%x200 1.67+0.24 4.20+0.26# 5.57+0.38
+ CoCl2

HDS with H7 x200 0.78+0.04 0.97+0.08 1.06+0.07

HDS with H7x200 1.33+0.01 4.50+0.35# 7.024+2.17
+ CoCl2

4.4 Discussion

In this study, we prepared betulinic derivatives in liposome dosage formulations and
examined their cytoprotective and antioxidative activities in MIO-M1 and ARPE-19
cells. We found several compound-loaded liposomes showed improved protective
effects in both cell lines with sustained drug-releasing ability to some extent.

The Compritol 888 ATO liposome is a hydrophobic mixture of mono- (12-18% wi/w),
di- (45-54% wiw) and tri- (28-32% wi/w) esters of behenic acid (C22) (19, 20). In
pharmaceutical research, there are several types of liposomes potentially applicable for
drug delivery including solid lipid microparticles (SLMs), solid lipid nanoparticles
(SLNs) and nanostructured lipid carriers (NLCs). Among them, Compritol 888 ATO is
the most commonly used lipid material (19). The complex composition and long carbon

chain favorably improve drug entrapment efficiency (19). The Compritol HDS ATO
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liposome consists of mono, di-and triglycerides and PEG-8 mono-and di- esters of (C22)
behenic acid (20). It is more hydrophilic than Compritol 888 ATO (19). Both Compritol
888 ATO and HDS5 ATO have been utilized in ophthalmic drug delivery (21-26).

As to our previous report (4, 5), the betulinic acid derivatives H3, HS and H7 are
clinically relevant and were then encapsulated into liposomes. In the MIO-M1 cells, we
used two cell viability assays to evaluate the cellular protective effects of liposomes
against glutamate-induced oxidative stress. Alamar blue assay takes effect on the
oxidation-reduction process while Calcein-AM analysis measures the activity of
intracellular esterase. None of the liposome formulations was potent at 24 h (Table 4.3
-4.6). However, both liposomes entrapped with H5 showed significant anti-oxidative
effects at 48 h, similarly in the case of 888 liposome with H3 and HS5 at 72 h. 888
liposome loaded with H5 also showed significant cellular protective effects in Calcein-
AM assay (Table 4.5). 888 liposome with H5 was considered to be the most potent anti-
oxidative formulation as it consistently showed significant cellular protective effect in
both assays, this might be explained by the prolonged drug release profile of Compritol
888 ATO (27-30).

Moreover, although H7 free drug showed relatively more potent anti-oxidative effect
in the previous study (4), when it was encapsulated in these two types of liposome
formulations, it didn’t show enhanced anti-oxidative effect, which is likely related to
its physiochemical property and its interactions with the two liposomes. H7 has the
lowest EE%, which may because it has the lowest hydrophobicity in three compounds,
and the low EE% further prohibits the releasing of H7 and consequently, impacts on its
pharmacological performance in cells. Future study will need to evaluate the
effectiveness of other types of liposome preparations in delivering H7.

In Chapter 3 (4), anti-oxidative evaluations of three compounds proved HS has
superior efficacy than H3, as HS5 could suppress the activation of Akt, Erk and JNK
pathways while H3 could only inhibit the activation of Erk, which may explain its
potent effect.

In ARPE-19 cells, both 888 ATO and HD5 ATO liposomes showed no protective
effect in MTT assay, but liposomes loaded with H3 and HS significantly decreased ROS
production in CoClx-treated cells at the estimated absolute compound concentrations of
0.8 uM and 0.4 uM (Table 4.10 and Table 4.11). Interestingly, as reported before (5),
CoCl; can cause hypoxia in RPE and lead to ROS increase, and H7 was more effective
in reducing ROS production compared to H3 and HS5, which was different from that
when they were applied as free drugs. This observation suggested that liposome
encapsulation may have greatly improved the cellular delivery of H3 and H5 and
enhanced their antioxidative potencies.
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In addition, it was also noticed that the liposome-based betulinic acid derivatives
especially those embed in 888 ATO liposomes had a trend of delayed response
(effective at 48 or 72 h) in the current study; while the free drug was shown to be onset
at 24 h (4, 5). This might be explained by the prolonged drug release profile of
Compritol 888 ATO and HD5 ATO liposomes (27-30). It is expected that such
liposome-based formations could be clinically beneficial with significantly lower

dosages applied and extended drug half-lives achieved.

4.5 Conclusions

We assessed the anti-oxidative effect of the Compritol 888 and HD5 ATO liposome-
based formulations of active betulinic acid derivatives H3, H5 and H7 in MIO-M1 and
ARPE-19 cell lines. The cytoprotective and antioxidative effects of specific derivatives
have been greatly enhanced in liposome-based formulations. Compritol 888 ATO
liposome encapsulated with HS5 is relatively the most potent formulation that
significantly increase the viability of MIO-M1 cells exposed to glutamate; while both
HS5 loaded liposome formulations could potently inhibit the ROS production induced
by CoClz in ARPE-19 cells. And H3 and H5 had greatly improved pharmacologically
effect compared to their free drugs against oxidative stress in ARPE-19 cells.
Liposome-based formulations generally showed a prolonged drug release and delayed
cellular effects, which can be clinically favorable. Overall, liposome-based nano-
technology is a promising approach to improve cellular delivery of betulinic acid
derivatives and enhance the efficacy of their antioxidative effect. Such formulations are
desired to optimize delivery and improve pharmacology effects of agents that can

prevent/treat retinal diseases.
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Chapter 5

Conclusions and future directions

5.1 Conclusions

As mentioned in Chapter 1, chemical modifications and formulation optimisation are
two approaches to enhance drug therapeutic efficacy. In this thesis, we adopted both
approaches to improve the clinical applications of betulinic acid in treating retinal
pathologies.

In Chapter 2, we screened 20 betulinic analogues in ARPE-19 cells as to their anti-
oxidative effect and found H7 is the most potent candidate compound. It can inhibit
ROS induction, increase cell viability, prevent cellular apoptosis and necrosis.
Furthermore, we reported that such cellular protective effect of H7 was mediated
through the deactivation of Akt, Erk1/2 and JNK pathways upon oxidative stress. The
observation was further consolidated with the confirmatory experiments on human
primary RPE cells.

In Chapter 3, we found the betulinic acid derivatives H3, H5 and H7 can protect
MIO-M1 from glutamate-triggered excitotoxicity. These compounds were all effective
in reducing cellular necrosis. They could alleviate ROS production. The anti-oxidative
effect of H5 and H7 were likely involved with the decreased phosphorylation of Akt,
Erk1/2 and JNK signaling; while H3 mainly inhibited the activation of Erk1/2.

Overall, specific betulinic acid derivatives have more pronounced anti-oxidative
effects than the parental compounds. Such effect was achieved via downregulating the
Akt/MAPK pathways in both cell lines, which signaling may serve as therapeutic
targets for treating/preventing retinal diseases. In Chapter 2 and Chapter 3, we
identified specific betulinic acid derivatives that are promising candidates for protecting
retinal cells from oxidative stress.

The accessibility of agents in the retina is a problem in practice. Therefore, we proved
our concept that nano-technology is a solution to this in the Chapter 4. We prepared
liposome-based formations of H3, H5 and H7 (Compritol 888 ATO and Compritol HD5

ATO) to increase their drug delivery efficacy. According to our molecular evaluations,
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we observed greatly improved cellular anti-oxidative effects in specific liposome-
compound formulations in both retinal cell models. We noticed that H3 and H5
liposome formulations obtained greatly improved anti-oxidative effect in ARPE-19
cells. In general, significantly reduced dosage is required for all three compounds when
encapsulated in liposomes, to exert the desired pharmacological effects (more than 10
folds reduction). Moreover, prolonged drug release and extended half-lives were
achieved in these compounds when embedded in liposomes. All these improved
characteristics are favorable in clinical applications. Therefore, nano-technology is a

feasible way to optimize drug performance.

5.2 Future directions

Although we have initially proved that nano-technology can potentially improve
pharmacological performances of betulinic acid derivatives, further study is highly
desired in the following aspects:

1. Further in vitro studies (eg. cell cycle, apoptosis/necrosis level) are needed to
explore the protective and anti-oxidative effects of Compritol 888 ATO and Compritol
HD5 ATO liposomes in ARPE-19 and MIO-ML1 cells.

2. The drug efficacy, PK and PD profiles of Compritol 888 ATO and Compritol
HD5 ATO liposomes are to be studied in vivo.

3. Optimization of liposome preparation and trials of other nano-particles will be
required.

4. We used chemical stimulus (CoCl, and glutamate) to establish the acute
oxidative retinal cell models in Chapter 2 and Chapter 3. Since retinal cells are also
susceptible to other factors such as light exposure ischemia, inflammation, and more
likely in a long-term exposure mode, it would be desirable to comprehensively elucidate
the pharmacological potentials of betulinic acid derivatives on retinal cells upon
chronically exposure to light or other stimulus.
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Appendix Supplementary data for Chapter 3

Supplementary Table 1 Time dependence of the anti-oxidative effect of H3, HS and H7

against glutamate-induced toxicity in MIO-M1 cells

(A) MIO-M1 cells were pre-treated with DMSO for 24 to 72 h, followed with or without 300 mM
glutamate incubation for 4 h. Cell viability was then assessed with Calcein-AM assay. Data are

presented as percentages of cell viability relative to the control without glutamate treatment.

Treatment Cell viability (%) (AVG + SD)
Control 24 h 100.0£7.6
Control 24 h+glutamate 48.0£2.5
Control 40 h 100.0+£3.4
Control 40 h+glutamate 50.6+3.4
Control 48 h 100.0£2.1
Control 48 h+glutamate 45.3+4.6
Control 64 h 100.0£2.3
Control 64 h+glutamate 52.6+0.4
Control 72 h 100.0£7.6
Control 72 h+glutamate 54.4+3.0

(B) The anti-oxidative effect of the control group at different time points (a re-analysis of data in
the Supplementary Table 1A). Data was calculated as the viability of cells treated with glutamate

divided by that of cells treated without glutamate.

Treatment Anti-oxidative effect (%)
(AVG= SD)
Control 24 h 48.0+£2.5
Control 40 h 50.6+£3.4
Control 48 h 45.3+4.6
Control 64 h 52.6+0.4
Control 72 h 54.4+£3.0

123



(C) MIO-M1 cells were pre-treated with 10 uM H3 for 24 to 72 h, followed with or without 300

mM glutamate incubation for 4 h. Cell viability was then assessed with Calcein-AM assay. Data are

presented as percentages of cell viability relative to the control (DMSO treated only) without

glutamate treatment.

Treatment Cell viability (%) (AVG =+ SD)
H3 24 h 112.0+6.5
H3 24 h+glutamate 67.9+1.4
H340h 108.0<11.3
H3 40 h+glutamate 61.5+6.8
H3 48 h 115.7+4.4
H3 48 h+glutamate 79.8+6.5
H364h 119.8+2.6
H3 64 h+glutamate 84.0+£10.3
H372h 118.9+£9.9
H3 72 h+glutamate 75.5£8.5

(D) The anti-oxidative effect of the H3 group at different time points (a re-analysis of data in the

Supplementary Table 1C). Data was calculated as the viability of cells treated with glutamate

divided by that of cells treated without glutamate.

Treatment Anti-oxidative effect (%)
(AVG = SD)
H3 24 h 60.6+1.2
H3 40 h 56.9+3.6
H3 48 h 69.0+5.6
H3 64 h 70.1+8.6
H3 72 h 65.9+7.2

(E) MIO-M1 cells were pre-treated with 10 uM HS5 for 24 to 72 h, followed with or without 300

mM glutamate incubation for 4 h. Cell viability was then assessed with Calcein-AM assay. Data are

presented as percentages of cell viability relative to the control (DMSO treated only) without

glutamate treatment.

Treatment Cell viability (%) (AVG= SD)
HS5 24h 105.3+2.3
HS5 24 h+glutamate 67.9+1.4
H540h 108.0+11.3
H5 40 h+glutamate 61.5+6.8
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H548 h 115.7+4.4

HS5 48 h+glutamate 79.8+6.5
H5 64 h 119.842.6
HS5 64 h+glutamate 84.0+10.3
H572h 118.949.9
HS5 72 h+glutamate 75.5£8.5

(F) The anti-oxidative effect of the H5 group at different time points (a re-analysis of data in the
Supplementary Table 1E). Data was calculated as the viability of cells treated with glutamate

divided by that of cells treated without glutamate.

Treatment Anti-oxidative effect (%)
(AVG = SD)
H5 24 h 66.2+5.4
H540 h 70.0+10.3
H548 h 67.7+£2.0
HS5 64 h 83.5+9.3
H572h 87.6+4.4

(G) MIO-M1 cells were pre-treated with 10 uM H7 for 24 to 72 h, followed with or without 300
mM glutamate incubation for 4 h. Cell viability was then assessed with Calcein-AM assay. Data are
presented as percentages of cell viability relative to the control (DMSO treated only) without

glutamate treatment.

Treatment Cell viability (%) (AVG £ SD)
H724h 136.9+£2.2
H7 24 h+glutamate 98.5+13.2
H740h 116.4£12.0
H7 40 h+glutamate 99.9+5.6
H748 h 129.4+6.6
H7 48 h+glutamate 107.4£15.3
H7 64 h 118.1£15.1
H7 64 h+glutamate 104.0+8.4
H772h 125.849.6
H7 72 h+glutamate 115.9+5.9

(H) The anti-oxidative effect of the H7 group at different time points (a re-analysis of data in the
Supplementary Table 1G). Data was calculated as the viability of cells treated with glutamate

divided by that of cells treated without glutamate.
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Treatment Anti-oxidative effect (%)

(AVG £ SD)
H724h 71.949.6
H740h 85.8+4.8
H748h 86.549.1
H7 64 h 88.0+7.1
H772h 92.144.7

Supplementary Table 2 Concentration dependence of the anti-oxidative effect of H3, HS and

H7 against glutamate-induced toxicity in MIO-MT1 cells

(A) MIO-M1 cells were pre-treated with 0.5-20 pM H3 for 24 h, followed with or without 300 mM
glutamate incubation for 4 h. DMSO was used as vehicle control. Cell viability was then assessed
with Calcein-AM assay. Data was presented as the percentage of cell viability to that of DMSO

treated cells.

Treatment Cell viability (%) (AVG + SD)
Control 100.0£5.5
Control + glutamate 49.3+10.6
H3 0.5 uM 103.8+8.7
H3 0.5 pM+glutamate 61.1£5.6
H3 1 uM 110.0£3.7
H3 1 uM+glutamate 61.1+4.1
H3 5 uM 108.6+2.8
H3 5 uM+glutamate 74.4+5.0
H3 10 uM 107.9+4.2
H3 10 uM+glutamate 73.5+2.7
H3 15 uM 121.5+3.8
H3 15 uM+glutamate 79.7+7.1
H3 20 uM 107.1+1.0
H3 20 uM+glutamate 77.8+7.4

(B) The anti-oxidative effect of the H3 group at different concentrations (a re-analysis of data in the
Supplementary Table 2A). Data was calculated as the viability of cells treated with glutamate

divided by that of cells treated without glutamate.
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Treatment Anti-oxidative effect (%)

(AVG = SD)
Control 49.3+10.6
H3 0.5 uM 58.9+5.4
H3 1 uM 55.6+3.8
H3 5 uM 68.5+4.6 ***
H3 10 uM 68.2+2 .5 ***
H3 15 uM 65.7+5.8 *
H3 20 uM 72.7+£6.9 *

**p < 0.01,%*p<0.01, ***p <0.001 vs. control, t-test.

(C) MIO-MI1 cells were pre-treated with 0.5-20 uM HS5 for 24 h, followed with or without 300 mM
glutamate incubation for 4 h. DMSO was used as vehicle control. Cell viability was then assessed
with Calcein-AM assay. Data was presented as the percentage of cell viability to that of DMSO

treated cells.

Treatment Cell viability (%) (AVG £ SD)
Control 100.0£7.7
Control + glutamate 43.3+9.0
H5 0.5 uM 102.5+7.3
HS5 0.5 pM+glutamate 50.245.4
H5 1 uM 117.5£8.5
H5 1 uM+glutamate 46.0+£7.6
H5 5 uM 99.2+10.8
H5 5 uM+glutamate 56.7+11.0
H5 10 uM 98.4£10.5
HS5 10 uM+glutamate 61.6+11.9
H5 15 uM 100.1+8.8
HS5 15 uM+glutamate 71.2+10.1
H5 20 uM 92.2+7.4
HS5 20 uM+glutamate 71.548.1

(D) The anti-oxidative effect of the HS group at different concentrations (a re-analysis of data in the
Supplementary Table 2C). Data was calculated as the viability of cells treated with glutamate

divided by that of cells treated without glutamate.

127



Treatment Anti-oxidative effect (%)
(AVG = SD)
Control 43.3+8.8
H5 0.5 uM 49.0+5.3
H5 1 uM 43.3+0.2
H5 5 uM 57.2+11.1 **
H5 10 uM 58.447.1 **
H5 15 uM 71.1£10.1 ***
H5 20 uM 77.6+8.8 ***

**p <0.01,**p<0.01, ***p < 0.001 vs. control, t-test.

(E) MIO-M1 cells were pre-treated with 0.5-20 uM H7 for 24 h, followed with or without 300 mM

glutamate incubation for 4 h. DMSO was used as vehicle control. Cell viability was then assessed

with Calcein-AM assay. Data was presented as the percentage of cell viability to that of DMSO

treated cells.

Treatment Cell viability (%) (AVG + SD)

Control 100.0+7.0
Control + glutamate 44.4+7.7
H7 0.5 uM 109.1+£8.0

H7 0.5 uM+glutamate 52.247.1
H7 1 uM 109.6+7.3

H7 1 pM+glutamate 48.1+£7.6
H7 5 uM 113.4£10.9

H7 5 uM+glutamate 67.3+£5.2
H7 10 uM 98.3+6.4

H7 10 uM+glutamate 66.9+8.2
H7 15 uM 104.6+8.2

H7 15 uM+glutamate 71.9£10.7
H7 20 uM 107.0+4.6

H7 20 uM+glutamate 73.6+7.1

(F) The anti-oxidative effect of the H7 group at different concentrations (a re-analysis of data in the

Supplementary Table 2E). Data was calculated as the viability of cells treated with glutamate

divided by that of cells treated without glutamate.



Treatment Anti-oxidative effect (%)

(AVG = SD)

Control 44.4+7.7
H7 0.5 uM 47.8+6.5

H7 1 yM 43.9+6.9

H7 5 uM 59.444 5 ***
H7 10 uM 68.1+8.4 ***
H7 15 uM 68.8+£10.3 ***
H7 20 uM 68.8+6.6 ***

**p < 0.01,**p<0.01, ***p <0.001 vs. control, t-test.
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