Targeted transport of active pharmaceutical
ingredients into adipose tissue

Dissertation
zur
Erlangung des Doktorgrades (Dr. rer. nat.)
der
Mathematisch-Naturwissenschaftlichen Fakultat
der

Rheinischen Friedrich-Wilhelms-Universitat Bonn

vorgelegt von
Zheming Niu
aus

Hangzhou, China

Bonn (August 2022)






Angefertigt mit Genehmigung der Mathematisch-Naturwissenschaftlichen Fakultat

der Rheinischen Friedrich-Wilhelms-Universitat Bonn

1. Gutachter: Prof. Dr. Alexander Pfeifer
2. Gutachter: Prof. Dr. Alf Lamprecht

Tag der Promotion: 03.02.2023
Erscheinungsjahr: 2023






Acknowledgment

Acknowledgment

| would like to express my sincere gratitude to my supervisors, Prof. Dr. Alexander Pfeifer and
Prof. Dr. Alf Lamprecht for providing me with these amazing projects and their invaluable advice.
They handed a master's graduate from Kiel the key to open the door of “Top-notch Science” in

December 2017 and elevated that young man to an entirely new level scientifically and personally.

Secondly, my sincere thanks go out to my esteemed supervisor --- Dr. Staffan Hildebrand for his
great patience, treasured support, and tremendous scientific input during my PhD. Dr. Staffan
Hildebrand accepted and supported me in the beginning and further guided me always in the right
direction. We collaborated closely on particle synthesis, keeping animals, and attending

conferences. His Office 005 is always open to me whenever | had troubles or | needed his advice.

| would sincerely express my appreciation to all the colleagues from AG Pfeifer, the Institute of
Pharmacology and Toxicology. Thank you to Dr. Jelena Zurkovic for her professional techniques
in various fields and her suggestions for my thesis. Thank you to Dr. Laia Reverte, Dr. Gerburg
Schwarzer, and Dr. Viktoria Go6tz for a lot of help in the lab and for checking documents. Thank
you to my close friends Dr. Stefan Loffler, Mickel Michael, and the former and current officemates

from Office 008 for such a cherished time spent together and trillions of help.

Moreover, | would also like to give my special thanks to my friends and colleagues, Dr. Ehab Ali,
Dr. Jan Kozak, and Mr. Sebastian Kappes from AG Lamprecht, the Institute of Pharmaceutical
Technology, University of Bonn (my “second hometown” institute). From them, | received a lot of
encouragement, understanding, and help. In the most challenging period of my PhD, they
introduced me to their specialties and accepted me as a part of their group. Without their

assistance, | could not have accomplished and gone so far.

| am also grateful to the Bonn International Graduate School of Drug Sciences (BIGS DrugS) for
the PhD funding as well as to Dr. Elisabeth Mies-Klomfass for her corrections, help, regulations,

and coordination.

My appreciation also goes out to all my friends and my warm family. My dear parents, 4J1EX 4
4 F0 PR %+, deserve special thanks for their love, continued support, countless sacrifices,

and encouragement. Thank you for your 30 years of dedication to me.

HREAEEHHEMER T BERRNEEHAEMERGE! THRNET, HEES

(%, ]



Table of Content

Table of Content

ACKNOWLEDGMENT ..ottt st st sttt sesaasbesaesbenns 5
TABLE OF CONTENT ...ttt ettt st e st st na et sae b e 6
LIST OF FIGURES ...........o ottt ettt e e s st et aa e s e aesnnene e 10
LIST OF TABLES ...ttt sttt et st st e se et e e e sessesanene e 12
LIST OF UNITS ...ttt ettt et s e e steeneese et esaensesensnnenes 13
ABBREVIATIONS ...ttt 14
T INTRODUCGTION.......oooie ettt s 20
11 Physiology of adipoSe tiSSUE........ccceiceiiiiiiciirceercenccete et ee s e e s sseesssneseseesesaesssnnessnnesennesasnnes 20
1.1.1 L0 01=T]1 V7SRO SRUPUP 20
1.1.2 AIPOSE TISSUE ...ttt bttt sttt s h ettt se bbbt e st e nes 21
1.1.2.1  WhIte adiPOSE tISSUE .....c.ecuiiiiiiiiiie ettt sttt s 21
1.1.2.2  Brown adiPOSE tISSUE .......cueruiuiiiiriiieiiriiieitrt ettt ettt sttt sttt b e et s b e 22
1.1.3 AdIpogenesis and lIPOIYSIS.......ccueieieriririiieeeeres et 23
1.1.4 Brown adipocyte activation: thermogenesis at the molecular level ............c.ccoconirniincncnne. 24
1.1.5 Browning and whitening of white adipose tiISSUE.........cccoueiiiiiiiiiii e 25
1.1.6 [T oTo] o] £01 (=1 a I o= (71T USSR 26
1.1.7 G protein-coupled signaling PathWays ...........cooiiiiiiee e e e 28
1.1.8 Adrenergic receptors in adiPOSE HISSUE.........cceiiiiiriirieeee et 29
1.1.9 A B3-adrenergic receptor agonist: Mirabegron ............ccoeveeririeininieinineseeereeesee s 32
1.1.10 A Gqg signaling inhibitor: FRI00359 (FR)......ccceiiriiririiieerieerereese ettt 33
1.1.11  Thyroid hormones and thyroid hormone activities in adipose tissue..........c.ccccccveveineneccnennn 34
1.1.11.1 TRYFOId NOMMONE ...ttt st e 34
1.1.11.2 Thyroid hormone-related activities in the liver and adipose tissue ..........c.ccoceeeveeicnienenne. 35

1.2 Poly (lactic-co-glycolic acid) polymer-based delivery system ..........cccocciriviriiiniiciniccniiinnneen. 38
1.2.1 Intrinsic properties Of PLGA COPOIYMELS .....cc.ooiiiiriiriiiieieeiteieie ettt sttt s 38
1.2.2 Biodegradation mechanism of PLGA microparticles as drug delivery carriers...........ccccceuen.e. 39
1.3 Artificial triglyceride-rich lipoproteins uptake in adipose tissue...........cccoccrieiiiiiniciiiiicincien. 40
2 AIM OF THE THESIS.........coootriireertrecreses ettt se e sasnnen 41



Table of Content

3 MATERIALS AND METHODS ............oo ottt 42
31 Common materials and eqUIPMENL............coieiiriiiiriiirercrercre e e seseesssaresssnesssnesesnesssnssssanesnns 42
3.2 Cell culture and isolation of adiPOCYLES .........cocviirriiiriicrerccrrcce s see s saresssnesnns 43
3.21 Materials and EQUIPMENT........cc.ooiiieeee ettt st e et be e e 43
3.2.2 Isolation and immortalization of BAT-derived mesenchymal stem cells (MSCS) ..........cco.c...... 44
3.2.3 Isolation of WAT-derived mesenchymal stem cells (MSCS).......ccooeerineinineenincrieneee 45
3.24 Differentiation of @diPOCYLES ........coiiiiiiii e 45
3.2.4.1 Differentiation of Brown adiPOCYIES .......ccccveieviiiiiicececeere e e 45
3.2.4.2 Differentiation of White adiPOCYIES ......cccceeieieriiiiccceee e e 46

3.3 Nucleic acid methods.............ooiiiiii e 47
3.3.1 Materials and EQUIPMENT...........oo it sre e re e reenes 47
3.3.2 RINA TSOIBLION ...ttt bbbttt et sbeeb e sbe e bt et e e et seeebes 47
3.3.3 Complementary DNA (CDNA) SYNtNESIS ....c..cvviriiiiiiieniereesere et 48
3.34 Real-time quantitative PCR (RT-qPCR) ......coiiiiiee e 49
3.4 Protein @nalySiS.....cccvoiiiiiiiiiiiiiininnrntssns s s e s s sssan s s san s s sne s sae s san s s sane s nne s nne s 51
3.4.1 Materials and QUIPMENT........c..ooiiiiie ettt 51
342 Protein lysates from cells and tiISSUES........ccccceviiiiiicicieee e s 52
3.4.3 Protein quantification using the Bradford method ...........c.ccooiiiiiiicicice e, 53
3.4.4 WESTEIN BIOL ...ttt bbbt ettt b e ebesbeebe e e e e e nbesaen 54
3.4.4.1 One-dimensional SDS-polyacrylamide electrophoresis (SDS-PAGE) ........cccceevvinecvvnnnee. 54
3.4.4.2 Blotting and immuNOAEtECHION .......cc.eeiiiiee et 55

3.5 Oil Red O StaINING .....coiiiiiiiiiiiitrcennnresns e ssseessssesssnsssssssesassssassssanssssnsssssesssnesssassssassssanasnns 56
3.6 LIPOIYSIS «.eeiiieiriniiineiinetiinenistsistsisseesssnessssnssssnsssssessssssssanssssnsssssessssssssassssasssssnssssnssssnssssssesssnssssssssanss 57
3.6.1 Materials and EQUIPIMENT...........ooiiieieeceee ettt srestesreeseeaeseseseenns 57
3.6.2 [N VIEEO TIPOIYSIS .ovvitie ettt st sttt e st e be st stees e e s e esae s e sesaesbesseeseesnensensessenses 57
3.6.3 EX VIVO TIPOIYSIS ...ttt st b et b et ettt be bt bt et et e e e e b e 58
3.7 IMMUNORNISLOChEMISEIY ......oneei s 58
3.71 Materials and QUIPMENT............oi et et sae e s re e reenes 58
3.7.2 Tissue preparation for StaINING .........cocoiiiir e et 59
3.7.3 Hematoxylin/Eosin (H&E) Staining.......cccoieiiiiii et 59
3.74 Immunohistochemistry for UCP1 detection ..o 59
3.8 MitoChONdrial SIreSS ASSAY ....cccccerivuiiirririnieiiireristeisrersseesesnssssressnessssessssssssansssansssssesssassssasessassssnns 60
3.9 TOXICIY @SSAYS . ciiiireiiiirrniiiinitiiiisntiiisssneiissssesisssssesssssssssssssssssssssessssssssssssssssssssssasssssnssssssssssssssassssssns 62
3.9.1 = 1= USSP 62
3.9.2 ATP-DASEA @SSAY ...ttt ettt b e e b ettt sh e b s he bt et et et st aas 62
3.10 MiIR-loaded PLGA MPs synthesis method..............ccooiiiiiiiniiii e 62
3.10.1 Materials and QUIPMENT............ooi ettt s a e e s re e re e reenes 62
3.10.2  MicropartiCles Preparation ...ttt et st s rae s ra e re e aeenes 63
3.10.3  Drug releasing CONAItION ..ottt ettt e bt e ee b e e 64



Table of Content

3.10.4 Human subcutaneous white adipOSe tISSUE..........cccevirieeiierietee e 64
3.11 HPLC system and Liquid Chromatography-Mass Spectrometry (LC/MS) analysis................. 64
3.11.1 Materials and EQUIPMENT...........oo it et sreesaeenreenes 64
3112 HPLC MEINOAS ...ttt s sttt ettt st st sae st et e e ensesaeeaas 65
3.11.3  LC/MS MELNOM. ...ttt ettt et b e bessesesbensesesteneesestensens 65
3.11.4  Scanning Electron Microscope (SEM) analysiS..........cccurerrireririnenininieiniseeeeseeee e 65
3.12 The APIl-loaded triglyceride-rich lipoproteins synthesis method...........ccccoccireviriviniicnnicnnnes 66
3.12.1 Materials and QUIPMENT...........oo ittt s sre e reenreenes 66
3.12.1  API-loaded TRLS Preparation.......cccccvoieieeieceeiee et ste et e st e e e tessee e e sreesneeseenes 66
313 ANIMaAl @XPEIIMENTES......cccceiiiiriiiiereiirerissre s ssseressssnesssssanessessasessssansassssanesssssnnessssnnessssanssssssnnanss 67
3.13.1 Materials and EQUIPMENT...........oo it e e e re e reenes 67
3.13.2 Targeted delivery T3-TRLS t0 BAT .....oo ittt ettt sae s e 67
344 SHAtiStICS ..ceiiiiiiiiiiit s s s b s b sane 68
4 RESULTS OF PROJECT I: MIR-LOADED PLGA MICROPARTICLES .................. 69
4.1 Characterization of MIR-loaded microparticles..........ccccecveeirevreericcreeeincreeenccreeeeeeseeeesesseeeseesaneens 69
411 Characteristics and morphology of MIR-loaded microparticles...........c.ccoceovineineneineneeneee 69
41.2 Encapsulation efficiency and drug loading of MIR-loaded microparticles ............cccccecvevverennenee. 71
41.3 In vitro release profile of MIR-loaded microparticles..........c.cocevviieiiieiciescne e, 73
41.4 Stability of MIR-loaded mMiCropartiCIES............cceviiiieeiiiieiecee e 75
4.2 Effects of MIR-loaded microparticles on adipocytes..........ccccoeviririiiiiiiniinniinnicneeeeee e, 76
421 In vitro lipolysis induced by MIR-loaded microparticles..........ccccoirereiiiiininieiinneeeeeeee, 76
422 MIR-loaded microparticles induced BA thermogenesis .........c..coceeveeeeienenienineneceeeeneneenen 77
423 MIR-loaded microparticles induced iWA beiging and morphological changes............ccccc........ 78
424 Mitochondrial stress assay 0N adiPOCYLES......c..cocieiiiieiiieiieeee et 81
4.3 Toxicity tests of MIR-loaded microparticles on adipocytes.........ccccccrvviriverirriicnnicncnncsnnennnenes 82
44 Ex vivo lipolysis induced by MIR-loaded microparticles...........cccoccriiiiiniiiiiiiiiceniiinneeneenns 84

4.5 MIR-loaded microparticles induce lipolysis in human subcutaneous white adipose tissue 88

4.6 Ex vivo lipolysis and gene expressions in explanted human subcutaneous white adipose

tissue after direct injection of MIR-loaded micropartiCles.........ccccccvviiiciricreicrercsnenneenseencneesesesesnnenes 91
5 RESULTS OF PROJECT II: API-LOADED TRLS...........ccccoovtviierireeneeeneeesenennen 93
5.1 Characterization of APl-loaded TRLS ..........cccccoiiiincniniincniniicenecseseesesse s seesssssens 93
5.2 Optimization of API-Ioaded TRLS.......ccccciciiiciiicriicrtrnnnsssesssseessseesssenssssnesssnsssssessssssssansssansssansssnns 94
5.3 In vivo effects Of T3-TRLS.......ccovciiiiiirt e 97

5.31 Metabolic changes in mice treated with T3-TRLS ......ccccoiiiiiiiii e, 97

8



Table of Content

5.3.2 T3-TRLs induced effects in brown adipoSe tISSUE ........ccccvevieviiviiiicececeeee e 99
5.3.3 T3-TRLS-INAUCEA gENE EXPrESSIONS .....icvvieeeeiieiieieeiesee e see st steeteete s e e te e teessessessaesneesseesseenes 100
534 Histological changes in mice treated with T3-TRLS.......ccccccvveerciveereeeeeeeeeeee e 103
6 DISCUSSION ...ttt et e e s e saee st e e se et e s aeeseeasesseeseensans 106
6.1 Project I: MIR-loaded PLGA microparticles..........ccovviniiniiniiininninninncnicsnscsecnessecseesnees 106
6.1.1 A novel combination of PLGA microparticles and MIR..........ccooviiiiiiniieeeeee e 106
6.1.2 The release profile of MIR-loaded PLGA mMicropartiCles .........coovvvireeienenineneeeeeeeeeseeine 107
6.1.3 Non-toxicity of MIR-loaded PLGA microparticles in adipOCytes........cccceveviveviseneeieiesesenne 108
6.1.4 MIR-loaded PLGA microparticles induced effects in iWA ... 108
6.1.5 MIR-loaded PLGA microparticles induced oxygen consumption in adipocytes..........ccccou.u... 109
6.1.6 MIR-loaded PLGA microparticles induced effects in adipose tissue..........ccccoceeveveievievienienen, 110
6.2 Project ll: T3-10aded TRLS ......cciiioiiiicceerccrec e sssseressssnsesssssnesssssanesssssnnessssanssssssansssassnnenes 112
6.2.1 OptimMiIzation Of T3-TRLS ....c.iiiiiree et et 112
6.2.2 IN ViVO €ffECES Of T3-TRLS ...ciiiiie ettt sttt st e s e e e nsesbe e 113
T SUMMARY ...ttt ettt e e te e s te e e te et e seeasesaaesteenseensasseensesraesseesesnsans 116
8 REFERENCGES ............co ettt et ae st et sae et e ae e seeanessnenseennans 118
PUBLICATIONS AND ABSTRACTS ...ttt ettt 140



List of Figures

List of Figures

Figure 1. The mechanism of lipolysis in adipocytes via B-adrenergic receptors..........cccocceverunee. 24
Figure 2. Thermogenesis at the molecular level in brown adipocytes .........ccccecvevvvveciieeciecireneene, 25
Figure 3. NE-activated brown adipocytes take up TRLs from the bloodstream ..............cccceeeeee. 27
Figure 4. Different adrenergic receptor expressions in human and rodent adipose tissue ......... 31
Figure 5. Chemical structure of Mirabegron.............ccoviiieeii e s 33
Figure 6. Chemical structure of FRO00359 ..o 34
Figure 7. The effects of T3 N the [IVEF.........cuiiee e e e 36
Figure 8. The function of T3 in brown adipOCYLES .......c.cceecieviiieiiceceeeeeee e s 37
Figure 9. Degradation of drug-loaded PLGA partiCles ..........cccoeveieirininenineneceeeeecsveeees 39
Figure 10. Degradation of PLGA to lactic acid and glycolic acid .............ccccceveeceiiieeii e 40
Figure 11. Assembly and characterization of MIR-loaded microparticles ............ccccccecrenenenenee. 71
Figure 12. Encapsulation efficiency and Drug loading of four formulations of MIR-loaded PLGA
T[T o] o= 1o [= TS 72
Figure 13. In vitro release profiles of MIR-loaded PLGA microparticles........ccccovvvevevencvrceenirennnne 74
Figure 14. Morphological images of MIR-loaded microparticles after release............ccoeveunnene. 74
Figure 15. Scanning electron microscopic pictures of microparticles before and after 8 months
OF SEOTAGE ...ttt h bbbttt et h bt bt h bt e e ettt ne b e nen 75
Figure 16. Lipolysis of adipocytes after treatments...........cccoooveveieiciiceeee e 77
Figure 17. Gene expression of Ucp1, Ppary, and Fabp4 in BA after treatments...........c.c............ 78
Figure 18. Changes in iIWA after treatments...........cocovv e 80
Figure 19. MIR-loaded microparticles induced effects on mitochondrial respiration of iWA ....... 82
Figure 20. MTT assay for adipocytes after treatments..........cccooiveeceieccicce 83
Figure 21. ATP assay for adipocytes after treatments ..o 84
Figure 22. Lipolysis of adipose tissue after treatments .........cccoeveieeininneen 85
Figure 23. Lipolysis of white adipose tissue after treatments via direct injection.......................... 86
Figure 24. Prolonged lipolysis of white adipose tissue after treatments.........cccocceeevevecnnnnennn. 87
Figure 25. 3-adrenergic receptor expression in human/murine WA and WAT and ex vivo
lipolysis of human sCWAT after treatments..........oov oo 90
Figure 26. Ex vivo lipolysis and gene expressions in human scWAT after treatment with MIR-
LSRRV = W o 1= Tox AT o [=Tex 1o T o PO 92
Figure 27. Schematic overview of API-loaded TRLs and API-loaded TRLs preparation protocol
.................................................................................................................................................................... 95
Figure 28. Optimization of T3-10aded TRLS ......ccccieierieeeee e 96
Figure 29. Optimization of FR-I0aded TRLS.........ccccoiiiiieeeereeeeee e 97
Figure 30. Assembly and physiological changes of mice after treatment with Vehicle-TRLs/T3-
TRLS .ttt b bbbt h e h e bt bbb E e e Rt h e bt bbbt et et et e neeheebe st b e 98



List of Figures

Figure 31. Gene and protein expression in BAT after treatment with Vehicle-TRLs/T3-TRLs . 100

Figure 32. Hepatic gene expression in mice treated with Vehicle-TRLs and T3-TRLs.............. 102
Figure 33. T3 regulated gene expression in the heart after treatment with Vehicle-TRLs and T3-
TRLS bbb bbb e bt b st bbbt b et b 103
Figure 34. H&E staining and immunohistochemical UCP1 staining of BAT after treatments with
VehicCle-TRLS @Nd T3-TRLS .....ooiiieieeseeese ettt et st esse e e sesneeaeseeennens 104
Figure 35. H&E staining of the liver and heart of mice treated with Vehicle-TRLs and T3-TRLs
.................................................................................................................................................................. 105
Figure 36. Scheme illustration of mechanisms of MIR-MPs and T3-TRLS ......c.ccceeevievevvennennen. 117

11



List of Tables

List of Tables

Table 1. QPCR Program ...ttt 49
Table 2. QPCR PriMEr SEQUENCES .......cccveiieeeietecteeteeeteste sttt sttt et e st e s e st e ste e s e sesreensesreennas 49
Table 3. Four formulations of MIR-loaded micropartiCles...........ccocovvereniecenencececeeee e 70
Table 4. CharacteristiCs Of TRLS ......ociiieeeeeee ettt st 94

12



List of Units

List of Units

i Microliter

UM Micromolar

A Ampere

C Celsius

d Day

h Hour

L Liter

M Molar

min Minute

mi Milliliter

nM Nanomolar

V Volt

viv Volume/Volume
wiv Weight/Volume

13



Abbreviations

Abbreviations

7™ 7 transmembrane domain

ACC Acetyl-CoA carboxylase

ACMs Artificial chylomicrons

ACSL Long-chain Acyl-CoA synthetase

ADH Alcohol dehydrogenase

ADRB1 Beta 1-adrenergic receptors

ADRB2 Beta 2-adrenergic receptors

ADRB3 Beta 3-adrenergic receptors

aP2 Adipocytes protein 2

APls Active pharmaceutical ingredients

Apo Apolipoprotein

APS Ammonium peroxidisulfate

ASC Adipose-derived stem cell

AT Adipose tissue

ATGL Adipose triglyceride lipase

ATP Adenosine triphosphate

AUC Area under the curve

BA Brown adipocyte

BAT Brown adipose tissue

BMI Body mass index

BSA Bovine serum albumin

C/EBPa CCAAT/enhancer-binding protein o
C/EBPB CCAAT/enhancer-binding protein 3
CAC Citric acid cycle

cAMP Cyclic adenosine monophosphate
cDNA Complementary DNA

CGI58 Comparative gene identification-58
ChREBP Carbohydrate-responsive element-binding protein
Cidea Cell death inducing DFFA like effector A
Cpt1 Carnitine palmitoyltransferase

Cptila Carnitine palmitoyltransferase 1A
CREB cAMP response element-binding protein
CYP Cytochrome

Cyp7a1 Cytochrome P450 family 7 subfamily A member 1
d.i. Direct injection

DAB 3,3'-Diaminobenzidine

14



Abbreviations

DBZ Dibenzazepine

DCM Dichloromethane

DEPC Diethylpyrocarbonate

DG Diglycerol

Dgat Diacylglycerol O-acyltransferase 1
Dio1 lodothyronine deiodinase 1

Dio2 lodothyronine deiodinase 2

Dio3 lodothyronine deiodinase 3

DL Drug loading

DLS Dynamic light scattering

DMEM Dulbecco’s Modified Eagle Medium
DMSO Dimethyl sulfoxide

DNA Deoxyribonucleic acid

EA Ethyl acetate

EDTA Ethylenediaminetetraacetic acid
EE Encapsulation efficiency

EGTA Ethylene glycol-bis(B-aminoethyl ether)-N,N,N',N'-tetraacetic acid
ELISA Enzyme-linked immunosorbent assay
ET-1 Endothelin-1

EtOH Ethanol

FABP4 Fatty acid-binding protein 4

FADH2 Flavin adenine dinucleotide

FAS Fatty acid synthase

FATPs Fatty acid transport proteins

FBS Fetal bovine serum

FCCP Carbonyl-cyanide-4-(trifluoromethoxy) phenyhyfrazone
FDA Food and drug administration

FFA Free fatty acids

FGF21 Fibroblast growth factor 21

FR FR900359

GDP Guanosine diphosphate

GLP-1 Glucagon-like peptide-1

GPCRs G protein-coupled receptors

GPIHBP1 Glycosylphosphatidylinositol anchored high-density lipoprotein binding protein 1
GTP Guanosine triphosphate

gWAT Gonadal white adipose tissue
H&E Hematoxylin/Eosin

HCC Hepatocellular carcinoma
HDL High-density lipoproteins

15



Abbreviations

HFD High-fat diet

HIF1a Hypoxia-inducible factor 1-a

HPLC High-performance liquid chromatography
HPRT Hypoxanthine-guanine phosphoribosyltransferase
HSL Hormone-sensitive lipase

i.p. Intraperitoneal injection

V. Intravenous injection

IBMX 3-isobutyl-1-methylxanthine

ICI ICI 118,551

IRON-TRL Iron-oxide-nanoparticle-loaded TRLs
WA Inguinal white adipocyte

IWAT Inguinal white adipose tissue

KCI Potassium chloride

kDa Kilo dalton

KH2PO,4 Potassium dihydrogen phosphate
L/G ratio Lactide to glycolide residue ratio
LCAT Lecithin-cholesterol acyltransferase
LDso Lethal dose 50%

LDL Low-density lipoproteins

LDLR Low-density lipoprotein receptor
LIPC Lipase C

LPL Lipoprotein lipase

LV Left ventricle

LXR Liver X receptor

MCP1 Monocyte chemoattractant protein 1
Me1 Malic enzyme 1

MG Monoglycerol

MGL Monoglycerol lipase

MIR Mirabegron

MPI Magnetic particle imaging

MPS Magnetic particle spectroscopy
MRM Multiple reaction monitoring

mRNA Message RNA

MSCs Mesenchymal stem cells

MW Molecular weight

MWCO Molecular weight cut-off

Na;HPO4 Disodium hydrogen phosphate
NazVO, Sodium orthovanadate

NaCl Sodium chloride

16



Abbreviations

NADH Nicotinamide adenine dinucleotide

NADPH Nicotinamide adenine dinucleotide phosphate
NaF Sodium fluoride

NAFLD Non-alcoholic fatty liver disease

NE Norepinephrine

NST Non-shivering thermogenesis

OAB Overactive bladder

OCR Oxygen consumption rate

P/S Penicillin/streptomycin

PBS Phosphate-buffered saline

PDI Polydispersity index

Pdk4 Pyruvate dehydrogenase kinase 4

PDLA Poly D-lactic acids

PES Polyethersulfone

PET-CT Positron emission tomography-computed tomography
PFA Paraformaldehyde

PGA Polyglycolic acid

PKA Protein kinase A

PLA Polylactic acid

PLC Phospholipase C

PLGA Poly (lactic-co-glycolic acid)

PLIN1 Perilipin 1

PLLA Poly L-lactic acids

PPARGC1a Peroxisome proliferator-activated receptor gamma coactivator 1-alpha
PPARa Peroxisome proliferator-activated receptor-alpha
PPARy Peroxisome proliferator-activated receptor-gamma
PRDM16 PR/SET domain 16

PTFE Polytetrafluoroethylene

PVA Polyvinyl alcohol

gPCR Quantitative polymerase chain reaction

RES Reticuloendothelial system

RIPA Radioimmunoprecipitation assay

RNA Ribonucleic acid

ROCK Rho/Rho kinase

ROS Reactive oxygen species

Rosi Rosiglitazone

RPL13A Ribosomal Protein L13a

RPM Revolutions per minute

RV Right ventricle

17



Abbreviations

RXR
s.e.m
S14
SAL
SBP
Scarb1
SCWAT
SDS
SDS-PAGE
SEM
SirT1
SNS
Srebp2
SVF

SZ

T3

T4

TBS
TBST
TC
TEMED
TG
TMEM26
TNFRS9
TNF-a
TR
TRLs
TSH
TZDs
UCP1
UCP2
UCP3
UGT
ULDL
uv
VAT
VEGF
VLDL
WA

Retinoid X receptor

Standard error of the mean

Spot14

Salbutamol

Systolic blood pressure

Scavenger receptor class B member 1
Subcutaneous white adipose tissue
Sodium dodecyl sulfate
SDS-polyacrylamide electrophoresis
Scanning electron microscope
Sirtuin 1

Sympathetic nervous system

Sterol regulatory element Binding Transcription Factor 2

Stromal vascular fraction
Schizophrenia
Triiodothyronine
Thyroxine

Tris-buffered saline

Tris-buffered saline with 0.1% Tween® 20 detergent

Tissue culture
Tetramethylethylenediamine
Triglycerides
Transmembrane protein 26

Tumor necrosis factor receptor superfamily 9

Tumor necrosis factor-alpha
Thyroid hormone receptor
Triglyceride-rich lipoproteins
Thyroid-stimulating hormone
Thiazolidinediones
Uncoupling protein 1
Uncoupling protein 2
Uncoupling protein 3
Glucuronosyltransferase
Ultra-low-density lipoproteins
Ultraviolet

Visceral adipose tissue
Vascular endothelial growth factor
Very-low-density lipoproteins
White adipocyte

18



Abbreviations

WAT White adipose tissue
WHO World health organization
WT Wild type

19



Introduction

1 Introduction

1.1 Physiology of adipose tissue

1.1.1 Obesity

Obesity is a condition characterized by excessive accumulation of body fat, which adversely
affects health (Hoffmans, Kromhout, and de Lezenne Coulander 1988). The prevalence of obesity
has already reached pandemic levels (Mitchell et al. 2011). The Global Burden of Disease (GBD)
Obesity Collaborators has reported that the obesity prevalence has doubled in 2015 compared
with its prevalence in 1980 (GBD 2015 Obesity Collaborators et al. 2017). Shockingly, 39% - 49%
of the world’s population (2.8 - 3.5 billion people) are overweight or obese (Maffetone, Rivera-
Dominguez, and Laursen 2016). Modern lifestyles coupled with a combination of excessive food
intake, lack of physical exercise, and genetic disposition contribute to obesity (Yazdi, Clee, and
Meyre 2015; Thaker 2017).

Body mass index (BMI) is a measurement commonly used to evaluate obesity. Using bodyweight
divided by the square of height, the BMI is used to determine an individual's weight status as
normal, underweight, overweight, or obese. The World Health Organization (WHO) defines
normal weight as a BMI < 25 kg/m?, overweight as BMI = 25 and < 30 kg/m?, and obesity as BMI

> 30 kg/m? (Hoffmans, Kromhout, and de Lezenne Coulander 1988).

Importantly, obesity is associated with a higher risk of insulin resistance, non-alcoholic fatty liver
diseases (NAFLD), type 2 diabetes, hypertension, cardiovascular diseases (arteriosclerosis,
angina pectoris, inadequate cerebral blood, etc.), as well as neurodegenerative disorders and
cancer (Reaven 2011; Larsson et al. 2017; Mili¢, Luli¢, and Stimac 2014; Gallagher and LeRoith
2015; Reaven 2011). According to a recent report from the American Heart Association, the
mortality from obesity-induced cardiovascular disease is even independent of other
cardiovascular risk factors (Powell-Wiley et al. 2021). So far, only a few medications like orlistat
(Xenical) aimed to reduce fat absorption by inhibiting pancreatic lipase are approved and used to
treat obesity (Ballinger 2000). However, non-negligible gastrointestinal adverse effects are
associated with orlistat, including oily stools, diarrhea, abdominal pain, and fecal spotting
(Filippatos et al. 2008). Additionally, Liraglutide (Victoza) is a recently FDA-approved glucagon-
like peptide-1 (GLP-1) receptor agonist for treating type 2 diabetes mellitus. It showed potential
benefits for weight loss but also induced adverse effects including nausea, gastrointestinal

symptoms, and a high risk of pancreatitis (Monami et al. 2012; Mehta, Marso, and Neeland 2016).
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Several medications, such as Rimonabant (Acomplia) and Sibutramine (Meridia), were withdrawn
or were considered unsafe by medicines agencies due to their unacceptable adverse effects
(Wadman 2006; Wooltorton 2002). On the other hand, as one of the surgical procedures used to
treat obesity besides drugs, gastric balloon surgery showed good effectiveness in weight loss
(more than 10% weight loss) after six months (Dastis et al. 2009). This can be an alternative
option to reduce the size of the stomach or the length of the intestines if controlled diet, exercise,
and medications are ineffective (Colquitt et al. 2014). Unfortunately, the current treatments can

only relieve a small number of obese patients from their situations (Wing and Phelan 2005).

1.1.2 Adipose tissue

Adipose tissue (AT) is a type of connective tissue composed of adipocytes and the stromal
vascular fraction (SVF), containing pericytes, endothelial cells, monocytes, macrophages, and
adipose-derived stem cells (ASC) (Martyniak and Masternak 2017; Trujillo and Scherer 2006). AT
is distributed throughout the body and is mostly found in the subcutaneous area, in the abdominal
cavity, surrounding the intestines, around the heart, and in the bone marrow (Ibrahim 2010). AT
serves as an energy reservoir to regulate whole-body energy homeostasis in higher vertebrates.
When nutrients are abundant, excessive nutrients are stored as neutral triglycerides (TG);
whereas AT releases and supplies glycerol and fatty acids to other tissues through lipolysis under
nutrient-deficit conditions (Birsoy, Festuccia, and Laplante 2013). Specifically, there are two
different types of AT in mammals, brown adipose tissue (BAT) and white adipose tissue (WAT)
(Pfeifer and Hoffmann 2015).

1.1.2.1 White adipose tissue

The main physiological role of WAT is to store energy and maintain body homeostasis. There are
two major subtypes of WAT in humans: subcutaneous WAT (scWAT) and visceral adipose tissue
(VAT). The murine inguinal WAT (iWAT) corresponds to the large gluteofemoral subcutaneous
AT in humans, which is distributed from the dorsolumbar region to the gluteal region (Chusyd et
al. 2016). The murine gonadal WAT (gWAT) corresponds to the VAT in humans (Luong, Huang,
and Lee 2019; Chusyd et al. 2016). gWAT surrounds the uterus and ovaries in female rodents,

while it surrounds the epididymis and testes in male rodents (Bagchi and MacDougald 2019).
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Importantly, excessive energy intake could lead to WAT hypertrophy and hyperplasia, which could

further result in insulin resistance and obesity (Salans, Knittle, and Hirsch 1968).

Besides, WAT is also known as an endocrine organ. WAT secretes adipokines including
adiponectin, visfatin, and resistin, which interact with other organs such as the liver and skeletal
muscle (Guerre-Millo 2004). Leptin-deficient ob/ob mice can easily develop insulin resistance and
obesity (Kim et al. 2007). It was further reported that adiponectin-deficient mice showed severe
insulin resistance in the liver and exhibited impaired responses to thiazolidinediones (TZDs),
agonists for peroxisome proliferator-activated receptor-gamma (PPARYy) (Nawrocki et al. 2006).
Moreover, WAT can also secrete tumor necrosis factor-alpha (TNFa) and monocyte
chemoattractant protein 1 (MCP1), which are essential to inflammatory responses, particularly in
obese individuals (Jung and Choi 2014).

1.1.2.2 Brown adipose tissue

The second type of AT is BAT, which is abundant in rodents and human infants (especially in the
interscapular and perirenal regions). Recently, using positron emission tomography-computed
tomography (PET-CT), BAT can be detected in the cervical area, the paravertebral area, the

supraclavicular area, and the aorta in adult humans (Cypess et al. 2009).

Brown adipocytes (BA) are densely packed with a large number of iron-rich mitochondria,
resulting in the brown color of the tissue, and have multiple lipid droplets. In contrast, mature white
adipocytes (WA) contain a single large lipid droplet and few mitochondria (Cannon and
Nedergaard 2004). BAT has a different role in metabolism compared to WAT. The main role of
BAT in mammals is to maintain a constant core temperature in cold environments without
shivering, known as non-shivering thermogenesis (NST) (van Marken Lichtenbelt and Schrauwen
2011). Namely, instead of storing excess energy, BAT converts chemical energy into heat through
the process of thermogenesis (Himms-Hagen 1989). The sympathetic nervous system (SNS)
innervates both BAT and WAT, and BAT can be activated by environmental stimuli, including cold

temperatures and the digestion of food (Himms-Hagen 1984).
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1.1.3 Adipogenesis and lipolysis

Adipogenesis refers to the formation of adipocytes from mesenchymal stem cells (MSCs), which
involves determination and terminal differentiation (Rosen and MacDougald 2006). In the process
of adipogenesis, MSCs are committed to the adipogenic lineage, meanwhile losing their potential
to differentiate into chondrocytes, myocytes, or osteoblasts (Gregoire, Smas, and Sul 1998). The
terminal differentiation of adipocytes involves several transcription factors and morphological
changes. Adipogenic stimuli like 3-isobutyl-1-methylxanthine (IBMX) can induce the activation of
protein kinase A (PKA), which further phosphorylates the cyclic adenosine monophosphate
(cAMP) response element-binding protein (CREB) and subsequently results in a high expression
of CCAAT/enhancer-binding protein f (C/EBPB) (Petersen et al. 2008). Additionally, the
augmented expression of C/EBP can be stimulated by dexamethasone (Matsuno et al. 1996).
C/EBPf plays an important role in activating peroxisome proliferator-activated receptor-gamma
(PPARy) during the process of adipogenesis (Seale 2015). PPARYy influences adipocyte
differentiation, fatty acid-binding protein 4 (FABP4)/adipocytes protein 2 (AP2), and adiponectin
levels in plasma along with CCAAT/enhancer-binding protein a (C/EBPa) (Ahmadian et al. 2013;
Maeda et al. 2001; Rosen and MacDougald 2006).

As an important metabolic activity, lipolysis is regulated by several factors such as norepinephrine
(NE) and adenosine in AT (Hjemdahl and Linde 1983; Ahmadian, Wang, and Sul 2010). TG
released from lipid droplets is hydrolyzed to one molecule of glycerol and three molecules of free
fatty acids (FFA) by several lipases during lipolysis (Zimmermann et al. 2009). Specifically,
lipolysis is initiated by the activation of B-adrenergic receptors. Activated B-adrenergic receptors
couple to Gs protein resulting in adenylyl cyclase-dependent increases in cAMP (Steinberg and
Huttunen 1972). As a secondary messenger, cCAMP increases protein kinase A (PKA) activity,
which in turn activates both hormone-sensitive lipase (HSL) and perilipin 1 (PLIN1) through
phosphorylation. TG hydrolysis is performed in a sequential process by three lipases. In the first
step, the adipose triglyceride lipase (ATGL) enzyme activity is activated by the co-activator
comparative gene identification-58 (CGI58) (Lass et al. 2006). ATGL catalyzes the conversion of
TG into diglycerol (DG) and an FFA (Zimmermann et al. 2004). The activated HSL further
hydrolyzes DG into mono glycerol (MG) and an FFA (Vaughan, Berger, and Steinberg 1964). In
the last step, mono glycerol lipase (MGL) hydrolyzes MG to glycerol and an FFA (Figure 1).
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Figure 1. The mechanism of lipolysis in adipocytes via B-adrenergic receptors. Cited from Li and Sun, 2018. (X.
Li and Sun 2018).

1.1.4 Brown adipocyte activation: thermogenesis at the molecular

level

Uncoupling protein 1 (UCP1) is a unique protein in BA responsible for the process of
thermogenesis (Argyropoulos and Harper 2002). BAT receives the efferent signal from the SNS
via NE, which binds to Gs-coupled B3-adrenergic receptors (ADRB3) on the surface of BA. The
binding increases cAMP production in BA and activates the cAMP/PKA pathway. PKA
phosphorylates the transcription factor of CAMP response element-binding protein (CREB) to
upregulate the expression of Ucp7 in BA (Thonberg et al. 2002). Additionally, activated PKA can
also induce lipolysis (Fruhbeck et al. 2014). Long-chain acyl-CoA synthetases (ACSL) activate
FFA to acyl-CoA (Coleman, Lewin, and Muoio 2000). The acyl-CoA is transferred into the

mitochondria matrix, where the 3 -oxidation and the citric acid cycle (CAC) take place, through
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carnitine palmitoyltransferase (CPT1) (Brown et al. 1997). Subsequently, two reduced electron
carriers, Flavin adenine dinucleotide (FADH2) and Nicotinamide adenine dinucleotide (NADH),
are generated and oxidized within the electron transport chain (respiratory chain) (Cannon and
Nedergaard 2004). Protons are pumped out of the mitochondria and form the mitochondria proton
gradient (a proton-motive force). As a result, UCP1 within the inner mitochondrial membrane
transports protons from the inner membrane space back into the mitochondrial matrix, and the
mitochondria generate energy in the form of heat (Fedorenko, Lishko, and Kirichok 2012; Azzu
and Brand 2010; Nicholls 2006) (Figure 2).

IRTITRI R TR M g,

_ acyl-(?tgg

(B BHR R A AR BRI

< ol
perilipin

ZIIHH O]

T A T R 1

LTI il i
N

Figure 2. Thermogenesis at the molecular level in brown adipocytes. Cited from Cannon and Nedergaard, 2004.
(Cannon and Nedergaard 2004).

1.1.5 Browning and whitening of white adipose tissue

Mature inguinal white adipocytes (iWA) are well-known for energy storage and their large, single
droplets, but a distinct population of adipocytes, beige adipocytes, has been discovered (Petrovic
et al. 2010; J. Wu, Cohen, and Spiegelman 2013). According to its characteristics such as
multilocular lipid droplets and a high amount of mitochondria, beige adipocytes are another type
of thermogenic adipocyte (J. Wu et al. 2012). They sporadically exist in WAT (Garcia, Roemmich,
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and Claycombe 2016). Considering their thermogenic properties, beige adipocytes are intensively
studied to combat obesity (A. M. Singh et al. 2020; Shabalina et al. 2013). Beige adipocytes
express markers characteristic of brown adipocytes such as Ucp1, Ppargc1a, and Cell Death
Inducing DFFA Like Effector A (Cidea); in addition to those markers, some beige adipocyte-
specific genes, including tumor necrosis factor receptor superfamily 9 (Tnfrs9) and
transmembrane protein 26 (Tmem?26), are also expressed in murine beige adipocytes (J. Wu et
al. 2012; Shabalina et al. 2013). The browning of WAT is defined as the presence of beige
adipocytes in WAT, which can be induced by cold exposure and exogenous pharmaceuticals
such as rosiglitazone, a PPARy agonist (Rong et al. 2007), and CL-316243, an ADRB3 agonist
(Bartelt and Heeren 2014; Nedergaard and Cannon 2014). Fisher, F. M. et al. also reported that
peptide hormones such as fibroblast growth factor 21 (FGF21) regulate the browning of WAT.
The expression of Fgf21 increases in WAT after cold exposure or 3-adrenergic activation.
FGF21 plays an essential role in the recruitment of beige adipocytes through regulating and
stabilizing peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PPARGC1a)
protein (Fisher et al. 2012). Generally, the browning of WAT is an adaptive and reversible process,
in which beige adipocytes develop from WA (trans-differentiation) in response to external stimuli
or they develop from WA precursors residing within WAT (Seale et al. 2008; Bartelt and Heeren
2014). Nevertheless, inflammatory microenvironments and pro-inflammatory cytokines can impair

the beiging process in WAT and alter the plasticity of adipocytes (Villarroya et al. 2018).

Importantly, the beiging process is transient. The process when BA and beige adipocytes obtain
characteristics of WA is called “whitening”, which can be induced by several factors including
aging, obesity, high-fat diet (HFD), and high ambient temperature (Rosenwald et al. 2013;
Kotzbeck et al. 2018). The whitening of BAT is characterized by the accumulation of enlarged
lipid droplets in BA, loss of UCP1 expression, weakened B-adrenergic signaling, and hypoxia-
induced loss of vascularity in BAT (Shimizu and Walsh 2015).

1.1.6 Lipoprotein particles

Lipoprotein particles are complex particles that transport lipids like TG and cholesterol
(Richardson et al. 2005). Lipoprotein particles have a hydrophobic core mainly containing
cholesterol and TG. The hydrophobic core is enclosed by a hydrophilic membrane composed of
phospholipids, free cholesterol, and apolipoproteins (Feingold and Grunfeld 2000). Lipoprotein

particles can be characterized into several groups according to their diameters: high-density
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lipoproteins (HDL) (5 - 12 nm), low density-lipoproteins (LDL) (18 - 25 nm), very-low-density
lipoproteins (VLDL) (30 - 80 nm), and chylomicrons (75 - 1200 nm) (Feingold and Grunfeld 2000).

There are two lipoprotein metabolic pathways in the body: the exogenous pathway and the
endogenous pathway. The exogenous pathway initiates in the intestine, in which lipids are
incorporated into chylomicrons (Feingold and Grunfeld 2000; Briand et al. 2016, 1). Chylomicrons
transport TG obtained from the intestine to peripheral tissues like AT and skeletal muscle for
energy storage and utilization. Chylomicrons can also deliver cholesterol to the liver (Mansbach
and Siddiqi 2010). Lipoprotein lipase (LPL) is synthesized by the parenchymal cells in muscle and
AT and then transported to the surface of capillary endothelial cells by the shuttle protein
glycosylphosphatidylinositol-anchored high-density lipoprotein binding protein 1 (GPIHBP1)
(Adeyo et al. 2012; Olivecrona 2016). In AT, LPL hydrolyzes TG carried by chylomicrons, and
FFA liberated from TG hydrolysis are further transported to the adipocytes through fatty acid
transport proteins (FATPs) and CD36 (Figure 3) (Hoeke et al. 2016). After hydrolysis of TG,
chylomicron remnants decrease in size and can further transport cholesterol to hepatocytes for
the formulation of VLDL particles and bile acids (Dallinga-Thie et al. 2010).
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Figure 3. NE-activated brown adipocytes take up TRLs from the bloodstream. NE: norepinephrine, TRLs:
triglyceride-rich lipoproteins. Cited from Hoeke et al. 2016 (Hoeke et al. 2016).

27



Introduction

Endogenous lipoprotein production in the liver begins with the formation of VLDL. VLDL is
composed of hepatic cholesterol, TG, and apolipoprotein B, and it is synthesized in the liver to
transport fat from the liver to peripheral tissues including AT and skeletal muscle (Feingold and
Grunfeld 2000). As muscle and AT remove TG from VLDL, IDL particles are formed, which are
cholesterol-rich (Young and Zechner 2013; Feingold and Grunfeld 2000). Apolipoprotein B-100-
containing LDL delivers cholesterol to extrahepatic tissues and returns to the liver, whereas LDL
is cleared from the liver by LDL-mediated endocytosis (Goldstein and Brown 2009). HDL has the
smallest size among those four types of lipoproteins (Feingold and Grunfeld 2000). Apo, mainly
Apo A1 and Apo A2, are highly associated with HDL (Gordon et al. 2011; Tailleux et al. 2002;
Mahley et al. 1984). Surface-embedded Apo A1 activates lecithin-cholesterol acyltransferase
(LCAT) that catalyzes cholesterol esterification. As a result, cholesterol esters move from the
surface of HDL to its core, which generates HDL with a core of cholesterol esters (Ossoli et al.
2016). Furthermore, HDL also plays an important role in reverse transporting cholesterol from

peripheral tissues to the liver (Tall 1998).

1.1.7 G protein-coupled signaling pathways

G protein-coupled receptors (GPCRs) are the most investigated pharmacological targets, which
regulate biological processes in various tissues, including AT (Wettschureck and Offermanns
2005; Hauser et al. 2017). GPCRs are known as 7 transmembrane domain (7TM) receptors,
which are responsible for two main signal transduction pathways: the cAMP signal pathway and
the phosphatidylinositol 3-kinase pathway (Gilman 1987). The activity of GPCRs is well-regulated
(Magalhaes, Dunn, and Ferguson 2012). In general, G proteins are activated by GPCRs upon a
stimulus binding; in contrast, B-arrestin desensitizes G protein-mediated signaling via binding to
the cytoplasmic side of GPCRs and occluding the binding site for G proteins (Kang et al. 2015;
Cahill et al. 2017; Kumari et al. 2016). G proteins belong to a family of enzymes known as
GTPases, each heterotrimeric G protein contains three subunits: a-subunit, B-subunit, and y-
subunit (Radhika and Dhanasekaran 2001). When an agonist binds to GPCRs, the activation of
GPCRs facilitates guanosine diphosphate (GDP) to replace guanosine triphosphate (GTP) bound
to the a-subunit, which causes the conformational change that the a-subunit of G protein detaches
from - and y-subunits (Wall, Posner, and Sprang 1998). The Ga-GTP further activates an effector
protein adenylyl cyclase via binding (Simonds 1999). The - and y-subunits can also interact with

effector proteins (Birnbaumer 1992). In the absence of an agonist, the a-subunit hydrolyzes GTP
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to GDP. Subsequently, the a-subunit associates with the (- and y-subunits again and GPCR

becomes inactive (McCudden et al. 2005).

The a-subunit of the G protein can be further assigned into four main classes according to their
affinity for different effector proteins: Gs, Gi, Gq, and Gi2/13 (Neves, Ram, and lyengar 2002).
Adenylyl cyclase is the effector protein stimulated by the a-subunit of the Gs protein. Activation of
Adenylyl cyclase leads to an increase in cAMP signaling and activation of PKA, while the a-
subunit of Gi protein inhibits adenylyl cyclase. In contrast, the a-subunit of the Gq protein activates
phospholipase C (PLC), and the a-subunit of the Giz13 protein activates GTPase RhoA
(Dhanasekaran and Dermott 1996; Chen et al. 2005).

Likewise, the metabolic activities of adipocytes are regulated by GPCR signaling (Eisenstein and
Ravid 2014). Gs-coupled receptors including -adrenergic receptors stimulate cAMP and PKA
signaling in adipocytes leading to an increase in the expression of Ucp? and lipolysis. Conversely,
Gi-coupled signaling inhibits lipolysis in adipocytes via a-adrenergic receptors (Lafontan 1994;
Flechtner-Mors et al. 2002; Langberg et al. 2013).

1.1.8 Adrenergic receptors in adipose tissue

As GPCRs, adrenergic receptors are associated with several important signaling pathways in AT
(Sheila Collins 2012). There are five subtypes of adrenergic receptors: a1, a2, 1, 2, and B3-
adrenergic receptors. Catecholamines, including NE released by the SNS, bind to adrenergic
receptors (Moura et al. 2006). Nevertheless, the effect of adrenergic receptors is not always the
same. Generally, the a1-adrenergic receptors couple to the Gq protein which causes an increased
level of intracellular calcium (Flechtner-Mors et al. 2002). The a2-adrenergic receptors are Gi-
coupled receptors. The activation of a2-adrenergic receptors can inhibit adenylyl cyclase and
reduce cAMP levels (Langberg et al. 2013). A variety of tissues express a1-adrenergic receptors,
including the smooth muscle of the vascular system, cerebral cortex, and the rodent lung (Perez,
Piascik, and Graham 1991; Cotecchia et al. 1988; Y et al. 1994). In contrast, B-adrenergic
receptors are Gs-coupled receptors. The activation of B-adrenergic receptors increases
intracellular cAMP levels (Lafontan 1994). B-adrenergic receptors are also found in several
tissues: B1-adrenergic receptors (ADRB1) are most common in the heart; (2-adrenergic
receptors (ADRBZ2) are expressed in the lungs, kidneys, and blood vessels as well as the heart;
ADRB3 localizes predominantly in urinary bladder smooth muscles and AT (Madamanchi 2007;
Xiao 2001; Yamaguchi and Chapple 2007).
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The expressions of adrenergic receptors in adipocytes are compared between rodents and
humans (Figure 4). In BAT, ADRB3 plays an important role in the regulation of thermogenic
signaling (Mund and Frishman 2013). ADRB3 is expressed abundantly on the surface of BA in
both rodents and humans (Barbatelli et al. 2010; Cero et al. 2021). By activating ADRB3, G
proteins stimulate the activity of adenylyl cyclase, leading to an increase in UCP1 expression and
thermogenesis (J. R. Arch and Wilson 1996; Hanoune and Defer 2001). ADRB1 is mainly present
in brown pre-adipocytes (pre-BA) (Bronnikov et al. 1999). ADRB2 is expressed in human BA and
might also be involved in thermogenesis (Blondin et al. 2020). In WAT, the expression of ADRB3
was also discovered (Revelli et al. 1993). Grujic and Susulic, et al. reported that the activation of
ADRB3 on WA was associated with increased energy expenditure and insulin level (Gruijic et al.
1997).
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Figure 4. Different adrenergic receptor expressions in human and rodent adipose tissue. Cited from Evans et al.

2019 (Evans et al. 2019).
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1.1.9 A B3-adrenergic receptor agonist: Mirabegron

Mirabegron (MIR) is an approved medication intended for the treatment of overactive bladder
(OAB) in the United States, Japan, the European Union, and Canada (Leone Roberti Maggiore
et al. 2014). The chemical structure of MIR is shown in Figure 5 (Sacco et al. 2014). It is a lipophilic
ligand and shows a higher binding affinity to ADRB3 than any other class of (-adrenergic
receptors (Takasu et al. 2007). To treat OAB patients, MIR is well tolerated and can effectively
relax bladder smooth muscle (Nitti et al. 2013). However, chronic oral administration of MIR at a
high dose can induce side effects such as high blood pressure, urinary tract infections,
constipation, irregular heart rates, as well as cardiovascular problems (Pouleur et al. 2018; Loh
et al. 2019; Bel et al. 2021; Sacco and Bientinesi 2012; Malik et al. 2012).

Several pathways are involved in the biotransformation of MIR, including dealkylation, oxidation,
glucuronidation, and amide hydrolysis. Some studies indicated that cytochrome (CYP) P450
including both CYP3A4 and CYP2D6 plays an essential role in MIR oxidation (Takusagawa et al.
2012). In addition to CYPs, butyrylcholinesterase, glucuronosyltransferase (UGT), and alcohol
dehydrogenase (ADH) are involved in MIR metabolism as well (Sacco and Bientinesi 2012). The

half-life of MIR is approximately 23-25 hours after oral administration in humans (Eltink et al. 2012).

ADRB3 is found in many tissues including the heart, urinary bladder, gastrointestinal tract,
prostate, brain, and AT (Berkowitz et al. 1995). Recently, it has been reported that subcutaneous
AT of obese patients showed an increased level of Ucp1 expression and uncoupled respiration
after 10-week oral administration of MIR (50 mg/day) (Finlin et al. 2018). Several studies further
revealed that individuals treated with 200 mg/day of MIR for 12 weeks had a higher BAT metabolic
activity in comparison to those on a placebo (Cypess et al. 2009). Based on these published
studies, MIR has the potential to combat obesity by browning WAT and activating BAT. However,
MIR remains unapproved for the treatment of obesity due to its poor oral bioavailability (Cypess
et al. 2009; J. R. S. Arch 2011). In light of this, the development of novel drug delivery systems
that reduce MIR-induced side-effects could make substantial progress toward the treatment of
obesity.
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Figure 5. Chemical structure of mirabegron. Cited from Sacco et al. 2014 (Sacco et al. 2014).

1.1.10 A Gq signaling inhibitor: FR900359 (FR)

FR9O00359 (FR), commercially known as UBO-QIC, is a selective Gqg/11 signaling inhibitor
(Schrage et al. 2015), which was initially identified from the leaves of the ornamental plant Ardisia
crenata by Fujioka et al. in 1988 (Fujioka et al. 1988). The chemical structure of FR900359 is
shown in Figure 6 (Schrage et al. 2015). Previously, numerous studies have reported that Gq
signaling plays an important role in many biological functions, including the development of the
heart during embryonic growth, airway smooth muscle contraction, and platelet activation (S
Offermanns et al. 1998; Billington and Penn 2003; Stefan Offermanns 2006). Importantly, Klepac
et al. recently revealed that the endothelin-1/Gq (ET-1/Gq) signaling can activate the downstream
Rho/Rho kinase (ROCK) pathway and inhibit BA differentiation and WA beiging (Klepac et al.
2016). Due to high systolic blood pressure (SBP) causing hypotension with systemic
administration of FR, a locally targeted delivery might be more effective for maximizing FR's
therapeutic efficacy (A. P. Campbell and Smrcka 2018; Meleka et al. 2019). Thus, inhibition of Gq
signaling in adipocytes using an appropriate targeted delivery system might be potentially utilized

to treat obesity.
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Figure 6. Chemical structure of FR900359. Cited from Schrage et al. 2015 (Schrage et al. 2015).

1.1.11 Thyroid hormones and thyroid hormone activities in adipose

tissue

1.1.11.1 Thyroid hormone

Thyroid hormones regulate metabolisms in several tissues including the liver, bone, heart, and
AT (A. C. Bianco and Silva 1987a). In general, the hypothalamus releases the thyrotropin-
releasing hormone (TRH), which stimulates the pituitary gland to secrete the pituitary glycoprotein
thyroid-stimulating hormone (TSH). TSH, in turn, controls thyroid hormone release (Menezes-
Ferreira, Petrick, and Weintraub 1986). Increased concentration of thyroid hormone in the
bloodstream inhibits the secretion of TSH from the pituitary gland, resulting in a negative feedback
mechanism (Snyder and Utiger 1972).

Thyroxine (T4) and triiodothyronine (T3) are the two forms of thyroid hormones produced by the
thyroid gland. They bind to thyroid hormone receptors (TRs) (Flamant et al. 2006). The affinity of
T3 for TRs in target organs is 10 times greater than T4, thus, T3 is known as the active form
(Samuels and Tsai 1974). In addition, the plasma elimination t1, for T3 is about 1 day, while T4’s
plasma elimination is 7.5 days (Nicoloff et al. 1972). The concentrations of thyroid hormones in
tissues are regulated coordinately by type 1 to 3 iodothyronine deiodinases (Dio1, Dio2, and Dio3).
Dio1 and Dio2 catalyze T4 to T3. In contrast, Dio3 inactivates T3 to 3,3'-diiodothyronine and
protects tissues from excessive T3 (Wassen et al. 2004). Under normal conditions, Dio1 is mainly

expressed in the liver, thyroid, pituitary, and kidney to produce circulating T3 (Kéhrle 1999). Dio2
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is expressed in the anterior pituitary, the central nervous system, skin, and murine BAT (Silva,
Dick, and Larsen 1978; A. C. Bianco and Silva 1987b). Dio3 can be found in the brain, skin,
pregnant uterus, and placenta, as well as during the early stages of BAT development and BA

adipogenesis, but Dio3 activity can barely be detected in BA (Hall et al. 2010; Tu et al. 1997).

1.1.11.2 Thyroid hormone-related activities in the liver and adipose

tissue

Thyroid hormones are essential for the regulation of metabolic processes in the liver such as
hepatic FA uptake, hepatic lipogenesis, hepatic lipolysis, B-oxidation, cholesterol homeostasis,
bile acid synthesis, and gluconeogenesis (Sinha, Singh, and Yen 2014). As shown in Figure 7, in
response to T3, the expressions of several genes involved in the above-mentioned processes are
increased. For hepatic lipogenesis, the expressions of acetyl-CoA carboxylase 1 (ACC7), malic
enzyme 1 (Meft), spot14 (S714), fatty acid synthase (FAS), liver X receptor (LXR), and
carbohydrate-responsive element-binding protein (ChREBP) are upregulated after receiving T3
(Kinlaw et al. 1995; Moustaid and Sul 1991; Sinha, Singh, and Yen 2014). T3 can also positively
regulate hepatic genes such as Cpt1, sirtuin 1 (SirT1), Ppargci1a, and Fgf21 (Thakran et al. 2013;
Chang and Guarente 2014; Adams et al. 2010). In addition, FA uptake via FA translocase (CD36)
and cholesterol uptake via low-density lipoprotein receptor (Ldlr) both are upregulated by T3 in
the liver (Sinha, Singh, and Yen 2014).
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Figure 7. The effects of T3 in the liver. Cited from Sinha, Singh, and Yen, 2014 (Sinha, Singh, and Yen 2014).

In AT, several processes such as adipocyte differentiation, lipogenesis, lipolysis, glucose
metabolism, and thermogenesis are significantly affected by T3 (Oppenheimer et al. 1991; Yau
et al. 2019). T3 plays an important role in maintaining body temperature and thermogenesis.
Bianco and Silva demonstrated that mice with hypothyroid died after a few hours of cold exposure
due to hypothermia and insufficient BAT thermogenesis (A. C. Bianco and Silva 1987a). In BAT,
the intracellular T3 level is upregulated by the activation of Dio2 (Gereben et al. 2008). As a result,
the activation of the thyroid hormone receptors (TRs) by intracellular T3 further upregulates the
transcription of Ucp1 (Cioffi et al. 2018).

Interestingly, there are two isoforms of TR in AT: TRa and TRB (Mishra et al. 2010). The TR
isoform is associated with the transcriptional induction of UCP1 and heat dissipation in BA, while
the TRa isoform is required for the synergistic cold-induced (-adrenergic effects (Ribeiro et al.
2001). Moreover, the TRa isoform is known to be responsible for most side effects associated
with T3 systemic treatments, including tachycardia, fatigue, and muscle catabolism (Saponaro et
al. 2020). Therefore, the systemic administration of T3 is not highly recommended, and several
attempts have been made to target the TR isoform specifically (Johansson, Vennstrom, and
Thorén 1998; Villicev et al. 2007). Recently, a selective TR agonist GC-1 has been reported and

applied in rats showing promising effects on fat mass reduction (Villicev et al. 2007). However,
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side effects of GC-1 in other tissues are yet to be investigated and are inevitable (Manzano et al.
2003).

Utilizing a well-studied and marketed drug T3 would be less risky and more beneficial than using
a new compound GC-1 in the treatment of obesity as long as the administration of T3 is targeted.
The effects of T3 on BA via the TR isoform are shown in Figure 8. T3 interacts with TRB1 and
forms a TRB1-RXR (retinoid X receptor) heterodimer, which subsequently binds to DNA in the
nucleus and increases transcription of Ucp7 and Ucp3. An increase in UCP3 protein concentration
allows more FFA to be transported into mitochondria as fuel, and UCP1 proteins contribute to

producing heat (Tsibulnikov et al. 2020).
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Figure 8. The function of T3 in brown adipocytes. Cited from Tsibulnikov et al. 2020 (Tsibulnikov et al. 2020).
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1.2 Poly (lactic-co-glycolic acid) polymer-based delivery system

1.2.1 Intrinsic properties of PLGA copolymers

PLGA was approved by the United States Food and Drug Administration (FDA) in the 1970s as
a biodegradable material, which is widely used in drug delivery and nanomedicine due to its
excellent biocompatibility, low toxicity, and controlled bio-distribution (Agrahari, Agrahari, and
Mitra 2016). Not only proteins and DNA, but a wide range of small molecular drugs (both
hydrophilic and hydrophobic) such as paclitaxel, docetaxel, doxorubicin, cisplatin, and curcumin

can be encapsulated in PLGA particles (Dinarvand et al. 2011).

PLGA is a linear copolymer composed of both polylactic acid (PLA) and polyglycolic acid (PGA),
which is synthesized through direct polycondensation of lactic acids and glycolic acids (H.-R. Lin
et al. 2002). Since PLA contains an asymmetric a-carbon, it has two forms in stereochemistry: L-
type and D-type (Makadia and Siegel 2011). D-lactic acids and L-lactic acids generate poly D-
lactic acids (PDLA) and poly L-lactic acids (PLLA) respectively (Pavlov et al. 2015). In contrast,
poly D, L-lactic-co-glycolic acid copolymers possessing an equal ratio of poly D- and L- lactic
forms are amorphous, whereas PLGA copolymers synthesized only from L-lactic acids are
crystalline (Jain 2000). Additionally, the content of lactic acid also plays an important role in PLGA
solubility. Amorphous PLGA copolymers containing less than 70% of lactic acid are ideal for drug

delivery applications (Jain 2000).

PLGA is soluble in several solvents, including acetone and ethyl acetate (EA), as well as
chlorinated organic solvents such as dichloromethane (DCM) and chloroform (Makadia and
Siegel 2011; X. S. Wu and Wang 2001). However, PLGA is insoluble in methanol. The
biodegradation rate of PLGA also depends on its content of lactic acid (Casalini et al. 2019). The
hydrophobic nature of lactic acid results in PLGA copolymers with a high ratio of lactic acid
absorbing less water (Schliecker et al. 2003). Hydrophobicity leads to slower biodegradation of
PLGA copolymers (Casalini et al. 2019). PLGA copolymers containing a 50:50 ratio of lactic acid
to glycolic acid are the most frequently used type of PLGA in the field of nanomedicine, and it
degrades more rapidly (1 - 2 weeks in vivo in humans) than other types of PLGA with higher ratios
of lactic acid to glycolic acid (Gentile et al. 2014). Additionally, PLGA 50:50 polymer substrates
begin to change from a rigid glassy state to a soft state at a temperature in the range of 40 to
60°C, known as a glass transition temperature. PLGA copolymers with high molecular weight and

high lactic acid content have a higher PLGA transition temperature (LU et al. 2009).
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1.2.2 Biodegradation mechanism of PLGA microparticles as drug

delivery carriers

Microparticles are defined as particles with a diameter smaller than 300 um, ideally between 50
and 100 um, which can be used for subcutaneous administration with acceptable pain and
discomfort (Kissel et al. 1991; Jain 2000). Except for the intrinsic properties of PLGA copolymers
mentioned above (hydrophobicity and crystallinity), the biodegradation of PLGA is affected by
several factors, including compound molecular weight, preparation methods, pH, temperature,
and application sites (Casalini et al. 2019). Those factors are associated with the mechanism and

the rate of drug release (Jain 2000).

As shown in Figure 9, the degradation mechanisms of pharmaceuticals encapsulated in PLGA
microparticles include bulk erosion and surface erosion (Panyam et al. 2003). Bulk erosion, the
main degradation mechanism for PLGA patrticles, occurs when ester bonds in the copolymer are
hydrolyzed in water by random scission into lactic acids and glycolic acids (X. S. Wu and Wang
2001; Dinarvand et al. 2011). The initial hydrolysis of PLGA leads to a significant decrease in
molecular weight. Subsequently, soluble monomers (lactic acids and glycolic acids) are then
generated by hydrolysis of the ester linkage (Figure 10). The monomers are eventually

metabolized into carbon dioxide and water by the Krebs cycle in vivo (LU et al. 2009; Jain 2000).

Figure 9. Degradation of drug-loaded PLGA particles. (A) bulk erosion, (B) surface erosion. PLGA: poly (lactic-co-
glycolic acid). Cited from Dinarvand et al, 2011 (Dinarvand et al. 2011).
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Figure 10. Degradation of PLGA to lactic acid and glycolic acid. PLGA: poly (lactic-co-glycolic acid).

1.3 Artificial triglyceride-rich lipoproteins uptake in adipose tissue

Triglyceride-rich lipoproteins (TRLs), also known as chylomicrons or ultra-low-density lipoproteins
(ULDL), play an important role in transporting dietary lipids between the gut and peripheral tissues.
TRLs range in diameter from 100 to 1000 nm (Casley-Smith 1962). Recently, TRLs have been
used as a tool for investigating nutrient uptake, lipid metabolism, diagnostics, and immunotherapy
in several studies (Bartelt et al. 2011; Mulder et al. 2018; Berbée et al. 2015). Lipoprotein lipase
at the endothelium mediates the uptake of TRLs into peripheral tissues like muscle tissues and
AT, which is followed by the import of FFA (Dominiczak and Caslake 2011; Goudriaan et al. 2005).
Additionally, peripheral tissues can take up the whole TRLs by internalization and transcytosis
through the endothelium (Bartelt et al. 2011).

Bartelt and Berbee et al. reported that BAT is the main site to clear postprandial TG via local LPL
activity after cold exposure (Bartelt et al. 2011; Berbée et al. 2015; Goudriaan et al. 2005). BAT
shows an increasing demand for energy substrates such as glucose and FFA during the process
of thermogenesis (Carpentier et al. 2018). Interestingly, lipid uptake could potentially be an
indicator of BAT activity, thus, using TRLs might be a new method to deliver active pharmaceutical
ingredients (APIs) to target tissues (Schilperoort et al. 2016; Hildebrand et al. 2021). Furthermore,
it has been shown that artificial chylomicrons (ACM) containing phosphatidylcholine, TG, and
cholesterol were prepared as carriers to encapsulate magnetic nanoparticles (MNP) and deliver
MNP to AT. Magnetic particle imaging (MPI) has been further used to trace MNP in BAT
(Hildebrand et al. 2021).
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2 Aim of the thesis

MIR and thyroid hormones are approved medications as standard treatments or guidelines for
treating overactive bladder and hypothyroidism, respectively (Nitti et al. 2013; Wiersinga et al.
2012). It is recently discovered that MIR and T3 both have promising therapeutic effects on WA
beiging and BA activation as potential anti-obesity agents (O’Mara et al. 2020; Krotkiewski 2000).
Paradoxically, chronic conventional oral administration of MIR and T3 at a supra-therapeutic dose
can result in undesirable side effects (J. R. S. Arch 2011; Sacco and Bientinesi 2012; Vargas-
Uricoechea, Bonelo-Perdomo, and Sierra-Torres 2014). Therefore, this thesis investigates and

addresses the following issues:

How to develop and optimize PLGA-microparticles loaded with MIR as a controlled release

system?

e Can MIR-loaded PLGA microparticles (MIR-MPs) induce therapeutic effects against
obesity?

e How to develop TRLs as carriers to encapsulate T3 and deliver T3 to the targeted tissue?

e Can T3-TRLs induce therapeutic effects against obesity?

To answer these questions, this thesis is divided into two parts. The first part aims to develop
MIR-MPs and investigate the effects of MIR-MPs on stimulating BA/BAT and beiging iWA/IWAT.
Additionally, explanted human AT was also included to verify whether the therapeutic effects of
MIR-MPs on murine AT can be transferred to human AT. The second part of this thesis is
dedicated to establishing and characterizing T3-TRLs, in order to deliver T3 to the targeted tissue
BAT. Using such pharmaceutical technologies might provide novel methods to treat obese

patients with two promising anti-obesity agents (MIR and T3).
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3 Materials and methods

3.1 Common materials and equipment

e Acetic acid (Carl Roth, Cat. No. KK62)

o Autoclave, Varioklav 135 T (Faust)

o Centrifuge (Eppendorf, Cat. No. 5415R)

e Centrifuge (Sigma Aldrich, Cat. No. Z606235)

¢ Centrifuge, Biofuge Primo, Heraeus (Hanau)

e Chloroform (Carl Roth, Cat. No. Y015)

o Collagenase, Type Il (Worthington, Cat. No. CLS2)

e Conical tubes, 15 ml and 50 ml volume (Sarstedt, Cat. No. 62.554.502, 62.547.254)

e Countess Automated Cell Counter (Invitrogen, Cat. No. C10227)

o Cryogenic vials (Sarstedt, Cat. No. 72.379.992)

o EnSpire Multimode Plate Reader (Perkin Elmer)

e Ethanol (EtOH) (Carl Roth, Cat. No. 9065)

e Ethylenediaminetetraacetic acid, EDTA (Carl Roth, Cat. No. 8040)

¢ Incubator, HeraCell 150, Heraeus, (Hanau)

e Isopropanol (Carl Roth, Cat. No. AE73)

e Laminar air flow, HeraSafe, Heraeus (Hanau)

¢ Methanol (Cat. No. 0082, Carl Roth)

e Microscope (LEICA DMIL, Leica Microsystems GmbH, Wetzlar)

e NaCl 0.9% saline solution (B. Braun)

¢ NanoDrop 2000 UV-Vis Spectrophotometer (NanoDrop® Technologies, Thermo Scientific)

¢ Nylon meshes (Millipore, Cat. No. NY3002500, NY1H00010)

e QOil Red O (Sigma Aldrich, Cat. No. 00625)

o Paraformaldehyde (PFA) (Carl Roth, Cat. No. 0964)

e Potassium hydroxide, KOH (Carl Roth, Cat. No. 7986)

e Reaction tube PP 1.5 mL (Sarstedt, Cat. No. 72706)

¢ Real-time PCR machine, HT7900 (Applied Biosystems)

e Serological pipettes 5 ml, 10 ml, 25 ml (Sarstedt, Cat. No. 86.1253.001, 86.1254.001,
86.1685.001)

e Sodium chloride, NaCl (Carl Roth, Cat. No. 3953)
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¢ SpeedVac Concentrator, 5301 (Eppendorf)

e Syringe filter 0.22 ym (VWR, Cat. No. 514-0061)

e T175 TC flasks (Sarstedt, Cat. No. 83.3912.002)

e Thermomixer comfort (Eppendorf, Cat. No. 2050-120-04)
e Tris-HCI (Carl Roth, Cat. No. 9090)

e Triton X100 (Carl Roth, Cat. No. 3051)

e Xylol (Carl Roth, Cat. No. 9713)

3.2 Cell culture and isolation of adipocytes

3.2.1 Materials and equipment

e 10 cm TC dishes (Greiner, Cat. No. 664160)

e 10 cm tissue culture (TC) dishes, Standard (Sarstedt, Cat. No. 83.3902)

o 12-well TC plates (Greiner, Cat. No. 662160)

o 12-well TPP plates (TPP Techno Plastic Products AG, Cat. No. 92012)

o 3,3',5-Triiodo-L-thyronine sodium salt (T3; Sigma-Aldrich, Cat. No. T6397)

o 3-Isobutyl-1-methylxanthine (IBMX; Sigma-Aldrich, Cat. No. 15879)

e Dexamethasone (Sigma-Aldrich, Cat. No. D4902)

¢ Dimethyl sulfoxide (DMSO; Roth, Cat. No. A994)

e DMEM, high glucose, GlutaMAX(™), pyruvate (Gibco, Cat. No. 31966)

e Dulbecco’s Modified Eagle Medium (DMEM), high glucose, GlutaMAX(™) (Gibco, Cat. No.
31965)

o Fetal Bovine Serum (FBS; Biochrom, Cat. No. S0015)

e Glutamine (Lonza, Cat. No. 17-605E)

o HEPES buffer (1M) in Normal Saline (HEPES; Lonza, Cat. No. BE-17-737E)

¢ Insulin solution human (Insulin; Sigma-Aldrich, Cat. No, 19278)

e Penicillin/streptomycin (P/S; Merck, Cat. No. A2213)

¢ Rosiglitazone (Sigma-Aldrich, Cat. No. R2408)

e Trypan Blue Stain (Gibco, Cat. No. 15250)

o Trypsin-ethylenediaminetetraacetic acid (Trypsin-EDTA) (0.05 %), phenol red (Trypsin;
Gibco, Cat. No. 25300054)
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3.2.2 Isolation and immortalization of BAT-derived mesenchymal stem
cells (MSCs)

BAT-derived MSCs were isolated from newborns of wild-type (WT) C57BL/6J mice. Freshly
isolated interscapular BAT was chopped into small pieces and digested in BAT digestion medium
at 37°C for 30 min in a shaking water bath. The digested tissue was then filtered using a 100 pym
nylon mesh and incubated on ice for 30 min. The middle phase containing BAT-derived MSCs
was collected using a syringe and filtered again with a 30 ym nylon mesh. MSCs were further
centrifuged down at 700 gravity (x g) for 10 min and re-suspended in 2 ml of BA primary cell
culture medium. Isolated cells were seeded on a 6-well TC plate and cultured at 37°C, 5% CO;
for 24h.

After one day of cell culture, each well of preadipocytes was immortalized using lentivirus
containing the Simian Virus 40 (SV40) large T-antigen. Each well was filled with 800 pl of BA
growth medium containing 200 ng of the virus. The BA growth medium was filled up to 2 ml the

next day. The BA growth medium was replenished every other day.

BAT digestion medium

CaCl; 1.3 mM
Glucose 5mM
HEPES 100 mM
KCI 5mM
NacCl 123 mM
BSA 1.5% (w/v)
Collagenase Il 2 mg/ml

All substances were dissolved in H.O. The pH of the medium was adjusted to 7.4 and sterile-
filtered. BSA and Collagenase Il were added freshly and sterile filtered before use.

BA primary cell culture medium

FBS 10%
HEPES 10 mM
Insulin 4 nM
P/S 1%
Sodium ascorbate 25 pg/ml
Triiodothyronine 4 nM

All substances were dissolved in DMEM, high glucose, and GlutaMAX(™) (Gibco, Cat. No.
61965)
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BA growth medium

FBS 10%
P/S 1%

All substances were added in DMEM, high glucose, and GlutaMAX (™) (Gibco, Cat. No.
61965).

3.2.3 Isolation of WAT-derived mesenchymal stem cells (MSCs)

WAT-derived MSCs were isolated from iIWAT of 8-to-12-week-old WT C57BL/6J mice. Freshly
isolated iIWAT was chopped into small pieces and digested in the WAT digestion medium at 37°C
for 30 min. Samples were shaken vigorously every 5 min during the digestion period. Cells were
stood for 10 min at room temperature. The upper layer of fat was aspirated carefully, and cells
were then filtered through a 100 um nylon mesh. After filtration, cells were centrifuged at 1000
revolutions per minute (RPM) for 10 min. The pellet was re-suspended in 1 ml of WA growth

medium. Isolated cells were seeded and cultured in a T175 TC flask at 37°C and 5% CO; for

expansion.
WAT digestion medium
BSA (fatty acid free) 0.625% (w/v)
Collagenase Il 0.4% (w/v)

All substances were dissolved in DMEM, high glucose, GlutaMAX(™), and pyruvate (Gibco,
Cat. No. 31966). WAT digestion medium should be prepared freshly and sterile filtered before
use.

WA growth medium

FBS 10%
P/S 1%

All substances were added to DMEM, high glucose, GlutaMAX(™), and pyruvate (Gibco, Cat.
No. 31966). iIWA growth medium was stored at 4°C.

3.2.4 Differentiation of adipocytes

3.2.4.1 Differentiation of brown adipocytes

Pre-adipocytes were seeded (day -4) in a density of 1 million cells per plate on a 6-well plate or a
12-well plate in BA growth medium and incubated at 37°C, 5% CO.. Two days after seeding the

cells (day -2), the BA growth medium was replaced with the BA differentiation medium. Following
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incubation in BA differentiation medium for 2 days, BA adipogenesis was induced by induction
medium at day 0. As of day 2, cells were maintained in the BA differentiation medium, which was

replenished every other day until day 7.

BA differentiation medium

FBS 10%
P/S 1%
Insulin 1 nM
Triiodothyronine 20 nM

All substances were added in DMEM, high glucose, and GlutaMAX (™) (Gibco, Cat. No.
61965).

BA induction medium

FBS 10%
P/S 1%
Insulin 1nM
T3 20 nM
Dexamethasone 1uM
IBMX 0.5 mM

All substances were added in DMEM, high glucose, and GlutaMAX (™) (Gibco, Cat. No.
61965).

3.2.4.2 Differentiation of white adipocytes

Cells were seeded in WA growth medium, which was replenished every other day until confluence
was achieved. After reaching confluence (day 0), cells were induced with the WA induction
medium. After 2 days of induction, cells were maintained in the WA maintenance medium for the

next 10 days (from day 2 to day 12). The maintenance medium was replenished every other day.
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WA induction medium

FBS 5%

P/S 1%
Insulin 0.172 uM
Dexamethasone 1uM
IBMX 0.5 mM
T3 1nM
D-biotin 1mM
Pantothenate 17 mM
L-ascorbate 50 mg/ml
Rosiglitazone 1uM

All substances were added to DMEM, high glucose, GlutaMAX (™), and pyruvate (Gibco, Cat.
No. 31966). WA induction medium was freshly prepared before use.

WA maintenance medium

FBS 5%

P/S 1%
Insulin 0.172 yM
T3 1nM
D-biotin 1mM
Pantothenate 17 mM
L-ascorbate 50 mg/ml

All substances were added to DMEM, high glucose, GlutaMAX (™), and pyruvate (Gibco, Cat.
No. 31966). WA maintenance medium was freshly prepared before use.

3.3 Nucleic acid methods

3.3.1 Materials and equipment

Diethyl pyrocarbonate, DEPC (Carl Roth, Cat. No. K028.1)

InnuSOLV RNA Reagent (Analytik Jena AG, Cat. No. 845-SB-2090100)

ProtoScript Il First Strand cDNA Synthesis Kit (New England Biolabs, Cat. No. E6560S)
SYBR-Green PCR master mix (Applied Biosystems, Cat. No. 4309155)

3.3.2 RNA isolation

RNA isolation from cells and tissues in this thesis was performed following the acid guanidinium
thiocyanate-phenol-chloroform extraction protocol using InnuSOLV RNA Reagent. To isolate

MRNA from cell samples, 1 ml of pre-cooled InnuSOLV RNA Reagent was added to the cells
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followed by adding 200 ul of chloroform. A vigorous shake was performed on the samples, and
samples were kept at room temperature for 5 min. Following centrifugation at 13000 RPM for 25
min at 4°C, the upper aqueous phase was transferred to new RNAase-free reaction tubes. The
samples were added 500 ul of isopropanol and then centrifuged at 13000 RPM for 10 min at 4°C
to precipitate RNA. After centrifugation, the supernatant was discarded, and RNA pellets were
washed three times with 1 ml of pre-cold 75% EtOH (in diethylpyrocarbonate-water, DEPC-H-0).
RNA samples were collected by centrifugation at 13000 RPM at 4°C for 5 min during each
washing step. After drying, the RNA pellets were then incubated at 55°C for 10 min with agitation

in nuclease-free water and stored at -80°C for further use.

The RNA isolation method for tissues with high lipid content was optimized. 80 - 90 mg of tissue
was homogenized in 1 ml pre-cold InnuSOLV RNA Reagent. The homogenized samples were
kept at room temperature for 5 min before being centrifuged at 13000 RPM for 10 min at 4°C. The
INnuSOLV RNA Reagent from each sample was carefully transferred to a new RNAase-free
reaction tube without transferring the lipid monolayer. For each sample, 300 ul of chloroform was
added to InnuSOLV RNA Reagent. The samples were vigorously shaken and kept at room
temperature for 3 min. After centrifuging the samples at 13000 RPM for 15 min at 4°C, the upper
aqueous phase was transferred to new RNAase-free reaction tubes. The purified aqueous phase
that contains RNA was obtained by repeating those steps twice. For RNA precipitation, each
sample was subsequently added 500 ul isopropanol and centrifuged at 13000 RPM for 10 min at
4°C. Following centrifugation, the supernatant was discarded, and the RNA pellets were washed
three times in 1 ml of pre-cold 75% EtOH (DEPC-H,0). During each washing step, RNA samples
were collected by centrifugation at 13000 RPM for 5 min at 4°C. The RNA pellets were then
incubated at 55°C for 10 min with agitation in nuclease-free water after drying and stored at -80°C
for further use. The concentration and quality of RNA samples were measured using NanoDrop
2000 UV-Vis Spectrophotometer.

3.3.3 Complementary DNA (cDNA) synthesis

According to the manufacturer’s instructions, up to 1 ug of RNA was used to synthesize cDNA
using a First Strand cDNA Synthesis Kit. The PCR program for cDNA synthesis was designed as
followed: 5 min incubation at 25°C before the incubation at 42°C for 1h. By incubating samples at

80°C for 5 min, the enzyme was inactivated. cDNA samples were stored at -20°C.
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3.3.4 Real-time quantitative PCR (RT-qPCR)

The quantitative polymerase chain reaction (QPCR) was performed using the HT7900 instrument
(Applied Biosystems) or Step One Plus Thermocycler instrument. Fluorescent dyes SYBR-Green
PCT master mix (Applied Biosystems) and gPCR program (Table 1) were utilized in this study.
mRNA quantification was performed according to the crossing point values of the amplification
curves using the comparative Cr method (222¢r method) (Schmittgen and Livak 2008). The
expression of murine Hprt (Hypoxanthine-guanine phosphoribosyltransferase) or human Rp/13a

was used as an internal control for murine samples and human samples, respectively. Primer

sequences for target genes are listed in Table 2.

Table 1. gPCR Program

Step Temperature (°C) Time (s)
1 95 600
2 95 15
3 60 60
Step 2 and step 3 were cycled 40 times.
Melting curve:
4 95 1
5 65 15
6 95 N/A
Table 2. qPCR primer sequences
Name Species Primer sequence (5’ - 3’)
Ucp1 Murine Forward TAAGCCGGCTGAGATCTTGT
Reverse GGCCTCTACGACTCAGTC
Ucp2 Murine Forward CGGTCCGGACACAATAGTATGA
Reverse GAAAATGGCTGGGAGACGAA
Ucp3 Murine Forward CCTGTTTACTGACAACTTCCCC
Reverse AGCGTTCATGTATCGGGTCT
Ppary Murine Forward AGCCTCATGAAGAGCCTTCCA
Reverse TCCGGAAGAAACCCTTGCA
Fabp4 Murine Forward TGTGCAGAAATGGGATGGAAA
Reverse CAACGTCCCTTGGCTTATGCT
Ppargcia Murine Forward CCCTGCCATTGTTAAGAC
Reverse GCTGCTGTTCCTGTTTTC
Dio2 Murine Forward GCGATGGCAAAGATAGGTGA
Reverse GAATGGAGCTGGGTGTAGCA
Cidea Murine Forward GTCAAAGCCACGATGTACGAGAT
Reverse CGTCATCTGTGCAGCATAGGA
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Prdm16 Murine Forward TGTGCGAAGGTGTCCAAACT
Reverse CAACGTCACCGTCACTTTTGG
Cptla Murine Forward GGACTCCGCTCGCTCATT
Reverse TCAGGGGTGACTGTGAACTG
Dgat Murine Forward CGACGGCTACTGGGATCTG
Reverse CTCAGGATCAGAATCACCACA
Lipc Murine Forward ACTGACCTGCACTCAGAGAA
Reverse TGTCTAGAAGGTAAAGGCTGC
Ldir Murine Forward AATCGACTCACGGGTTCAGA
Reverse CAGTGTCGACTTCTCTAGGCT
Spot14 Murine Forward TTCTGAAGATCGCTTTACACG
Reverse GATGCACTCAGAGGGAGACG
Me1 Murine Forward ACCCGCATCTCAACAAGGA
Reverse GGCGGCAACAATCCATGA
Dio1 Murine Forward GCAGGATCTGCTACAAGGGTA
Reverse CTTTTCCAGGACAGCTCGGA
Srebp2 Murine Forward CAAGCTGGGCGATGGATG
Reverse CTGTAGCATCTCGTCGATGTC
Cyp7a1i Murine Forward TACCTGCAAACTGATGGGGA
Reverse CCAAATGCCTTCGCAGAAGTA
Dio2 Murine Forward CAAACAGGTTAAACTGGGTGA
Reverse GTCAAGAAGGTGGCATTCGG
Lipc Murine Forward TGCAAGCTCAAAGCAGGGAT
Reverse TCTAGAAGGTAAAGGCTGCTG
Scarb1 Murine Forward TCCCAGGATAAGGAGGCCAT
Reverse TGTCTTCAGGACCCTATA
Ppara Murine Forward CATTTGGGCGTATCTCACCG
Reverse ACTTCAACTTGGCTCTCCTCT
Pdk4 Murine Forward AGCAGTAGTCCAAGATGCCT
Reverse AATGTGGATTGGTTGGCCTG
Adrb3 Murine Forward CAGAGTCCACCGCTCAACAG
Reverse AGGGGACTCACTAGCTTCCT
Adrb2 Murine Forward AATAGCAACGGCAGAACGGA
Reverse TCAACGCTAAGGCTAGGCAC
Hprt Murine Forward GTCCCAGCGTCGTGATTAGC
Reverse TCATGACATCTCGAGCAAGTCTTT
UCP1 Human Forward TGCCCAACTGTGCAATGAA
Reverse CCAGGATCCAAGTCGCAAGA
PPARGC1a Human Forward CTGTGTCACCACCCAAATCCTTAT
Reverse TGTGTCGAGAAAAGGACCTTGA
DIO2 Human Forward GTCACTGGTCAGCGTGGTTTT
Reverse TTCTTCACATCCCCCAATCCT
TNFa Human Forward GCCCATGTTGTAGCAAACCCT
Reverse ATGAGGTACAGGCCCTCTGAT
CIDEA Human Forward GGGTCTCCAACCATGACAGG
Reverse GAGGGCATCCAGAGTCTTGC
PRDM16 Human Forward CGAGGCCCCTGTCTACATTC
Reverse GCTCCCATCCGAAGTCTGTC
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TMEM26 Human Forward ATGGAGGGACTGGTCTTCCTT
Reverse CTTCACCTCGGTCACTCGC
ADRB3 Human Forward GCTCGACGGGGCTTCTT
Reverse TCTGAACAGAGGCCAGAGGT
ADRB?2 Human Forward ATGCCAATGAGACCTGCTGT
Reverse GCTCCACCTGGCTAAGGTTC
RPL13A Human Forward GGACCGTGCGAGGTATGCT
Reverse ATGCCGTCAAACACCTTGAGA

3.4 Protein analysis

3.4.1 Materials and equipment

BioPhotometer D30 (Eppendorf)

Bovine Serum Albumin (Sigma-Aldrich, Cat. No. A7030)
o Bromophenol blue (Carl Roth, Cat. No. 6558)

e Cell scraper (Labomedic, Cat. No. 2015217)

e  Chemiluminescence films, Amersham Hyperfiim® (GE Healthcare Life Sciences, Cat. No.
28906837)

e Complete protease inhibitor cocktail (Roche, Cat. No. 04693116001)

o Coomassie brilliant blue G-250 (Merck, Cat. No. 1.15444.0025)

o Enhanced chemiluminescence (ECL) Western Blotting Detection Reagent (Amersham
Biosciences, Cat. No. RPN2106)

e Ethylene glycol-bis(B-aminoethyl ether)-N,N,N',N'-tetraacetic acid, EGTA (Sigma Aldrich,
E4378)

e Glycerol (Sigma Aldrich, Cat. No. G5516)

e Glycine (Carl Roth, Cat. No. 3908)

¢ Image Quant LAS 4000 mini (Life sciences, Cat. No. 28-9558-10)

¢ Mini-PROTEAN Tetra Cell electrophoresis system (BioRad)

o N,N,N’,N-Tetramethylethylenediamine, TEMED (Sigma Aldrich, T9281)

e Nitrocellulose membrane, Amersham Protran 0.45 NC (GE Healthcare Life Sciences, Cat.
No. 10600002)

e Nonidet P 40 Substitute, NP-40 (Sigma Aldrich, Cat. No. 74385)

e PageRuler Prestained Protein Ladder (Thermo Scientific, Cat. No. 26616)
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e Phosphoric acid (Carl Roth, Cat. No. 9076)

e  Power supply, Consort EV 202 (Sigma-Aldrich, Cat. No. Z654418)

e Primary and secondary antibodies (Cell Signalling, Dianova, LSBio, Santa Cruz, Sigma-
Aldrich, Thermo Fisher Scientific)

e Secondary antibody HRP-conjugated anti-mouse (Dianova, Cat. No. 115-035-146)

e Secondary antibody HRP-conjugated anti-rabbit (Cell Signaling, Cat. No. 7074)

e Sodium deoxycholate (Sigma Aldrich, Cat. No. D6750)

e  Sodium fluoride, NaF (Carl Roth, Cat. No. 4530)

e Sodium orthovanadate, Na3;VO4 (Carl Roth, Cat. No. 0735)

e  Sonoplus HD 2070 (Bandelin, Germany)

e Tween 20 (Carl Roth, Cat. No. 9127)

e Ultra-Turrax®, T8, IKA, Staufen

e [B-Mercaptoethanol (Sigma Aldrich, Cat. No. M6250)

3.4.2 Protein lysates from cells and tissues

During cell lysates, cells were placed on ice and washed with pre-cold phosphate-buffered saline
(PBS) before adding radioimmunoprecipitation assay (RIPA) buffer. Cells were scraped off and
incubated in lysis buffer on ice for 30 min. Samples were further centrifuged at 13000 RMP at 4°C
for 10 min. The supernatant was collected and quantified in concentrations using the Bradford
method. For tissue lysates, tissues were placed in ice-cold supplement lysis buffer (RIPA+) and
homogenized using Ultra-Turrax®. The NaF, NasVOs4, and complete cocktail were additionally
added to the RIPA buffer, which was respectively Serine/Threonine and acidic phosphatase
inhibitors, Tyrosine and alkaline phosphatase inhibitors, and protease inhibitors. Samples were
centrifuged at 13000 RPM at 4°C for 10 min and quantified using the Bradford method.

Phosphate-buffered saline (PBS) pH 7.4

NaCl 137 mM
NazHPO4 8 mM

KH.PO4 1.4 mM
KCI 2.7 mM

Substances were dissolved in H>O. PBS was autoclaved and stored at room temperature.
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Lysis buffer (RIPA buffer)

Tris-HCI (pH 7.5) 50 mM
NaCl 150 mM
NP-40 1%
Sodium deoxycholate 0.5%
Sodium dodecyl sulfate (SDS) 1 mM
EDTA 0.1 mM
EGTA 0.1 mM

The Lysis buffer was sterile-filtered and stored at 4°C.

Supplement lysis buffer (RIPA+)

Complete® EDTA free (25x) 40 pl/ml
NaF 10 mM
N83V04 1 mM

Substances were added freshly to the RIPA buffer before use.

3.4.3 Protein quantification using the Bradford method

Using the Eppendorf BioPhotometer D30, protein samples were quantified at the absorbance of
595 nm, which was calibrated with the range of 1 ug/ml to 30 ug/ml using BSA standard dilutions.
Each protein sample was 1:50 diluted in 0.15 M NaCl solution. The protein samples were mixed
with Coomassie solution before being measured with the BioPhotometer. Quantified protein
samples were subsequently added to Laemmli solution 3x containing 10% B-mercaptoethanol
and incubated at 98°C for 5 min. For further use, the prepared protein samples were stored at -
20°C.

Coomassie solution

Coomassie brilliant blue G-250 0.01%
EtOH 5%
Phosphoric acid 8.5%

Substances were dissolved in H,O. Coomassie solution was stored at 4°C.

Laemmli solution 3x

Tris-HCI (pH 6.8) 125 mM
Glycerol 20%
SDS 17%

Substances were dissolved in H,O. Laemmli solution 3x was stored at -20°C. 10% [3-
mercaptoethanol was added to Laemmli solution 3x before use.

53



Materials and methods

3.4.4 Western Blot

3.4.4.1 One-dimensional SDS-polyacrylamide electrophoresis (SDS-
PAGE)

An SDS-PAGE gel consisting of stacking gel and resolving gel was used to separate proteins.
Protein samples were loaded into stacking gel and then separated by resolving gel (12%
acrylamide) according to their electrophoretic mobility. The Mini-PROTEAN Tetra Cell
electrophoresis system (BioRad) was used for electrophoresis at 100 V in SDS-PAGE running

buffer at room temperature.

Stacking gel

H20 3.4 ml
Acrylamide 830 ul
1.0 M Tris-HCI (pH 6.8) 630 pl
20% ammonium peroxidisulfate (APS) 25 ul
Tetramethylethylenediamine (TEMED) 5ul

Resolving gel

12% 15%

H-0 33ml 23 ml
Acrylamide 4 ml 5 ml
1.5 M Tris-HCI (pH 8.8) 25ml 2.5ml
20% APS 50 pl 50 pl
TEMED 4 ul 4 ul

Electrophoresis buffer 10x

Tris 250 mM
Glycine 2M
SDS 0.1%

Substances were dissolved in H2O. The pH of the electrophoresis buffer 10x was adjusted to
8.3. Electrophoresis buffer 10x was diluted to 1x in H>O before use. The electrophoresis buffer
10x was stored at room temperature.
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3.4.4.2 Blotting and immunodetection

Proteins separated by an SDS-PAGE gel were electrically transferred from the SDS-PAGE gel to
a nitrocellulose membrane at 4°C for 1.5h (300 mA) in the transfer buffer. Subsequently, the
nitrocellulose membrane was blocked in the blocking solution for 1h at room temperature.
Following blocking, the membrane was washed three times in the Tris-buffered saline with 0.1%
Tween® 20 detergent (TBST), each wash lasting 5 min, and then incubated in primary antibody
overnight at 4°C. Primary antibodies were diluted 1:1000 in antibody solution. The incubation with
the primary antibody was followed by three TBST washes of the membrane and one hour of
incubation with the secondary antibody (dilution factor: anti-mouse, 1:10000; anti-rabbit, 1:5000).
The membrane was washed three more times after the second antibody incubation. Proteins were
visualized using Amersham ECL Western Blotting detection reagent according to the
manufacturer's instructions. Quantification was performed using Image J software after the

detection of proteins using ImageQuant LAS 4000 mini.

Transfer buffer

H.0 70%
Methanol 20%
Electrophoresis buffer 10x 10%

Transfer buffer was prepared freshly before use.

Tris-buffered saline (TBS) 10x

Tris-HCI 100 mM
NaCl 1.4 M
SDS 0.1%

Substances were dissolved in H.O. The pH of TBS buffer 10x was adjusted to 8.0.

TBST
TBS 10x 10%
Tween-20 0.1%

Substances were dissolved in H,O. TBST solution was stored at room temperature and
protected from light.

Blocking solution
Milk powder 5%
Milk powder was freshly dissolved in TBST before use.
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Antibody solution
Milk powder 1%
Milk powder was freshly dissolved in TBST before use.

Primary antibodies

e  Tubulin (Dianova, Cat. No. MS-719-P0)
e Calnexin (Cell Signaing, Cat. No. 3704241)
UCP1 (Sigma Aldrich, Cat. No. sc-6529)

Secondary antibodies

e Anti-rabbit (Cell Signaling, Cat. No. 7074)
e Anti-mouse (Dianova, Cat. No. 115-035-146)

3.5 Oil Red O staining

The cells were washed twice in PBS and fixed in 4% PFA for 15 min at room temperature. PFA
was removed and the fixed cells were washed twice with PBS. Subsequently, cells were
incubated in the Oil Red O working solution for 1 hour at room temperature. Following Oil Red O
staining, cells were washed with distilled water and dry plates at room temperature for further

visualization and analysis.

Oil Red O solution (5 mg/ml)

Oil Red O 05¢g
Isopropyl alcohol (99%) 100 ml

Oil Red O was well dissolved in isopropyl alcohol using a magnetic stir overnight and stored at
room temperature.

Oil Red O working solution (3 mg/ml)
Oil Red O solution (5 mg/ml) 6 ml
H20 4 mi
Oil Red O working solution was freshly prepared and filtered twice with a paper filter before use.
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3.6 Lipolysis
3.6.1 Materials and equipment

o 24-well plates (Sarstedt, Cat. No. 83.3921)

o 96-well plates (Sarstedt, Cat. No. 83.3924)

¢ Bovine serum albumin, fatty acids free (Sigma Aldrich, Cat. No. A7030)
o Dulbecco's Modified Eagle Medium (DMEM) (Gibco, Cat. No. 21063)

o EnSpire Multimode Plate Reader (Perkin Elmer)

o Free glycerol reagent (Sigma Aldrich, Cat. No. F6428)

e Glycerol standard (Sigma Aldrich, Cat. No. G7793)

3.6.2 In vitro lipolysis

First, cells were washed twice with the pre-warmed lipolysis medium. Treatments were freshly
prepared in 400 ul lipolysis medium and added to each condition. Next, cells were further
incubated in the lipolysis medium at 37°C, 5% CO, for 3h. After the incubation, 20 pl of lipolysis
medium from each condition was mixed with 80 pl of Free glycerol reagent and transferred to a
96-well plate. The glycerol standards were prepared as follows: The positive glycerol standard
contained 5 pl of Glycerol plus 95 pl of free glycerol, while the negative standard contained 5 pl
of lipolysis medium mixed with 95 pl of free glycerol. Samples and glycerol standards were
incubated for 5 min in duplicates at 37°C, with 5% CO.. The absorption of each sample was
measured at 540 nm wavelength using EnSpire Multimode Plate Reader (Perkin Elmer). The
concentration of glycerol released from each sample was determined and normalized to its protein

content.

Lipolysis medium
BSA 2% (wiv)
BSA was prepared freshly in DMEM (Gibco, Cat. No. 21063) before use.
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3.6.3 Ex vivo lipolysis

AT was isolated freshly from WT mice to perform ex vivo lipolysis. Freshly isolated BAT was cut
into pieces of 4 - 5 mg each. IWAT and gonadal WAT (gWAT) were cut into pieces of 15 to 20 mg
each. Human scWAT was cut into pieces of 40 to 50 mg each. Samples were incubated in 400 pl
lipolysis medium for 3 hours, 6 hours, or 1 day at 37°C, with 5% CO.. After the incubation, 20 ul
of lipolysis medium from each sample was mixed with 80 pl free glycerol reagent and transferred
to a 96-well plate. In addition, to prepare samples for the direct injection treatment, samples of
human scWAT were cut into pieces of 150 - 200 mg each and further incubated in 400 pl lipolysis
for 1 day at 37°C, 5% CO.. Following the incubation, 10 ul of lipolysis medium from each sample
was mixed with 90 ul free glycerol reagent and transferred to a 96-well plate. The glycerol
standards were prepared as follows: The positive glycerol standard contained 5 pl of Glycerol
plus 95 ul of free glycerol, while the negative standard contained 5 pl of lipolysis medium mixed
with 95 ul of free glycerol. Samples and glycerol standards were incubated for 5 min in duplicates
at 37°C, with 5% CO.. The absorption of each sample was measured at 540 nm wavelength using
EnSpire Multimode Plate Reader (Perkin Elmer). The concentration of glycerol released from

each sample was determined and normalized to its tissue weight.

3.7 Immunohistochemistry

3.7.1 Materials and equipment

e DAB peroxidase HRP-substrate kit (Vector Laboratories, Cat. No. SK-4100)

e Eosin Y-solution (Merck, Cat. No. 1.09844)

e EVOS® FL Color Imaging System (Thermo-Fischer Scientific)

e Mayer’s hemalum solution (Merck, Cat. No. 1.09249)

e  Microtome HM315 (Microm)

¢ Roti-Histokitt (Carl Roth, Cat. No. 6640)

e Secondary antibody HRP-conjugated anti-rabbit (Cell Signaling, Cat. No. 7074)
e UCP1 primary antibody (Sigma Aldrich, Cat. No. sc-6529)
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3.7.2 Tissue preparation for staining

The freshly isolated tissues were fixed for no more than 16h in PBS containing 4%
paraformaldehyde (PFA) and washed twice for 5 min each with ice-cold PBS. Following washing,
the samples were dehydrated in ethanol with increasing concentrations: 50 %, 70 %, 95 %, and
100 % (3 times, 20 min for each concentration). Tissues were incubated and defatted three times
in Xylol, each for 10 min. Samples were further incubated twice in paraffin at 60°C for 1h, followed
by overnight incubation at 60°C. The processed tissues were embedded in a warmed liquid
paraffin solution using cassettes and subsequently solidified and stored at room temperature. A
microtome (Microm) was used to cut incorporated tissue into 5 um thick sections for each staining,

and the stained sections were then dried on histological slides for 24h at 40°C.

4% PFA

PFA 4% (w/v)
PFA was dissolved at stirred in PBS at 60°C and stored at 4°C.

3.7.3 Hematoxylin/Eosin (H&E) staining

Three xylol washes, 5 min for each, were required to remove paraffin from histology slides.
Samples were incubated in ethanol with decreasing concentrations: 100%, 95%, 90%, 75%, and
50% (for each concentration, wash twice for 2 min), followed by two more washes in H>O (each
wash for 5 min). After two seconds of incubation in hematoxylin, the slides were rinsed under
running water for 10 min. In the next step, slides were stained with eosin for 2 min and washed in
distilled water with agitation for 4 min. Tissues were dehydrated using increasing concentrations
of ethanol: 50%, 75%, 95%, and 100% (for each concentration, tissues were washed twice for 2
min) and followed by two more times wash in xylol, each for 2 min. In the end, slides were mounted

using Roti-Histokitt.

3.7.4 Immunohistochemistry for UCP1 detection

To remove paraffin from histological slides, AT sections were washed 3 times in xylol, five minutes
for each. Samples were incubated in ethanol with decreasing concentrations: 100%, 95%, 90%,

75%, and 50% (for each concentration, tissues were washed twice for 2 min), followed by two
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more washes in H20 (each wash for 5 min). Following the incubation in 20 mM sodium citrate (pH
6.0) for 5 min, samples were incubated in 10 mM sodium citrate (pH 6.0) for 5 min at 75 - 80°C.
To neutralize the function of endogenous peroxidases, samples were washed 3 times (each wash
for 10 min) in 3% hydrogen peroxide and once in H2O for 5 min. Tissues were blocked with 2.5%
goat serum in PBST solution at room temperature for 1h to reduce unspecific binding and then
incubated with UCP1 antibody (1:75 in PBST) at 4°C overnight. On the following day, slides were
washed 3 times in PBST (each time for 5 min) and incubated with the secondary antibody (1:200
in TBST) for 1h at room temperature. Before visualization, slides were washed 3 times in PBST
(each wash for 5 min). Final development and visualization were performed by using 3,3'-
Diaminobenzidine (DAB). Slides were mounted using Roti-Histokitt and dried. The microscope

EVOS® FL Color Imaging System was used to visualize at magnifications of 20x and 40x.

3.8 Mitochondrial Stress Assay

Mitochondrial respiration of iIWA was measured by Seahorse XF24 Analyzer (Agilent Seahorse
Bioscience, Santa Clara, CA, USA). The Seahorse XF24 Analyzer can measure the oxygen
consumption rate (OCR) and glycolysis of living cells in real-time by automatically adding and
mixing compounds (Plitzko and Loesgen 2018). Mitochondrial respiration can be represented by
several parameters including basal respiration, spare respiratory capacity, ATP production, and
proton leak (Smolina et al. 2017). In a Seahorse 24-well XF Cell Culture microplate, pre-WA were
seeded; the number of cells and the volume of WA growth medium were calculated (20000 cells
per 100 ul per well). The microplate was incubated in the incubator for 1h at 37°C and 5% CO..
Gently, each well was filled up to 250 yl WA growth medium, then the microplate was incubated
overnight in the incubator. On the next day (day -2), each well was filled up to 500 pl of WA growth
medium by adding an extra 250 ul of WA growth medium. On day O, when cells reached
confluence, the WA growth medium was replaced with 500 pl of high WA induction medium in
each well and incubated in the incubator for 2 days at 37°C and 5% CO.. From day 2, each well
was replaced with fresh 500 pl of WA maintenance medium every other day till day 7. On the day
before the XF assay, a Seahorse XF Sensor Cartridge hydrated overnight with 1 ml Seahorse XF
Calibrant Solution was placed in each well of the XF Utility Plates. Bubbles attached to the column
should be carefully removed. The XF Utility Plate was incubated in a non-CO- incubator for 1 day
at 37°C.
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On the day of the XF assay, WA were treated with MIR or MIR-MPs in 500 pl buffered Seahorse
Medium for 3h before the seahorse measurement. The mitochondrial respiration of cells was
measured by sequentially injecting modulators into each well (final concentration of each
compound and modulator injection volume): 1. Buffered seahorse medium (56 ul); 2. Oligomycin
(2 M, 62 ul); 3. Carbonyl-cyanide-4-(trifluoromethoxy) phenylhydrazine (FCCP) (1 uM, 69 ul); 4.
A mix of rotenone (0.5 pl) and antimycin A (0.5 pM, 75 pl). Opiomycin inhibits ATP synthase and
reduces OCR. FCCP increases mitochondrial proton permeability as a protonophore and
maximizes OCR. Antimycin A and rotenone inhibit complexes | and Ill and minimize OCR
(Smolina et al. 2017; Plitzko and Loesgen 2018). The compounds mentioned above were
dissolved in a warmed buffered seahorse medium. Each XF assay measurement cycle contains
4 min of mixing, 2 min of waiting, and 2 min of measurement. The XF assay protocol is listed

above. Programmed measurement cycles were performed after adding each compound.

XF assay protocol

Cycles
Basal rate 4
Acute injection (1) 3to4
Oligomycin (2) 3
FCCP (3) 3to4
A mix of rotenone and antimycin (4) 3
High WA induction medium

Volume Final

concentration

WA maintenance medium 50 ml -
Dexamethasone 20 pl 1 UM
IBMX (5.67 mg in 500 ul 0.5 M KOH) 500 ul 500 uM
Rosiglitazone (10 mM) 5 pl 1 uM
Buffered Seahorse Medium

Volume Final

concentration

Seahorse medium 200 ml -
Glucose (2.5 M in H.0) 2 mi 25 mM
Glutamine (200 mM in H20) 2 mi 2 mM
Sodium Pyruvate (44.02 mg) - 2 mM

The buffered Seahorse Medium was adjusted to pH 7.4 before use.
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3.9 Toxicity assays

3.9.1 MTT assay

Pre-brown adipocytes or pre-white adipocytes were seeded in the growth medium. The
treatments were administrated when pre-adipocytes reached confluence. The differentiation of
both iWA and mature BA was accomplished by following the differentiation protocols described
above in 3.2.4. This study used Mosmann's MTT test protocol with modifications (Mosmann 1983).
After 1 day of treatments, 100 pl of a 5 mg/ml MTT solution (MERCK, Germany) was added to
each well of a 12-well plate. The plate was further incubated for 3h at 37°C. The solution from
each well was aspirated and cells were washed with PBS (pH 7.4) twice. To dissolve the formazan
salt and lyse cells, 500 ul of DMSO was then added to each well and the plate was shaken for 1h.
The absorbance of each sample was measured duplicate at 540/600 nm using EnSpire Multimode
Plate Reader (Perkin Elmer).

3.9.2 ATP-based assay

Pre-brown adipocytes and pre-white adipocytes were seeded in the growth medium. The
treatments were administrated when pre-adipocytes reached confluence. The differentiation of
both mature iWAs and mature BAs was accomplished by following the differentiation protocols
described above in 3.2.4. After 1 day of treatments, the supernatant was discarded and cells were
washed with PBS (pH 7.4) twice. Each well then received 600 pl of cell lysis medium. The plate
was shortly shaken to detach cells. Cell lysis medium with all detached cells was transferred from
each well to individual 1.5 ml reaction tubes and each sample was incubated for 5 min at 65°C to
lyse cells completely and release ATP. Forty microliters of lysis medium from each sample were
mixed with 40 ul of reagent. The plate was incubated for 10 min in the dark and luminescence

signals were further measured using EnSpire Multimode Plate Reader (Perkin Elmer).

3.10 MIR-loaded PLGA MPs synthesis method

3.10.1 Materials and equipment

o 0.2 ym Polytetrafluoroethylene (PTFE) membrane syringe filter (VWR, USA)
e Acetone (SupraSolv®, 67-64-1, Merck)
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e Acetonitrile (BDH®, 75-05-8, VWR Chemicals)

e Dichloromethane (DCM) (SupraSolv®, 75-09-2, Merck)

e Hitachi S-2460N scanning electron microscope (Hitachi High Tech. Crop., JP-Tokyo)

o ICI 118,551 hydrochloride (Cat. No. 0821, Tocris)

o Mirabegron (Swapnroop Drugs & Pharmaceuticals, Aurangabad, India)

e Poly lactide-co-glycolide acid (PLGA) (Resomer RG 502H, EVONIK, Darmstadt, Germany)
e  Polyvinyl alcohol (PVA) (Mw: 31,000, Aldrich)

e Salbutamol Hemisulfate (S0531, OMAHK-MB, Tokyo Chemical Industry, Japan)

e  Steris Lyovac GT; freeze dryer (Mentor, OH, USA)

e Vacuum concentrator (5800-101-03, Eppendorf®)

3.10.2 Microparticles preparation

The MIR-MPs were prepared by adding 96 mg MIR to 12 ml of DCM and stirring at 750 RPM for
30 min, followed by adding 2 ml of DMSO to dissolve the MIR in DCM completely. One hundred
milligrams of PLGA were further added into DCM and stirred for 1h at 750 RPM room temperature.
To generate an emulsion, 5 ml of the mixture was added to 25 ml 0.1% polyvinyl alcohol (PVA)
and stirred for 6 min at 750 RPM. After transferring the emulsion to 250 ml MilliQ H2O (pH 8.0), it
was stirred for 4h at 400 RPM to evaporate DCM and harden microparticles. Microparticles were
filtered through a 0.2 um filter and washed with 100 ml MilliQ H2O (pH 8.0). Next, microparticles
were resuspended in 5 ml MilliQ H20 and frozen immediately for use in the freeze dryer. Samples

were placed in the freeze dryer overnight to evaporate ice and collect microparticles.

To characterize the drug loading (Equation 1) of MIR-MPs, 1 mg microparticles were dissolved in
1 ml acetone. Acetone was further evaporated using a vacuum concentrator. PLGA was
precipitated and removed by adding 1 ml of methanol (99%). The MIR pellet was dissolved in
acetonitrile (60%) and analyzed using high-performance liquid chromatography (HPLC). The

encapsulation efficiency of MIR-MPs was calculated following equation 2 below.

Weight of the drug in microparticels

Drug loading (%) = x 100 (1)

Weight of the microparticles

Weight of the drug in microparticles
Weight of the adding drug

Encapsulation ef ficiency (%) = x 100 (2)
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3.10.3 Drug releasing condition

Drug release was carried out in a water bath with constant shaking. One milligram of MIR-MPs
was freely suspended in 20 ml of PBS (pH 7.4) at 37°C or in 20 ml of lipolysis medium at 37°C.
Samples were collected according to different time points (1h, 3h, 5h, 12h, 1d, 2d, 3d, 4d, 5d, 6d,
7d, 8d, 9d, and 15d). Before HPLC measurements, all samples were filtered using a 0.2 um PTFE

membrane syringe filter.

3.10.4 Human subcutaneous white adipose tissue

Human subcutaneous adipose tissue involved in section 4.5 were all contributed by healthy obese
volunteers from the Plastic surgery department of Dreifaltigkeits-Krankenhaus Wesseling, Bonner
Str. 84, 50389 Wesseling, Germany. Applied by Prof. Dr. Alf Lamprecht, the research is entitled
“Charakterisierung der Wirk- und Hilfsstoff Penetration und Permeation in Abhangigkeit der
Korperstelle und des Hautzustandes” and issued by the Ethik-Kommission of Rheinische
Friedrich-Wilhelms-Universitat Bonn in 2020. The ethical approval number is Lfd. Nr. 082/20.

3.11 HPLC system and Liquid Chromatography-Mass Spectrometry
(LC/MS) analysis

3.11.1 Materials and equipment

e 1290 Infinity Liquid Chromatography System (Agilent, Waldbronn)
e 996 photodiode array detector (Waters, Milford, MA, USA)

e  Ammonium acetate (CAS No0.631-61-8, Roth)

e (C-18 column 100RP 18-5u EC (CS-Chromatographie, Merck)

e Formic acid (CAS No.64-18-6, Sigma Aldrich)

e Methanol (Cat. No. 0082, Carl Roth)

o  Ortho-phosphoric acid (85%, Art.: 1172.1000, TH. GEYER)

e QTRAP 6500+ LC/MS System (Sciex, Darmstadt)

e Synergi™ 4 ym Fusion-RP, LC Column 50 x 2 mm (Synergi, Phenomenex)
e Trifluoroacetic acid (Uvasol®, CAS 76-05-1, Merck)

e Waters Alliance 2695 HPLC (Waters, Milford, MA, USA)

64



Materials and methods

3.11.2 HPLC methods

HPLC measurements were performed using a Waters Alliance HPLC 2695 (Waters, Milford, MA,
USA) equipped with the Waters 996 Photodiode Array Detector. 50 ul of each sample was injected
into a C-18 100RP 18-5 EC analytical column for liquid chromatography separation.

T3 HPLC analysis used the mobile phase of 60% H20O (0.1% Trifluoroacetic acid): 40% acetonitrile
(v/v). The column was eluted at a flow of 1ml/min before samples were injected. T3 was detected
in the ultraviolet (UV) at 225 nm.

HPLC analysis of MIR, the mobile phase consisted of 50% potassium dihydrogen phosphate (1.36
g/ml in MilliQ water, pH 4.0 adjusted with orthophosphoric acid) and 50% acetonitrile (v/v). The
column was eluted at a flow of 1 ml/min before 50 ul of each sample was injected. MIR was
detected in the ultraviolet (UV) at 249 nm.

3.11.3 LC/MS method

FR was measured using the liquid chromatography-mass spectrometry (LC/MS) system. During
measurements, the Synergi™ 4 um Fusion-RP column was kept at 60°C. The HPLC system was
initially run with an eluent consisting of 60% H>0O (2 mM ammonium acetate and 0.1% formic acid)
and 40% methanol (v/v) for 1 min. The gradient changed to 100% methanol containing 2 mM
ammonium acetate and 0.1% formic acid for the next 6 min. A three-minute equilibration with 100%
methanol (2 mM ammonium acetate and 0.1% formic acid) was followed before a new sample
was injected. The flow rate of the column was 0.6 ml/min and 1 pl of each sample was injected.

A positive multiple reaction monitoring (MRM) 1002.4/799.4 was used for quantification.

3.11.4 Scanning Electron Microscope (SEM) analysis

The SEM (Hitachi S-2460N, Hitachi Tech. Corp., Tokyo, Japan) was used to obtain SEM pictures
of all microparticle samples in this study. Samples of dry microparticles were attached to
aluminum stubs and subsequently sputter-coated with gold for 4 min using a Polaron SC76040
Sputter Coater (Quorum Technologies Ltd., Newhaven, UK). SEM images were acquired at an

acceleration voltage of 10 kV.
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3.12 The API-loaded triglyceride-rich lipoproteins synthesis method

3.12.1 Materials and equipment

¢ 1 um polyethersulfone (PES) syringe filter (GE Healthcare Life Sciences, Chicago, USA)
o 10 kD Dialysis Membrane (Pre-wetted RC Tubing, Cat. No. 132570, Spectra/Por 6)

e Centrifugal concentrator (MWCO 100 kDa, 0.2 um, PES, Vivaspin 20, Sartorius, UK)

e Chloroform (Sigma Aldrich, St. Louis, USA)

o Cholesterol (Sigma Aldrich, St. Louis, USA)

e Dynamic light scattering (ZetaSizer 90S, Malvern Panalytical, Malvern, UK)

e Egg phosphatidylcholine (Avanti polar lipids, Alabaster, USA)

e Rotary evaporator (VWR, USA)

¢ Sephadex-G25 PD-10 column (GE Healthcare, UK)

e T3 Enzyme-linked Immunosorbent Assay (ELISA) Kit (Cat. NO. KA4010, Abnova, Taiwan)
e Triglycerides (Soybean Qil, St. Louis, USA)

3.12.1 APIl-loaded TRLs preparation

To prepare high-concentrated T3-loaded TRLs, 3 mg cholesterol, 3 mg phosphatidylcholine, 48
mg TG, and 15 ug T3 were mixed in chloroform. Low-concentrated T3-TRLs were prepared using
1 mg cholesterol, 1 mg phosphatidylcholine, 16 mg TG, and 8.3 ug T3. FR-loaded TRLs were
prepared using 1 mg cholesterol, 1 mg phosphatidylcholine, 16 mg TG, and 15 ug FR900359.
The mixture was dissolved in 1 ml of chloroform. The chloroform was then evaporated in a heated
water bath (60°C) at 75 mbar using a rotary evaporator. Using a Probe Sonicator, the mixed lipid
film was sonicated twice with 1 ml of PBS (pH 7.4) (each sonication lasting 5 minutes). Between
each sonication procedure, samples were cooled on ice. The samples were stabilized overnight
at 4°C. The next day, API-loaded TRLs were filtered twice with Sephadex-G25 PD-10 columns to
remove nonencapsulated API in the samples and a final time with a 1 ym polyethersulfone (PES)
syringe filter before use. Dynamic light scattering (ZetaSizer 90S) was used to characterize
samples. Vehicle-TRLs were prepared in the same procedures as described above but did not
load T3 or FR. To determine the concentration of free T3 in the purified sample, purified T3-TRLs
were centrifuged in a Vivaspin 20 centrifugal concentrator with a PES membrane 100000
molecular weight cut-off (MWCO) for 10 min at 2000 x g. The filtrates were collected and
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measured using a T3 ELISA kit. The concentration of free FR in the purified FR-TRLs was

determined using an LC/MS system.

Original samples were loaded into a dialysis membrane to determine the encapsulation efficiency
of APl-loaded TRLs. The dialysis membranes were completely immersed in 50 ml PBS for 2 days
with magnetic stirring at 400 RPM at room temperature. Following dialysis, samples in dialysis

membranes and dialysis medium were analyzed using an HPLC system or an LC/MS system.
The encapsulation efficiency of API-loaded TRLs was calculated following equation 3 below:

Encapsulation ef ficiency (%) of API loaded TRLs

_ Amount of API in dialysis membrane

= x 100 (3
Amount of API used for formulation ®

3.13 Animal experiments

Animal experiments in this thesis were approved by Landesamt fur Natur, Umwelt und
Verbraucherschutz (LANUV), Nordrhein-Westfalen, Germany. The approval number is 84-
02.04.2016.A171. WT male C57B1/6J mice at 8 weeks old were purchased from Charles River,
Sulzfeld, Deutschland. Animals involved in this thesis were housed at the Haus flir exprimentelle
Therapie (HET), Universitatsklinikum Bonn (UKB), and the Institut fir Pharmakologie und
Toxikologie, UKB.

3.13.1 Materials and equipment

e  Omnifix® 100 Solo 1 ml syringe (B. Braun, Cat. No. 9161708V)
o Phenomaster (TSE Systems)
e Sterican® 27G needle (B. Braun, Cat. No. 4665406)

3.13.2 Targeted delivery T3-TRLs to BAT

Mice at the age of 8 weeks were housed in single cages with bedding and free access to water
and chow diets. The light cycle consisted of a 12-hour light (06:00 - 18:00) and a 12-hour dark

(18:00 - 06:00). Animals were acclimatized at 16°C for 3 days and transferred to single metabolic
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cages (Phenomaster, TSE System) at 4°C on day 4. The T3-TRLs or Vehicle-TRLs treatments
were administered every second day from day 4 till day 10 (on day 4, day 6, and day 8) to the
treated and control group, respectively. The injection volume was 5ml/kg body weight. Before
sacrifice, the animals were kept at 23°C from day 10 to day 12. During cold exposure, animals'

body weights were recorded daily. Tissues from mice were isolated for further analysis.

3.14 Statistics

All data are represented as mean + standard error of the mean (s.e.m). In this thesis, a student's
t-test was performed to compare the means of two experimental groups. Analysis of variance
(ANOVA) with a Dunnett’s test was used to compare the means of more than two experimental
groups. p values below 0.05 were considered statistically significant. “n” indicates the number of
independent cell-culture experiments for in vitro studies or the number of mice per group for ex

vivo and in vivo studies. The analyses were all performed using GraphPad Prism 6 software.
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4 Results of Project I: MIR-loaded PLGA microparticles

4.1 Characterization of MIR-loaded microparticles

4.1.1 Characteristics and morphology of MIR-loaded microparticles

PLGA is an FDA-approved biodegradable polymer, it has been utilized as a drug delivery carrier
because of its controllable degradation characteristics, high biocompatibility, and long clinical
experience (Makadia and Siegel 2011; Mohamed and van der Walle 2008). PLGA particles have
been investigated for their ability to deliver various drugs, such as the antitumor drug Paclitaxel
and the antidiabetic drug Exenatide (Wang et al. 2003; Qi et al. 2013). To load the hydrophobic
drug, MIR, into PLGA microparticles, DCM was chosen for dissolving MIR and PLGA copolymers
and forming the oil phase due to its high evaporation rate and high miscibility. The oil-in-water
(o/w) emulsion technique was used to prepare MIR-loaded PLGA microparticles (MIR-MPs). As
illustrated in Table 3, four formulations of MIR-MPs were prepared. Since MIR has limited
solubility in DCM, a small amount of DMSO was added to DCM to achieve a high concentration
of MIR in the oil phase. Formulation 1 (F1) was the initial formulation, which was prepared with 5
mg/ml MIR in DCM, 2% PLGA, and 14% DMSO. Since the amount of MIR and PLGA affect the
encapsulation efficiency and drug loading of MIR-MPs (Soomherun et al. 2017; Fan et al. 2017),
and the drug release profile might be related to the concentration of DMSO (Xu et al. 2017), three
additional formulations were prepared: formulation 2 (F2) with reduced DMSO, formulation 3 (F3)
with reduced PLGA, and formulation 4 (F4) with increased MIR.

To evaluate the morphology of MIR-MPs, scanning electron microscopy (SEM) was used. The
SEM images revealed that MIR-MPs exhibited a spherical morphology for all four formulations
with slight differences in surface, as formulation F2 with reduced DMSO appeared less porous
surface than the other three formulations (Figures 11A to D). The porous structure on the surface
of microparticles can be caused by several factors, including the concentration of PLGA used
during preparation, the slow removal of DCM during evaporation, DMSO diffusion, and the time
to harden the microparticles (Amoyav and Benny 2019; Xu et al. 2017). It is assumed that MIR-
MPs might harden slowly due to the diffusion of MIR in DMSO during evaporation, resulting in

porous structures on their surfaces.

The diameter of MIR-MPs was quantified using Image J according to SEM images. Each
formulation of MIR-MPs exhibited similarities in size distribution pattern (Figures 11D to H). The

frequency distributions illustrate that the majority of MIR-MPs were in a range from 20 uym to 40
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um in diameter, and this population comprises almost 70% in each formulation. As shown in
Figure 111, MIR-MPs in F1 to F4 displayed an average size of 33.76 + 1.25 ym, 32.29 + 0.89 um,
29.55 %+ 1.17 um, and 33.83 £ 1.25 um, respectively. Only F3, with reduced PLGA concentration,

showed a significantly reduced mean diameter compared to other formulations (Figure 111).

Table 3. Four formulations of MIR-loaded microparticles

Formulation MIR concentration PLGA (50:50) DMSO PVA
(in DCM) concentration (viv)
(wlv)
1 5 mg/ml 2% 14% 0.1%
2 5 mg/ml 2% 7% 0.1%
3 5 mg/ml 1.5% 14% 0.1%
4 8 mg/ml 2% 14% 0.1%
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Figure 11. Assembly and characterization of MIR-loaded microparticles. (A) Scanning electron microscopic image
of formulation 1 (F1) MIR-MPs, (B) Scanning electron microscopic image of formulation 2 (F2) MIR-MPs, (C) Scanning
electron microscopic image of formulation 3 (F3) MIR-MPs, (D) Scanning electron microscopic image of formulation 4
(F4) MIR-MPs, (E) Microparticle size distribution histogram of F1 MIR-MPs, (F) Microparticle size distribution histogram
of F2 MIR-MPs, (G) Microparticle size distribution histogram of F3 MIR-MPs, (H) Microparticle size distribution
histogram of F4 MIR-MPs, (I) Average diameter of four formulations of MIR-MPs. Data were presented as means +
s.e.m and analyzed using ANOVA. * p < 0.05.

4.1.2 Encapsulation efficiency and drug loading of MIR-loaded

microparticles

The encapsulation efficiency and drug loading of all four formulations of MIR-MPs were measured
and calculated following the equations mentioned in 3.10.2. The encapsulation efficiency and
drug loading of PLGA microparticles are determined by several factors, including the
concentration of PLGA, lactide to glycolide residue ratio (L/G ratio), molecular weight (MW), and
end-group capping (Lagreca et al. 2020). Since only one type of PLGA polymer (Resomer RG
502H, 50:50 L/G ratio) was used to prepare MIR-MPs, the difference in encapsulation efficiency
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between four formulations was primarily affected by additional three parameters: the initial amount
of drug, the concentration of PLGA, and the amount of DMSO.

Figure 12A shows that both formulations F3 and F4 showed reduced encapsulation efficiency
compared to the original formulation F1 (25.5 + 0.7% and 25.3 + 1.0%, respectively, compared to
31.2 £ 1.3% for F1). It suggests that the encapsulation efficiency decreased with decreasing
PLGA concentration from 2% to 1.5%. Moreover, when the same concentration of PLGA was
used to prepare MIR-MPs in F1 and F4, a lower initial amount of the drug resulted in a higher

encapsulation efficiency, indicating that an increased amount of MIR could cause a decrease in

encapsulation efficiency due to the capacity of PLGA.

To determine the drug loading of each formulation, MIR-MPs were dissolved in acetone, and
PLGA was further precipitated in methanol to extract MIR from MIR-MPs. The drug loading of
each formulation of MIR-MPs was then measured by HPLC. In Figure 12B, the drug loading of
the F1to F3 MIR-MPs (5.5 £ 0.2%, 5.4 + 0.1%, and 5.7 + 0.1%) showed no dependency on either
DMSO or PLGA concentration. Compared to the other three formulations, F4 showed a spike in
drug loading (6.5 + 0.2%). Due to the addition of an excessive amount of MIR beyond the capacity
of PLGA, the encapsulation efficiency decreased, but drug loading elevated. Considering the high
drug loading, F4 of MIR-MPs was chosen for further experiments. These data indicate that a
reduction in the amount of PLGA or an increase in MIR impacts the encapsulation efficiency and
the drug loading of MIR-MPs.
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Figure 12. Encapsulation efficiency and Drug loading of four formulations of MIR-loaded PLGA microparticles.
(A) Encapsulation efficiency of four formulations of MIR-MPs (n = 3), (B) Drug loading of four formulations of MIR-MPs
(n = 3). Data were presented as means + s.e.m and were analyzed using ANOVA. * p <0.05, ** p <0.01.
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4.1.3 In vitro release profile of MIR-loaded microparticles

MIR was released in vitro from MIR-MPs in PBS buffer (pH 7.4) at 37°C under constant shaking.
Using the F4 of MIR-MPs and control microparticles (Ctrl-MPs), a 15-day in vitro release profile
was conducted. MIR-MPs and Ctrl-MPs differed only in MIR loading. Figure 13A shows that the
kinetic release profile of MIR-MPs contained an initial burst release and a sustained release. The
initial release exhibited 10.9%, 20.8%, and 48.2% of MIR release over the first 1h, 5h, and 12h.
The kinetic release profile of MIR revealed a release of 80% in the first 3 days followed by a
sustained release till day 15. As of day 15, a total of 93% to 100% of loaded MIR were released.
In contrast, pure MIR dissolved in the buffer within 5 hours, indicating PLGA microparticles
effectively controlled MIR release. Ctrl-MPs with no MIR loaded served as a negative control, and
no release of MIR was detected (Figure 13B). The in vitro release profile of MIR-MPs can be used

as a reference for the concentration of MIR reached in an aqueous medium after a certain period.

The morphology of PLGA microparticles during the release in PBS was further checked (Figure
14). SEM images showed that the initial spherical morphology of Ctrl-MPs and MIR-MPs became
swollen and porous after 9 days of release in PBS (Figures 14B and E). PLGA is a degradable
biopolymer that degrades in bulk erosion where water permeates into the matrix and forms pores
(Varde and Pack 2004; Y. Li et al. 2021). After 15 days of release, the initial spherical shape of
Ctrl-MPs and MIR-MPs cannot remain. Instead, a collapsed and shapeless structure of the
polymer was observed in both Ctrl-MPs and MIR-MPs (Figures 14C and F). These data confirm
that MIR release from MIR-MPs in PBS is correlated with the degradation of PLGA microparticles.
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Figure 13. In vitro release profiles of MIR-loaded PLGA microparticles. (A) In vitro release profiles of MIR-MPs
and Ctrl-MPs after 15 days of release (n = 3), (B) AUC of MIR release from PLGA microparticles after 15 days of in
vitro release (n = 3). Data were presented as means + s.e.m and were analyzed using a t-test. **** p < 0.0001.

9 days

Ctrl-MPs

MIR-MPs

Figure 14. Morphological images of MIR-loaded microparticles after release. (A) Scanning electron microscopic
image of Control microparticles (Ctrl-MPs) before release, (B) Scanning electron microscopic image of Ctrl-MPs after
9 days of release, (C) Scanning electron microscopic image of Ctrl-MPs after 15 days of release, (D) Scanning electron
microscopic image of MIR-loaded microparticles (MIR-MPs) before release, (E) Scanning electron microscopic image
of MIR-MPs after 9 days of release, (F) Scanning electron microscopic image of MIR-MPs after 15 days of release. n
=3.
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4.1.4 Stability of MIR-loaded microparticles

The morphology of both Ctrl-MPs and MIR-MPs was examined eight months after preparation to
explore whether microparticles can retain their original morphology after a longer period of storage.
SEM images showed that the morphology of freshly prepared Ctrl-MPs and MIR-MPs (Figures
15A and B) did not alter after 8 months of storage (Figures 15C and D). Neither structural
collapses nor abnormalities were observed in SEM images. Accordingly, PLGA-based

microparticles can be stored in a dry environment for at least 8 months.

Ctrl-MPs MIR-MPs

Before storage

After storage

Figure 15. Scanning electron microscopic pictures of microparticles before and after 8 months of storage. (A)
Scanning electron microscopic image of freshly prepared Ctrl-MPs, (B) Scanning electron microscopic image of freshly
prepared MIR-MPs, (C) Scanning electron microscopic image of Ctrl-MPs after 8 months of storage, (B) Scanning
electron microscopic image of MIR-MPs after 8 months of storage. n = 3.
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4.2 Effects of MIR-loaded microparticles on adipocytes

4.2.1 In vitro lipolysis induced by MIR-loaded microparticles

The activation of BA is primarily stimulated by the SNS that secrets NE resulting in an increased
level of intracellular cAMP via ADRB3 signaling. (Cannon and Nedergaard 2004; Zhao et al. 1994).
By activating PKA, cAMP further stimulates BA cytosolic lipid droplet lipolysis, which provides
FFA for BA to generate heat (Honnor, Dhillon, and Londos 1985). To verify the effects of MIR-
MPs on BA, BA were treated with MIR-MPs for 3h and glycerol release was analyzed after
treatment. According to Figure 16A, treatment with MIR upregulated glycerol release in BA
compared to the non-treated group (1.9 £ 0.2-fold). Importantly, BA treated with MIR-MPs showed
a significantly higher level of glycerol release (1.6 + 0.1-fold) than the group treated with Ctrl-MPs.
The group treated with Ctrl-MPs showed no difference in glycerol release compared to the non-
treated group.

To further investigate the effect of MIR and MIR-MPs on iWA, iWA were given the same treatment.
As shown in Figure 16B, glycerol release level increased 3.1 + 0.4-fold in the MIR-treated group.
Notably, iWA treated with MIR-MPs showed a significant increase in lipolysis (4.4 + 1.0-fold)
compared to iWA treated with Ctrl-MPs. Importantly, Ctrl-MPs did not alter the lipolysis level in
iIWA compared to the non-treated group. These data indicate that treatments with MIR and MIR-

MPs could induce a pronounced effect of lipolysis on both iWA and BA.
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Figure 16. Lipolysis of adipocytes after treatments. (A) Lipolysis of BA treated with Ctrl-MPs, MIR-MPs, and MIR
for 3 hours (n = 6), (B) Lipolysis of iWA treated with Ctrl-MPs, MIR-MPs, and MIR for 3 hours (n = 7). Data were
presented as means * s.e.m and were analyzed using ANOVA. * p < 0.05, **** p < 0.0001.

4.2.2 MIR-loaded microparticles induced BA thermogenesis

To validate the effect of MIR-MPs on BA thermogenesis, the expression of the thermogenic
marker (Ucp1) and two adipogenic markers (Ppary and Fabp4) were analyzed after 3-hour
treatments with MIR and MIR-MPs. As shown in Figure 17A, both treatments with MIR and MIR-
MPs induced an increased level of Ucp1 expression in BA by 23.7 1 3.2-fold and 31.9 £ 9.9-fold,
respectively, compared to the respective control group. Figure 17B shows that the increase was
not only observed in mRNA expression levels but also UCP1 protein levels. The group treated
with MIR showed an upregulation of UCP1 protein level (6.1 £ 2.0-fold), while BA treated with
MIR-MPs exhibited a 4.7 + 0.7-fold increase in UCP1 protein level. These results suggest that
treatment with MIR-MPs can effectively stimulate BA activation. The adipogenic markers, Ppary
and Fabp4, were not statistically significant changes in both the MIR-treated group and the MIR-
MPs-treated group.
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Figure 17. Gene expression of Ucp1, Ppary, and Fabp4 in BA after treatments. (A) Ucp7 expression in BA after
3-hour treatments with Ctrl-MPs, MIR-MPs, and MIR (n = 6), (B) UCP1 protein expression immunoblots after 1-day
treatments (n = 5), (C) Ppary expression in BA after 3-hour treatments with Ctrl-MPs, MIR-MPs, and MIR (n = 6), (D)
Fabp4 expression in BA after 3-hour treatments with Ctrl-MPs, MIR-MPs, or MIR (n = 6). Data were presented as
means * s.e.m and analyzed using ANOVA. *** p < 0.001, **** p < 0.0001.

4.2.3 MIR-loaded microparticles induced iWA beiging and

morphological changes

One origin of beige adipocytes has been suggested to be the trans-differentiation of WA into beige
adipocytes via cold exposure or treatment with ADRB3 agonists (Barbatelli et al. 2010; Rosenwald
et al. 2013). To investigate the effect of MIR-MPs on iWA beiging, the expression of beiging-
related genes (Ucp1, Ppargc1a, Dio2, Cidea, and Prdm16) was analyzed (Ferrannini et al. 2016).
As shown in Figure 18A, Ucp1, the most important browning marker, was upregulated significantly
in the MIR-treated iWA (50.8 + 14.0-fold) compared to the non-treated group. Importantly, the

78



Results of Project I: MIR-loaded PLGA microparticles

Ucp1 expression exhibited a more pronounced increase in iWA after treatment with MIR-MPs
(17.0 £ 9.4-fold) than the group treated with Ctrl-MPs. Treatment with Ctrl-MPs did not change
the expression of Ucp1 in iWA as compared to the non-treated group. Similarly, treatment with
MIR and MIR-MPs also induced an upregulation of UCP1 protein level in iWA. As shown in Figure
18B, UCP1 protein levels increased by 1.8 + 0.1-fold and 2.4 + 0.3-fold in iWA treated with MIR
and MIR-MPs, respectively. Additionally, MIR-MPs upregulated not only the expression of Ucp1
but also the expressions of Ppargc1a and Dio2 (Figures 18C and D). The mean expression of
Cidea and Prdm16 in the MIR-MPs treated group also increased (1.6 + 0.6-fold and 1.8 + 0.3-fold
respectively) compared to the Ctrl-MPs treated group, albeit not significantly (Figures 18E and F).
These data indicate that treatment of MIR-MPs can induce beiging in iWA.

Furthermore, iWA treated with MIR-MPs exhibited less intensity of Oil Red O staining than the
Ctrl-MPs treated group, indicating that treatment with MIR-MPs decreased the lipid content in iWA
(Figure 18G). By comparing the morphology of iWA treated with MIR-MPs and Ctrl-MPs, a
reduction in the size of lipid droplets was observed in iWA treated with MIR-MPs by 0.8 + 0.1-fold,
while iWA treated with Ctrl-MPs showed no change in the size of lipid droplets (Figures 18H and
I). Altogether, these results suggest that treatment with MIR-MPs can effectively induce the

beiging of iIWA and decrease lipid content in iWA.
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Figure 18. Changes in iWA after treatments. (A) Ucp 71 expression in iWA after 3-hour treatments with Ctrl-MPs, MIR-
MPs, and MIR (n = 6), (B) UCP1 protein expression immunoblots after 1-day treatments Ctrl-MPs, MIR-MPs, and MIR
(n = 3), (C) Ppargc1a expression in iWA after 3-hour treatments (n = 6), (D) Dio2 expression in iWA after 3-hour
treatments (n = 6), (E) Cidea expression in iWA after 3-hour treatments (n = 6), (F) Prdm16 expression in iWA after 3-
hour treatments (n = 6), (G) Oil Red-O stain of iWA after 1-day treatments with Ctrl-MPs, MIR-MPs, and MIR (n = 3),
(H) Representative microscope pictures of the morphology of iWA before and after 1-day treatments with Ctrl-MPs and
MIR-MPs (n = 3), (I) Average lipid droplet size of iWA before and after treatments. Data were presented as means *
s.e.m and analyzed using ANOVA or a t-test. * p < 0.05, ** p < 0.01, **** p < 0.0001.

80



Results of Project I: MIR-loaded PLGA microparticles

4.2.4 Mitochondrial stress assay on adipocytes

In cellular respiration, oxygen consumption is coupled with ATP synthesis during oxidative
phosphorylation, which is used to evaluate cellular metabolism (Divakaruni et al. 2014). As it is
demonstrated above in 4.2.3, treatments with MIR and MIR-MPs can significantly upregulate the
expression of beiging and thermogenic markers and induce in vitro lipolysis in iWA. To further
verify the effects of MIR and MIR-MPs on mitochondrial respiration in iWA, the OCR of iWA was
measured by the Seahorse XF24 Analyzer. The OCR of iWA was upregulated following treatment
with MIR and MIR-MPs, whereas the Ctrl-MPs treated group exhibited no difference in OCR
compared to the non-treated group (Figure 19A). The basal respiration was significantly
upregulated in the MIR-treated group by 3.1 + 1.1-fold, and the mean of basal respiration
increased in the MIR-MPs treated group (2.2 + 0.5-fold) compared to the Ctrl-MPs treated group
(Figure 19B). This indicates that the respiration required for endogenous ATP demand in MIR-
treated iWA was upregulated (Divakaruni et al. 2014). The FCCP-stimulated maximal respiratory
capacity is characterized as an indicator of mitochondrial function (Brand and Nicholls 2011).
Notably, treatments with MIR and MIR-MPs increased the maximal respiration (following FCCP
treatment) significantly in iWA by 3.7 + 1.8-fold and 1.5 £ 0.3-fold, respectively (Figure 19C).
Additionally, iWA treated with MIR-MPs exhibited an increasing mean of ATP production (1.8
0.4-fold) and proton leakage (3.0 + 1.1-fold), but not statistically significant (Figures 19D to F).
These data suggest that treatment with MIR and MIR-MPs can effectively upregulate oxygen

consumption and maximal respiration in iWA.
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Figure 19. MIR-loaded microparticles induced effects on mitochondrial respiration of iWA. (A) Mitochondrial
profile (Normalized OCR) after 3-hour treatments with Ctrl-MPs, MIR-MPs, and MIR, (B) Basal Respiration, (C) Maximal
Respiration, (D) ATP Production, (E) Proton Leak, (F) Spare Respiratory Capacity. n = 4. The mitochondrial profile was
normalized to the cell number of each well. Data were presented as means * s.e.m and analyzed using ANOVA. * p <
0.05, ** p < 0.01.

4.3 Toxicity tests of MIR-loaded microparticles on adipocytes

MTT assay was conducted to investigate whether MIR-MPs cause cytotoxicity in murine
adipocytes, including pre-BA, BA, inguinal white pre-adipocytes (pre-iWA), and iWA. A nonionic
surfactant, Triton X100 (v/v 2%), was used as a negative control to induce significant cytotoxicity
by lysing cells (Koley and Bard 2010). Figure 20 illustrates that Ctrl-MPs did not induce a decrease
in adipocyte viability compared to the non-treated group. Moreover, MIR, at the concentration of
1 M and 10 uM, did not alter the viability in adipocytes except for BA (Figures 20A, C, and D).
Interestingly, as compared to the controls, the viability of BA decreased by 0.9 + 0.1-fold and 0.8
+ 0.1-fold following treatments with MIR and MIR-MPs, respectively (Figure 20B). Moreover, a
higher MTT optical density (OD) value was observed in BA than in other adipocytes, indicating
that BA has a higher basal metabolic activity than other adipocytes (pre-BA, pre-iWA, and iWA).
It has been reported that the reduction of tetrazolium dye is dependent on nicotinamide adenine
dinucleotide phosphate (NADPH) enzymes, suggesting that the MTT assay is highly dependent

on cellular metabolic activity (Berridge, Herst, and Tan 2005). Therefore, to verify that the
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decrease of MTT OD value in BA was not caused by treatment with MIR and MIR-MPs, ATP

assay was additionally performed.

The ATP assay was based on the detection of ATP by the luciferin-luciferase reaction (Andreotti
etal. 1995). In the ATP assay, the same treatments were given to adipocytes as in the MTT assay.
Cells treated with Triton X100 (v/v 2%) served as a negative control. As shown in Figure 21B, the
ATP assay revealed that the cell viability of MIR-treated BA did not reduce compared to the non-
treated group. Moreover, BA treated with MIR-MPs showed no significant differences in cell
viability (Figure 21B). Treatment with MIR and MIR-MPs did not alter the viability of pre-BA, pre-
iWA, and iWA and exhibited a similar pattern to the MTT assay (Figures 21A, C, and D). Taken
together, these data indicate that treatment with MIR, Ctrl-MPs, and MIR-MPs did not lead to

toxicity in adipocytes.
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Figure 20. MTT assay for adipocytes after treatments. (A) MTT assay for pre-BA after 1-day treatments with Ctrl-
MPs, MIR-MPs, MIR, and Triton X100, (B) MTT assay for BA after 1-day treatments, (C) MTT assay for pre-iWA after
1-day treatments, (D) MTT assay for iWA after 1-day treatments. n = 3. Data were presented as means + s.e.m and
analyzed using ANOVA. * p <0.05, ** p < 0.01, *** p < 0.0001.
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Figure 21. ATP assay for adipocytes after treatments. (A) ATP assay for pre-BA after 1-day treatments with Ctrl-
MPs, MIR-MPs, MIR, and Triton X100 (n = 3), (B) ATP assay for BA after 1-day treatments, (C) ATP assay for pre-iWA
after 1-day treatments, (D) ATP for iWA after 1-day treatments. n = 3. Data were presented as means + s.e.m and
analyzed using ANOVA. **** p < 0.0001.

4.4 Ex vivo lipolysis induced by MIR-loaded microparticles

Treatment with MIR-MPs can effectively induce lipolysis in adipocytes. To investigate the ex vivo
lipolytic effects of MIR-MPs on murine AT, murine BAT, iWAT, and gWAT were included. AT were
freshly isolated from 8-week-old WT mice, and the ex vivo lipolysis assay was performed
subsequently. The weight of each piece of AT was recorded for normalization. The explanted AT
was incubated with MIR-MPs in the lipolysis medium for 3h. As shown in Figure 22, treatment
with MIR and MIR-MPs can lead to an upregulation of glycerol release in all types of AT. The BAT
generally exhibited a higher level of glycerol release than iWAT and gWAT (Figure 22). Despite
the high lipolysis level of BAT, treatment with MIR-MPs can further increase glycerol release in
BAT compared to the Ctrl-MPs treated group (1.3 £ 0.1-fold) (Figure 22A). Notably, the
upregulation of lipolysis induced by treatment with MIR and MIR-MPs showed a higher fold
change in iIWAT and gWAT, and the glycerol release did not change following treatment with Ctrl-
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MPs (Figures 22B and C). As shown in Figure 22B, treatment with MIR and MIR-MPs
considerably increased the lipolysis level in iIWAT by 4.1 £ 0.7-fold and 2.5 + 0.3-fold, respectively,
as compared to the control groups. In gWAT, the mean of glycerol release in the non-treated
group and the Ctrl-MPs treated group was lower than in iWAT. The fold changes of lipolysis
induced by MIR and MIR-MPs were 6.6 + 1.1-fold and 5.8 + 1.8-fold, respectively (Figure 22C).
These data indicate that treatment with MIR and MIR-MPs can strongly upregulate lipolysis levels
in BAT, iWAT, and gWAT.

To further verify the increased lipolysis in iWAT treated with MIR and MIR-MPs was mediated via
ADRB3 rather than other B-adrenergic receptors, a selective ADRB1 antagonist CGP 20712A
(CGP, concentration: 100 nM) and a selective ADRB2 antagonist ICI 118,551 (ICl, concentration:
50 nM) were applied (Kannabiran et al. 2020). Figure 22D shows that treatment with ICl and CGP
individually or together did not attenuate the glycerol release in iIWAT induced by MIR and MIR-
MPs, suggesting that treatment with MIR and MIR-MPs increased lipolysis in iWAT via ADRB3.
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Figure 22. Lipolysis of adipose tissue after treatments. (A) Lipolysis of BAT after 3-hour treatments with Ctrl-MPs,
MIR-MPs, and MIR (n = 4), (B) Lipolysis of iWAT after 3-hour treatments (n = 7), (C) Lipolysis of gWAT after 3-hour
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treatments (n = 6), (D) Lipolysis of iIWAT after 3-hour treatments with Ctrl-MPs, MIR-MPs, MIR (1 uM), ICI (50 nM), and
CGP (100 nM) (n = 3). Data were presented as means + s.e.m and analyzed using ANOVA. * p < 0.05, ** p <0.01, ***
p <0.001, *** p < 0.0001.

Next, to evaluate whether MIR-MPs can release MIR inside WAT and induce lipolysis, MIR-MPs
were injected into iIWAT and gWAT, and ex vivo lipolysis was subsequently performed. MIR-MPs
were suspended in PBS (pH 7.4) and injected directly into WAT. As shown in Figure 23A, each
sample of WAT was injected with 50 ul of PBS containing the same amount of microparticles. In
every single injection of MIR-MPs, MIR can reach a concentration of 50 yM, as MIR was
completely released from the microparticles. Following injection, PBS diffused out of the tissue,
but the MIR-MPs remained inside of AT and release MIR (Figure 23A). Figure 23B and C show
that the lipolysis of control groups in iIWAT and gWAT both remained at a low level after 3 hours
of incubation. Interestingly, 3-hour treatment with MIR-MPs via direct injection elicited an increase
of lipolysis in both iIWAT and gWAT (Figure 23), which was consistent with the increased level of
lipolysis in WAT that co-cultured with MIR-MPs (Figure 22). These results suggest that MIR can
release from MIR-MPs in AT following direct injection and induce lipolysis in iWAT and gWAT.
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Figure 23. Lipolysis of white adipose tissue after treatments via direct injection. (A) iWAT treated with MIR-MPs
via direct injection, (B) Lipolysis of iWAT after 3-hour treatments with Ctrl-MPs, MIR-MPs, and MIR via direct injection
(n = 6), (C) Lipolysis of gWAT after 3-hour treatments via direction injection (n = 3). Data were presented as means *
s.e.m and analyzed using ANOVA. * p < 0.05; *** p < 0.0005.

As illustrated in 4.1.5, MIR-MPs can release sustainably MIR in the aqueous medium for 2 weeks.
Prolonging the incubation of ex vivo lipolysis allows more MIR to release from MIR-MPs and
achieve a higher concentration of MIR in the medium, which might result in a higher lipolysis level
in WAT. To evaluate whether prolonged incubation or a higher concentration of MIR further

facilitates ex vivo lipolysis in WAT, the prolonged ex vivo lipolysis (6 hours of incubation) was
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compared to the normal ex vivo lipolysis with 3-hour incubation. As shown in Figure 24A, glycerol
release of IWAT in control groups did not change by prolonging incubation from 3 hours to 6 hours.
Notably, IWAT treated with MIR and MIR-MPs with 6 hours of incubation showed a significant
increase in glycerol release by 5.4 + 1.6-fold and 4.7 + 1.0-fold respectively compared to the
control groups. The fold change of glycerol release was higher than the normal ex vivo lipolysis
(4.4 £ 0.6-fold and 4.0 + 0.7-fold, respectively). However, prolonged treatment with MIR-MPs did
not exhibit a further increase in lipolysis compared to the group treated with MIR at a concentration
of 1 uM (Figure 24A). Similar results were also observed in gWAT (Figure 24B). These data
illustrate that prolonged incubation, rather than a higher concentration of MIR, can lead to a further

increase in ex vivo lipolysis of IWAT and gWAT after treatment with MIR and MIR-MPs.
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Figure 24. Prolonged lipolysis of white adipose tissue after treatments. (A) Prolonged lipolysis of iWAT after
treatments with Ctrl-MPs, MIR-MPs, and MIR (n = 3), (B) Prolonged lipolysis of gWAT after treatments (n = 3). Ex vivo
lipolysis data were presented as means + s.e.m. and were analyzed using ANOVA. * p < 0.05; ** p < 0.005; *** p <
0.0005; **** p < 0.0001.

Taken together, these results indicate:

1. MIR-MPs can induce lipolysis not only in vitro but also ex vivo via ADRB3 in explanted BAT,
iWAT, and gWAT,;

2. MIR-MPs released MIR inside of WAT after direct injection and increased ex vivo lipolysis levels
in both iIWAT and gWAT,;

3. By prolonging the incubation time, ex vivo lipolysis levels can be further enhanced in iWAT and
gWAT after treatment with MIR and MIR-MPs.
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4.5 MIR-loaded microparticles induce lipolysis in human

subcutaneous white adipose tissue

Considering the significant effects of MIR-MPs on upregulating lipolysis in murine adipocytes and
AT, it is necessary to examine whether these effects of MIR-MPs can be transferred to human
subcutaneous white adipose tissue (SCWAT). Some previous studies have demonstrated that the
expression pattern of B-adrenergic receptors is different in murine WAT and human WAT: murine
WAT expresses mostly ADRB3 whereas human WAT expresses ADRB2 (Evans et al. 2019; S.
Collins et al. 1994). The expression of ADRB2 and ADRB3 in human WA and human WAT were
investigated in this thesis and compared with the expression of Adrb2 and Adrb3 in murine iWA
and iIWAT. Figures 25A to D show that the expression level of Adrb2 and Adrb3 in rodents was
generally higher than in humans. ADRB2 was expressed more dominantly than ADRB3 in human
WA, whereas the expression of Adrb2 and Adrb3 showed no significant difference in murine iWA
(Figures 26A and B). Importantly, the expression of ADRB3 was detected in both human scWAT
and murine IWAT. In human scWAT, ADRB2 was expressed at a higher level (36.9 + 18.6-fold)
than ADRBS3, while the expression of Adrb3 in murine iIWAT was 6.6 + 0.9-fold higher than Adrb2
(Figures 25C and D).

Next, to investigate the effects of MIR and MIR-MPs on human scWAT, ex vivo lipolysis was
conducted following treatment with MIR and MIR-MPs. As shown in Figure 25B, after 3 hours of
incubation, the lipolysis level in the MIR-treated group and the MIR-MPs-treated group did not
differ from the control groups. When prolonged the incubation from 3 hours to 24 hours, the
glycerol release in the non-treated group and the Ctrl-MPs treated group did not change. Notably,
the ex vivo lipolysis level in human scWAT treated with MIR and MIR-MPs was upregulated by
3.1 + 0.8-fold and 4.3 £ 1.3-fold, respectively, compared to the control groups, suggesting that
treatment with MIR and MIR-MPs can increase lipolysis in human scWAT after 1-day incubation
(Figure 25F).

Additionally, Blondin et al. reported that ADRB2 has an important role in human BA
thermogenesis (Blondin et al. 2020). To verify that the increased lipolysis in human scWAT treated
with MIR and MIR-MPs was mediated via ADRB3 rather than via potential cross-talk via ADRB2,
a selective ADRB2 agonist, salbutamol (SAL, concentration 2 uM), was used individually or
together with ICI (concentration: 1 pM). As shown in Figure 25G, treatment with SAL can
effectively elevate the lipolysis level in human scWAT. Moreover, adding an ADRB2 antagonist
ICI reduced the mean of SAL-induced glycerol release by 0.7 £ 0.1-fold. Notably, the addition of
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ICI did not decrease the lipolysis level either in the MIR-treated group or in the MIR-MPs treated
group (Figure 25H), suggesting that the increase of lipolysis in human scWAT treated with MIR
and MIR-MPs was induced via ADRB3.

Summarizing the results from 4.4 and 4.5, these data indicate that MIR-MPs elevated ex vivo

lipolysis levels both in murine iIWAT and human scWAT via ADRB3.
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Figure 25. B-adrenergic receptor expression in human/murine WA and WAT and ex vivo lipolysis of human
scWAT after treatments. (A) Gene expression of ADRB2 and ADRB3 in human WA (n = 3), (B) Gene expression of
Adrb2 and Adrb3 in murine iWA (n = 4), (C) Gene expression of ADRB2 and ADRB3 in human scWAT (n = 3), (D)
Gene expression of Adrb2 and Adrb3 in murine iIWAT (n = 4), (E) Lipolysis of human scWAT after treatments with MIR
(2 yM), Ctrl-MPs, and MIR-MPs for 3 hours (n = 3), (F) Lipolysis of human scWAT after treatments with MIR (2 pM),
Ctrl-MPs, and MIR-MPs for 1 day (n = 3), (G) Lipolysis of human scWAT after treatments with MIR (2 uM), SAL (2 uM),
and ICI (1 yM) for 1 day (n = 5), (E) Lipolysis of human scWAT after treatments with Ctrl-MPs, and MIR-MPs, and ICI
(1 uM) for 1 day (n = 5). Data were presented as means + s.e.m and analyzed using a t-test or ANOVA. * p < 0.05, **
p <0.01, *** p <0.001.
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4.6 Ex vivo lipolysis and gene expressions in explanted human
subcutaneous white adipose tissue after direct injection of MIR-

loaded microparticles

Subcutaneous WAT beneath rodent skin is separated by a striated muscle layer known as the
panniculus carnosus. Unlike rodents, humans lack the panniculus carnosus, and human scWAT
is located in the hypodermis, the innermost layer of human skin (Driskell et al. 2014). Moreover,
Kohane et al. illustrated that local subcutaneous implantation might be the most suitable and
potential clinical application for PLGA microparticles according to its characteristics (Kohane
2007). Due to these anatomical differences between human skin and rodent skin as well as the
characteristics of PLGA microparticles, injecting MIR-MPs directly into human scWAT would be

a feasible method to apply MIR-MPs in humans.

Therefore, MIR-MPs were suspended in PBS and directly injected into explanted human scWAT
to further examine their effect on human scWAT. The ex vivo lipolysis level and expression of
beiging markers were further analyzed. As shown in Figure 26A, treatment with MIR via direct
injection significantly increased the lipolysis level in human scWAT compared to the control group
(1.8 £ 0.3-fold). Importantly, direct injection with MIR-MPs also significantly upregulated glycerol
release by 1.9 £ 0.4-fold, indicating that MIR can also release from MIR-MPs in human scWAT
after direct injection and increase human scWAT lipolysis. Notably, Figure 26B shows that human
scWAT treated with MIR-MPs via direct injection exhibited a significant upregulation of UCP1
expression (2.7 £ 0.4-fold). The mean expression of CIDEA, PPARGC1a, DIO2, TMEM26, and
PRDM16 was higher after the treatment with MIR-MPs than those groups treated with Ctrl-MPs,
albeit not significantly (Figure 26C to G). These results suggest that direct injection of MIR-MPs

can upregulate human scWAT lipolysis and induce the expression of beiging markers.
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Figure 26. Ex vivo lipolysis and gene expressions in human scWAT after treatment with MIR-MPs via direct
injection. (A) human scWAT lipolysis after 1-day treatments via direct injections. (n = 3), (B) UCP1 expression in
human scWAT after 1-day treatments with Ctrl-MPs, MIR-MPs, and MIR via direct injections (n = 3), (C) CIDEA
expression in human scWAT after 1-day treatments via direct injections (n = 4), (D) PPARGC1a expression in human
scWAT after 1-day treatments via direct injections (n = 4), (E) DIO2 expression in human scWAT after1-day treatments
via direct injections (n = 4), (F) TMEM26 expression in human scWAT after1-day treatments via direct injections (n =
4), (G) PRDM16 expression in human scWAT after 1-day treatments via direct injections (n = 4). The data were
presented as means * s.e.m and analyzed using ANOVA. ** p < 0.01, *** p < 0.001. d.i: direct injection.

92



Results of Project II: API-loaded TRLs

5 Results of Project Il: APl-loaded TRLs

5.1 Characterization of APl-loaded TRLs

Two different drugs were used in this study to prepare API-loaded TRLs: T3-loaded TRLs (T3-
TRLs) and FR-loaded TRLs (FR-TRLs). Figure 27A illustrates a basic structure of API-loaded
TRLs: a monolayer of phospholipids surrounds a lipid core encasing T3 or FR molecules, TG,
and cholesterol. The particle size, polydispersity index (PDI), and zeta potential of the formulated
TRLs diluted 1:100 in PBS were measured by dynamic light scattering (DLS) at an angle of light
incidence of 90° using ZetaSizer 90S (Malvern Panalytical, Malvern, UK). Electrophoretic mobility
was determined using laser Doppler Velocimetry. According to the electrophoretic mobility, the
zeta potential was calculated using the Smoluchowski equation (Sze et al. 2003). The
encapsulation efficiency of each formulation was measured and calculated as mentioned

previously in 3.12.1.

As shown in Table 4, two formulations of T3-TRLs and one formulation of FR-TRLs were prepared.
Formulation 1 was the initial formulation for T3 TRLs, which was prepared with 1 mg cholesterol,
1 mg phosphatidylcholine, 16 mg TG, and 8.3 ug T3. Formulation 2 of T3-TRLs was additionally
prepared with the same weight ratio of cholesterol, phosphatidylcholine, and TG, but a reduced
ratio of T3. Formulations 3 and 4 were Vehicle-TRLs, which differed only in T3 loading from
formulations 1 and 2. FR-TRLs (formulation 5) were prepared using the same weight ratio of
cholesterol, phosphatidylcholine, and TG, but an increased amount of FR. The diameter of TRLs
in formulations 1 to 4 fluctuated within a limited spectrum and remained at the same level in the
range of 270 nm to 320 nm (Table 4). Zeta potential is an important parameter for particle stability,
and it shows an essential effect on the in vivo fate of particles (Torchilin 2005; R. Singh and Lillard
2009). Formulations 2 and 4 showed a higher absolute value of zeta potential (-10.8 £ 0.4 mv and
-17.3 £ 0.3 mv, respectively) than formulations 1 and 3 (-6.7 £ 0.2 mv and -6.6 + 0.3 mv), indicating
that formulation 2 and 4 showed better stability than formulation 1 and 3. The polydispersity index
(PDI) represents the homogeneity of particles. Formulations 1 and 3 exhibited a lower PDI (0.14
+ 0.01 and 0.20 + 0.01, respectively) compared to formulations 2 and 4. Notably, the
encapsulation efficiency of formulation 2 (40.8 + 1.8%) was doubled compared to formulation 1
(17.7 £ 1.9%), suggesting that reducing the weight ratio of T3 can improve encapsulation
efficiency. Alternatively, the encapsulation efficiency and zeta potential of FR-TRLs (formulation
5) were similar to formulation 1, but with a lower PDI (0.38 + 0.02) and a larger size (385.8 + 6.8

nm) most likely due to the different chemical properties of FR compared to T3. Due to the high
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absolute value of zeta potential and high encapsulation efficiency, formulation 2 of T3-TRLs was

chosen and further used in the following study.

Table 4. Characteristics of TRLs

Particle size Polydispersity Zeta Encapsulation
Formulation TRLs description (Z-average) index potential Efficiency
(nm) (PDI) (mv) (%)
1. Low-concentrated T3- 283.4+44 0.14 £ 0.01 -6.7£0.2 17.7£1.9
loaded TRLs
2, High-concentrated T3- 2751738 0.22 + 0.02 -10.8+0.4 40.8+1.8
loaded TRLs
3. Low-concentrated 315.6 £ 16.5 0.16 £ 0.01 -6.6 £ 0.3 N/A
Vehicle-TRLs
4. High-concentrated 2084 +154 0.21 £ 0.01 -17.3+0.3 N/A
Vehicle-TRLs
5. FR-loaded TRLs 385.8 +6.8 0.38 £ 0.02 -8.7+04 17.7+1.0
6. Vehicle-TRLs 443.4+4.0 0.37 £ 0.02 -8.9+0.7 N/A

5.2 Optimization of APIl-loaded TRLs

Despite the importance of T3 in activating thermogenesis in BAT, excessive injection of T3 can
lead to adverse effects such as hyperthyroidism, arrhythmia, and cardiac arrest. (Yau et al. 2019;
Biondi et al. 2002). To minimize side effects induced by nonencapsulated T3, PD-10 desalting
columns packed with Sephadex G-25 resin were used to remove nonencapsulated T3 and FR
from drug-loaded TRLs. Since the size of TRLs is larger than nonencapsulated small molecules,
TRLs were first eluted out of the column. In contrast, nonencapsulated T3 and FR penetrated
pores in the Sephadex matrix and it took longer for them to be eluted out of the column than TRLs
(O’Fagain, Cummins, and O’Connor 2010). Sephadex G25 filtration was performed twice to
remove nonencapsulated drugs, followed by 1 um polyethersulfone (PES) syringe filtration once
for removal of aggregated TRLs. Before injections, the remaining free drug was further separated
using a centrifugal Vivaspin 20 ultrafiltration unit and quantified using LC/MS following Sephadex
G25 filtration (Figure 27B).
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Figure 27. Schematic overview of APl-loaded TRLs and API-loaded TRLs preparation protocol. (A) Schematic
illustration of T3/FR-TRLs. (B) Schematic representation of T3/FR-TRLs preparation protocol. Filtration twice with
Sephadex G25 PD-10 chromatography removed nonencapsulated API from the original API-loaded TRLs. The purified
injectable FR-TRLs subsequently were characterized by Zetasizer. Simultaneously, a centrifugal concentrator of
Vivaspin 20 was used to separate the remaining nonencapsulated API in purified APl-loaded TRLs. The Encapsulation
efficiency of original APl-loaded TRLs was evaluated using dialysis tubes. The amount of API in each step was
quantified by HPLC or liquid chromatography/mass spectrometry (LC/MS). The scheme is generated using Bio render.
TRLs: triglyceride-rich lipoproteins, HPLC: high-performance liquid chromatography.

It was obvious that the scavenger role of Sephadex G25 in removing nonencapsulated T3 was
obvious (Figure 28A). The total concentration of T3 in the purified T3-TRLs (114.0 £ 13.7 ng/ml)
was significantly reduced compared to the total T3 concentration in the original T3-TRLs (14314.0
+ 665.4 ng/ml). In Figure 28B, T3-TRLs showed a single sharp peak in the size distribution (275.1
+ 7.8 nm) after optimization. Importantly, Figure 28C exhibits that the nonencapsulated T3 after

Sephadex G25 filtration remained at an extremely low level (1.8 + 0.3 ng/ml), which was
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significantly lower than the T3 level in an 8-week-old C57BL/6L WT mouse serum (3.2 £ 0.1 ng/ml).
Moreover, the same optimization was also conducted for FR-TRLs. As shown in Figure 29, the
size of purified FR-TRLs was 385.8 + 6.8 nm in diameter. The total concentration of FR reduced
from 10794.0 £ 477.4 ng/ml to 190.4 + 2.3 ng/ml after Sephadex G25 filtrations. Purified FR-TRLs
contained a very low level of nonencapsulated FR (1.4 + 0.6 ng/ml), while a lethal dose 50% (LDso)
of FR for subcutaneous injection in mice was reported by Onken et al. to be 0.6 mg/kg (Onken et
al. 2021). These results suggest that the nonencapsulated T3 and FR remained at a low level in

T3-TRLs and FR-TRLs respectively after optimization procedures.
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Figure 28. Optimization of T3-loaded TRLs. (A) Optimization of T3-TRLs, (B) Size distribution of purified T3-TRLs,
(C) Concentration of free T3 in purified T3-TRLs compared with the T3 level in 8-week-old WT mouse serum. n = 3.
The data were presented as means + s.e.m and analyzed using t-test or ANOVA. ** p < 0.005; **** p < 0.0001.
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Figure 29. Optimization of FR-loaded TRLs. (A) Optimization of FR-TRLs, (B) Size distribution of purified FR-TRLs.
n = 3. The data were presented as means * s.e.m and analyzed using t-test or ANOVA. **** p < 0.0001.

5.3 In vivo effects of T3-TRLs

5.3.1 Metabolic changes in mice treated with T3-TRLs

To activate BAT and trigger TRLs uptake in BAT, animals were acclimatized at 18°C for 7 days
and subsequently exposed to cold (4°C) for 1 day before being treated with T3-TRLs or Vehicle-
TRLs. Treatments with T3-TRLs and Vehicle-TRLs were administrated every second day via i.v.
injection (Figure 30A). Using metabolic cages, the oxygen consumption of two treated groups was
measured after treatments at 4°C. Figures 30B to D show that the mean oxygen consumption in
the T3-TRLs treated group was slightly higher (1.03 £ 0.01-fold) than in the Vehicle-TRLs treated
group during 24h of cold exposure, but not statistically significant. The body weight and food
intake were recorded daily. As shown in Figure 30E, the body weight of the two treated groups
was similar before treatment. All mice in the two groups lost body weight within the first day of
cold exposure; interestingly, mice treated with Vehicle-TRLs lost more body weight than mice
treated with T3-TRLs, albeit not significantly. From day 1 to day 4, the body weight of the T3-
TRLs treated group remained relatively stable but showed a slight reduction on day 4. In contrast,
the body weight of mice treated with Vehicle-TRLs showed a drop in the first 2 days of cold
exposure, indicating that Vehicle-TRLs-treated mice might take longer to adapt to cold than mice
treated with T3-TRLs. Interestingly, after 2 days of cold exposure, the body weight of Vehicle-
TRLs treated mice began to recover and reached the same level as mice treated with T3-TRLs
on day 5 of cold exposure. Figure 30F further shows that mice treated with T3-TRLs had a higher
food intake than mice in the Vehicle-TRLs treated group, but not significantly. Moreover, the
weight of BAT and iWAT in the group treated with T3-TRLs exhibited a decreasing tendency (0.7
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+ 0.1-fold and 0.8 £ 0.2-fold, respectively) compared to the Vehicle-TRLs treated group, while the
weight of heart and gWAT had no difference between both groups (Figure 30G).
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Figure 30. Assembly and physiological changes of mice after treatment with Vehicle-TRLs/T3-TRLs. (A) The
treatment plan for two groups, (B) Oxygen consumption of mice treated with Vehicle TRLs and T3-TRLs during 24
hours of cold exposure, (C) Area under the curve (AUC) of the oxygen consumption in two groups during 24 hours of
cold exposure, (D) ANCOVA analysis of oxygen consumption/body weight, (E) Change of body weight after treatments,
(F) Food intake, (G) Organ weight of BAT, iWAT, and gWAT of Vehicle-TRLs treated mice and T3-TRLs treated mice.
n =3 - 4. The data were presented as means * s.e.m and analyzed using a t-test. * p < 0.05.
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5.3.2 T3-TRLs induced effects in brown adipose tissue

Bartelt et al. first illustrated that radiolabeled TRLs can be detected in several organs including
the liver, spleen, BAT, WAT, muscle, and heart after administration, but not in the brain (Bartelt
et al. 2011). Recently, Hildebrand et al. further reported the distribution and in vivo uptake of Iron-
oxide-nanoparticle-loaded TRLs (IRON-TRLs) via i.v. injection. IRON-TRLs have iron oxide
nanoparticles (IONPs) embedded in the lipid core, which provided a novel method to quantify and
trace in vivo uptake of TRLs (Hildebrand et al. 2021). Bartelt et al. and Hildebrand et al. both
demonstrated that TRLs can be taken up by mice in BAT after cold exposure and the liver (Bartelt
et al. 2011; Hildebrand et al. 2021). Using the same method, Vehicle-TRLs and T3-TRLs were
prepared with the same structure and at the same size as IONP-TRLs. According to Bartelt’s and
Hildebrand’s findings, the in vivo uptake pattern of Vehicle-TRLs and T3-TRLs manifest a similar
in vivo uptake pattern of radiolabeled TRLs or IRON-TRLs (Bartelt et al. 2011; Hildebrand et al.
2021).

T3-TLRs and Vehicle-TRLs were administrated every two days at a volume of 5 ml/kg (100 pl/ 20
g) for 1 week. To assess the effects of T3 delivered by T3-TRLs on BAT, the expression of
thermogenic genes and proteins was analyzed. Figures 31A and B exhibit that the expression of
thermogenic markers (Ucp1 and Dio2) in the BAT of mice treated with T3-TRLs was significantly
increased by 3.35 £ 0.93-fold and 4.70 + 1.24-fold, respectively. Figures 31C and D further show
that treatment with T3-TRLs could lead to an increase in the mean expression of adipogenic
markers (Fabp4 and Ppary) compared to the Vehicle-TRLs treated group. Additionally, an
apparent increase in the mean protein level of thermogenic and adipogenic markers (Ucp1 and
Fabp4) in BAT could also be observed following treatment with T3-TRLs (1.4 £ 0.3-fold and 1.3
0.2-fold, respectively), albeit not significantly (Figures 31E to F). These data suggest that the
expression of thermogenic markers in BAT was effectively upregulated following treatment with
T3-TRLs.
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Figure 31. Gene and protein expression in BAT after treatment with Vehicle-TRLs/T3-TRLs. (A - D) Ucp1, Dio2,
Fabp4, and Ppary expression in BAT after treatments with Vehicle-TRLs and T3-TRLs, (E - F) UCP1 and FABP4 (aP2)

protein expression levels in BAT after treatments. n = 3 - 4. The data were presented as means * s.e.m and analyzed
using a t-test. * p < 0.05.

5.3.3 T3-TRLs-induced gene expressions

The liver is metabolically benefited from T3, as T3 promotes FA oxidation and hepatic lipogenesis
(Mendoza et al. 2021). In turn, the liver synthesizes several plasma proteins that can bind thyroid
hormones and provide a large and exchangeable pool of circulating hormones (Antonio C. Bianco
et al. 2002). To investigate the effects of treatment with T3-TRLs on regulating hepatic metabolism,
the expression of hepatic genes was analyzed. Several T3-related hepatic genes, associated with
hepatic lipogenesis, hepatic lipase activity, and lipoprotein receptors, were analyzed in this study,
including Dio1, Cytochrome P450 Family 7 Subfamily A Member 1 (Cyp7a1), Low-Density
Lipoprotein Receptor (Ldlr), peroxisome proliferator-activated receptor-alpha (Ppara), Carnitine
Palmitoyltransferase 1A (Cpt1a), Malic enzyme 1 (Me1), Scavenger Receptor Class B Member 1

(Scarb1), Sterol Regulatory Element Binding Transcription Factor 2 (Srebp2), Dio2, Diacylglycerol

O-Acyltransferase 1 (Dgat), Lipase C (Lipc), and Pyruvate Dehydrogenase Kinase 4 (Pdk4)
(Kinlaw et al. 1995; Moustaid and Sul 1991; Sinha, Singh, and Yen 2014; 2014).
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Figures 32A to E show that the expression of Dio7 (5.3 £ 0.7-fold), Cyp7a1 (4.6 £ 1.0-fold), LdlIr
(6.7 £ 0.6-fold), Ppara (2.6 + 0.9-fold), and Cpt7a (2.9 + 0.6-fold) was significantly upregulated in
the liver after treatment with T3-TRLs. An increase in the mean expression of other T3-related
hepatic genes could also be observed after treatment with T3-TRLs, such as Me7 (1.4 £ 0.1-fold),
Scarb1 (3.9 £ 0.8-fold), Srebp2 (2.7 £ 1.1-fold), Dio2 (1.9 + 0.5-fold), Dgat (1.8 = 0.5-fold), Lipc
(3.6 £ 1.4-fold), and Pdk4 (1.4 + 0.3-fold), albeit not significantly (Figures 33F to L). These results
indicate that T3 encapsulated in TRLs successfully achieved in the liver and effectively induced

the expression of T3-related hepatic genes.
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Figure 32. Hepatic gene expression in mice treated with Vehicle-TRLs and T3-TRLs. (A - E) Dio1, Cyp7aft, Ldilr,
Ppara, and Cpt1a expression in the liver, (F - L) Me1, Scarb1, Srebp2, Dio2, Dgat, Lipc, and Pdk4 expression in the
liver. n = 3 - 4. The data were presented as means + s.e.m and analyzed using a t-test. * p < 0.05.

Next, to assess whether treatment with T3-TLRs could have cardiac effects, the expression of
four thyroid hormone-related genes in the heart (Dio2, Pdk4, Ucp2, and Ucp3) was examined in
the Vehicle-TRLs treated group and the T3-TRLs treated group. Dio2 has a high affinity for T4
and it converts T4 to T3 (Escobar-Morreale et al. 1999). As shown in Figure 33A, following
treatment with T3-TRLs, the mean expression of cardiac Dio2 was down-regulated by 0.8 + 0.3-
fold, but not significantly. Moreover, the expression of Pdk4 is regulated by T3. It has been

reported that hyperthyroidism can strongly result in high expression of Pdk4 in the heart (Sugden
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et al. 2000; Attia et al. 2010). Figure 33B shows that the expression of Pdk4 had no significant
changes after treatment with T3-TRLs compared to the Vehicle-TRLs treated group. Several
previous studies have illustrated that an increasing level of T3 in serum enhances the expression
of Ucp2 and Ucp3 in the heart (Lanni et al. 1997; Queiroz, Shao, and Ismail-Beigi 2004).
Interestingly, Figures 33C to D exhibit that treatment with T3-TRLs did not induce an increase in
the expression of Ucp2 or Ucp3. These data indicate that treatment with T3-TRLs did not affect

the gene expression in the heart compared to mice treated with Vehicle-TRLs.
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Figure 33. T3 regulated gene expression in the heart after treatment with Vehicle-TRLs and T3-TRLs. (A) the
expression of Dio2 in the heart after treatments with Vehicle-TRLs and T3-TRLs, (B) the expression of Pdk4 in the
heart after treatments, (C) the expression of Ucp2 in the heart after treatments, (D) the expression of Ucp3 in the heart
after treatments. n = 3 - 4. The data were presented as means + s.e.m.

5.3.4 Histological changes in mice treated with T3-TRLs

Since treatment with T3-TRLs upregulated the expression of the thermogenic gene in BAT and
T3-related hepatic genes in the liver, it is necessary to verify histological changes in BAT and the
liver after treatments. First, BAT from T3-TRLs treated mice and Vehicle-TRLs treated mice was
analyzed using H&E staining and immunohistological UCP1 staining. H&E staining illustrated that
BAT from mice treated with T3-TRLs exhibited more multilocular lipid droplets compared to BAT
from Vehicle-TRLs treated mice (Figures 34A and B). Notably, immunohistochemical UCP1
staining also revealed a greater abundance of UCP1 in BAT of T3-TRLs treated mice than the
Vehicle-TRLs treated mice, suggesting that treatment with T3-TRLs induced a higher UCP1 level
in BAT (Figures 34C and D).
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Figure 34. H&E staining and immunohistochemical UCP1 staining of BAT after treatments with Vehicle-TRLs
and T3-TRLs. (A) H&E staining of BAT in vehicle-TRLs treated mice, (B) H&E staining of BAT in T3-TRLs treated mice,
(C) Immunohistochemical UCP1 staining of BAT in vehicle-TRLs treated mice, (D) Immunohistochemical UCP1 staining
of BAT in T3-TRLs treated mice (n = 3 - 4). Scale bar, 100 ym.

Next, H&E staining was conducted in the liver of mice treated with T3-TRLs and Vehicle-TRLs.
As shown in Figures 35A and B, H&E staining did not show significant differences in the liver
between the group treated with T3-TRLs and the group treated with Vehicle-TRLs. Only a slight
reduction in the sinusoid size of mice treated with Vehicle-TRLs was observed (Figure 35A,
arrows). The diameter of the sinusoid exhibited slightly larger compared to that of mice treated
with T3-TRLs. Kostka et al. demonstrated that the hepatocyte volume and the diameter of the
sinusoid might be affected by VLDL or other treatments in the liver (Kostka et al. 1999). According
to the results, it is hypothesized that mice treated with T3-TRLs reduced blood flow by reducing
sinusoids, which in turn increased the concentration of liver enzymes to metabolize the extra T3

encapsulated in T3-TRLs.

Figures 35 C and D exhibited representative images of transverse sections of the heart stained
with H&E from Vehicle-TRLs treated mice and T3-TRLs treated mice. The left ventricle (LV) and
right ventricle (RV) can be distinguished. No significant differences were observed between the

two groups, which was consistent with the results of gene expressions in the heart.
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Vehicle-TRLs T3-TRLs

Figure 35. H&E staining of liver and heart of mice treated with Vehicle-TRLs and T3-TRLs. (A) H&E staining of
the liver in vehicle-TRLs treated mice, (B) H&E staining of the liver in T3-TRLs treated mice, (C) H&E staining of the
heart in vehicle-TRLs treated mice, (D) H&E staining of the heart in T3-TRLs treated mice. n = 3 - 4. LV: left ventricle,
RV: right ventricle, arrow: hepatic sinusoid. (A - B) Scale bar, 100 um. (C - D) Scale bar, 2 mm.
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6 Discussion

6.1 Project I: MIR-loaded PLGA microparticles

6.1.1 A novel combination of PLGA microparticles and MIR

Nano/microparticle therapies have been receiving a surge of interest recently. FDA approved 51
Nano/microparticle therapies by 2016 while 77 products were already in clinical trials (Bobo et al.
2016). From 2016 to 2019, over 75 new trials were further initiated, and more than 15 new
nano/microparticle technologies started clinical trials, indicating an increasing demand for

nano/microparticle therapies (Anselmo and Mitragotri 2019).

Several studies have investigated the combination of off-label effects of FDA-approved drugs and
nano/microparticle techniques for treating obesity. A study has attempted to use nanoparticle
platforms to deliver rosiglitazone to AT vasculature, which binds to the nuclear PPARYy receptor
and upregulates Ppary expression as well as causes WAT beiging (Xue et al. 2016).
Dibenzazepine (DBZ), a y-secretase inhibitor, was used in another study to inhibit Notch signaling
and promote the beiging of WAT (Jiang et al. 2017). Although Rosi is an FDA-approved drug for
diabetes, Rosi's cardiovascular safety issues cannot be ignored (Nissen and Wolski 2007; Cohen
2010). Moreover, whether the use of Rosi for treating obesity could induce side effects in other
organs such as the liver, kidney, and brain still needs to be explored (Hemmeryckx et al. 2013;
Ahmadian et al. 2013). As an iminostilbene, DBZ is mainly used in schizophrenia (SZ) (Meltzer et
al. 1989). The effect of DBZ on WA beiging has been found in a recent study (Bi et al. 2014), but
ADRB3 agonists have superior efficacy on WA beging than DBZ (Merlin et al. 2018).

It has been decades since PLGA was first applied as a biodegradable and biocompatible device
for drug delivery in medical fields (Kulkarni et al. 1971). PLGA has not only been successfully
used to encapsulate and deliver hydrophobic and hydrophilic small molecule drugs such as
steroids (Beck et al. 1979; Barichello et al. 1999), but also large molecules such as peptides,
proteins, DNA, and RNA for potential medical uses (Wischke and Schwendeman 2008). In the
aspect of pharmacological treatment for obesity, MIR showed promising effects on activating BA
and beiging WA (Warren, Burden, and Abrams 2016; O’Mara et al. 2020). Clinical trials regarding
the use of MIR to treat obesity have focused mainly on oral administration, which requires patients
to take high doses of MIR daily and chronically (200 mg/day for weeks) (Cypess et al. 2015; Finlin
et al. 2018; O’'Mara et al. 2020). However, Nitti and Chapple et al. demonstrated that increases in

blood pressure (0.4 - 0.6 mmHg) were strongly associated with MIR oral administrations (50
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mg/day, 12 weeks) (Nitti et al. 2014). So far, MIR has seldom been reported to be encapsulated
in PLGA devices to achieve its pharmacological effects on WA beiging. Therefore, using PLGA
microparticles to control the release of MIR to WA and minimize its potential cardiovascular side

effects could be a novel combination to treat obesity.

6.1.2 The release profile of MIR-loaded PLGA microparticles

The releasing profile of PLGA microparticles is influenced by several factors including drug
characteristics, the lactic acid content of PLGA polymers, releasing medium, pH, surface-active
agents, etc. (Parikh et al. 1993; Cowsar et al. 1985; Leelarasamee et al. 1986). To encapsulate
the hydrophobic drug MIR in PLGA, the oil-in-water (o/w) emulsion/solvent evaporation technique
was used. Here, adding a small amount of DMSO for assisting in dissolving MIR significantly
increased the solubility of MIR in DCM. However, SEM images show that the formulation with
increased DMSO exhibited pores on the surface of MIR-MPs. It is hypothesized that DMSO might
diffuse into aqueous surroundings from newly hardened MIR-MPs during evaporation. This
phenomenon may alter the release profile of MIR-MPs. Surprisingly, the results of the release
profile showed that increased DMSO did not significantly change the release profile of MIR-MPs.

Using high molecular weight PLGA to prepare PLGA microparticles can significantly prolong the
release profile (Sousa-Batista et al. 2019). The amount of MIR released from MIR-MPs should be
enough to induce pharmacological effects on adipocytes and AT within an acceptable period in
in vitro and ex vivo studies. Based on the results in this thesis, the optimized MIR-MPs contain 6%
of MIR (w/w) and the kinetic release profile of MIR-MPs showed a sustainable release of MIR
within 2 weeks in PBS (pH 7.4) as well as in similar aqueous mediums. Therefore, this formulation
of MIR-MPs can be used in vitro and ex vivo to sustainably release MIR and induce
pharmacological effects on adipocytes and AT. However, the in vivo release profile of MIR-MPs
at the site of WAT after administration might differ from that in an aqueous medium. The in vivo

release profile of MIR-MPs should be investigated by further pharmacokinetic studies.
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6.1.3 Non-toxicity of MIR-loaded PLGA microparticles in adipocytes

Given the importance of the non-toxicity of MIR-MPs, efforts were undertaken to investigate the
potential toxicity induced by MIR-MPs in adipocytes. Several studies have previously illustrated
that PLGA microparticles do not cause significant cellular toxicity at a concentration of up to 300
g/ml (Xiong et al. 2013). In this thesis, two toxicity assays, the MTT assay and the ATP assay,
were used to test MIR-MPs toxicity in adipocytes. Given the results shown in 4.3, treatment with
MIR and MIR-MPs generally did not induce cellular toxicity nor reduce the viability of adipocytes.
However, BA showed a higher OD value than the other adipocytes in the MTT assay, and a
reduction was observed in BA treated with MIR and MIR-MPs compared to the control groups.
Since the MTT assay is a colorimetric assay for evaluating cellular metabolic activity, a high OD
value indicates a high metabolic rate (Denizot and Lang 1986). BA are responsible for
thermogenesis, they have a high basal metabolic rate (Carpentier et al. 2018). It is also known
that the MTT assay is dependent on NADPH oxidoreductase enzymes. Cells with lower metabolic
activities such as pre-BA and WA could reduce OD value less than those with a high metabolic
rate (Kumar, Nagarajan, and Uchil 2018). The reduction of OD value in BA was possibly due to
the high metabolic activity in BA rather than the toxicity of MIR and MIR-MPs. This point was
further proved in the ATP assay, which showed no significant difference in cell viability between
MIR-treated BA and non-treated BA. Therefore, it is clear that treatment with MIR and MIR-MPs

did not induce cytotoxicity in adipocytes.

6.1.4 MIR-loaded PLGA microparticles induced effects in iWA

CL-316,243, a hydrophilic ADRB3 agonist, has been utilized as a gold stimulator to induce
thermogenic and beiging gene expression in BAT and WAT (Commins et al. 1999). As a promising
WAT beiging agent, treatment with MIR has been investigated mostly via oral administration on
experimental animals or human beings (Bel et al. 2021). Nevertheless, a systematic in vitro study
exploring the effects of MIR on iWA has not been properly investigated so far. Therefore, this
thesis first systematically investigated the effects induced by treatment with MIR and MIR-MPs

on adipocytes.

Ucp1, Cidea, Ppargc1a, and Prdm16 have been reported as thermogenic markers and beiging
markers in adipocytes after cold exposure or stimulations (Garcia, Roemmich, and Claycombe
2016; Dewal and Stanford 2019). Notably, the results in this thesis show that Ucp7 gene
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expression and UCP1 protein expression were significantly upregulated after 3-hour treatment
with MIR-MPs in iWA and BA. Additional beiging markers such as Ppargc1a, Dio2, and Cidea
also exhibited an increasing trend in IWA after treatments with MIR-MPs. Therefore, it is
suggested that MIR released from MIR-MPs can successfully increase the expression of beiging

markers in iWA.

Furthermore, previous studies have demonstrated that chronic treatments with CL-316,243 could
elevate the lipolytic rate in adipocytes (Atgié et al. 1998). In line with these studies, the results in
this thesis confirmed that the lipolysis level in both BA and iWA can be upregulated by treatment
with MIR and MIR-MPs. In iWA, the fold change in lipolysis was greater than in BA, suggesting
that MIR accelerates lipolysis more effectively in iWA than in BA. Indeed, treatment with CL-
316,243 has previously been shown to be associated with a decrease in the lipid droplet size of
adipocytes (Ghorbani, Claus, and Himms-Hagen 1997). This thesis also found that iWA exhibited
a morphology of drained lipid droplets and less density of Oil Red O staining after treatment with
MIR-MPs, which was consistent with the upregulated expression of beiging markers. Therefore,
those findings indicate that MIR showed comparable effects on inducing lipolysis and beiging in
iWA as CL-316,243, and treatment with MIR-MPs had a promising potential in beiging iWA and

increasing iWA lipolysis.

6.1.5 MIR-loaded PLGA microparticles induced oxygen consumption

in adipocytes

Since treatment with MIR-MPs increased lipolysis rate and Ucp1 expression in adipocytes, efforts
were further undertaken to investigate the oxygen consumption induced by MIR-MPs in
adipocytes. A recent study performed a MIR-induced mitochondrial stress assay in BA and
showed that MIR increased cAMP and UCP1 levels resulting in increased UCP1-mediated
oxygen consumption (Dehvari et al. 2020). Despite this, using MIR-MPs to induce the beiging and
increase oxygen consumption in iWA has not been conducted yet. The results in this thesis
revealed that treatment with MIR and MIR-MPs can elevate the level of basal respiration and
maximal respiration in iWA. Unfortunately, the UCP1-mediated oxygen consumption did not
significantly increase after treatment with MIR and MIR-MPs. This was probably due to the limited
treatment period (3 hours) with MIR and MIR-MPs before being measured by Seahorse XF24

Analyzer, which was not long enough to significantly alter UCP1-mediated oxygen consumption.
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6.1.6 MIR-loaded PLGA microparticles induced effects in adipose

tissue

The effects of MIR-MPs on adipocytes have been demonstrated in 4.2. Given the expression of
thermogenic marker and beiging markers, as well as the lipolysis level induced by treatment with
MIR and MIR-MPs in adipocytes, efforts were further undertaken to explore the effects of MIR-
MPs in explanted murine AT and human subcutaneous white adipose tissue (scCWAT). Since
ADRB3 is expressed dominantly in murine AT (Evans et al. 2019; S. Collins et al. 1994), it is clear
that treatment with MIR and MIR-MPs showed the same significant effects on murine BAT, iWAT,
and gWAT (Figure 22). However, a previous study has shown that treatment with ADRB3 agonist
at a high dose might induce a cross-talk effect between other B-adrenergic receptors (Susulic et
al. 1995). In this thesis, to eliminate the cross-talk effects between other beta-adrenergic
receptors, CGP and ICl were applied to block ADRB1 and ADRB2 respectively. Importantly, either
adding CGP and ICI individually or together did not attenuate the increased lipolysis induced by
treatment with MIR and MIR-MPs in murine iWAT. These results strongly support that the
selectivity of MIR to ADRB3 and the effects induced by MIR and MIR-MPs in murine adipocytes
and AT were mainly via ADRB3.

Given a lower ADRB3 expression level in human WAT than in murine WAT (Evans et al. 2019),
comparing the expression of ADRB3 and ADRB2 between human scWAT and murine iWAT could
help to evaluate whether the therapeutic effects induced in murine AT can be further transferred
to human scWAT. The results in this thesis were in the line with the previous findings that both
human scWAT and murine iWAT expressed ADRB3, but human scWAT predominantly expressed
ADRB2 rather than ADRB3. However, the same treatment with MIR and MIR-MPs did not induce

a comparable effect in human scWAT after a 3-hour incubation.

Considering cumulative glycerol release over a certain period integratively represents lipolysis
level, human scWAT likely needs a prolonged period of incubation to induce robust lipolysis
possibly because of a low expression of ADRB3 in human scWAT. Prolonging the incubation
period of ex vivo lipolysis led to a higher concentration of MIR in the MIR-MPs treated groups due
to continuous release. As the incubation time was prolonged, the non-treated group and Ctrl-MPs
treated group did not show significant changes in glycerol release in both murine iWAT and gWAT
compared to the 3-hour incubation lipolysis, indicating that prolonging incubation did not increase
basal lipolysis level. Interestingly, a higher glycerol release was observed in both murine iIWAT

and gWAT treated with MIR and MIR-MPs when the incubation period was prolonged. Here, the

110



Discussion

glycerol release in the group treated with MIR showed no difference from the group treated with
MIR-MPs (Figure 24). These results indicate that glycerol release from murine iWAT can be
further enhanced by prolonging the incubation only if MIR or MIR-MPs have already been
administrated. This point was further supported in human scWAT. As the incubation period was
prolonged, the lipolysis level in human scWAT was significantly elevated after treatment with MIR

or MIR-MPs, while the basal level of lipolysis remained unchanged in the control groups.

Blondin et al. recently reported that thermogenesis might be conducted via ADRB2 in human BA
(Blondin et al. 2020). Since the expression pattern of ADRB3 is different in human scWAT, the
cross-talk effect with ADRB2 in human scWAT after treatment with MIR-MPs remains to be
investigated. To prove that the upregulated lipolysis in human scWAT was induced by MIR mainly
via ADRB3, SAL (an ADRB2 agonist) and ICI (an ADRB2 antagonist) were further applied. The
results show that treatment with SAL and MIR both increased the lipolysis level in explanted
human scWAT. Notably, the inhibitory effect of ICI was only observed in the SAL-treated human
scWAT, but ICI did not attenuate the increased lipolysis after treatment with MIR and MIR-MPs
(Figure 25). These results provide further evidence that treatment with MIR-MPs could increase

human scWAT lipolysis mainly via ADRB3.

Additionally, ADRB2 agonists could be potential drug candidates to induce lipolysis and beiging
in human WAT as well. Since the expression of ADRBZ2 is more promiscuous in various human
organs, however, it might cause more side effects if treatment is not specifically targeted
(Bellinger et al. 2021; Lulich et al. 1986). Therefore, it would be extremely important to use

pharmaceutical methods to specifically deliver ADRB2 agonists.

While it is clear that treatment with MIR and MIR-MPs upregulated lipolysis in human scWAT via
co-culturing, a method that directly injects MIR-MPs into human scWAT has not been studied.
Therefore, MIR-MPs were injected directly into human scWAT. Since the environment inside
scWAT contains more lipids that completely differ from an in vitro aqueous environment, the
release profile of MIR-MPs might also alter after direct injection. Interestingly, an increase in
lipolysis level of human scWAT after direct injection of MIR-MPs was also observed as well as
the increased expression of UCP1 (Figure 27). Considering the therapeutic effects of MIR-MPs,
a feasible application of MIR-MPs as described could be a potential and novel therapeutic

approach for the treatment of obesity.
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6.2 Project Il: T3-loaded TRLs

6.2.1 Optimization of T3-TRLs

As the administration of nonencapsulated T3 can increase the free T3 level in plasma and induce
undesirable pharmacological effects such as hyperthyroidism (Danzi and Klein 2003), it is
tempting to optimize T3-TRLs in terms of removing nonencapsulated T3. However, so far,
removing nonencapsulated drugs from drug-loaded TRLs or drug-loaded liposomes remains a
challenge (Dimov et al. 2017). There are several methods for eliminating nonencapsulated API
mainly including dialysis, centrifugation, column chromatography, and ultrafiltration (Ingebrigtsen
et al. 2017; Yamamoto et al. 2018; Mayer and St-Onge 1995). Correspondingly, each method has
its advantages and disadvantages. The advantages of dialysis include a large quantity of samples,
being well reproducible, and easy operation, but adhesion may lead to product loss (M. Lin and
Qi 2018). Centrifugation for purification is flexible due to its controllable centrifugal force, but it
might cause particle membrane fusion and result in aggregation and drug leakage (M. Lin and Qi
2018). In this present work, Sephadex G25 matrix columns were used to remove
nonencapsulated T3 from T3-TRLs based on their different sizes. This method is considered to
have the advantages of good reproducibility and easy operation with high recovery, but it avoids
causing product loss compared to dialysis (Gimlette 1967). However, a dilution was inevitable to
purify T3-TRLs using a Sephadex G25 matrix column. The results in this thesis show that the
concentration of T3 dropped spectacularly each time of Sephadex G25 filtration, reducing from
14000 ng/ml to 167 ng/ml after two times of Sephadex G25 filtration (Figure 28). Since the total
T3 concentration reduced almost 80-fold compared to the technical dilution factor, it is unlikely
that Sephadex G25 filtration only diluted the original T3-TRLs. Additionally, this thesis further
demonstrates that Sephadex G25 matrix columns proved to be effective in removing

nonencapsulated FR from FR-TRLs as well.

The surface charge of TRLs plays a critical role in particle clearance and cellular interactions in
vivo. It is known that cationic TRLs (> 20 mV zeta potential) could be captured by anionic surfaces
of blood vessel walls through non-specific cellular interaction, resulting in rapid clearance from
the circulation by the reticuloendothelial system (RES) after administration (F. Campbell et al.
2018). Interestingly, some previous studies have reported that TRLs with negative charges (< -
20 mV zeta potential) showed a significantly longer half-life in circulation (Blanco, Shen, and

Ferrari 2015; F. Campbell et al. 2018). All formulations of TRLs involved in this thesis were
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negatively charged (< - 18 mV zeta potential), indicating that they have better stability and a longer

half-life in circulation than cationic TRLs.

Previous studies have also shown that the size of TRLs can also affect the delivery efficiency and
in vivo fate. It is known that TRLs larger than 200 nm in diameter might increase the risk of spleen
accumulation (Blanco, Shen, and Ferrari 2015). Unfortunately, the size of TRLs in this thesis was
in the range of 250 nm to 450 nm, indicating that some TRLs might accumulate in the spleen after
administration. Hildebrand et al. have verified that a small number of IRON-TRLs in the same size
as TRLs prepared in this thesis were detected in the spleen following i.v. injection, but the majority
were taken up by BAT after cold exposure (Hildebrand et al. 2021). Therefore, it could be
postulated that optimizing the size of TRLs might further increase the delivery efficiency to the

target tissue and attenuate the accumulation of TRLs in the spleen.

6.2.2 In vivo effects of T3-TRLs

Given the potential therapeutic effects of T3-TRLs, efforts were first undertaken to increase T3-
TRLs in vivo uptake in BAT. Artificial TRLs have previously been shown to act like natural
chylomicrons, allowing materials to be transported in the circulation and reach the liver and other
peripheral tissues including AT (Bartelt et al. 2011; Lusis, Fogelman, and Fonarow 2004). It has
been recently illustrated that using a radioactive-labeling-independent method (MPI method) to
trace IRON-TRLs uptake in peripheral tissues (Hildebrand et al. 2021). Given the major role of
activated BAT in postprandial TG clearance (Khedoe et al. 2015; Bartelt et al. 2011) and an
increase in fuel demand after BAT activation, cold exposure during treatment with T3-TRLs can
further accelerate TRLs uptake in BAT (Cypess et al. 2009; Bartelt et al. 2011). Importantly,
previous studies have revealed that cold exposure can elicit the expression of CD36, a protein
involved in lipid disposal, on the surface of endothelial cells in BAT, and TRLs internalization in
BAT depends on the presence of CD36 on endothelial cells (Fischer et al. 2021; Bartelt et al.
2011). Moreover, treatment with TRLs activates reactive oxygen species (ROS)-dependent
hypoxia-inducible factor 1-a (HIF1a) in endothelial cells, which further promotes thermogenic
remodeling of BAT and beiging of WAT (Fischer et al. 2021). Therefore, it can be postulated that
cold exposure acts as a trigger in a “domino effect”. It first activates BAT and increases T3-TRLs
uptake in BAT. The increased uptake of T3-TRLs further increases the thermogenic remodeling

of BAT and energy consumption.
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Given cold exposure is a feasible method to switch on the uptake of T3-TRLs in BAT, elucidating
the expression of thermogenic marker Ucp? in BAT could evaluate the effects of T3-TRLs.
Previous studies have shown that treatment with T3 via intraperitoneal injection (i.p.) can
stimulate BAT and upregulate the expression of Ucp? (Yau et al. 2019). Notably, in this thesis,
mice treated with T3-TRLs via i.v. injection showed a significant increase in the expression of
thermogenic markers (Ucp1 and Dio2) (Figure 31). The immunohistological UCP1 staining of BAT
also confirmed this finding (Figure 34). However, nonencapsulated T3 might also lead to an
increase in the expression of thermogenic markers. Since the nonencapsulated T3 in T3-TRLs
showed a lower concentration level than the normal T3 level in WT mouse plasma (Figure 28), it
is suggested that the nonencapsulated T3 could not be enough to mediate the upregulation of
thermogenic markers in BAT. Therefore, it is likely that the uptake of T3-TRLs is responsible for

the increased T3-mediated expression of thermogenic markers in BAT.

While it is clear that the liver is the main organ that metabolizes TRLs in circulation (Heeren and
Scheja 2021), the effect induced by treatment with drug-loaded TRLs on the liver has not been
investigated. The expression of Dio7 and Me1 in the liver has been previously shown to be highly
related to the hepatic T3 level (Zavacki et al. 2005; Goldberg et al. 2012). Furthermore, T3 also
regulates the expression of FA oxidation genes (Cpt71a and Ppara) in the liver (Simcox et al. 2017).
Importantly, this thesis found that treatment with T3-TRLs significantly upregulated the expression
of Dio1, Me1, Cpt1a, and Ppara in the liver (Figure 32). Therefore, it is clear that T3 has been
successfully delivered to the liver by T3-TRLs and induced the expression of T3-related genes in
the liver. Additionally, the liver is the main player in lipoprotein metabolism, and TRL remnants
are taken up by hepatocytes via endocytosis (Heeren and Scheja 2021). Accordingly, it could also
be postulated that utilizing TRLs as carriers to deliver T3 to the liver could provide an additional
promising approach for liver-targeted delivery and treat metabolic syndromes such as NAFLD
and hepatocellular carcinoma (HCC) (Marta A. Kowalik, Columbano, and Perra 2018; Marta Anna
Kowalik et al. 2020; Tanase et al. 2020; Perra et al. 2008).

However, the effects of T3-TRLs on whole-body metabolism and the duration of treatment remain
to be further investigated and improved. The concentration of thyroid hormone in the circulation
is controlled by a negative feedback mechanism in which raising thyroid hormone levels inhibits
the secretion of TSH (Snyder and Utiger 1972). Examining TSH concentrations in serum after
treatments might provide more insights into the advantages of applying T3-TRLs than traditional

administrations. Moreover, the differences in oxygen consumption between the treated group and
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the control group were not significant, underlining that the duration of treatment with T3-TRLs

might not be long enough to induce significant changes in oxygen consumption.

Additionally, Than et al. developed a T3-loaded microneedle patch and observed an increase in
the expression of Ucp1 after applying T3-loaded microneedle patches to the iWAT of mice (Than
et al. 2017). Nevertheless, the application of the microneedle patch slightly raised serum T3 levels.
The treatment showed less specific tissue targeting, and it remains to be seen whether this effect
differs from direct T3 injections. Taken together, combining thyroid hormones with pharmaceutical
technologies is still considered a novel and challenging therapeutic approach in obesity therapies.
So far, the data in this thesis show that T3-TRLs could be a potential therapeutic option to target
the BAT and the liver.
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7 Summary

AT plays an essential role in controlling metabolic activities. WAT stores energy and possesses
endocrine functions, while BAT is responsible for energy expenditure as well as glucose and lipids
uptake showing a thermogenic capacity (Pfeifer and Hoffmann 2015). However, in obese
individuals, WAT can become dysfunctional, inflamed, and unable to store the excessive energy
properly, leading to symptoms such as fatty liver and systemic inflammation (Ellulu et al. 2017;
Longo et al. 2019; Fabbrini, Sullivan, and Klein 2010; Zatterale et al. 2019). Moreover, obese
patients have less active BAT than lean healthy individuals (Leitner et al. 2017). Due to the very
limited amount of BAT in adult obese patients, activating BAT to increase energy consumption for
obese patients faces many challenges. Interestingly, several drugs have been utilized as
promising candidates for treating obesity in clinical trials, such as T3 (a thyroid hormone) in the
1980s (Moore et al. 1980) and MIR (an ADRB3 agonist) in 2020 (O’Mara et al. 2020).
Nevertheless, they may elicit some inadvertent adverse effects from conventional oral
administration at a high dose (Cypess et al. 2009; Kaptein, Beale, and Chan 2009). Therefore,
due to the growing number of obese patients worldwide, there is an urgent need to develop novel
anti-obesity therapies that combine pharmaceutical technologies with marketed drugs to induce

WAT beiging and activate BAT, while minimizing side effects.

Here, this thesis demonstrates two drug delivery systems (Figure 36): i) a controlled drug delivery
system with poly (lactic-co-glycolic acid) PLGA microparticles (PLGA MPs) as carriers and ii) a
targeted drug delivery system using triglyceride-rich lipoproteins (TRLs). MIR and T3 are loaded
into PLGA MPs and TRLs to induce WAT beiging and BAT activation, respectively. Interestingly,
data in the first part of this thesis suggest that MIR-MPs measured with a size of 30 ym can
successfully induce WA beiging and also increase lipolysis in vitro and ex vivo both in murine
iIWAT and human scWAT via ADRB3. The second part of this thesis focuses on establishing drug-
loaded TRLs. Developed TRLs can encapsulate T3 with an encapsulation efficiency of 40.8 *
1.8%. As the most promising feature of T3-TRLs, T3-TRLs possess not only a targeted delivery
function to the liver and the BAT but also present promising in vivo therapeutic effects involving
BAT activation. These two methods combine FDA-approved drugs and pharmaceutical
technologies intending to reduce the side effects induced by the “off-label” uses of drugs and

inspire new strategies for the treatment of obesity and its associated metabolic diseases.
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T3-loaded
TRLs

Figure 36. Scheme illustration of mechanisms of MIR-MPs and T3-TRLs. The scheme is generated using Bio
render. ADRB3: beta 3-adrenergic receptors, UCP1: Uncoupling Protein 1, BAT: brown adipose tissue, WAT: white
adipose tissue, T3: Triiodothyronine, TRLs: triglyceride-rich lipoproteins, MIR: mirabegron, PLGA MPs: poly (lactic-co-
glycolic acid) PLGA microparticles.
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