creative
comimons

C O M O N S
& X EAlI-HI el Xl 2.0 Gigel=
Ol OtcHe =2 E 2= FR0l 86tH AFSA
o Ol MHE=E= SN, HE, 8E, A, SH & &5 = AsLIC

XS Mok ELICH

MNETEAl Fots BHEHNE HEAIGHHOF SLICH

Higel. M5t= 0 &

o Fot=, 0l MEZ2 THOIZE0ILE B2 H, 0l HAS0 B2 0|8
£ 2ok LIEFLH O OF 8 LICEH
o HEZXNZREH EX2 oItE O 0lelet xAdE=2 HEX EsLIT

AEAH OHE oISt Aele 212 WS0ll 26t g&
71 2f(Legal Code)E OloiotI| &H

olx2 0 Ed=t

Disclaimer =1

ction

Colle


http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/

FSPULAL B9 =R

Research on informatics-based
pharmacological outcome prediction of

chemicals

2023 @ 2 4

b HABIS} HE

.
QF & %k



RS B4 HFEY
% g 54 4% 47

Research on informatics-based

i

pharmacological outcome prediction of

chemicals

XN

S35 = W F

o] EES A FSYEEOE ASY
2022 {11 €

AL sta sy
okstz HAEH} AT

)‘-
% & 2

Ao AL FAEES AT
2022 9 12 €

9 o A Mg Y (Q)
B 9% A% E Q)
9 9 299 (2
9 9 QAW ()

%
o
H
-
1

(21)

_ii_



_z,_
nR

=
2L

KN
=

)

ol

Mo
Mo

B Apolef ]l

<

dlel 2] Az

BERE UE

ki3

ol A

ﬁo
o

o

—_=
"o

B
=
—_
110
of
Nfo

Y
ol
_
N

faxe]

2)

1

Gl

s
22

3 A}

<]

(human bone marrow-derived mesenchymal stem cell,

hBM-MSC)¢] #|H

FEE71A

)
B
0

ol

me

T

B

—

Frol Aol EI

o

Mo

o/
N

XA

el

)
=

hBM-MSC9] A|W&3} =

T
) .

Atk 1 She =il A

PN
T

N

gt 28 a

9

o A&

A A3 A (read-across

structure-activity relationship, RASAR)S} A& K3 7|wHe] 75X 7}

ol

il

e
)



o} K.

(normal

::E
FA Tt

9

Al
3

[

o} ¥ wll <& (3-(4- fert-butylphenyl)-1-(4-
o] wujo]aRZ o] o]

I NHEK

R

e
9%

KN
=

ISR RIS

o

SEREAEE
‘C‘;‘I

methoxyphenyl)propane-1,3-dione) ¢

5171
FA ot

°©

7

human epidermal keratinocyte, NHEK)®ll
[e}

3

(e}

x|

3

e BT =S I T =T N | I S W - I
G Hog M T o B R won M i
SR mE ke g T ET LD LR ooy T
ﬂr.m.z_r@aﬂ ztthmﬂo\zoA7awﬁl_z mo.oamoﬂ ¢
B MO N DR "W ARy W OW M N
TR o W il & H_ Ao oo ST oo . B D {
RN LY E T calioy s
O,._ ﬂAIL »A,.ﬁ 0 H_T E_ jan ‘a X jans - Ot_ O_E Qo © =r
T o P o oMo B D ST o "

= e m Ao RE N DM E T
Eo.ﬁ oy T4 %l MM 5 B w_w = = . Lx#o . = w_orm dr
e T I I TS N SO

N o 2 X ~ o= = N ogn T W T op W
L = g

iﬂlm-i o T T o~ X o X — T =N T oo [
AU TP exr ExgMgtar s T Ty D

- T — ; ’
Bl o WP N T E N o LEMJU o L .
ﬂ%%aogmngnmﬂﬁu@%iLATlHW% X T
= 5o 2 wmow N T RN B !
Wgo_awﬁwwpmﬂmwwwﬁﬁaﬂmg_@éi%wﬁ%i
o ™ oR CRRCI = .D” W o S ol Mu,_ T W or o W [l
G = B O T
ﬂmc?ﬂﬂonmoﬁumwm uf.%ﬂlwaaaiwo_{dr.%ﬂm
ANy w BTE T RT N o E oo T ®
e Bl PR T D oo of W w
R S A B A R woE T
— —_ T W o N U —_ R 0 — N =
SR I IR S S
= I TN < R B -
=3 M o ™ o] oy ® mﬁ_m O o ol . " T % oR o oy &w °°
- & TR Y TR T LA T E T 4
=8 = SRy Ho pr T & oF S A ol KO (- X o o { N
ol B of Lo o W g do oL 9 o
om0 @Mk mwE
T MK N T B WY o2TRT R M CORA I



A

B " o
= S
mo % - Moo
M Wrﬂmﬁ_vﬁm%ﬁrﬁs
Wz %ﬁlb%%A@%
K el il ° o P %o
7o Nr ™ = T A T = T Mo
o A 2 o 4 Tom up E (Y o @ A ;ﬁ T T
e —~ TR o =0 ™ B e Tor r = MF =/
B Ly ® o & X = i g o "
%urmww%im,%@ Mﬁ@m ﬂ&ﬂﬂadwﬂﬂ% a
= X 0 . . - '~
g% %m%;lmm m.%é%dr u_xﬂﬂﬂoﬁ7m.u =
n i o) AJr 7 ™ oa = 3 pﬂ 303 o) Jo © ol T o)) !
< I T 5 T LR NR 8 woR o Ga jo Ir il _ =
I~ ) JA' _ BO & . o o P
vmxomvﬁﬂmq%x_@o%%bﬁnﬁﬂurmm#ﬁ#ﬁ =
= o o W 8 T _ .8 by N BR o oL N °
- T o . B M - 1
— oy o %o ﬁL o ﬂe EE s o#a ﬂ o AT ,HOI ],_./l
N e < X — = ol L o - e N o -
a%gmﬂmﬂummwﬁ SgwBw R, T i
5w E T oo ¥ o ® T uqumo_@ﬂﬂ do B G
W M- i A TR Ezﬂg_#
o F oo S A- o 3 wob oo B
= =W I il (o) % B o al
w e 2 A NG T S 3 oW B E T
o = M F o= or B o ool ol = % Ly m o
0 m_r_.e KH W %o ~ 7 0 o = <o o~ MHON ﬁl
o X oo T T o = o i al o K
5 _glmﬂ G MERC-= — ~ z_.o I L.f D ™ &o _zT X0 o R
o n = ° W X o o = Iy o B
* oo 2 g . N Hqud%AJmoxﬂr.Ei {m |
LB PERIPT n e F= T R o -
o ! 0 i s < - W TE RO _ = =
il < ﬂu%éﬂ%li_%_,% xﬁ.xmu»x% = =
mummov%wdr;x%ﬂ%?ﬂﬂ%ﬂpﬂ%%]m& = F |
) w of =~ I - ol iy o
o & X0 = X = T % 7 T ol oo O w o o N m.,_
A}oﬁa G 5 e R w2 () wr <°
= 0 %g%ﬂé% oo_AﬂﬂR%ﬁ
W mu?uo@o aumw,iﬂ% maAl%ﬂlm %o
X m o T ?%ﬂﬂﬂ E%Qi =T R B 6
gﬁ%EEaﬁﬂ B o A ﬂgoEAtﬂ oy S
T ok - o5 W | r = _ Nd -
i~ - My Gyl .hlvt .IM B S O N Wo ~ ﬂl . %
HmM}aao»ﬂ ﬂoﬂzoﬁ_gqﬂmﬂ_aﬁge} Tor _
S B g =0 o B ~) jo .o
& = % & mi P G S
= i o X
e o _Ul ol N Mm g - Wo B
S how e S0
w° " me
T



mr

10

20
20

A2 A% H 2

A1 A sty R

=
Myl

o
B
22

o
=

1
oF

N

—_—

=

AAA BAS B8 ol

2.1.1.

- 20

- 30
- 40

7o

0

5

=
o}
A|m
ol

—

;O,._
,Aluﬂ
el
Ar

3

<

2.1.3. ¥

43

Ho

43

717 8t

=
=

221 A= A REE o=

62

Al 3 A AE e

64

Ho

65

)
ol

34

Abstract Y

_iV_



[Table 1] TagMan expression primer sets used « e eeeeeeeeee: 71
[Table 2] Sequence of peptides used for nuclear receptor

coactivator ASSAYS rrrrrrrrre et ’72

.................................................................................................................. 1
[Figure 1-2] ML models used for pharmacological outcome

prediction Of Chemicals ....................................................................... 2
[Figure 1-3] Bioinformatics in pharmacology =« eeeeeeeeeeeeeene: 3
[Figure 1-4] Cheminformatics in pharmacology :«:--«-seweeeeeeeeee: 4

[Figure 1-5] Chembioinfromatics for predictive pharmacology 5

[Figure 1-6] Two strategies for chemical library screening:

target-based and phenotype—based screening :----ooeeeeesseeeeeseeenes 6
[Figure 1-7] Source of drugs by screening strategies ===« 7
[Figure 1-8] Overview of phenotype-based screening -« 3
[Figure 1-9] Adipogenesis model of hBM-IMSCs «eeeeeremseeenenn 3
[Figure 1-10] Biosynthesis, roles and functions of adiponectin
.................................................................................................................. 9
[Figure 1-11] Representative adiponectin scretion—-inducing
COTTIPOUNCS ##+######+###100msssas ettt s 11



[Figure 1-12] Nuclear hormone receptor modulators regulating
adipogenesis and adiponectin bioSynthesis -« wweeererrmrnmns 12
[Figure 1_13] Definition Of ObeSOgen ............................................. 14
[Figure 1-14] Representative obesogens among industrial
Chemicals and Cosmetic ingredients .............................................. 15
[Figure 1-15] Representative adiponectin secretion—-inducing
natural prOdUCtS .................................................................................... 18

[Figure 2-1] Avobenzone-induced transcriptional changes in

NHEKS .................................................................................................... 21
[Figure 2-2] Enriched GO BP modules in the DEGs of
aVObenZOIle—treated NHEKS .............................................................. 22
[Figure 2-3] Validation of the DEGs of avobenzone-treated
NHEKS .................................................................................................... 23
[Figure 2-4] Effects of avobenzone on obesogenic phenotype
during adipogeneSiS in hBMfMSCS ................................................ 24

[Figure 2-5] Effects of avobenzone on adipogenesis—related

cytokine production and gene transcription during adipogenesis

in hBM_MSCS ...................................................................................... 26
[Figure 2-6] Effects of avobenzone on the gene transcription of
PPARS in aVObenzoneftreated NHEKS .......................................... 2’7

[Figure 2-7] Effects of avobezone on PPARy-mediated
adipogenSiS ............................................................................................. 28
[Figure 2-8] Chemical structures of methoxy cinnamate esters
used as sunscreen ingredients .......................................................... 30
[Figure 2-9] Chemical similarity analysis of methoxy cinnamate
eStel’S and known ObeSOgenS ............................................................ 31

[Figure 2-10] Effects of methoxy cinnamate esters on

_Vi_



obesogenic phenotype during adipogensis in hBM-MSCs -+ 32

[Figure 2-11] Effects of cinoxate on adiponectin production and

transcription of adipogenesis-related genes «:--oeeeeemereeeeneieennn. 33
[Figure 2-12] Effects of cinoxate on nuclear receptors -« 35
[Figure 2-13] SRC3-mediated PPARY coactivation of cinoxate

.................................................................................................................. 36
[Figure 2-14] PPARy full agonism of cinoxate «:«seemeeeeeeees 38

[Figure 2-15] Effects of cinoxate on transcription of lipid
metab()lism_aSSOCiated genes in NHEKS ....................................... 39
[Figure 2-16] Collection of obesogen dataset for obesogen
predicti()n ................................................................................................ 41
[Figure 2-17] Collection of non-obesogen dataset for obesogen
prediction ................................................................................................ 42
[Figure 2-18] Overview of machine learning model to predict
adiponectin secretion—inducing acitivity of flavonoids === 44

[Figure 2-19] Chemical and biological data collection process for

FAPS ........................................................................................................ 45
[Figure 2-20] Summary of collected bioactivity results -« 46
[Figure 2-21] Decision algorithm to remove duplicate results 48
[Figure 2722] Sumary Of Collected BTOS .................................. 48
[Figure 2-23] Validation of training dataset «:««eemeeemeeeeeen 49

[Figure 2-24] Read-across approach to compensate missing
Values ....................................................................................................... 50

[Figure 2-25] Improvement in model performance by applying

readfaCTOSS approach .......................................................................... 51

[Figure 2-26] Model performance by nuclear receptors === 52

[Figure 2-27] Predicted nuclear receptor activity -« eeweeeeeeeee: 52
- Vil -



[Figure 2-28] Transcriptional profile used to determine relative
contribution of nuclear receptors in adipogenesis wweerrrereeeeess 54
[Figure 2-29] Nuclear receptor target genes correlated with
adiponectin  traNSCIAPHION -+ sswrsesersssersssssie e, 55
[Figure 2-30] Normalization of expression level with eCDF -- 56
[Figure 2-31] Relative adiponectin score (RAS) model =+ 57
[Figure 2-32] S. baicalensis-isolated flavonoids for experimental
Vahdation Of RAS mOdel .................................................................... 59
[Figure 2-33] Effects of S. baicalensis—isolated flavonoids on
adiponectin production during adipogenesis in hBM-MSCs ---- 60
[Figure 2-34] Experimental validation of RAS model «eeeeeee 61

- Vil -



A1 A& A

71 AR Bt 109 o] Algte] A HW, dEEC] 01%
FOo 7 wl§ vu Be dgo] AR FETHSchneider et al., 2020]. ©]#] 3k
Ao A madS ol fd A= <1e A s (artificial
intelligence, AI) =% 7] 7 &<5(machine learning, ML) H<Wo] = &
a9k Al gA 5 R AW Al dE 2 S [Jumper et
al., 2021], = AAE &3 A=E5d =& 2 HA3SHSchneider &
Clark, 2019; Zhavoronkov et al., 2019], z&] a2 < AA]1 & [Topol, 2019]¢ll
ol=7] 7kA A Aol Al E== MLe| A-&%a Ath(Figure 1-1).

3], 7x-4A AABRAE Tt FEES AL =45 o
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A [Keiser et al., 2009; Besnard et al., 2012; Lounkine et al., 2012;
Hartung 2019].

« Benchmark compounds set design
« Predict target's role in a disease

Machine learning
application in drug « Design of in silico compound libraries « Prediction of structure-activity « Drug repurposing
development « Identification of novel targets relationship (SAR) « Selection of patient population in
« Predict druggability of targets « Prediction of ADMET properties clinical trials to increase success rate
« Predict signaling systems T T
A
T
. Lead compound Clinical candidate Drug with safety
Outcomes V?!?ae‘ted def/i\s:ye d with effect on with effect in an and effect in
9 P! selected target animal model humans

Drug development | | Target identification Biological Compound Hit/lead Lead Preclinical Clinical Approved drug
process & validation assay screening i icati optimization for clinical use

Figure 1-1. Application of AI/ML in drug development process
[Modified from Mak & Pichika, 2019]



3= 85 A=9 3 dz, e 729 25607 =l I
de g A ZF5(deep learning, DL) EHES o] &sto] gl

(halicin)o] &&= MEL FABAES AT o=z /e Stokes et al.,
2020]. 3=l FxAH fAIEE ML Edo g53le dgEe FA4
=4 ARAAY T8 dSstEs ke Rde FEATY AdR
g o =2 59 Ass UEWZIE 89t Luechtefeld et al, 2018]
(Figure 1-2).

Antibacterial activity prediction Toxicity prediction

— 1o Luechtefeld et al., 2018 Toxicol. Sci.

Figure 1-2. ML models used for pharmacological outcome

prediction of chemicals

1.12. dF =S A AEARETH P H T
Aef7idrS 918 AT 3 ML 292¢] HEole BES d53dt7] 93 7

A7 1S 4 IdE e (machine-readable)e] W3k ko] dlo]g7}
FA ot wabA, o= °oFE3H(predictive pharmacology)S 9 3&te] A&
“J B8} (bioinformatics) ¥} 8} &4 2 8} (cheminformatics)©] €4 s ¢k
o AEARS = vlo]a 2o o] (microarray)2t RNA AlEA(RNA
sequencing, RNA-seq)< ©]-&3% HAMA Aol 2HH M= 2AH
g EBAS WEstr] 98] o] 8" Wang, C. et al, 2014]. A 2
B2 RE 25 B 5 Hd 2 (defferentially expressed gene, DEG)S A4
3tal 7152 EE B2 (functional module analysis)S E3] 2H A3}

A Wetsts AESH Az U dRE dS ¢ I (Figure 1-3).
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Figure 1-4. Cheminformatics in pharmacology [Modified from

Sanchez-Lengeling et al., 2019]
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1.21. £9F 7|9 & 23449 T84
stet =4 wste] T4 S gholBeley 2a8dEe AA F 7HA,
EA 7R 238 Y 3 299 7Rk 2a8do® v A TH(Figure
1-6). 7 % ZAY 7|v 239> AW gale] g 7 glo] A
I fALEE SN AE FFEY R2dd HstE d#Eete HawWold
[Schenone et al., 2013; Moffat et al., 2017, Ursu et al., 2017]. w&}tA,

f

200090 A3 =2 e AldsE F H2AEQJZF I A(first-in—class) Al eF
o] g7t A 7IHE =8y Ko

=5 A} (Figure 1-7).
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v Validated target
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v' Without target hypothesis
v Disease-relevant condition
v’ Target identification needed

Figure 1-6. Two strategies for chemical library screening:

target—-based and phenotype-based screening
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Target Mechanism of
deconvolution action study

Figure 1-8. Overview of phenotype-based screening

1.2.2. 549 FUEE/NATY AgEst 2
EAF 23y PEe suRA AY Begd Fa9EAE

(human bone marrow mesenchymal stem cell, hBM-MSC)2] A u&3}

ndo]l F&3tA AFEE 1 AtHShin et al, 2009; Yu et al, 2017, An
et al., 2020]. o] Edo|Ax = hBM-MSC9 X|wW&3t 34 & H7F i
=S A Ay se] ol E ¥l (adiponectin), ¥ ¥ (leptin) 5 ©}t]E
7}l (adipocytokine, adipocyte-derived cytokine)e] #H] W3l} A=
4 AHE S TAete] stEE9 AWEste] tig d3dFs JorE
+ A} (Figure 1-9).

L

i

S

=5

s M2
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I

Adipogenesis
(IDX condition)

Antidiabetic drugs + Insulin
+ Dexamethason
+ Isobutyl

methylxanthine

@ Phenotypic changes

» Adipokine production
Al
dlpocyte * Lipid accumulation

Figure 1-9. Adipogenesis model of hBM-MSCs



s St AARRIAGD HEAE A -8 58 A(peroxisome
proliferator—activated receptor, PPAR)%} #|E]x=o]= X =8| (retinoid
X receptor, RXR)7} 2]t= Aol s @A sty o] AYAHH(Figure
1-10) [Straub & Scherer, 2019]. o] o, o}t]Z &l PPARS o & 3

2 71%8 4 JuHLi et al, 2009; Polyzos et al., 2010; Murphy et al.,
2018].

Preadipocytes Lipid Glucose
boli hor tasi

Adipogenesis

1 Adiponectin T— N\ N\
(\/ \ P Decreased in

Adipogenesis Gluconeogenesis metabolic
Glucose uptake .
— —— diseases
Insulin Hypoadiponectinemia

sensitization

Figure 1-10. Biosynthesis, roles and functions of adiponectin

[Modified from Ahmadian et al., 2013]
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FE3A &ZoHYu et al, 2017]. A HEI}ES H3slslr] a2 PPAR
Yy 825%S F71E & dded, 53], e, ZEdHolER, Y EE

sl YR, 7154 #ARE T d5EA FHIHE fEd

2019a; Ko et al., 2022al.
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Figure 1-11. Representative adiponectin scretion—-inducing
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PPARy
Tributyltin/organotins (+)
Organophosphates (+)
Rosiglitazone (+)
Thiazolidinediones (+)
T0070907/GW9662 (-)
Bisphenols (+)

GR

TBBPA (+)
Dexamethasone (+)
Corticosteroids (+)

LXR
GW3965 (+)
AR Bexarotene/Rexinoids (+) Estradiol (+) Bl\gi;;?:r?j; +()+ )
Testosterone (+) | Tributyitinforganotins (+)  Ethinylestradiol (+) GSK2033 (-)
Flutamide () LG100268 (+) Diethylstilbestrol (+) PPARS
Vinclozolin (-) HX531 (+) Fulvestrant (-) GWO0742 (+)
PUFAs (+)

GSK0660 (-)

Figure 1-12. Nuclear hormone receptor modulators regulating

adipogenesis and adiponectin biosynthesis [Modified from Kassotis
& Stapleton, 2019]
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(obesogen, H|FHFHE4) dES Hristed &8+ Ay
[Holtcamp, 2012; Ahn et al., 2019a; Heindel & Blumberg, 2019; Shin
et al, 2020; Ko et al., 2022al. o] &€ 3SII=ES T2 A8 ZZ oA F
AdEZY XF dAE g@dste HSAE SAA-E43 584
(peroxisome proliferator-activated receptor, PPAR)Z ¥H] %3t 3484
of Agetel AW #A FIFES HIXA Avt (Figure 1-13)
[Harmon et al, 2011]. o4l <eH|Adoe= TBT, HXAd#HE A
(bisphenol A, BPA), X ¥ o] ERF(phehtalates)®t 3}l F(prabens) &
o] &4 Urk(Figure 1-14) [Holtcamp, 2012; Heindel et al., 2022]. 4t

94 Brow ALHE T B ol H4E 9%, 1 FAAE

ol

53] o] Aeld AdAl AdEo] evjAdoer A8 JteAdeS B
3FATHShin et al., 2020; Ko et al, 2022al. ¥ <A FoAi= olH &Y

|5 A0l £ oH 424 7HeAS tFaal I

S
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Obesogen

|

Interference with
nuclear receftor signaling

Increased,/nlmber/size
of adipocytes

|

Obesity

Figure 1-13. Definition of obesogen [Modified from Heindel et al.,
2022]
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Obesogens among industrial chemicals

0,07 OFCT gt

Mono 2-ethylhexyl)
phthalate

\/\/Sn\/\/

Tributyl tin (TBT) Bisphenol A (BPA) Butyl paraben

Obesogens among cosmetic ingredients (sunscreens)

Benzophenone -3 (BP-3) Benzophenone -8 (BP-8) Octocrylene
Shin et al., 2020 Shin et al., 2020 Ko et al., 2022

- .

0}
R

Avobenzone (AVB) Cinoxate (CIN)

________________________________________________________________________________________________

Figure 1-14. Representative obesogens among industrial

chemicals and cosmetic ingredients

1.3.2.1. ofRHIE
obHMlE(RE HEAIGoME=dMEH S A2l A (UVAR 13 7
ol ES oWstr] 913 UVA ALl dxtdAl Aoz FflstA AL
S8 HUter et al,, 2014]. w5 FDAS] A AxpaAl Al wp=w, o
wojokE o 7 wujE = A AxeA AAd Hu 3% FEe olrulE
&3 4 At Wang & Lim, 2011]. o}RHIES] B A& 02 o

U 9 g@aE TE FAEeR thEko] fYwtiPoiger et al,

¢
!

O

A

o

-

20041, webA, obpalEe A7 3ol ALgse] Aol ¥ g

WA W ohel, FHHOR Agd £45RA JFS WA £ 9

ooolullEe AEA ARGS FUT o Qo nungAw
— 15 —



[Motley & Reynolds, 1989], At d oz QHdstA A& 4 & AL
2 4EA Qdth ofrwlEL UVel od] #3xo] tatd &

=] FEa] A= AL AAGA f5= 95 540 Fa 94
o2 oAZY Jansen et al., 2013]. A 3}sHE 2 A (European Chemicals
Agency, ECHA)2] #tgo] wzw E7lo tjdlh 2199 whEFo] yF
=4 Aol HUF 5 &% (ho observed adverse effect level,
NOAEL)©] 360 mg/kg/day FF o2 ES=H, A 9o o of
HalEe] HAa 54 &S BI7HEA @i mEkA, £ ATl = A
o AN EZNHEK) Y tigh ofrulEe] AAA F39 F3dFS HJ7t
3l7] 918l mho]l A Z o] ¢ o] (microarray) AT 3 sH

1.3.2.2. Al FA0lE
A UVB A&l Apeale] euaAl 7hHsdS & dHA A fv Al
HAEQ-cF A E 4-T5A] A3} SE Ao EQ-JdYE I 4-
=2 Al wSA] A FEARA UVB AbdAl = AREH AL

<

A tHWang & Lim, 2011]. =7 21CFR Part 352.502] Ao w2 Al
ZAolES SE|=AMolEr A MxtekA]l Ao 2zt Hdl 3%}
75% S@o2 ALgE £ gtk ECHAY #Agd waw, SEAolE
= frdel A Azk 1,000-10,000 B AE7F AZ EE S drh Al
Aol Ed i A= 2 dHA JA Frh B =3Hphotoaging) H
7] 9] A A Al S AbE sk Blo] FHE A o}
AEy w72 A fFdS B Abgel dig A =Eo

SHEHChen et al, 2014]. E3] Al FZAo]ES SE|AoEE A H

BEo] W

o

A
o] W & 8] @& 4 o] W [Lichtensteiger et al., 2015], UN 37 =Z &1
of oa] CATI (W&Evlugte] A7 & ER)o2 F7Hn. oyl o

_16_



Z

Aoozye WEANGE FE

54

Xéi

Tor

3}

=K

i

_17_



o
o,
ofo
ol
ol
&
P
r2

EZ5EH o4 ol
v JTHAhn et al, 2018; Ahn et

o Eeuwols 27 gFEel of
(3]

Ahn et al., 2019 (PPARYy partial agonist)

Ahn et al., 2018 (PPARYy partial agonist)

H
‘ | flavonoid
HO o) ‘
(] °
0 O

OH O flavonoid k4 et al., 2022 (PPARYy partial agonist)
Ahn et al., 2019 (pan-PPAR modulator)

Y\/OO| O

@O O flavonoid O O flavonoid

An et al., 2022 (PPARy partial agonist) Ko et al., 2022 (PPARa./y dual modulator)

Figure 1-15. Representative adiponectin secretion-inducing

natural products

1.3.2.1. xRzl
ChFg PR Behpicols L B WA ofr)EHE wu] £7 g
FEZ Ukt Etnwosl T HHED OUd 48 0
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AZoA A=, AxEst 2 F24 95, dAL & oAy AETH 3
Aol g mH B}t tHBabu et al, 2013; Raffa et al.,
2017; Ren et al., 2019]. ZetH wol=2] Ex} EAL ol d e o] At

A AAE E3tel #EwE oy A=A 9 lipoxygenase,

rlr
P
lo
frt

cyclooxygenase, xanthine oxidaseE X3t} [Avior et al, 2013;
Ribeiro et al, 2014; Lin et al, 2015]. Z&tX o] =9 thA} #H FFE
F2 o ~EzZA 84 (estrogen receptor, ER), PPARa, PPARy, % 7+
X &4 (liver X receptor, LXR) & & Ao 2830 2 et
th 53], FgH ol g ES T3 dHoHHol Az RY o8 7Medh

3 A= & stuol”] wEel 2 4

_19_



2
—_

)
o

ol
0%,
i
o
(27
)
filo
e
ofo
ok
fo
=
P>
2,
lo
offl
ol

2.1.1. AAA EM & T3 olEHE FE HAA dARE EE
3 g

2.1.1.1. AR ZAFAAE & olrulEe] AXNA =& JF o
7}
o} ¥ ¥l & (avobenzone, AVB)2 & 3t7do] x| A (ultraviolet, UV) A &
A=A dad 5 sEFe 9452 A HET. d3AE FolA w=E5 =
T ofHMES AP A AEALE FEetA 7] wiel, of
alES AN AE A XA FE(hormal  human  epidermal
keratinocyte, NHEK)ol| A #]3le] AEZAo] YEUA &= 525 2
Asl G tH(Figure 2-1A). ofR¥lES A 349 M 5=7HA] AE=AHS
UERW A sttt whebA, 10 pM sEe] obRMlES NHEKe] 24A13F
s A F wlolaRo Y olE o] &g AAA FAS TS
(NCBI GEO, GSE122901). A A 54,0007 Z2H=2XH A& 5 A&
2248270 9] 7 T olRHIE AP 2 dd] o] FofetA Wtk b
SukE f- 4 AH(differentially expressed genes, DEGs)E AAsgS o
27370 ¢ 33z DEGset 274719 x4 DEGsE €=  UAH
(Figure 2-1B).
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‘,,i‘ s

10° N g
102+ f B
R n=274

10" 102 10° 10* 10°
Expression level (CON)

Cell viability (%) >
[o]
o
Expression level (AVB)

=
R

Figure 2-1. Avobenzone-induced transcriptional changes in
NHEKs. (A) otEHlE2] NHEKC tigh Alx 543 H7H(HdEz85E
AP, (B) olRAlES A2 NHEKOIA & (CON)Z ofxulE A
2l (AVB) 9] Tdl & ¥ DEGS M+s A

A

N
filo
s

ofR Al EA o) fid A=ty WIE older] f& wHA =

A A& 7 2 (Gene Ontology biological process, GO BP) 7]dte] 7

it
it

ofr
2

BE BAS S8t & 12297719 GO BP 2% % DEGs7F X
2,99871¢] GO BP EE9 #FHdAE3 DEGE Hluste] M A

o
)

o,
o

(Fisher's exact test) ®=3 ZholAld HA KX test) ZFEXE 934
stk 75 A RES =g o Ul ofEMlES A Y g NHEK A
Hslst Addxd DEGE Zd2HE A ¥ (cholesterol bisynthetic
process) & AZUAL A H=Ze} JH Z #-Ho] e Ao=E UEY
thP < 10", Figure 2-2). ofRME] ol&) s}gx=dd 27471 DEG
Follv 2Had(FLG, 2YUAALOR), ASY 1 (KRTD), ER-EFF
grjdlo] = 1 (7TGM1) o AAFZME 39 ddd A7 28
Hol Ao wekA, 7leA EE 24 Ay, 97FE S5
(establishment of skin barrier, GO:0061436), Z}2 3}(cornification,
GO:0070268), 7+ A 8 A M| 13} (keratinocyte differentiation,
GO:0030216)¢F #Z> GO BP E&o| FostA daFs e Aoz e
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i)
oX,
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o
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o
1B
-
FN
Lo
ot
o
oX,
2
of
ot
ftlo

—log P value (y? test)

0 2 4 6 8 10 12
GOBPEA - up-regulated S S S —

Cholesterol biosynthetic process
Isoprenoid biosynthetic process
Negative regulation of growth
Cellular response to cadmium ion
Cellular lipid metabolic process
Oxidation-reduction process

Blood vessel development
Progesterone metabolic process
Hexose transmembrane transport
Atrioventricular valve morphogenesis

ZICLY, HMGCS1, ACAT2, HMGCR
\UA4eH IDI1, HMGCS1, FDPS, HMGCR

CYP1A1, HMGCS1, SCD, FASN, HMGCR

GOBPEA — down-regulated

Establishment of skin barrier
Cornifcation

Response to extracellular stimulus
Blood vessel morphogenesis

Retinol metabolic process

Response to organic cyclic compound
TGF-beta receptor signaling pathway
Regulation of growth

Keratinocyte diferentiation

Liver development

FLG, FLG2, KRT1, ABCA12
LOR, FLG, KRT1, DSC1, TGM1, DSG1

LOR, FLG, TGM1

Figure 2-2. Enriched GO BP modules in the DEGs of

avobenzone-treated NHEKs. A A ¥ DEGE o] &3t 7|54 EE

A

N A ggxd wt sdzd DEGI o8 EAAoz fola 7

%—o] @ﬁ_:} Aﬁ%fﬂ—?@ 7

| o

h

(28)& 24 2gdd £3d FdAe ¢

=3

Al

ojoj A, 754 RE EAHomNE AStHE ZHZHE B AE gA =

4 #d DEGE Adow #AZe7] 98t Q-RT-PCR #4% 43
a9tk NHEKe olnulE g 4, 24, 4847 5 ZdU 2= tiAte o

i

H wAA INSIGI, HMGCR, HMGCS] 9 T3 d Was S48t
< o, nlolamojo] Autet A SUA o5 FHAS] mRNA
o] ofEHlE 24N ZF A2 - AA F7hek Al vh(Figure 2-3A). thvh, 48

32
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AlZE Feoll INSIGIZ HMGCSI 2ol d S7F A He 45 AA
b HMGCRS 137 gskth. olrulE Al o3 AKRICS
SLC2A12, MTIH $A=e] @& 7}
ol lEo ol& sgFFHE DEGE A8 7|5y #Heol = A

o® UEw=d], mRNA A% 24 olmwEe sl FLG LOR,

k1
o
AN
N
)
lo
u
s
o[\
P‘L

Q
=
rot
B

KRTI, TGMI®] mRNA o] AAZ TAhste Aol A HAG
(Figure 2-3B). wW&tA, GO BP 7|54 RE& #ASZRE IddH 54
o3

ARl W= Sy ddowiy 5 H A

A t 6, INSIGT 37 HMGCR 4 HMGCS1
Q fudy *
Ny *
2 4 2 3
89 2
&J ; 2 1 4
2 1
0 - 0 - 0 - l:l Vehicle
£ 207 AKRIC2Z 10, SLC2A12_ 5.  MTiH B AB 10M
* *
25 15 | o] . [ ]
89 10 - ® 2 g
o 4 4 2 4
“E 51 T2 11
£
0 0 0 -
4 24 48 (hr) 4 24 48 () 4 24 48 ()
B « 2- FLG 21 LOR 2 KRT1 2 TGM1
g
2% ] Vehicle
82 1 . 11 1 1 * B AB 10 M
o § Lk
E oA 0 0

- 0
4 24 48 (hr) 4 24 48 () 4 24 48 (hr) 4 24 48 (hr)

Figure 2-3. Validation of the DEGs of avobenzone-treated
NHEKs. wlo]aZojdo] A4S HZF 7 FdA9 mRNA F+&

Q RTPCRE 53 B7ls(@eema04). (A) 4324 DEGI T
Ho] AAA A% §47e] mRNA % (B) 3324 DEGo] %3
Hol R % fAs BA® FA49 mRNA FFE AN Fel

P < 0.05 TP < 0.01.
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@ olrwEs 94w

2112 A& TdF o
hBM-MSCs®9] A W&3t 2d& A&

G

=

_Z‘rl

A7}, ohuED o

j

(butyl paraben, BP), BBP, TBT

iz

=]

S H A4S hBM-MSCe A
o] o} AV|E Z7HAH o (Figure 2-4A). 1
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Figure 2-4. Effects of avobenzone on obesogenic phenotype

during adipogenesis in hBM-MSCs. ¢} 5
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w3t A oA EHFH = ol xdEl 2 IDX tlxad v e ls
] ol HlE o] 240 7hrlo] FrFel S th(Figure 2-5A). A, ZH-3}
5 S7bstal AWEs; Tl #Hidste LAHQZREHAY
(osteoprotegerin, OPG)e] AL FostA A3 tHFigure 2-5B).
PPARY &% ¥ o=t otz vel &1 155 100% W&o

s
. I

Jo

31 &4 2 141 pM = YEFStH(Figure 2-5C). ofEulEol o] 3
® AstE AgQlstr] 918l 27 PPARa, PPARYy, ot 29 d, #|
WA A3 dd 4 (FABP4), S 2H L ZZHAASY F120 PPARA,
PPARG, ADIPOQ®, FABP4, TNFRSFI1IB2] mRNA & =743
< | oflRWES PPARA, PPARG, ADIPO®, FABP49l W&d & 57}
A7) 3 TNFRSF11B2] 28-S 7+ AAtH(Figure 2-5D). £33, of
HlE2 & uaAld FASHA A st Rd9S redte Ao=

Jepsk

ol
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Figure 2-5. Effects

cytokine production and gene transcription during adipogenesis

in hBM-MSCs. o}X &
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PPARA® PPARGY walo] zZ}zb 63%, 72% 713k Ao 2 vehytl
PPARS] w3l W3S HE3 7)o wpolamzojgo] Ly B Wz Er}

ZE3A] &S F gdormz PPARY mRNA =& =HAsl7] 93t
Q-RT-PCRS 33ttt ofrdlE A7 2447 %, NHEKOIA

PPARASY PPARGS %dol thzxat3t mlaste] fofstAl S 7}shsl
(Figure 2-6). TRk, wlolazojgo] Axel AR UA PPARDS]
dAe FFs A ok webA, o] A= olEulEo] NHEKe A

PPAR &A1& Tl A dujrl Bzl &= vHE FAAA e

3 PPARA 4 PPARG 2 PPARD

g * *
gg 2 3 ] Vehicle
£0 2 1 M AvB 10 M
LER 1

4

E o 0 0

4 24 48 (hry 4 24 48 (hr) 4 24 48 (hr)

Figure 2-6. Effects of avobenzone on the gene transcription of
PPARs in avobenzone-treated NHEKs. PPAR F&A FHdx}
(PPARA, PPARG, PPARD)®] mRNA <& Q-RT-PCRE& o] &3}
Grr (@t ensAqA). SAA fFeA TP <005 TP <001

therel enlaAl e Agdh Al 24l PPARy 84 A4
dgtstol AWEstel S MA= Aoz LA Unh ofnHlEo]
PPARy Z & mxE 9L #H78t7] 98kl TR-FRET 7]utke
PPARy 2% A13d<& FdaAth. BBPY TBT+ 20 uM FX=olA z+7}
36.6% 2 680% FEo® AT whH, ofHulEs} BPA, BP2 PPARy
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of ZAgtstA] & kth(Figure 2-7A). ofRHHIFEL] Qv A4l &4 AA=
PPARy¢t “#HA o2 Urtte=A A&Slstr] flsto] ofrnalEo] o3|
e ot xdd A F7kel] gk PPARy # &9k GWI96622] 3
&S A (Figure 2-7C). GW9662E5 o5 A 2331 S w|, PPARy
gk 5EAS vEdH AEstEs: F3sd AW, PPARy &5
Hk

°fQl vle g EtEol o7t AWEsts wolsil AAD 5 AT
H

GW9662+= o}
Fo 93 FEH v LA FHF LS PPARyC| M YFEAQ 7o w o
gS & F gy

w

A 12 *hgeg 120 K
87100 *k 2100 i
5 & . 5 80 —&—GW 0.001 uM
@ 40 g 90 ——Pio 051 M
R 20 ° ‘2‘8 —o0—TBT 0.062 uM
0 —a— AVB ND
9SSSSSSSS 0
O©O333333333 10.4 10-2 1 102
SZ2RK]RKRKRR- .
>§_9m§%%%lé Concentration (uM)
(DQ'<>(cD CD|_|DJ
c £ 1600
8 1200
£ 800
O
2 400
3
2 0
< IDX — ++++ ++++ ++++
GW9662 (uM) — — 10101 — 10101 — 10101
Pio1uM — ———— ++++ ++++
AB1IOM — ———— ———— PPN

Figure 2-7. Effects of avobezone on PPARy-mediated
adipogensis. o} W& PPARy A= s & H7l (A) ofruE
TE 7lRay v 4Ae] PPARy 2% &84S TR-FRET 7]4ke] W

T ). (B)  BrtE 2 ZHomHFH

o
N
)

o,

ow  BARE

Cheng-Prusoff &4& E3 AaldT(K) #= Z24E. (C) hBM-MSC

_28_



_29_



2.1.2. AR E4g T3 AAE AFAES eHAA 5
T

2.1.2.1. S FAE 24 S TF FAH eviAd A
slstg st 7]wko] A (read-across) WS UE A EF 3 A
weto] FFAow AARE LA FAEE o]t 54 3PE &
H/EE 548 dFste= Wy ot Schultz et al, 2015]. At 54
o] el A & UVB Aol AdkA] Wl EA] A4t =4 (Figure
2-8), =, A= Aol E(cinoxate, CIN)¢} < E| A o] E (octinoxate, OCT)<]
St A AL E 3659 dHxl en|aFle] 3o Hlulste] A A5
[Veiga—Lopez et al., 2018]. 3}34]FALEE o] &3alo] 2x Aol 27}

& AL Jlrto] YAEEER oM AT WEA Al

o}
N o O
- /\<\/\
Cinoxate (CIN) Octinoxate (OCT)

Figure 2-8. Chemical structures of methoxy cinnamate esters

used as sunscreen ingredients
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A PCA of chemical similairty B

(36 obesogens) Similarity to obesogens

Cluster 1
3.5 Phthalates
3 Benzophenones Cluster
BP-8 E 1 [ I
25 DBP [0.71[0.71] 0.7 [0.62|0.62)
’ E‘Z DEHP |07 [0.72]0.69/0.61/0.62 ) o
2 P [5]3 BBP beso7 b72b ey Chemical similarity
(C_\l) MEHP{— e — DCP |[0-68]0.68( 0.7 [0.62/0.63
o115 i LI 4 MEHP [0.68{0.7 [0.67]0.64|0.65|
5 MBZP 6 6 69(0.67]0.67}
1 BP-8 [0.68j0.67[08 0.67]0.65{0.63]0.65/0.62[0.62]
BP-3 [0.67[0.68[0.81 0.67]0.64{0.62]0.640.61(0.62]
0.5 TBEPA. 'A AVB [0.73]0.75[8B0.81] 0.8 [o.69]0.67| 0.7 [0.720.69[ 0.7
ol & V\éu oCT 0.75/0.68{0.67]0.66| 0.7 [0.68] 0.7 [0.72]0.71
ur |
PrP B CIN 0.73‘0.67 680.66/0.68(0.68/0.69] 0.7 |0.71
EPBzp - pgd®BPA 1CBPA Zrooeaoseng
0.5° o8 gy0uagmwo
-15 -1 -05 0 0.5 1 2 o == a

Figure 2-9. Chemical similarity analysis of methoxy cinnamate

esters and known obesogens. WEA] AldAt fFEAe} ou] LAl 3}

ARG A (A) HEA AlEE FEA gzl enjaAe] 3

Ax, 7 gEEY]  SEAFAIEE 7IHroeR FAE 4] (pinricipal

component analysis, PCA)E 33t 49 2719 FA42P0O) = 23
=

A =4S AFRRE (B) wlSA] AERE A e o]l E, Wz

hBM-MSCsl AWist Blold WEA A FEa9 444 o
24 54 e BSG eddEe 9AS o AWEs EAZ

MR = S Brkes W, 5 sk AEE ¥ AEFA Ol YE
&
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gk A FA4 o tE ECsp 296 uM o= YE tH(Figure 2-10E).

3, SEHAEE A #3F FAPol I Feog Aol e A

Known obesogens

(@)

ORO-positive area

a o N
o o o

Percent

(S}

o

-
= o N

Number of lipid ©
droplet (x1000/mm?)
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Figure 2-10. Effects of methoxy cinnamate esters on obesogenic

phenotype during adipogensis in hBM-MSCs. A]ZA|o]E 9] %1

o

y
o

3 A% onAaA T3Y 7k (A) hBM-MSCe AHE3 ZF A 54 0]
E = gy oH42dS AEs T odygsEe dMs =
ZA& #7133 (B) AlSAolES hBM-MSCo thsh Mxz=A H@7 2
3. (C-D) AW 24 & AIFgste AW =4 HAC) 2L AW

Ao (D) UEhI(AFEZAA). (B) AW 54 52L& $EIE

a2
O
HU
ot
N
_|_4
ol
o
e
<y
(@
&
>1'_r‘.~¥l
[UO
r>~

=3k BAA foA: TP < 005 TP <
0.01.
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=

2o AlSAHoEE HE3 4zl oH]

k>

Aol ofr]xzdEl AgHA o]
U A AL A ke dAabel digk ks Arkskh AlSAlolE
= ADIPOQ®, FABP4, CEBPA, PPARA, PPARG 5 AWi3 A%
FAAES] mRNA F5& FosA F7HAE & A tH(Figure
2-11A-E). ofRilE3 Wz =7ok v7A 2 ASAlolEx 5ol A
oft]xdlel o] FH]E 3u] o] fFrolstA FZIA A tH(Figure 2-11F). o}
e 1 Fxlo g FEoEA A4 ECype 445 nMO=

UERS tH(Figure 2-11G). kA ®H7He A4 2 ot 29 d AA 3

o3 ATUAAES HYH(Figure 2-11H]I). ©]2]3t Az} A Z Aol EV}
HAA TP WA= JEFTFS FHHEH, FAH] eH Mo R

A ADIPOQ B FABP4 C CEBPA D PPARA
*%*

<Z( 2000 o 12000 400 25 %
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4
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o 5 1000 . 6000 ** 200
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Relative adiponectin
production

Figure 2-11. Effects of cinoxate on adiponectin production and
transcription of adipogenesis-related genes. A S5 A0 E 9] x| H& 3}
Aol o 4% B7h (A-E) hBM-MSCe AEs F AxmAols

T WxH=-35 Agd §F Q-RT-PCRS ol &sto] AWEst A3

Jo
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2.1.2.3. A=A olE9 PPARY %5 ¢ &4 &<
e oAb B s 2 #7484, PPAR, RXR, dldol= X 84
(farnesoid X receptor, FXR) S©°] 2u] &Aoo ol&] &Alzt=d 4 <t}
hBM-MSC®] A3t Bdo A Ut AlSAo]ES] QuHAd E3 Y

o] olelF sgA AmI AHA?

>

TR-FRET 7]dte] =& A3 AlgdS 38t PPAR A4 4

F dE Ao® Ve Y tH(Figure 2-12A). Al S5 A0]EE 3 RXRa9}

RXRB, FXRell 92 wxA &skth. Al5AlolE2] PPARyol gk A
AT (K) e 180 tM FFo 2, 7|&o] By ou el WMz

-3 (benzophenone-3, BP-3)¢] ZA3HI} FAS FFo=z YERWT

(Figure 2-12B).
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Figure 2-12. Effects of cinoxate on nuclear receptors. (A) A] %A
o]JES] PPAR Z% H+ RXR ¥ FXR 3sZA4std digt 93¢
TR-FRET WHo= H7ph(H+3xFHAH). (B) PPARy ZAdtel digh
sRYEH d¥ HrorE 93 d3rke 23 gHeER

Cheng-Prusoff 45 &3] Adldr(K) #s 243 A4 FoA4:

P <005 TP <001

k)
©
>
>
A
E
o
I
N
i
i
ok
)ﬁ
L
>
=
o<

+
ofo
‘_&4
2
2
&
ol
BN
2
_>|i
N
N
0%
fols
2

o] FzAgole FFS HAA ko, MeHo=m AHE)E F&
A F&A A 3 (steroid receptor coactivator 3, SRC3)3} PPARy Alo] 2]

A5 A8S EAAHA G (Figure 2-13A). WA X HIA| L o] Hlddo] F

ko
rot

Z42 % s EA SRC3+= SRC2¢ $74 PPARyS] 14bstE A <A
v 71%5< gth[Hartig et al, 2011]. ¥k, Al5Alo] E= PPARyS] &9

-

7

—_

e

RS FHATIA] ol AlEAo]EVE PPARy %5 FS
715%S 4 4 AA Y (Figure 2-13B). PPARY-SRC3 A3 2H-&
3k A I Aol EQ ECypy 35.3 uMo 2 A A 5 thH(Figure 2-13C). 31

A= o= o H AA BP-3, H] 2= (2-ol| & &) A ) L &g o]

1B
™
=2

L
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(bis(2-ethylhexyl) phthalate, DEHP), BBP, TBT %< SRC3E & &4

851 sro} ol|l@ 7ol AmACETt 2 EAH AL & &

A PGC-1a. SRC1 SRC2 SRC3 DRIP RAP250 RIP140 B NCoR
120 *%
_5100
.. 2 80
%9 60
o & 40
838 20
x 0
LZP OZP OZP OZP OZP LZP OZQ oZN
= = = = = = = =
> 3 > 3 > 3 > 3 > 3 > 3 > 3 > 3
SRC3
C 120 ECso (M)

—— GW1929, 0.06
——CIN, 353

BP-3, DEHP, BBP, TBT
0.0001 0.1 100 <10% coactivation at 100 uM
Concentration (uM)

Figure 2-13. SRC3-mediated PPARY coactivation of cinoxate.
(A) &&4dx PGC-1a, SRC1, SRC2, SRC3, DRIP, RAP250, RIP140¢]
st 2t= %= PPARy s2A43tE H7MH(Hd+x2FdAH. (B) &

A
I+

P

Al A NCoRell sk #t= 1= PPARy &AlE B7Fg(E+f
=), (C) SRC "7l PPARy 843t v &4 o2 HI7HH(=

o C

I+

TA=). EAA A P < 0.05 TP < 0.01.

2.1.2.4. A5 A o]E¢ PPARy $#A &% 54 &
Al Aol Eef o]g PPARy s&/4dste]l +x4 wAdS a7 98 &4
2dgy AFE Fd3rh. PPARy &% °F doZeetEd 32434
PPARy #|7t= 2 T

ot

2 A& THPDB ID: 5Y20; Figure 2-14A). oy x] <A 3 A3 »
Ao A A=A o] EE PPARyY LBD9 helix 12 4o 923}, Tyrd73
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T e A e AAISEAT vl AlsAlo]EVE 1 E PPARy ¢Hd &5 oF
of vls} k& &S EHAV] wWitel, vE HolEedrol 2449 PPAR
Yy $daseFe duyx A Edy vl sk th(Figure 2-140).
PPARy LBD®¢ ZA3 F=2 3719 arme = o|Fo)x l+dH, PPARy
228 e, 2X28EES arm [ arim 11

e
e
o
olf
1%
o
to
il
A
Au)
iy
[m

g BE A4 5 YA, AdHon BUAe] AL AxaelEi

y

¢l tH(Figure 2-14D). t}
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P 8E 27
H4/5 o~ H2 28 41
e = By £ = -6 1
T >
; [ 5 2 -8
H1277 8 Y% 2
( < I 1 i " v 0.)_10 L
o ) 7~ Met364
H10<QE € ‘ Leudd3  phezg2 r’
NG o : J g -Thess g E 140 1 *
PPARy LBD:CIN L. 5120
- % 100
£2 80
L { Ll a & 60
/" 1RO / &8 40
WA ¢ D X 20 1
R ( 0 -
J 0.01 0.1 1
[GW1929] (uM)
( : (@) Piogli_tazone (PIO) —— GW1929 + CIN 50 uM
PPARy ligand-binding pocket O Trogitazone (TRO) —— GW1929 + CIN 25 uM
—— GW1929

Figure 2-14. PPARy full agonism of cinoxate. A=Al E2] PPAR
y Aol g Fx =dy A+ A3 (A) PPARy LBD (PDB ID:
5Y20) WellA AlsAlo]ES] ofudx] Fdst vx. EARUY A=
AutoDock Vina AZEgolE &8&ste] 33k (B) AIFAHES}
PPARy LBD W 719 #3528 ¢4 (C) Al=Alo]E9 PPARy ¢4
Bsoke A vl (D) AFAeolE9r PPARy ®5 ke ZAEAr
A Hla (E) SRC #i7l PPARy &3&743t AlgelA AlFAlo]Eg}
PPARy €& &a5¢F GWI19298 /4 Agste] FEasd= 7|54
HAp). A Feld P < 0.05.

2
-z
il
o,
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i)
o
4
[+
=5
N

2.1.25. AEZAFAE 3 AFAoES FgF
Abgrol ALl A tekAlo]  AxpHow wmEHE AR e AEQ
NHEKe| gt AlmAolEe] JgS Hrhstddnt AE5do] vEXA
BT TR AlmAMe]EE NHEKO AHzlste] A QAL A3 {2249

Arkel gk @S B7Ee vk (Figure 2-15A). 1 A3} A|SAo]E=
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At A B FEsHE A #ests fdAER], FADS],

)

A NHEKs

< B PPARA C PPARG
<140 z_4 *x 4
<120 T *
2100 1 mrmEEE £Q
£ 80 252 2
T 60 59
> [0]
o 28 CIN (uM) — 5010050100 CIN (uM) — 50 10050 100
CIN (uM) — 30010030 10 3 24h 48h 24h 48h
< D FASN E FADS? F HmGest G HMGCR
=z 10 *k 4 *% 6 ** 4 .
x T 8 *k *
€0 4
°% & 2 2
£0 4 2
D= 2
[0}
x 0 0 0 0

CIN (uM) — 5010050100 CIN (uM) — 5010050100  CIN (uM) — 5010050100 CIN (uM) — 50 100 50 100
4h 48h 24h 48 h 24h 48h 24h 48h

N

Figure 2-15. Effects of cinoxate on transcription of Ilipid
metabolism—-associated genes in NHEKs. A|5A40]E # 27} NHEK
of A A AL A HAFe] WA= F3F. (A) AlFAlo] E9] NHEKe| of
g AE SAE J7METsE2EA1A). (B-G) 4 A4S mRNA

& Q-RT-PCRE o &3t B3 A% 94 P < 005 P <
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Zo] waEo] glAdth(Figure 2-16B). WA & 3tFS

A A tH(Figure

2+ ) = 5 (alkylphenols)

(organotins),
2-16C).
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A Collection of obesogens B 30 C
[}
PubMed & PubChem &3 2 $NP o Q:gg‘fgfﬁh
database 2520 BDE 47 o i
58 ~ BDE99 @ Prggno ins
Literature searching l é % 10 8 0 Ipr A [ ] P::h:{;?es
‘obesogen é,-g “IBT @ Polyhalogenated
’ T o biphenyls
236 peer-reviewed 2 BBP_
) < B
articles &%%g%@Q%%g DEHP. DIBP
XY O I
Chemical named Q B -4 0 2
entity recognition PC1
D 67 obesogens (Tox21)
497 chemicals
Manual review l H Agonist
Antagonist
Il Inactive
67 obesogens Nottested/

Inconclusive

Tested in Tox21 Nottested

Figure 2-16. Collection of obesogen dataset for obesogen
prediction. 7|/t 29 F%S 98 ouad T oyl 53

4. (A) ¥ a4 48 34, B) w3 T B 7 eHl A HE

al
A, LA, BN Al AFe #, FRAG FEA4 E Fo)
A Aol # FHEUA SO Belnstd Ao #AEE qAT 5

A A (Figure 2-17C).



A Collection of non-obesogens
Distribution of physicochemical properties

Tox21 chemicals @ Obesogens
(n =8,435) B @ Selected inactives c 16 30
Selectcompounds that Tox21 inactives . -
sl 1000 12 : 20 H
are ‘inactive’ for all % ™S : % H
targets o 8 © 3
N 500 < €

Concensus inactives
(n=1,596)

Limitphysicochemical 1
properties (Z-score <3)

PC2

n=1360 g 5 5
2 8 15 4
o [ia} [
14 I 10 S
Limitchemical similarity l 5 -
ol %
2 - 0 1 2
202 non-obesogens PC1

Figure 2-17. Collection of non-obesogen dataset for obesogen
prediction. 7] A|F Ed 55 91 =oH| Al FH dHolHA +1
B4, (A) =omad 51 B4, (B) evlads =onade] suhy

% B¥ 7} SFES FFEAFCR FHI F PCAZS F3sto] 2444
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:‘Biologicaltestoutcome." :" Input 1: Read-across .': :" Model 2: Single-cell )
H structure-activity relationship; = transcriptomics-based
. (RASAR) matrix . :multiple linear regression ;

.

— FAPs —

model training

PPAR« - FAPS : Phenctype
PPARy HN | . P
: g PO WOEC Dl myor e prediction
: 3% PPARy mm m . Pr ility ﬁz' PPARyt &
mm @ 21 PPARS ] 11 expressing = PBg"Appamct 3§
= O ERa W n * = adiponectin  B4*Agp, + c
HH ER am f 3]
HiR=TH B I Bs*Aerp £
HIR R § Prediction & 2 H . .
T8 Acviy® [ | g e
—.-l: : - fin} .
H : Random forest HH Input2: Predicted
HE- H Predicted
0=

probabilities H . ! .

H . ] = Relative adiponectin score

*Model 1: Nuclear receptor;_" Output 1: NR activity =
activity classifier HH probabilities H

-------------------------------------------------------------------------

on
Flavonoid-associated
phytochemicals (FAPs)

Figure 2-18. Overview of machine learning model to predict

adiponectin secretion-inducing acitivity of flavonoids

2.2.1.1. 1A%

X
R

=
RoogRE At 1 A 478709 FAPO thd ARE =31 4
AN, 7]l 187702 ZElricol=, 102719 ool aZFEtH ol &,
189709 &H ZFohreol7b E3tEo Q. EY SR eolE, Ea-
dd F7bE, GAl(glycone)7t B FetRwol=d dEst=d, 2 3
o] MAE ZetR o=Vt B=T4 VS HEHER o5& Al9std
o} wEbA, 28970 ¢l FAP7F %7] FAP dolgAl 3o &9t
(Figure 2-19).
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289 FAPs

Chemical similarity Pub@hem

+ 124,046 EFACs

Bioactivity results PubChem

4,650 Bioactivity results
for 585 chemicals

Decision algorithm

839 Bioactivity results
for 585 chemicals

Figure 2-19. Chemical and biological data collection process for
FAPs. FAP ¥ #d &4 H7F AR =1 34 2% 3E 72 4

Heb &g AR S 98] PubChem Hlo]EHo] A5 =83

setE el " dolHAle]l &4 Ee W& dgteER AFH JdS
), 7)AEE 2de FAZre] FHoksith. ol st AL owsta, 7t

AL KEGGAA 3% FAP tlolg A& Heksl7] £138ke] PubChem H
olHHl o] 25 &8 FHdolyAe ste4 F1HE FAetd th(Figure

2-19). WA, 3EFHAFAEE 7|tog 09 oA IFES FH

EuiAl=7F FAPSE B3t stt=Evt 28ekdny. 1 2y, T 124,046

chemical, EFAC)?] £5& grE 4 A
TS0 2, 12433570 9] FAPS EFACE =g Ao il &4 Al 2z
= PubChemol| A 4H 3} tH( H

SAl= A%

Figure 2-19). &4 A

shol dojsb= Aol & LA Qla, ETEeolE e

i
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Lo
N

23k 484 EbAlQl PPARa, PPARy, PPARS, ERa, ERBo 2 A A

SFATHShin et al, 2009; Barros & Gustafsson, 2011; Wang, L. et al,
2014; Straub & Scherer, 2019; Naimo et al., 2020]. PPARa, PPARYy,

PPARS, ERa, ERBell thsto]l F 4650709 &4 A3 A=

3lol s

= = =

A AT (Figure 2-19). 4714 585719 3tgH&Eel thafrwt HAa 17] o] %
o & A At ol & Thestelal, v A 12375079 BHheel] o
M= ol &7bsd AarE EAEA Fun FHE Aye A A

=4, 2gal AlgRe] el wet Skl =" A3k 75.8%0°l

Eo] AdEE Yt UrAE 85 HEE 71X 2doRREH 42
deivh. Y AP ANE A5EAY FEH 542 nelstel A
| e seA 2d 493 FEA 9e AY wPow PR

oA7)H, #8A 2H FPS HFTY T B LI BYS A9

T 5 Qe A Asel fPan

§
€
2
(@)
Number of bioacticity
results
[
0 1 10 102
Figure 2-20. Summary of collected bioactivity results. =8 ¥ &
A dlolE ok z} FE/ElA] thEte]l SHE FA Hr} Ao o

o] BeFE AP AL YIRS EAT.
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THE 24 MY d¥es stue] dg=el sty Aol disiM o g
H

EN

Ao wel geof/deef s Al £ s 2EAYEY AT
o= Aol EHo wet £ 7Rk Aol Ay 7w AR &
T3 tHSzymanski et al,, 2012]. 24 dugFoleE =84 24

g3t B4 % A%E b $AA a2 23, 7 GHEE

e o

[4 [

“d(biological test outcome, BTO)<s &4, n|d4, &= H|&AHdo= 1

ol

st 4= AT o7 BAHLe 59 X (agonistic activity)7} U=
S5 ey, 5857] F3E o] BTOE =32 u 839719 BTOZS 4
T+ AdAH Figure 2-22).
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A | B
Com ) ———

~ e
umber of bioactivity results (Nes o
for a bio-target:compound pair, Example PPARy:coumestrol
» Compounds:50 FAPs & 535 EFAC

«  Bio-targets: PPARa, PPARy, PPARS, ERa, ERp

Label bioadivity results * Result:“active”, “inactive”, or “inconclusive”

+  Source:literature-derived (Nj) or HTS-based (Nyts)

S

Yes
Select Select
literature-derived results HTS-based results
| It
B
Aggregate testresults by the + assay={ago,antago, bind}
bi0|09 icallevels ¢ Nassay = Nassay,aclive + Nassay,inactive + Nassay,inconclusive

Return 1 bind,inactive >0 &

Nbind active < Nbindnacive

Data aggregation process

Figure 2-21. Decision algorithm to remove duplicate results

839BTOs (1 or-1) _ #ofactives (BTO=1) # of inactives (BTO = -1)

Target Total FAP EFAC Total FAP EFAC
PPARa 22 10 12 32 7 25
PPARY 46 17 29 323 19 304
PPARS 24 12 12 39 8 31
ERa 55 15 40 185 10 175
ERB 35 8 27 78 10 68

Figure 2-22. Summary of collected BTOs
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N

A0 NAtE BUe w57 e FA HolE e Awst 7
T T 835tY. wEkA, FAPSY x4l 57l 319w+, &2
Sabubis, Sehw-3-£, ool xZabiel tleke] gEA FAPES HA e

3 PubChem dlo|EHo]| A2 R E 42 BTO (BTOpp)E AFstAth A

il
)
o
[

g4 o2 AAT BTOvaS BTOpp9t B3 S w 2 80%< ZAx}rf
Az dxgs selsle] gH3t Fw dolHAS 7| A Sl A 837
Aees & 7 A (Figure 2-23).

A

OH O

3 Kaempferol (flavonol)

HO. o)
O ! Binding or
O coactivation (%)
OH O

OH O

OH | I—
4 (-)-Naringenin (flavanone) 5 (-)-Catechin (flavan-3-ol) 6 Genistein (isoflavone) 0 100
B PPARo. PPARy PPARS ERa. ERB
] O N 0. C NS O NS ] >
EAPs S1O%r® 02RO 10%® (0%gO™ RO (00O KO%e® oGO TO%e® (02O
Flavone 1 55 28 -1 1 106 54 -1 1 84 37 - 1 1 175188 -1
Chrysin 1 96 56 -1* 1 1 1 137 11 1% 1 1 K 1
Kaempferol 1 703580 1 1 1 1 (629357 1 1 [l o5 8 1
Naringenin -1 124 25 -1 1 1 1 196 6.0 -1 -1 Wl 76 .2 1
(-)-Catechin 0 FEREEN 1 1 1 o M 18 -1 0 0 09 -1
Genistein -1 55 -1 1 1 1224 25 -1 1 1532477 1

Figure 2-23. Validation of training dataset. @ dlolg Ao #H=.
FddolgAle] S fldte]l tix <l FAP (A)el tiste]l TR-FRET

2 Fa&ds AE A3E FEED). e &
A3 AdAor AAE Edo] dAA w¥E AF =dMor Fxd

o
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2213 249 1: 584 &4 45 2d

FHE T HAS o]&ete] g8 A A odF EES s
shaivt. wirt, &9 HolE Aol o H3E] AZFghe] v St ATt
A} HFigure 2-24A). webA, 38tA AR 7wk read-across
Ho A3 T4 A3 Al (read-across  structure-activity
relationship) & #&38to] 54 WHE HstAt[Schultz et al, 2015
Luechtefeld et al.,, 2018]. 2+ 3}3&E2] EA A=A st 54 W
s U5 29 Y FAIE(Te) #@o=z ZEdsthFigure 2-24B):
BTO7} &4 o= uved sists 5 7HE FArsE shgtEd digk Tce
(Tepro-), BTOZF WA oz yetd 39= T 74 #4

ek Te (Tepro--1). ©1FA 753 382 AR MEY

Aol 3k 5857 3tetE o AHE A3 flo] @4 U (Figure 2-24C).

A Biological activity Read-across process C RASARmatrix
% - o Oo o " | —=mm ———
3 == =
£ B = =
2 ===
5 o chemical =l
=] =
md&t S|m|Iar - =l ===
inactiye chemlcgl. ] =_ Chemical
— o) - = — | L
—=— — M acive S, © o mgstsimilar = | similarity (Tc)
. —— |:| missing values cactive chemical -

LS Minacive o %W [
¢ R R K 0 1

Figure 2-24. Read-across approach to compensate missing
values. (A) =¥ BTO 8¢ (B) RASAR WEH~ ==& 93t
read—across 42 3HHFAIE vl HAH EAE (C) RASAR " E

] A
- —.

o] MlE¥ 2~ X = read-acrossE A &3V A FFEATES JHGoRE
Eay

stel 59l WG B dakel BHE A4S & = AFEA
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E RYS

Lo
)%
ol

Fdal, 2 Adess AR 22 54 2418 4 (area

il

under reciever operating characteristic curve, AUROC)S ©o]&3}o]
7}l th(Figure 2-25A). 2 A, R4 o] o= A5 read-across H-
HoAgl s dEE FAD 5 A 53], PPARq, PPARS, ER
Be] 371 EpAel dig AS5X 9] v &S 80-90%° ¢ HER =gk
(Figure 2-24A), °ol& ZAZA|7l B2 g Aol digt dF A2 o5 =2
A WA= Aok (Figure 2-25B). 2t BHzloll tigh Rdlo) Heo 5-4 A}
4TS 3 #rhedl e W, AUROCE PPARaq, PPARy, PPARS, ERa,
ERBel W3l 21z 0852, 0877, 082, 0.853, 0814 =Zo= Utehytc}
(Figure 2-26). 71 A ¥}, read-across FHol A8 A5F84 A
FAPY 7} 3484 BA et asof g &

o]
E(P )2 23 + AAJHFigure 2-27).

A 1 B g 25 PPARa

0.98 e 2 ERp O(?

. Q. 0
8 09 L] pcrp E 15 e
g M ecrp 8 ] .+ PPARS
T 094 [] ECFP+RASAR 2

0.92 5 051

o} e
0.9 ol 0 O’.' ]
¢ @ @ e R e < 50 100
& 0.5 -
QQ§~ QQ QQ <

% Missing values

Figure 2-25. Improvement in model performance by applying
read-across approach. Read-across HH < 53 o= AT /A 3
?l. (A) BFEAE EE read-across FHTWeol A8H dHUS F3
A xgE wdS SFste] x4 4o 53 23 PCFP
PubChem  #§&=x%;  ECFP, &% 444 SHHEA &
(extended-connectivity fingerprint). (B) Z EFAlel dfdt do|g Al A=
A2} read-across HHES S dF AHe A R vla, 2dll

452 AUROC #eo= 37hsh
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PPARo PPARy PPARS ERa ERpB

1.0 1.0

1.0 = 1.0 1.04
Zzo08 0.8 0.8 "] o8 0.8
£ 06 0.6 0.6 0.6 0.6
é 0.4 . 0.4 0.4 . 0.4 0.4
02{ .~ 02 .~ 02 .~ 02{ . 024/ .~
0{AUC=0.85210.129 (]AUC=0.877:0.054 {AUC=0.82+0.126 (|AUC=0.8530.069 (JAUC=0.81420.09;

0 0.20.40.60.81.0 0 0.20.40.60.81.0 0 0.20.40.60.81.0 0 0.20.40.60.81.0 0 0.20.40.60.81.0
1 - Specificity 1 - Specificity 1 - Specificity 1 - Specificity 1 - Specificity

Figure 2-26. Model performance by nuclear receptors. RASAR vj
Eeag oot H58A AL A5 98 APEAAE 2L

1

satal e, wae 4% AUROC #ho2 #7he

Predicted probability

— | Predicted

——| probability (P,
S

P o & [T

L CC o 1

Figure 2-27. Predicted nuclear receptor activity. RASAR " E& X~

2 283 d58A 24 oS5 mdddA =&3 74 g Bl o
g B 24 FEPHE 24T
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S T%319 ). PPARq, PPARy, PPARS, ERq, ERB 5 &FgA= =
T ool 2R Aol weldo] duA AA, o5 FFH s]o]

v & Ao A gk wEhA, AgAFAEe] st elE
Aol dAAE AR A AIHNCBI GEO GSE134570)5 &-83}9

ol5Y Hdxxd HESAE FXsstAHMin et al, 2019]. A #+3k7}t
vR ATAEES GO £E0R olxE 442 wdsn 9

_53_



A Wilcoxon, B ADIPOQexpression
P <0.0001
2009 = _
= : o " RS PDK4
%, 150 5 IR iy .I\ACSU
g 100 . Tl i ‘ LPL
oy oo O o ADIPOQ
3 %0 .l (MR~ LIPE
< ¥ FABP4
el A |'I\SéT1
Control IDX = Sl FhrE AR ACAT1
(n = 52) (52) 8 E(? I| : I|I v 1 i :I b s gLD%%A4
-o% & III IIL II L | Il CSF1
S S REikeE  CDKN1A
g oL £~ ERP44
31 [ N
Q) i an i
[ [ ] | o E L e i 1 PDK4
E T EEAT V0 A NLPL
Regulatory mode 2 I N ANG
Il Activation c —~H| gl P |
Bl Repression z QI (el T
Correlation & i) :" I'II |
P <0.0001 w :
P <0.001 S
B P<0.01 Z-score ML UL THL_ CDKN1A
P<0.05 -:- o L d l ' 'I '||/CDKN1A
202 § c—m

52 clones

Figure 2-28. Transcriptional profile used to determine relative
contribution of nuclear receptors in adipogenesis. (A) X =2 A
o et FEE dAdAE AAA A4+ A3INCBI GEO
GSE134570)0l = 5270 M2 v & Bz &3td AFE7IAE 28
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Number of correlated NR targetgenes

Correlated with ADIPOQ

Total Significant Positive Negative
PPARa 12

9 7(4;3) 201N
PPARy 28 16 11(8/3) 5(2/3)
PPARS 9 6 642 0
ERa 25 7 3(1/2)  4(3M)
ERB 4 1 0 1.(1/0)

Figure 2-29. Nuclear receptor target genes correlated with

adiponectin transcription. Z 849 Al AR F olyjxdH
o] Ao} =2 AAAAS Hole FHAY & BAE

PPARq, PPARy, PPARS, ERa, ERBel whall z+7t 12, 28, 9, 25, 471 €}

7}
A e FReaL, ols 4 iz ddgds 494 74

hyA

ol
ME
e

“(empirical cumulative distribtuion function, eCDF)Z® W¥E A
(Figure 2-30). olwl, ZF § A7} ald LA o8] A7 &4
HeA e JAEEAE BT 7 xS WP eCDF  (modified
eCDF, meCDF)& A}F-&3F3 tH(Figure 2-30A). meCDFE ©] 83}

|A B e wE e Ardt b Aol folateE WA FS

i‘lﬂ

A]
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A Targetgene correlation of NR fthat
positively contribute to AD/IPOQ expression

(i) NR factivates targetgene g transcription

positive O

correlation
(ii) NR f repressestargetgene g transcription

O>—©.. O

correlation
NR targetgene ADIPOQ
B Normalizationbasedon regulatory mode
Expression level Normalized expression
(Eg, TPM, parametric) (o] sEg,fs 1, non-parametric)
NR f activates
b | S 1
- F(t)=—z Iy <t
NR f represses I:“] ”i=1 I~ |:||:|
targetgeneg looe eCDF _|:||:||:|

Figure 2-30. Normalization of expression level with eCDF. (A)
9= gANRS) o BA FA 28 PHEYS TE ). (B)

meCDFE o] &3 Hd o] Afs}

7 2ol 9584 B F94 BEEFES meCDFE ol &ato] At slal
Qx, 7 A, AFsE VAR FFFS PO A5§A B4 A
F 9l thFigure 2-31A). thE AFFA £ ol g

ato] Agt ot Z YRl fFAA LA Abole] FuAAE ALEAT. Af

PPARa, PPARy, PPARS, ERa, ERBel tiste] Z+ZF 0.21, 0.56, 0.26,
0.03, -0.082.%2 ey tH(Figure 2-31B). 7] A, A dAFELHY1rEE
o) dZ® B4 P st e 2ol AUA ojtxHY A%

o)

(relative adiponectin score, RAS) #& =& 93t A8 24T 4 9l

At
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L

ol

/)

RAS, = 0.21 x PqppARa + 056 x Pc,PPARy + 0.26 x PQPPAR,S + 0.03 x

PQEHQ - 0.08 x Pc,ERﬁ

A eCDF-normalized
gene expression (EE ?
] " Normalized NR activity (As )
Ty oy
8 averags [l | ~un@| o
i it RURERRNY (1) 1
ap Multiple linear regression
E*apipoa = B1x Appara +
B2 x Appar, + ...
Bsx Aerp
Probability Normalized ADIPOQ
I:- expression (E*AD/POQ)
0 1 -~

52clones

52 clones

Fitted probability

1.00 -
R2=0.64 -
P <0.0001

0.75 4 E*apipoq =
0.21 x Appara

0.50 +0.56 x Appary,
+0.26 x Appars
+0.03 x Agrp

0.25 - -0.08 x Agrp

0.00 T 1

0.0 0.5 1.0

Normalized ADIPOQexpression

(E™apipoq)

Figure 2-31. Relative adiponectin score (RAS) model. (A) RAS
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2215 oftyxdE BuH =2 A o= nde A=

He oz uE R 1 24

A A o= Zdi RAS RdS
2lsk 11709 FAPOl thsiA A&l th(Figure 2-32A) [Nhoek et al.,

2018]. A olge] dMgEA 24

. PPARa, PPARy, ERa%] 37§

OH

&

[©)

B4 £FI foF A

3} (Scutellaria baicalensis)ol Al &

S YUY YPg2rE ndg o359

958 A0 Wskel d@ow 24w

et (Figure 2-32B). U™ % &

Al skl M= 1171 FAPS] &/do] A 7] wiZel A=A A<

o] ol it
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A Eleven FAPsisolated fromrootof S. baicalensis

s

Flavones Flavanones \@SZI ooé}\
Flavones Rs Rs R7 Rs Ry Rg nyo VQ\Q
7 Norwogonin -OH -H -OH -OH -H -H 0.83 317
8 Wogonin -OH -H -OH -OCH;-H -H 065 234
9 Moslosooflavone -OH -H -OCH5;-OCH;3-H -H 065 312
10 Oroxylin A -OH -OCH3-OH -H -H -H 0.80 624
115.7.84ihydroxy6- _oH .OCH;-OH -OH -H  -H 040 110
12 Mosloflavone -OH -OCH3-OCH3;-H -H -H 0.82 385
13 Alnetin -OH -OCH3-OCH3;-OCH3-H -H 052 209
14 Viscidulinll -OH -H -OCH3-OCH3-OH -OH (032 119

15 Skullcapflavonell -OH -OCH3;-OCH;-OCH3;-OCH3-OH 029 131

Flavanones Rs Rg R; Rsg
16 Dihydrobaicalein -OH -OH -OH -H 028 121
17 DihydrooroxylinA  -OH -OCH3;-OH -H 0.31 300
B PPARa PPARy ERa
2 _ 2 2

5 100R _0.61,Pi%10 100R ‘0'37'Pf2§0 100.F2=041,P<0.05
g5 7 ,
T = . 12
8= 12
9= 501 50 12 50
0 . o
S ™
E -ia' ..c .
£ O v 0 v 0-

0.0 1.0 00 0.5 1.0 0.0 0.5 1.0

Predicted probability
Figure 2-32. S. baicalensis-isolated flavonoids for experimental
validation of RAS model. 22 HIFE& 93 335 #Fd FAPY &
(A) AFel 2185 3= 738 FAPY 55, (B) d48A4 &4 oF =2

d A=L 93 TR-FRET 7% 3843 A3 23,
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A Eto 2 oy dFE d4Ea &S RAS Edo diysie 7
FAPS RAS #s dAa, 7 23 FAP F sty e54d A (3=
10)7F 0.80¢] o= 7Fg =kth(Figure 2-32A). 1171 FAPO o3|
hBM-MSC®] A3 oA oftjzdd #n] %2 248 H7}s)
95 W (Figure 2-33), =% RAS 33 793 Z#AAAE YeERYA G
(R* = 058, P < 0.01; Figure 2-34). w&}A], stet &Rt H

VAol A gate] ot e Hu] 3 Ao g iy 7Nk ~

A WY in silico A ATFAAE = AT

A hBM-MSCs adipogenesis model (IDX condition)
I t t t t i
DO D2 D4 D5
s . 4
Medium exchange Phenotype
Treat tof h
re?:XIF?Sn © & Treatmentof FAPs analysis
B 5
- E 800 Hl 30uM
g8 600
5.5 400
S8 200
<g o ALl
a -57 8 9 10 11 12 13 14 15 16 17
C
Vehicle IDX +10
\,‘ S ‘}"'.,\“’5%' 3
g RN R
- ., T\ ’.)' ,& 3
# e & 0 gy
R/ ;x\"\.
’ R X EAH
& RO AL
s @, "o)\“ ‘i%

Figure 2-33. Effects of S. baicalensis—isolated flavonoids on
adiponectin production during adipogenesis in hBM-MSCs. 3+
el FAPS oirxvlel &4 3 &4 H7E (A) S8 714129
Ages w9 49 tRel (B) RAS B9 FE2 9% 33 foe

FAP] ot xdel u] 31 A4 23 hBM-MSCe] A "3t =310

4
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Figure 2-34. Experimental validation of RAS model. 11& <]
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A 1 A In silico %9

41.1. A=A E3 74
ofrulEo] NHEKel gk AAAl 59 F3FS B 7ietry] 9k vhola
2olglo] AldS St 2 A3 NCBI GEO GSE1229011 #7%

mils
F FAAFYIEE st DEGE sttt A4 ¥ DEGel dis

41.2. 3} QK3 74
et fALE Hlug 9T sgEe X SMILES  (Simplified
Molecular Input Line Entry System)E ©]&3to] x4 dejl= X d3}
Atk SMILES®2  #d¥ 3= x5 redk”  H7]A 9
get.fingerprint $t<+= ©] 834 PubChem 3}3H&E A #o]y ECFPZ W3}
319 tHRogers & Hahn, 2010; Cereto-Massagué et al., 2015]. 3}8+4 &
AIEE AR A8 SFEATCR 1 dE 7 SFE TFx ALl

Y R E A4 (Tanimoto coefficient, Tc)E A4t BUEE AGE
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te] 272 i fold. gelA, Tk

sul-@]?s

o] A&

3}

?l,

i, M= A

2ol fALEE 0% 1410] 9

?;sjl—

3}

He

R

=@ o] H

4.1.3.

PubChem d]°]

ol
=

ol = KEGG

7] 289

S
B 4

[Kanehisa et al., 2017; Kim et al., 2019].

% 3T
=2

o

b

o1 7] 289

b o,

S

E9 7%+ KEGG BRITEZH

%L

= 3

2}

PubChem d]o] & H] o] ~ =2 F.¥

3T

A=7F =AWHPCEP, Te > 0.9),

oF

o= o
===

%I—

= 3

(o))
PIS

[e)
AL Zka

]

Al PubChem

B8

E]

=

gl o] & 1 o]

=K

TS o]gste] Bkl

RASAR #

T
-

]

)

N

o

component

A3 (principal

PN
T

1

; prcomp &

analysi, PCA
&9 2709

o]o] A k-means

ERET

&l

2]

HEE ol gdtel 24

3

=
-

el

—_
fite)

(kmeans

=
=1

2]
A =A% E+= RASAR

)

™

ol

ol

puze]

)

o}
o)
ol

oy

w
B
B

EYsg

s}

=2

#| 2~ E (randomForest 3<7)

-
X

Rk

‘mwo

T

a

il

AutoDock Vina 1.1.2 (Scripps Research Institute, La Jolla,
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CA, USA) &AZESoE o] &sto] Fas3dvt. PPARY-LBD9 3%
7% % Research Collaboratory for Structural Bioinformatics (RCSB)
Protein Database (PDB: 5Y20) [Lee et al., 2017]ollA4 ATt =7 <
A= 71Ed #AAsE Y=gl eIy 33 #HExe FAT
e o2 TR 30 A A oz AAsgi

}_

19 AF g THF ohv At W E A

ol
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A 2 A In vitro 439

42.1. 3t8=
obH HIE(CAS  70356-09-1), Al=5Al10] E(104-28-9), SE]=Alo]E(

5466-77-3), MW=x#+=-3 (BP-3, 131-57-7), #"Wlx#+=-8 (BP-S,
131-53-3), Bl =(2-c g 3 )z o] E(DEHP, 117-81-7), WldFdxg
# o] E(BBP, 85-68-7), H|Z~#= A (BPA, 80-05-7) % AtwEst+4

(TBT, 688-73-3)2 Sigma-Aldrich (St. Louis, MO, USA)Z5E wj
SRt BE 3gES tolwE A Z o] =(DMSO, Sigma-Aldrich)ol
ol FHgA o AR A7MA] WA EASAT e d, GAMEEE, of
olaFEvWE ey I Q=82 Sigma-Aldrich25F8 skt
GW7647, GW1929, GW5H01516 Tocris Bioscience (Bristol, U.K.) 24
= I )

i

422, A ZvjeF 2 A st

hBM-MSC+ Lonza (Walkersville, MD, USA)ZF ¥ Jujsle] As=
=F32(1 g/L), 10% fetal bovine serum (FBS), 1% #HyAdd-~Ez]
Enlo]lal 1% &F e~ (Invitrogen, Carlsbad, CA, USA)S ¥3}3F uj
Aol A vttt AW FEE AH WAE LEE SFI2245
g/L), 10% FBS, 1% AL -2EfEvto]da} g 10

A, 05 pM dALHERSE 05 mM IBMXE #7Fs vjAl 2 wAls . Al
Aol Eyo A wjFE NHEK: LonzaZ Y-8 Jufshe] FI|A XAl
2}, 1<, bovine pituitary extract, ¥ U Z ¥, slo]|=2 HE|E Ed
29 ¥, gentamicin/amphotericin B (Lonza)E *7}%F Keratinocyte

Basal Medium (KBM) Hj X o 4] )] %3} A T},
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MESFAEL Cell Counting Kit-8 assay (CCK-8, Dojindo,
Kumamoto, Japan)s ©]-83to] G335} t}.

A

424. L4y =2 A

ul®s
W,

g &5}

LA =2 (0il Red O, ORO) AX & A3} & AZ W AdF45 3

o,

N
-~
ol

F71 938 $=3skith. Al E phosphate-buffered saline (PBS)E ©]
S35t 23] AlFS & 10% E2EHS o] &3l 1A FoF 1AHTIA
A

olgatel AMHG H, Aol s

[
fr
rl
flo
o

Zotdth AAHA S AR Ad FHg 02% ORO & Hs o] &3sh
oA 20859 GAE T AR 33 AlFsAT. ¥ S S
30% Mayer's =28 &9 (Dako, Carpinteria, CA, USA)Ce. & 1#7F
G 5, A= 33 AT ANEst = ="V Eclipse

TS100 (Nikon Co., Tokyo, Japan)< ©]&3to] ##3sa 83t A

P>
[k
m
_\—_‘24
2
it
o
ofo
_OL
)
2
_N‘_'l
AL
rok
A,
A
£
_O‘L

2

4
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skl wlolmmolgo] EAo] o]&3tr] fgk HA RNA (2 pg)<
SuperScript™ reverse transcriptase (Invitrogen)< ©]-&3sto] < A}s}
Att. #8]"E cDNAC] t3dte] Affymetrix Human Genome U133 Plus
2.0 GeneChip array (Affymetrix, Santa Clara, CA, USA)Z o]& 3}

slolzzoldle] AR FAetY

427, AFA AAZF A FIR}EA AMRES
AR AAL JHAA Fda A A v (Quantitative  real-time

reverse transcription polymerase chain reaction, Q-RT-PCR)S ¢l
ME Bl & RNA+= Trizol (Invitrogen)< ©]-&3te] A RNAE F=
skt RNA &%+ Epoch microplate spectrophotometer (BioTeK)E
o] &sto] AFstAth. dA RNA (2 pg)E Maxima First Strand ¢cDNA
Synthesis Kit (Thermo Scientific)E AF-&3le] & AALe T mRNAQ
e S A Estry] sl AB7500 Real Time PCR System (Applied
Biosystems, Foster City, CA, USA)S ©]&3}9] Q-RT-PCRS 33}
ATt o]E 98] Ag¥E TagMan expression primer setS thS-3 72t}

(Table 1).
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Table 1. TagMan expression primer sets used

Gene symbol Assay ID
PPARA Hs00231882_m1
PPARG Hs00234592_m1
PPARD Hs04187066_g1
HMGCR (3-hydroxy—-3-methylglutaryl-CoA Hs00168352_m1
reductase)
HMGCS1 (3~hydroxy-3-methylglutaryl-CoA Hs00940429. m1
synthase 1)
FABP4 (fatty acid binding protein 4) Hs00609791_ml
ADIPOQ® Hs00605917_m1
INSIGI (insulin-induced gene 1) Hs00356479_g1
él;)(RJC? (aldo-keto reductase family 1 member Hs04194036_gH
SLC2A12 (solute carrier family 2 member 12) Hs00376943_m1
MTIH (metallothionein 1H) Hs00823168_g1
FLG Hs00856927_g1
LOR (loricrin) Hs01894962_s1
KRTI (Keratin 1) Hs00196158_m1
TGM 1 (transglutaminase 1) Hs00165929_m1
GAPDH (glyceraldehyde 3-phosphate Hs02786624_g1
dehydrogenase)

GAPDHE tixw" 02 Abgstlon, A2l dad o] J=Fe +35H4

RdlS ol &af st vHPfaffl, 2001].

427 f5EA AF 2 s2Ads} AY
AZPES FEEAH AR FF FEelUA de], time-resolved

fluorescence resonance energy transfer, TR-FRET) 7]Wte] =& 4
3 A3 S Lanthascreen™ competitive binding assay kit (Invitrogen)<
o] &3slo] sttt 483 PPARa, PPARy, PPARS, ERa, ERBe
et AstE S F7sEA T 520 nm 2 495 nm dHFe] AlFE 1447
vk 3 CLARIOstar (BMG LABTECH, Ortenberg, Germany)S ©]-&

btk BE 717 dge AzAe AP ke
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A, sAdES(EFEA fle), FddzL& F8Ae =

o[r
I

520 nm/495 nm TR-FRET H|&E 7217} Rexp, Rueg, Rmax®
A AL AgE e et ol Axtaar
%jﬂ 73?:11_@1 (%):(Rexprneg)/(Rmafoexp)X]-OO

ol
ol
3R
o
=)

_1

£
ol

84 FEA3t AL Lanthascreen™  coactivoatr assay kit
(Invitrogen)& ©]-&3st] F3stdth. 484 PPARae, PPARy, PPARS,
ERa, ERB, RXRa, RXRB, FXRoll thslo] shgtEel o3k addst d=
s A9t g9 fluorescein ¥4 &&A 3t HElo| =5 ALE3A
H(Table 2).

Table 2. Sequence of peptides used for nuclear receptor

coactivator assays

Nuclear Peptide Sequence Gene symbol
receptor from
PPARYy PGC-1a EAEEPSLLKKLLLAPANTQ PPARGCIA
PPARYy SRC1 KYSQTSHKLVQLLTTTAEQQL | NCOAI
PPARYy SRC2 DSKGQTKLLQLLTTKSDQM NCOAZ
PPARYy SRC3 ESKGHKKLLQLLTCSSDDR NCOAS3
PPARY DRIP KVSQNPILTSLLQITGNGG MEDI
PPARY RAP250 VTLTSPLLVNLLQSDISAG NCOA6
PPARY RIP140 SHQKVTLLQLLLGHKNEEN NRIP1
PPARYy NCoR RTHLITLADHICQIITQDFARN NCOR1
RXRa PGC-1a EAEEPSLLKKLLLAPANTQ PPARGCIA
RXRB D22 LPYEGSLLLKLLRAPVEEV -
FXR SRC2 LKEKHKILHRLLQDSSSPV NCOAZ
AT, SANEZS(FEA fls), Fdu=aZ FE&A9 'Y

520 nm/495 nm TR-FRET H]&S Z'Zt Rexp, Rueg, Rmax® M9 S o,
A Aty g3 o] AT

611 '/'F%jﬂ %%}\é §]’ Xé] ®= (%):<Rexp_Rneg)/<Rmax_Rexp)xlOO
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Abstract

Research on informatics—based
pharmacological outcome

prediction of chemicals

Seungchan An
Natural Product Science, College of Pharmacy

The Graduate School

Seoul National University

Recently, the artificial intelligence technology has been applied
to diverse fields in a new drug development process to improve the
overall efficiency of drug development programs. In particular, the
machine learning/artificial intelligence models for predicting the
pharmacological outcomes of chemicals significantly contribute to the
discovery of drug candidates at the early stage of drug discovery.
For the successful prediction of biological and/or toxicological
activities, chembioinformatics-based machine learning approaches
should elucidate a causal relationship between the biological activity
of a chemical and its structural information. Currently, there are
publicly available chembio-big data, which can be used in artificial

intelligence-based predictive models. Biological activities in public
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chembio-big databases can be classified into two categories,
molecular target—directed data and phenotypic ones. Phenotype—-based
screening evaluates chemical-induced phenotypic changes at the
cellular level 1in the disease-relevant contexts. Importantly,
phenotype-based approaches have served as a major source of
first-in—class new drugs. As one of the phenotype-based screening
systems for the new drug discovery against human metabolic
diseases, the adipogenesis model of human bone marrow-derived
mesenchymal stem cells (hBM-MSCs) has been used. In this model,
the effect of compounds on adipogenesis is evaluated by measuring
changes in adiponectin biosynthesis or cellular lipid accumulation.
Hypoadiponectinemia 1s a common feature of diverse metabolic
diseases, including obesity, type 2 diabetes, and non-alcoholic
steatohepatitis and therefore, the adipogenesis model can be used to
discover therapeutic candidates for these metabolic diseases.
Alternatively, the model can also be used to evaluate potential
metabolic adverse outcomes in human such as obesogens and
endocrine disrupting chemicals. In this thesis research, the
adipogenesis model of hBM-MSCs was used in the evaludation of
potential obesogens and applied to validate a chembioinformatics-
based machine learning model of human obesogens. Additionally, the
elucidation of the read-across structure-activity relationship (RASAR)
between phytochemicals and adiponectin biosynthesis—associated
nuclear hormone receptors was performed to overcome the limitation
of deficient dataset in chembioinformatics—based predictive machine
learning models.

To investigate the transcriptome-level effect of sunscreen
ingredient avobenzone (3-(4-fert-butylphenyl)-1-(4-methoxyphenyl)

propane-1,3-dione) in normal human epidermal Kkeratinocytes
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(NHEKS), the transcriptomic profiling of avobenzone-treated NHEKSs
was performed using microarray. Functional module analysis using
Gene Ontology biological process enrichment analysis (GOBPEA) on
the identified differentially expressed genes revealed that avobenzone
significantly increased the lipid metabolism—associated genes iIn
NHEKSs, suggesting that avobenzone i1s one of metabolic disrupting
obesogens. Avobenzone significantly promoted adipogenesis 1In
hBM-MSCs as the other obesogenic chemicals, validating its
obesogenic  phenotype. Read-across approach predicts adverse
outcomes of chemicals based on the quantitatively determined
chemical similarities to other toxic substances. In the chemical
similarity analysis against previously reported obesogens and
ultraviolet filters, cinoxate (2-ethoxyethyl (2F)-3-(4-methoxyphenyl)
prop—2-enoate) was a compound most structurally similar to
avobenzone. The obesogenic phenotype of cinoxate was also validated
in the adipogenesis model of hBM-MSCs. In the subsequent target
identification study, cinoxate was found to function as a full agonist
of PPARY, a central nuclear receptor that regulates adipogenesis.
Finally, the first chembioinformactics-based machine learning model
to predict obesogenic potential from chemical structure was
constructed. Chembio-big database was extracted to prepare the
training dataset, which includes chemical structures, physicochemical
properties, and biological activities against nuclear receptors of
obesogen—associated chemicals. This model can be used for early
detection of potential environmental obesogens, providing information
on the obesogenic possibility of the compound as well as its nuclear
receptor target.

Next, the phenotype-based screening system was constructed

in silico by applying a chembioinformatic approach to machine
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learning model for adiponectin secretion—inducing natural products.
The amount of data that directly describe the adipogenic phenotype is
insufficient and complicated, thus the two models were sequentially
implemented to predict adiponectin secretion-inducing activity. First,
the random forest-based nuclear receptor activity classifier was
constructed with molecular target-directed data. To supplement
missing values in the training dataset, the RASAR approach, where
the missing values were replaced with the chemical similarity to the
most similar biologically active chemical, was introduced. The
RASAR approach significantly improved the prediction performance of
the nuclear receptor activity classifier. Second, a relative adiponectin
score (RAS) model that can predict the adiponectin secretion-inducing
activity from the model-predicted nuclear receptor activity was
designed. The relative contributions of each nuclear receptor that
modulates adiponectin biosynthesis were determined from single—cell
transcriptomic profiles of the differentiated adipocytes. In the model,
nuclear receptor activity level and the adiponectin gene expression
was correlated using multiple linear regression. The RAS model
provided adiponectin secretion—inducing activity from the chemical
structure, and its performance was experimentally validated using
flavonoids isolated from Scutellaria baicalensis.

In conclusion, this thesis study provides the proof of scientific
concept that chembioinformatics—-based machine learning models
successfully predict beneficial or adverse outcomes of chemicals in
human metabolism at the phenotypic level rather than the molecular
target level. Notably, RASAR approaches improved predictive power
of biological outcomes for chemicals lacking their biological activity
information. Future studies will be directed to construct a general

machine learning model to predict biological phenotypes of more
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complex chemicals, regardless of their chemotype, by improving the

chembioinformatics—based model.

keywords : chembioinformatics, machine learning, adipogenesis,
obesogen, adiponectin biosynthesis, read—across
structure-activity relationship
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