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(mechanism of action)
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Efficacy and Toxicity pathway

POC (Proof Of Concept)
AOP (Adverse Outcome Pathway)
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2) Active drug®t prodrug?| O|sliet 84
- 4o of27|dez Y ofgo FRet 7|Ho| et ofslel oy

« Active drug: ¥2%E XtH|Q of2|xtE £ XtEH(Pharmacophore)O| MILiOI A 2F2|E-8 5t
[e] 3=
i)

Prodrug: EfAb = biotransformation(‘ 2t ® T £ M 71 of2| 28 FXHEHo| o
of2|3t g, & pharmacologlcally inactive medication2| prodrug@ 2 &£ & (Oyon, 2015).

- HRE 22 2dA= vs TTAE2 & 5-7% (Rautio S, 2008)

Pro Drug Active Drug

EENS IR Drug >

drug is inactive

before metabolism
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3) Active drug®t prodrug®| Of|A|

Sulfanilamide Protonsil
Dopamine Levodopa
Ampicillin Talampicillin
Oxazepam Diazepam

Mercaptopurine Azathioprine
Hydrocorticosone Cortisone
Adrenaline Dipiverfin

Predinsolone Prednisone

Enalprilat Enalpril
Phosphoramide mustard Cyclophosphamide

Ankit Sharma Bhupal Nobles University
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4) Active drug O A|
« Sulfanilamide (2@ 2 AMSEIUX|QF CHE2 2O 2 ChX|E| 1 US)

Ei
P nzyme iy diifalic-acid EnZymE[Te(rahymﬁc Enzyme
e,

parrngminobenmic Bacteria ¢
804 o on -

Purine & pyrimidine |Enzyme
nucleoti DNA & RNA

Dihvdropteroate

Active site synthase (DHPS)

Inhibition of folic acid synthesis by sulfonamide

(Bauman, 2012)
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5) Prodrug OflA|: protonsil
+ Protonsil: Penicillin ‘274 0| 2| %|Z= 0| & x|

NH,
. : o Q@
HN Ng In Azoreductase 1]
N S=NH; ———» [H)N Ih;»xll} +
(") o H NH,
Prontosil Sulfanilami L24-Tri
(inactive drug) (inactive)

Fig. 1: Prontosil metabolism in vivo

(Mohammed &, 2017)
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(Hydrogen abstraction) | + Lipid radicals 44 43: X| & 2}t @}(lipid peroxidation)
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HAHE U3
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A 547|H9| Central dogma

1) Central dogma 2|0|: R7|2Z2| £4 U0 Tt MOA(mechanism of action)0|X| 2t %229 RE 40|
Ot MOAOI7|= & Ol S8t fadol 88 Yol nyPS 2nlg
2) 541 Rl 8 uTH et oo|: SHut Radel Yo ZAE 7R B Mo e
H22 HIEHEs W] OFH. Z, toxicity(risk)-benefitS 7|22 T4t Q15| 7t "AI} =8 £|0fOF &
edrug . Barent Non-covalent

Direct-acting -

chemicals tetie | Active forms |Covatent _}

(minor property) CP4

3] Phase Il L » Interaction with
P1 : cellular macromolecules

Indirect-acting v CP 3 Y aviiant

chemicals i i =

(major pathway) 9> Biotransformation —PReactive metabolites ZgEs

Electrophilic metabolites|(major form)
Prodrug

CP: Check Point

| Redox-active species
| Carbon-centered radicals

Phase |

Cytochrome P450

dependent CP 2 independent

(major pathway)

(g3

2010)

Lipid, Protein,

Carbohydrate DIA
Reversible & Irreversible
irreversible response  respornse

Efficacy



6-1. HH =8 542 H(direct-acting toxicants)

e
« Direct-acting chemical: & 42| Z0{%-&0| 10| Xt &8 XXt (electrophilic)& & active compound(&-d¥ £%)

2) Ol
<O A|-1> Cisplatin: MIZ =4 1M|CH S|
o)
e ( N \ /OH’ Ho PN /OH; —
Pt = Pt

A
wn” el H)b/ \cw wn” OH,
Cisplatin Mo m

m)khone/
H
s

7 HxN—Pt NS

( % Guanine N7-Guanine N7
NHs/ HNJ( diadduct
LN i NHz
s s s
il A "

AGGCT- AGCT- Ac‘ﬂ"‘

TCCCA TCGA TCaA
G-Gintastrand  AGintrastrand G- interstrand

(©5%) (25%) (5%)

<Ia@> 7}5E8)¢) €)% Cisplatin®] I AR A% 2L DNA I A F99)e F/HEH (Martinho %, 2019)



6-1. %}
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852 (Direct-acting toxicants)

| A

<O Al-2> CMIT(chloromethylisothiazolinone) - 7t& 7| & X AFZAO|A ASEl M EX|

cmiT 0 0
s gush Gzzgssh | SH O s o
rotein-SH rotein-S
/ Ky s QN — L
N A HN ¢ g v~ N v N
s” N\ Ha ; an H an H
cl CH3 cl \&\__ Disulfidebond e =
S-protein AR
APRe-SYET )
<3> Mol HizaH 2d3tE Sof MTAd 22

(Mutschler &, 2009:

[EIRe:ES

=HSE, 2019
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6-1. ™ =854 2 E (Direct-acting toxicants)

<0f|A|-2> Biocide - (chloromethylisothiazolinone: CMIT)2| &4 7|H-2 ATP 34 X 3|

CMIT/MITO ofgh argtad
0.4 Control
onteel |

| cMim/miTol ATp 4 &3 Control

Biocide added

Adsorbance (at 600 nm)
ATP [nmole - mL~"]

1 5mg-kg~! CMITMIT,

0 ! 1 L

0 10 20 30 40
Time [min]

<33> CMITe| HlzaX 2yat

i

Sl SHE |Yst= 7IT¥(williamsS, 2007)



6-1. M8 542 H(Direct-acting toxicants)

<OJAl-2> CMIT (chloromethylisothiazolinone)2 &7t 54

S 12|21 AHM =

<E> CMIT/MITS| 7| =3

=i

=010 E|R4S. olet 20| HYHES

N2 S8+ 012209 §F 338
Degree of lung Male
inflammation 0 Low dose Middle dose High dose
No significant 3 3 3
Minimal 3 3 2
Mild 30
Moderate

. Oj¥E @D ot 2t CMIT=

2xe EMo| 7t k0|7 Q= 22X

THE 72N MO Al BA| HQUoIM 27k 2HY
o5 2018 SHAH NYSE ot 5H



6-1. X E-E =4 8 F(Direct-acting toxicants)

<0f|A|-3: Toxin >
HU 99 % 7R X S0 SUEN 4STBOE SAHOR FYL ME S4 Y

O A| 2 Z: Gilvocarcin V, mitomycin C, formaldehyde, TCDD, methylisocyanate, HCN(A| 2t3ts=24), tetrodotoxin &

« 20| 5429 Tetrodotoxin(TTX), HF S42| Saxitoxin®} brevetoxin, 242 72| S42| batrachotoxin: Voltage-

25 Q|(action potentials)2| sl

gated sodium chanels(VGSC) —

( VGCCs R Saxitoxin
Tetrodatoxin
Spinal cord o HN o
neuron '
Q

Sensory neuron

2 HOH.G "
=, Metabotropic s .
LT lel e receptor \ /‘ L 0H
' / OH
H
\L / Guanidinium group
TTX-sensitive
yeso Neurotransmitters
<1 8> Guanidinium groupdfl 2|8t H'2 H|&E4 (Finch &, 2018)

VGSC: Voltage gated sodium channel, Z2-JI0lE HEE A12)

(LookForDiagnosis, 2024)
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« Biotransformation(A 3+t T 2h0j| 2|3t 35 F Reactive metabolite(zintermediates, 24 %7t
carbon-centered radicals(f 7| % Et2F2|-2tC|Z)

=

@ Organic £=
@ Redox-active species(4t2t-2Hl 0| =2titg
® Elecrtophilic metabolites(X1 Xt CHAFA])

CHARA)

A

e drug

Non-covalent

12854 & A (indirect-acting toxicants)

—> Parent
Direct-acting
chemicals
(minor pathway)

Natural
decomposition

Indirect-acting
chemicals
(major pathway)

\4
LP Biotransformation

Phase |
CP: Check Point

CP3

CP4
L Interaction with
cellular macromolecules

Reactive metabolites
Electrophilic metabolites|
| Redox-active species

|- Carbon-centered radicals

Covalent.

kmajor form)

40 AHET

Cytochrome P450

dependent CP 2 independent

(major pathway)

<a¥> {7]33E4d 547|29 central dogma(¥Hd 3, 2010)

Lipid, Protein,

Carbohydrate DI‘
Reversible & Irreversible
ireversible response  response

FEHARA)



6-2-1. Reactive metabolites: Carbon-centered radicals
1)

+ Organic = carbon-centered radicals(%7] % A2 ¢

L5 9|-2tC|Z): MAte| FIbLE 2 of ofsf B0 X Q|

H = (orbital)ofl StLt & O 0|&4Q| H|Y M Xh(unpaired electron)S 72! CHARA].

2) Ol Al
o CCla(AtBtErD)
o,lgnlz;:»mcnaé‘;ﬂ" clcocl
P450 |+ O

Carbon
tetrachloride

0[ - CI
- 0 He
\ P450 N\ . .
CBCCCs < cic: . —(u:c. S Aeo <1Zl> AFHSIEFA 9| biotransforation:
Herachloroethane | Trichloromethy| o Dichlorocarben = ) o
\ radical \C" radical COz+HCI kL2t ol2] B/ carbon-centered radicalst H&0{ 7H&
PO e t HERA A S Phosgenc O 2 2t - S 40| 8
Chioroform CCCCi - IO mi m oo csgons HEHE S8
Pas0 | —ci L-l;(»oo.\%y chcooH s ciicon HEH cock
— Trichloromethylperoxyl
- pess L
. Dichloromethyl )
_ radical _

=z
&

#, 2010)

% oy op

=]
N

7_‘I>

=
A
El

Hrea

3



6-2-1. Reactive metabolites: Carbon-centered radicals

<O A|l> Protein®| M T =7 (post-translational modifications) — L=zt CHEHA
- =¥ 82 37 =57| 9| H7t(addition of chemical gropups), Z 2t (cleavage), S & st
molecules), Xt Ll 2% M (formation of intramolecular bonds) S2| 4 class2 2000 7}X|

»

« Single electron carbon-centred C- species 0| & — Site-specifically“edit’proteins& S8 &4,
« Chemical biology £0f0lA A|ZE|1 Qs HY & o 3

a) ‘off-protein’ radical approach

in situ generated
C-centered radical

*e

O (non-)canonical AAs

<HIEZE Ol Aty

g N\ radical
initiation ~ Bcceplor

b) ‘on-protein’ radical approach

Figure 1. (a) General scheme for “off-protein” radical approach.
(b) General scheme for “on-protein” radical protein modification.

9|

2-38f &%
7}(addition of complex

CHHE A S EER |ocation

(Chen &, 2023)



6-2-2. Reactive metabolites: Redox-active species(RAS)
L]
+ Redox-active species(+tet-2H2l 0| =S CHALK)):

© det-zol

£EUZ0| 58 0T GAKZ DNA, KT X EET 22 B9 S42 RY
@ Fenton pathway S0 st LSO oo SHE UL VUHY YYE AR

2) &

+ BenzoquinoneO| 2t £2|7| £ e quinone(7| )0l ZE RASS| 7|2 RZ Y.
« <J8>0MXE benzoquinonet WEEEtTt=A0 RLOfA 2742
ketone(R;(C=O)Ry)S 77! EHatx

=i

~CH=7} 2749] ~C(=0)-7|2 M2HElOf 27H2]

; A
0| Y
o
1,2-Benzoquinone| 1,4-Benzoquinone DDQ Anthraquinone

<Z1¥> o] Quinone 3-FE
(DDQ: 2,3~ dicyano—5,6~dichloroparabenzoguinone)



3) Redox-active species(+tet-2t

6-2-2. Reactive metabolites:

shelo) w3

Me-gR e

one-electron reduction
by cytochrome P450
reductase

23S ALl =4

1 @ Fenton pathway(@

Redox-active species
71

=
fC|Zto| Hoj2at 8hg)=

TS Aret 2 gt

©: ot

g 2
+ Fe” —» Fe

07"
1‘4-benzuqumnna ! Redox cycling
| H Semiquincne
two-electron i
reduction H
by NQO1 . 4 2
O, +Fe' —p Fe +0z
2+ .
on  Fe + Hi0: — Fe’ «(o—rm OH"

Fe' 4 Hi0: — Fe"+(ou' e on-
¥

o
Hydroquinone

i &

|
‘ Fenton pathway ‘

Hyderoxyl radical

E3
S

Sk Oxidative stress-7= %

(2r9H, 2010)

0X



6-2-2. Reactive metabolites: Redox-active species(RAS)

4) 1T MZS- 2 Al (cytotoxic anticncer drug)
+ Small molecule A= MEZSGM) X BHOM) SAHZ 7=, e 140 LH 7 RAS

=

anticancer drugs

" mmary of MOA and site of action of chemotherapeutic agent
l 6-Mercaptopurine

| Purines and
Targeted (specifi

Inhibit purine ring synthesis

Ribonucleotides

Small molecules Large molecules Inhibit dTMP synthesis B
| |

5-Fluorouracil _| Deoxyribonucleotides

2. Platinum compounds Il.Tyrosinekinase' ibitors | | lonal antibodi Cytarabine Inhibit DNA synthesis

Bleomycin DNA
[ ; i R ; | ’——lp—i Scission of DNA L
| 3. Anti-metabolites ‘ IZ. | | J

Daunorubicin

L

Proteins
Vinca alkalods Inhibit microtubule function N\
Paclitaxel
6. Miscellaneous Colchicine Protein tyrosin kinase inhibitor Block activity F_@

Intercalate DNA
| 4. mitoticspindleinhibitors | | |3. paRP inhibi | Alwmam‘m;—,_lcmwlnwm '
Nitrosoureas RNA
s - o ‘ | T \ Cisplatin Inhibit protein synthesis —




6-2-2. Reactive metabolites: Redox-active species

5) Cytotoxic anticncer drug®| 1MICH E2AH| 0 A|2t 7| - Doxorubicin

o @ Ats}-2HRIo| £35S @ Fenton pathwayE S8t 2AIZ S40[X|2 SMMZAAZ &

Doxorubicin o OH OH
i OH + Glucucronidation —» & &

[ | OH
° g o o
HiC o i
% |~ Redox cycling
CBR i on
/ HaN POR_ \oPH
o oH 2 o H0; Q& NADP#
"o ” 9
N o oM
HeO O OHO 8. e " g OH
{ Fenton pathway 0 0. OHO
HsC : o
(B) Doxerubicinol H,r‘ \)H s

(C) Doxorubicin semiquinone I “oH
HN

Figure & Metaholic pathway and related metabolic enzymes for the transformation of (A) DOX
o (8) and (C: i major metabolites of DOX. CBR: carbony
reductase; POR: cytochrome 1450 oxidored uctase; SOD: superoxide dismutase. Arrows represent the
metabolic conversion.

(Lee =, 2023)
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6-2-2. Reactive metabolites: Redox-active species

6) Doxorubicing 0|83t %|4l EXT K|
. UNE SHOXE FANENAE B8 - S04 25

. 254 8H-9E 28H|(antibody-drug conjugate) S aptamer-drug conjugate

« Aptamers: @M E EXE0[HE 7+ short single-stranded DNA or RNA molecules
« O[7H(bivalent) 24EFH-DNA 2gH-Dox conjugate

Aptamer Drug loading sequences

Liner gy 1 ois2
1 o
% )

“~—Single strand

Aptamer-DLS1 Aptamer-DLS2
T Targeted killing
l DNA Hybridization
Double ®
strand g
—
BAD s

T Internalization
® @loaaing Drug releasing
HIZREE LMY UY g

Targeted binding o
-

R

Al Target cell
Bivalent aptamer-DNA carrier-Dox conjugate

(Zhang &, 2024
Figure 1. Schematic illustration of the design principle of the BADD for targeted killing of cancer cells. (Zhang S )



6-2-2. Reactive metabolites: Redox-active species(RAS)

7) RAS2| Redox medicine 71

+ Keap1/NRF2 pathway?| &¥HM: NRF2 242 M= Y&

=ocT o

X &ot MAEM YA 2o § &= (Kargbo, 2024)
X|2X — Redox(Ats}t-zHel) A&

Redox active species

|

ROS Culd

Keap

—_—

Oxidative i3 o
stress

Accumulation and \@ NI, oo
nuclear transiocation @ enzymes

-~ ...
[+ ) Increased

stress-induced

r gene
—  ARE  Antioxidantgenes  —

oo

A5tH AEY A §ESHE RASE S8 KEAP1/NRF2 interaction =H:

uolo) gy 2Ee
Y % =2ty ul

(Kargbo, 2024)

o2

ol
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6-2-3. Reactive metabolites: Electrophilic metabolite

DR{E=

« Electrophilic metabolites(XI ™ Xt CHAFA): EIFXE CHARA|O|

HIR5H0] 2RHY DAL

+ Carbon-centered radicals@| x}0|&2 &t

2) OflAl:

S3l WA ol HegE

NNK(4-(N-Nitrosomethylamino)-1-(3-pyridyl)-1-butanone): Grade 1A &

2ol MAHY L =

2 0]Q9] YA} E= BAHOIAM o2} HIHHX}

B sa

il

worgd
N=0 " carbonyt o N=0
,L\ reduction | > )K/\,r’d\ NNK
cHs ¢ ] CH:
N !cvpzms L
it W
N
@A/\]/N\cux \/ i o
OH
NNKS! SAISH A 2S5
Sofl # A CIAA 82 ochyerony| NN 1
THAY CiAL [} H=0
j\/\)'l Z ‘)L\/\/N
N—OH s,
Keto aldehyde N L +HCHO
ScHy OH;z
Methyl "
+ diazohydroxide
/\L\, A I~ _CH
gl DNA adduct L J]
B N
Diazonium ion

Cancer

Keto alcohol

H, 2010)

o]

o
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3) Electrophilic metabolites@| £&F

« Alkylating@} arylating agent2| &I Xt CHALA|
* Electrophilic nitrogeng K|l X XM CH ALK
« Carbonyl compound®} acylating agent

» Organophosphorous compounds
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4) Alkylating®} arylating agent2| X% Xt CH AR

« 2eUs}alkylation): o EXFO| ZT|(R-CH;)7F CHE 2XALZ 0|8 dhe A Ex AUE ZolEteleaTd|E £I16t= A
Ot 7| (aryl group): Y& Z stetE 0 M +2 /R SHLEE RABIO] JAIEHTIS7| E= KBTS 2715t A)

A) Alkyl groups and carbocation

. R H
gael qeg | LTINS dom Sxof x4 sHge § i ) i
= = oEe & RS HE HIZ alkyl £ ayalkyl 7)) us c > ¢ > LC_ > ¢C
R g7 e 0y
Ayl haldes( @ 2 AL 2S5 E) RX(K= 1, Br, CHLE__
Ri,_ A0 N R 3 27 1%
s t %o/ Alkyl carbocation
Epoxid(EE oxiranes: alkeneO|Lt B8t 3
Sads 5 050l 44 s H *
1
H—C H—cC+
NG EEERE H
i (nucleophilic
Alkylatin fe_Z= Al ROy o substituition) Methyl group ~ Carbeniumion  Carbonium ion
arylating fgm mEe ols 232 akyldeenum| 4 T T
ionO[Lt cabonium ion S1F 22 FE B) Aryl groups
£ Bof 23t g Ho )
) —_—— @R ©/\R @, H:CD/R
AN
R1 R2 ! HC HC
o
Doyl s EE Akl Oﬁ ‘g\,oﬂ = ,O(_Q_\m Phenyl  Benzyl Tolyl oxylyl
\JJ W8/
— A) 2272t carbocation(Et A %‘O\gﬂ)

B) DNAI 7| Q| BISHE Ebojs
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4-1) Alkylating@t arylating agent2| &I XHSCHALA| O A|

« Z2% X &M - 7t28}0HH E(Carbamazepine)2| Produrug
« VGSC(Votage-gate sodium channel)@| slow inactivator - &M% Xttt

10 0 11 B op
— Epoxide 1011
O O P450-3A4 Q- hydrolase O O
/1 P450-2C8 N O N
NS0 HzN/KO HZN/J\O
Carbamazepine Carbamazepine-10,1 l@ Carbamazepine-10,11-trans diol

Pharmacological activity

FIGURE 2. Biotransformation of carbamazepine.(Eadie S, 1991; Attia 2014)

PROLONGATION OF FACILITATION OF
Nei' CHANNEL GABA MEDIATED
INACTIVATION CI"CHANNEL OPENING
Phenytoin ‘Barbiturate (Barb.)
arbamazepis Benzodiazepine (Bzd.)
Valproate Vigabatrin (Viga.)
Lamotigine Valproate (Valpr)
Topiramate Gabapentin (Gabp.)
Zonisamide

Tiagabine (Tiag.)

INHIBITION OF
T TYPE Ca™*
CURRENT
Ethosuximide
Trimethadione
Valproate

Fig. 30.2: Major mechanisms of anticonvulsant action
m: Activation gate: h Inaclivation gate: GABA-T: GABA transaminase:

A Succinic semialdehyde; GAT-1: GABA transporte

(Ambrésio &, 2002)
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5) 29| Chydt MTAHGOAA - THXHY B4, 2R ET), opd 7], Q147

agmo| fug | DEAMUIAHC BHEE 0 2 A SdgY
2 2R R2 HE B2 aligl Tt aryalkyl 7)) urg
Compound with | Aromatic amine(rftrorenium fong| & ez

electrephilic nitrogen

M=

dg =ol 243

carbinolamine

Carbort compounds | Aldehydes, ketone EE-
Sciff base
Organic acid anhvdrides
: Grganic acid halldes Z#MAR|E &
Aeaing agents | oo nates s
lsothiocyanates
Fhosanonlaing | guaang ghosphorous competnds. e fabdhis
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5) 29| Cheh AMRLYOHAA - TEAHY Ea, 7k2 87|, 0hd7|, 214t

5-1) THAHY BA9| 0flA| - Nitrogen muatard
« Nitrogen mustard: 1A 2220 27|7t DNAS ¥ZBH<R-CH;>2| DNASH B 7} A SR 2% IHE)sto2 M kel gy ARsts 428

7h7 el
« HHEXHY group F00| 2 £F: Monofunctional(tLte] ZIFAH) alkylating agent VS Bifunctional(F7§2| EIFAH) alkylating agent

A) Monofunctional alkylating agents  B) Bifunctional alkylating agents

“ <E> HHXHY group £:0] THZ DNA &4 % 7|H

]
H ‘[‘f cu,—ci, €l R S
< 4 P— N<
P—N H
Vi . Ha cn—cn,lcl
Dechloroethyl phosphoamide musrard Phosphoamide mustard
HiC

H
| |
H 5 \L o HI|o HEAMOI RTAL o LEMZHL) Ao ofE A
I p ""(.: & 2=79| DNA &4 K| #=Z 0| DNA &4
Cl
2-Chloroethylamine Mechlorethamine . EH—?——E—E' god‘x" 7H HE"-T‘_}‘ ’T‘\;}ﬁ
o 5 1R
cor” LM cor N/_,c| sto §Q:>_} ?| )
C@N C@ g, 2010)
e el
P ;

Chloroambucil®| ‘half-mustard analogue Chlorambucil

<% >Nitrogen mustards] &471¢] Fuaa. 2010
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5-2) RIS HAQ| oA - Bifunctional(F71 2| EIFXH) alkylating agent

<OfAl> Nitrogen mustard2| ICL(Interstrand crosslinking; 0| & L}41 7k X})

—— Reactive Aziridium ion

[Ci, R
CL-CHaCH; iNZ ( N,
STEP 1... 2»\5 7”_5\ . (‘:H;/ - Nitrgen Mustard
a—cu;—cu/ =
Nitrogen mustard Z ~ci

STEP2..... 0

/—‘ (H[.’?/R

pres
HN \ l v,.h : HN A\ 2 <> Nit‘rogencmustardﬁl Interstrand crosslinking
)\ > > Ca (Singh &, 2018)

N

Guanine

1. Cyclization
2. Guanine
R

o
TR L
LTI sToY

Inhibit tumor cell
mumpncauon

CeII death [<—

Slde effect 1 ' )\
Inhibit norma el OFSTRANDS FOR Guanine M Guanine
multiplication

REPLICATION

Interstrand crosslinking(0| S LA 2 A}y
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6) ICL(Interstrand crosslinking; ©] 517k aab) ] @714 D-5013 f 5

<3E> ICL FFel e FdA 55

[Chemical The sequence ICL% of (Groove CH:
ICL agent class . - o
rep resentatives (5)f I;)I; = total adducts _|distortion H\"./:, » Piperazine ring
T A N 8 22
Psoralens Psoralen I 30-40 Minor % 4
N . 5-CG-3 B 2
Mitomycin C Mitorycin C 3‘{{%75‘ 5-13 Minor Benzimidazole ring2
ol TGL-5 ’ Y~
) Cisplatin M 7& 5 5-8 hajor o
Platinum Carbopfatin 34 b
Lerey . Benzimidazole ring1
Transplatin f 10-20 :
3L5
- E=GNC-3 "
Nitrogen mustard Hitrogen mustard 3‘—CRG—5’ 1-5 Major Hoechst 33258
5 -G-8
Nitrosoureas ECny o @ Unknown Phenyl group
CHU 25

BCNU: bis-chloroethyl-nitrosoursa, CNU: chloroethyl-nitrosourea.

<3%> Hoechestg] T2} minor groove-hoechst 33258 £3t5)
(Vega 5, 1994)

(34, 2010)
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7) DNA &3] $53 ICLY] Q3 A X 9h-g-2) Foly

« Clastogenic mutation — WA13F 2 A3} (interstrand crosslink: 1CL)

I. Direct reversal

Photolyase

6660 W 9665
P08 “wE 0908

II. Mismatch Repair (MMR)

6008 6666 6660
gope WE e ..

e Exonuciease
doughter strand

1Il. Repair of Single strand breaks (SSB)

a. Base excision repair (BER)

0000 _, 0665 _ 6660
peees Giycosyiese ? () ;@_@_93;

Emu»:lem

b. Nucleotide excision repair (NER)

06060 00860 [TTTN

090 Endonuciase “ona” m
ooty

up-and downstream
of damage

IV. Repair of Double strand breaks (DSB)

a.Non hemolonous end joining (NHEJ)

D kes
K700 K080 FYY X3
mungm w ' A

b. Microhomology-mediated end joining (MMEJ)
ONA Polymerase &

.y
869655688 .

m\g@Q ot

€ Femt

. Homologous recombination (HR)

m“‘ RN Sa02 %’W

sister chromatia
serves as template.

— Double strand break(9]F U142 d) - G444 Ak

« DSB 441 W & type of DSB
species (Proteintech, 2024)

Eil
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8) ICL-+%=9} DNA-damage response

<DDRi} 4L0f 2HS>

mRNA stability

Ubiquitine ligases /ﬁ Splicung
« (_|senescence ) ./

Gl T Us)

( Cell cycle | _ 2 ; DNA repair | /

v

"~/ Circadian
Rhythms

Spindle checkpoint

DDRel 2AA

Genetic disease, Aging, Cancer

<I¥> DDR#} 4] 93 (94 2019)

DSB(double strand break)2] A % 1k — DNA-damage response(DDR, DNA-&4F 1)
DDR 4=3& $1% 27}A] Sensor(7#] #}: &2l 4k3} & 2v): ATM(ataxia-telangietasia, mutated)¥} ATR(ATM and Rad3-related)
&3], ATM (ataxia-telangietasia, mutated) - DDB2] Master regulator

Apoptosis

<Z1¥> DNA &4 ¢]§ ATM/ATR regulation®] 7]A
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9) ICL2] ADC(antibody-drug conjugate, & k& %-5H4])9} ApDC(aptamer-drug conjugate)®] @¢HAl Al A &8
9-1) +=4¢]

o 1A @Al 9] Target speicifity¥} Delivery -t — &5 9} b4 Zlell f 5ol A 55

B}
Cancer cell /Antlbady & Aptamer \
Normal cells
Linker

. . Dri “Q,(Pay}oad

<Z¥> 1A A Aol §85 = ADC 2 ApDC B4 =

(EurekAlert, 2024)



9-2) 2021 %z °] ICL—f % &<¢kAl 719ke] ADC(antibody —drug conjugate, 3] oF &3

6—2—3. Reactive metabolites: Electrophilic metabolite

Table 1 Oueryview of FDA-approved ADC drigs

company generation  ADC drug target isotype  antibody payload average  tumor types approval date
Ibrand name) ) BAR

Fizar Pt Gemtuzumah Uzogamien D33 oG Gemturmab  hydmne Calichearmin 2-3 AN Way 17,2000
WMylotarg Sep 1,2017

Seaaen, Second Brertuoimat Yesiotin <o lgGlk  Brentudimab meVC-PABE  MMAE 4 HLALCL Aug 18,

Takerda [Adcetris)

Gesertech  Second Trastuzumab Emtarisng ez lgGlx  Trastuzumiab St B s Beatcancer  Feb 22,3073
{Ka

Bizer Second ingtizumab Ozogamicn con lgGt  Inoummsh bydrazone Calicheamion. 57 AL Jum 28 2017
{Besponia) (M)

Aug 17, 2017
FoA

straZenecs  Second Maretumomab Pasusolor 1) lgote  Mexetumomab  mcVC-PABC  PE3S 18 HCL Sep13,2018
ILumasit]

Genertech  Third Polatuzumab Vedotin <o Polatizumats MMAE s blect in 102019
(Pt

stelas, Third Enfortumab Mectind eIk Enforumab MeVCRAEL  MMAE 8 13 Dec 18:2019

Seagen Vedotin
(Pacen)

sotraZeneca,  Third Trastuzumab Derustecsn HER2 g1 by tetmapeptide D i Breatcancer  Déc 20,2019

Dafchi tEnbertc)

Sankyn

Gilzad Third Satitisnuriab Goyitecan o2 Gl Sacitusnab cioa ) 76 Breastcancer  Apr22,2020

Sciemces (Trodetvn) c

FemeGen  Third Disitarnal HERD 9B Disitarmaty mEVTPABE  MMAE * & 4in&.2021
Vedoti uc INMER)
tAidin

e hid : imat Tesinne <o IOEIK  Lopcamisimab  mevVCARC  PEOSGII0 43 el Ao 23,2021

Therpeutics yrlonta) = = 2 =

Seagen Thargt Tisotumab Vedatin " etk Tisowmah meVCBABL MMAE 1 Cerviealcancer Sep20.2021
(Tidak)

ImmuneGen  Thid MinetusimabSoravtansive. FRa l9Glk  Minetwimab  SufoSPDR v EES Ovarian cancor Now 14,2022

{Eishere]

(Liu &, 2024)
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9-3) % ADC : Al BAI¥ ¥ Z%(Diffuse Large B-Cell Lymphoma, DLBCL)¢] ¥k ADC 72
(Zynlonta®): Loncastuximab + SG3199

Loncastuximabi= § 250 A3 XW 5o] gelchz

$G3199: ©|F1Hile] G-G cross-linking payload(PBD dimer)

PBD dimer: guanine-alkylating pyrrolo benzodiazepine (PBD) analogue

CD19-specific 1gG1
/—/\ﬁ\ Protease-sensitive
valine-alanine linker

dPEG8 PABA
—_—
. !

i s o T e
Humanized monoclonal LI
antibody specific for human o T
CD19 of the immunoglobulin - \,::K(Q
G1 (IgG1) kaj isoty
(IgG1) kappa isotype Linker
component 563199
. PBD dimer
Tesirine/SG3249
Comprises the PBD dimer SG3199 and all linker
components
Figure 1. Structure of loncastuximab tesirine. <71%> Zynlonta® MOA

(FurganLiu &, 2022)
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10) ICLe] A vl &
« Monofunctional alkylating agent vs Bifunctional alkylating agent

Monofunctional alkylating agents Bifunctional alkylating agnets
Bl Chromosomal rearrangement
lalkylation 1a|kylat|on [ Base pair substituition
7% 20%

Predominately Predominately 56
base-pair subsituitions chrom?somal deletions )

v v
RUEASE SAHPO| GAA+F SABOI

(Gene muation) (Clastogenic muation) <Z3> 2—chlorethylamine$} mechlorethamined] <% DNA &4 H]-&

(Wijen %, 2001)

<a3> ©9F8714 R B4AE8714 gL -{=E4 < DNA &4 54
(Noll 5, 2006)
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11) Electrophmc metabolitee] W& A F-91e}o] FHATS 913 54
vs Tl A (or wA) -Alek NS 913 E A (target) 240l T8 84

ok2-¢] 2: DNA(or RNA)

o %

o

13l 4

11-1) DNA % @l o] 2 +-$](neucleophili site)
=3k A7)

At R

(ERESE
A @71

@ DANS} RNAS 74 A #4991~
¥ 33X

©@ 994 adductE PA 3= oy

pH 7 oA A3k we WA g #

= ARHRA )

Ao At AAAGNAA g 7HF %
guanine®] N7, adenine®] N3 12| L guanine®] 08

H9)()
o]
N B NHi 0 N Iy H Il 'y H H H H
4 “ _CHy I Hsl cHCN—-cH—cMcH chH—-cMcH CN*CH—CNCHCNCH chH c-0”
NTo e et HNTSE 7 3EH| g en e b b bHe ‘ b
i g ok oot 4@ a0 boade | ’\ sl e oy e CHi CH CHe S o e G
ma | Lol P e A o o
E DNA DA DA 7 DA DNA » N N 4 |_
Adenine(A) Guanine (G} Thvmme(T) Cytosine(C)| Uracil (U) : NH (o] "3:0
3 v,
Purines Pyrimidines ': o
DNAQ} RNA Bases £ i * OH
Valine Histidine Trytophan Aspartate Tyrosine
Cysteine Serine Lysine Glutamate

<21¥> DANS RNA9] 713 I AR raa, 20100
<3¥> AAAGUIALA S G adductE AT ofv| =t AWARY)

(Torngvista 5, 2002)
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1) Electrophilic metabolite®] 21314 9] o}o] &

11-2) oAl Acetaldehyde®] il o] Z13 4] 5.9](neucleophilic site)

NADPH* NADP*

0, \ cveel»

NAD* NADH NAD* NADH
ETHANOL M
ADI Acetaldehyde ALDH ACETATE
Catalase
H,0, H,0
<219 > Ethanol metabolism — 3
routes

(Jiang 5, 2020)

(Rodriguez 5 2021)

#2%E 9

Reduction

Secondary ('

o ;ansfurmanun L]

w ~ethyl-2-d6 Ne-ethylidene-2-dG
Cans

o o

I Amaldehyde
¢ a-methyl-y-hydroxy-1,

on  N*-propano-2'-dG

) R l TionT "+ protein
SN J FN"\‘/N ”

\ A Hybrid MAA-
W " ‘ ~ protein adduct
Croos-linked GG Lrprd pHomdanon ‘ Protein. w :
Secondary

transformation

kﬂu‘kfa DNA lesions

Figure 6. Protein, DNA, and phospholipid adducts are generated by the reaction of electrophilic
acetaldehyde with nucleophilic groups. Additional secondary transformations may take place.
dG, GG, two ine on a DNA strand; MDA, malondialde-
hyde; MAA, i PE, ine. The figure includes
cnlond representations of a human nucleosome (Protein data bank code 3AFA). DNA figure:
doi.org/10.5281/zenodo.4012404 [26, 62, 80, 82, 83, 85, 149, 229, 231].
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n

11) Electrophilic metabolite®] &4 F-919}o] FFAFS 91 54

11-3) Hard vs Soft electrophilic metaboliteell <3 DNA or Protein adduct 2%

<¥> Hard 2 Soft Electrophiles® Hard 2 Soft Nucleophiles?] %9} 54

Electrophiles

Hard: -71: HSAB(hard and soft acids and bases) ¢|]&

Alkyl carbonium ions, Benzylic cabonium ions

Soft:

) ) - SRS 77 & AT
Acrylamide, Acrolein, Acrylonitrile, Quinone

Nucleophiles

Hard:
« Oxygen atoms of purine/pyrimidine bases in DNA
+ Endocyclic nitrogens of purine bases in DNA

+ Oxygen atoms of protein serine and threonine residues (LoPachin &, 2005)

Soft:
« Protein thiol groups

+ Sulfhydryl groups of glutathione
+ Primary/secondary amino groups of protein lysine and histidin
e residues

“Hard"ehi Ad e An e AHUE

- St 2 S e
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12) Prodrug 71'#-& 913k Soft electrophilic metabolite®] 884

12-1) 429 ¥3

@ ICL-"3 4] prodrug & 4] ©] ADC or ApDCe hard lectrophilic metabolite doxrubicin &2 o]u] 4

@ Soft EM< o] 8% G d-E3 FLAl: "4"“@ 919k AAAG dAbAle] A9l ek TR
— 84 A - AxFIe BAE NEADAA A

o obEle) <2®>2 FAAEAA 9 Hl%’ A7, ol bAoA = v 7k A ARl Ff AT el e W

Target Ligand Complex

‘ _docking

P
docki
‘ / - ‘
Electrophilic

metabolite

Strong binding Weak binding

Ligand-receptor®] BR2 e

_ <Z1§1> Electrophilic metabolite®] 3% w2 3}o]
<> A EANA ligande} recepor?] 71914 47 Pl EEA u)7kel 4 F 4243 (irrevercible covalent bonding) B4} %

=T o 1]’
iAol whE Age] 7= (Chen, 2016) (Scigenis, 2015)
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12) Prodrug 7I'"F-& $1@ Soft electrophilic metabolite©] &84
12-2) A S 574 W3
o At 231320013 4] 20231d) 59+ small molecule 3$H#1+: 101707} FDA Al efo 2 55 : Inhibitor=#] ] 34 &<bA
b
) e

Trasien:

exCr

ey iaporis:

=
i ==
oo | [ RS

(https://drughunter.com/category: 2023; Liu -, 2022)



6—2—3. Reactive metabolites: Electrophilic metabolite

12) Prodrug 71122 $13 Soft electrophilic metabolite®] 5873

12-3) Soft EM& o] 8- wruj -5 oA oA

- HAIEe] ARl

anti

FA w4 Receptor tyrosine kinase

cancer drugs

1

Targeted (specific)

Smallmolecules

Large molecules:

|

ic agents

ite of oction

e purines and pyrimidines
lmlhnm-wm | Futnesand py sk
Rbonucleotides

6-Thioguanine
Methatrexate

Hydrosyurea

Methotrexate | __|Inhibit 6TMP synthesis F l
5 flaorouraci Deonyribonuceotides

Cytorabire J—] inhibi DNA synthesis ;'l

6 Miscellaneous

2.Plati d PP T tibodi
Bleomycn ] - = DNA
Scission of -
[3.Anti ] [ inhibitors | Baorybicin sencion
Daunorubicin Intercalate ONA f
4. Witoticspindle inhibitors | | | 3. PARR innibitors ating a I
Nitrosoureas.
Cisplatin
| 5. Topoisomeraseinhibiters| | [4.CdKinhibitors
Vinca alkal
pacitavel
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12) Prodrug 7I'"F-& $1@ Soft electrophilic metabolite©] &84

12-4) Receptor tyrosine kinase inhibitor(RTKI: =& A €] 241)2] 7|te] H a4
« EGFR(epidemal growth factor receptor, 33|73 <21 2h): 19 o} 3} 557) receptors - 3 domain
o SFAIES] 79 TK(tyrosine kinase) domainel E<iWo] — RTKS] A s AGA A &4 — wheha] RTKI 71

¥ 8y

Receptor
Tyrosine Kinase
ATP  activation
pinding

Signalling

Cell growth

(Minnelli %5, 2020)
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12) Prodrug 7H&HS I8t Soft electrophilic metabolite| &4

[SE=k]

12-5) Receptor tyrosine kinase inhibitor(RTKI: =&X|E|2 LI XS A|) - ZHLo| HHAL

- Fig2= EGFRO| RTK XsiX| | 3t&tH £ W3S 7|8t 2 1M CH-F2A4ICH-HI3MICH 2 T3 Y
Astrazeneca®| Osimertinib@t S 3t¥3 9| Lasertinib ZEX Q! §/d: RTKS| TK-domain0i|A| S 0|7t

LA T790MAT790MOl| 242t MEIHO|HA SRR S S

£4: SQB0|-50|X 38

g 83t 7t golate &
At X3liH|(Sattler S, 2023)

= L 3 4% Ge
< Osimertinib
Erlotinib Lazertinib
Afatinib
Gefitinib Dacomitinib
" Mobocertinib
Reversible

Irreversible Irreversible
Competitive Covalent \Mutation-specific> Allosteric
Inhibitor Inhibitor Covalent Inhibitor, Inhibitor

Figure 1. Evolution of EGER tyrosine kinase inhibitors.

(Sattler &, 2023)
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12) Prodrug 7142 913k Soft electrophilic metabolite®] &84

-6) Receptor tyrosine kinase inhibitor(RTKI: =& A €] 221 A sl #]) - Astrazeneca®] Osimertinib 2] 7] =
{T 214 gl A (electrophilic metabolite)e] ZA: M1 & M7} A4kA3} wkg + M139] glutathione E3+

TABLE 4

Semiguantification by uliraviolet (UV) spectroscopy of osimertinib metabolites in mouse. rat. dog. and
human hepatocytes

Proportion (%) of UV Chromatogram (320-330 am)”

Pesk D ro——
Mouse Rat Dog Human
M1 Oxidation (+0) <1 <1 1-10 <1
M2 Dealkylation (-C;H,N) ND <1 <1 <1
AZ7550 Demethylation (-CH,) 1-10 1-10 1-10 1-10
M4 Oxidation (+O) 1-10 1-10 1-10 1-10
M5 Oxidation (+05) <1 <1 <1 ND
AZ5104 Demethylation (-CHa) <1 < <l <1
M7 Oxidation (+0) ND ND <1 ND
M8 Cysteine-glycine adduct ND <1 ND <1
M9 Demethylation (-CHa) + oxidation (+0) 1-10 <1 <1 ND
MI10 Glutathione adduct 1-10 >10 1-10 <1
M1l Acetylation or deamination + glutathione 1-10 1-10 ND ND
MI12 Dealkylation (-C;H,N) + glutathione 1-10 ND =4
Mi3 Oxidation (+0) + glutathione 1-10 1-10
M4 Oxidation (+0) + sulfation ND ND A w51
Mis Glutathione adduct <1 <1 S8y Bioransformation
Mi6 Oxidation (+0O) + glucuronidation <l <1 (wsiers Map A9l
P ACH CH S RHEE DNA, EERE ~ iy
e —_ i F— Non-toxic metabolite =
% repr percentage of parent (osimertinib) UV response Siaojop= E = Asmg —b AR HE O ® =
N o St by s !',‘m — o Bt H2, ByE e J crpig, RHTIAA) e
(Dickinson %(2016) Bioactivation s (Crerzr
[(Bonactiaton)]
Reactive

Electrophilic metabolites
HRGOIAAD

(ko34 2010)
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12) Prodrug H#& 9%t Soft electrophilic metabolite®] S&4

12-7) RTKI(FE8 M E| 2 A X3 H|)2| Osimertinib@t gefitinibe| Zgtel vl of2|7|H

« Osimertinib2| &I X4 CH ALKl (electrophilic metabolite) + TK domain2| mutant T790M0il H| 7} 382

- Gefitinib2| 7t HISRZE - AMZE HE0|HOR JYNE SLo= BEE

Gefitinib Osimertinib

Fig. 1 X-ray crystal structure of gefitinib in wild-type EGFR showing close proximity of the compound with the threonine gatekeeper
(left). Modelled structure of osimertinib in TT90M mutant of EGFR showing close proximity with the methionine gatekeeper residue

and also covalent bond to Cys-797 (right).

(Butterworth &, 2017)

e



6-2-3. Reactive metabolites: Electrophilic metabolite

12) Prodrug H#& 9%t Soft electrophilic metabolite®] S&4

12-8) RTK X{six|etel HE8aY
o 27HR] EH 2 (@ BYEE-Moi e = @ EGFR antibody) + RTK(receptor tyrosine kinase) small molecure inhibitor

@ Immune checkpoint-based antibody @ EGFR(epidemal growth factor receptor) antibody
Antib
Caninab
Fovitumuman —
Stromal Environment @ M| v/ @
[/ Pembrolizumab \ |
ERiTiEE R-domain
Camvelizumab EGFRMER 1 HER2
Ipilimumab st o, Emanehu\ar
Tremelimumab \add e bt
annat o,
o oot "
o oot [l | g, P
',.-A"‘ﬁM inhibitor, i J;;:‘: rkmse '-.."\
TK domain 1 Q| @ Intraceliular
S
PIBK ) E 3

v
Durvalumab PDK1
Atezolizumab =T
Avelumab S
A )
Thanks 0 Biender = =4
o R i
srore. B ———
e ceusion T o Toa - mToR | ERK | ————
T sy, s 1o ot of o rnes I eren. =

(Donisi &, 2021) (Maron 5, 2020)



6-2-3. Reactive metabolites: Electrophilic metabolite

12) Prodrug 7H&tS 2|3t Soft electrophilic metabolite?| S84

12-9) EGFR(epidemal growth factor receptor) antibody + RTKI(receptor tyrosine kinase inhibitor)2| &2 0f|A|
« O RTKIE Soft electrophilic metaboliteO|2ts g 58

23 YU monotherapy HEaHO|RTKI Ak At

HAMEH X2

2 319 . of inil .
fordy +Amivantamab(EGFR mutation 2 METO| T3t 814]) Lazertinib FDA apporval(2024)

Amnivanta

‘-. i
Antibody-dependent
}M\\ | celllareytorasicity
v

Amivantamab

NSCLC Cell

Anti-EGFR Ant-MET
Lazertinib =00, e
pathway pathway
X

v
Call prolifesation
and sutvival

(Gilman, 2023)

human EGFR-MET bispecific antibody



6—2—3. Reactive metabolites: Electrophilic metabolite

12) Prodrug 7§&& 2ITH Soft electrophilic metabolite2| S84

EE]

12-10) Osimertinib2} Lasertinib2] QSAR(Quantitative Structure-Activity realtionship, H2& TLx-24 2HA))

= P . N7 N /)
Osimertinib L [ i o | r«‘("‘
i S0 iah 'y 0 A
S Wy ey
Hl uAN' HN H N
' Lazertinib o o
Erlotinib 1 e
Afatinib
Osimertinib rinib
Figure 1. Chemical Structures of third-generation EGFR
inhibitors osimertinib and lazertinib.
Gefitinib Dacomitinib
Mabiocertinth Osimertinib Lazertinib
Reversibie Treversible frevers]
i utation-specific> -domain2| EAHO| £
Competitive Covalent utation-spec Allosteric Tk-domain | = | T790M mutant T790M mutant
Inhibitor Inhibitor Inhibitor oy
ECEEET 7975 Cys797
Figure 1. Evolution of EGER tyrosine kinase inhibitors.
Electrophlic metabolite Soft Soft
Cytochrome P450 cYP3A4 CYP3A4
(Sattler &, 2023) —
nE EHO| CH = Y A2 0)& Soft electrophlic me
== tabolite® T 2HE|= small molecule 41 &4




6-3. L%

bl

H=

%8 =4 2 F(indirect-acting toxicants)2| 2 9F

+ Reactive metabolite(=intermediates) <24 (ZZhHCHAtN>2| 3572 T4

=

@ Organic £=

@ Redox-active species(4t2t-2Hl 0| =2titg

@ Elecrtophilic metabolit

Ac

ve drug

es(RITRHY THALA])

carbon-centered radicals(f 7| % Et2F2|-2tC|Z)

CHARA)

Non-covalent

—> Parent
Direct-acting
chemicals [ELE] | Active forms [Covalent _|
(minol y) property) § CP4
Il Phase Il — Interaction with
PH snis cellular macromolecules
Indirect-acting ' CP 3 ot
chemicals i i
(major pathway) —¥ Biotransformation —prReactive metabolites 3Rz
Electrophilic metabolites(major form)
Prodrug |- Redox-active species

CP: Check Point

Phase |

| Carbon-centered radicals

Cytochrome P450

dependent CP 2 independent

(major pathway)

A7|1M2| central dogma( gz,

Lipid, Protein,

Carbohydrate DI“
Reversible & Irreversible
irreversible response  response

Efficacy

2010)
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7. Biotransformation(§ 2} &t % Tgh

=

J

DR{E=

+ Metabolism(E§A}) vs Biotransformation(®42t&t & st

Stx Mzh = YEE vs 29142 ZE (xenobiotics)
o QRAYEHO ChAtet BAE A0 Q3 BEtE A UXHY —» /4 vs THAE - Hl 52 ofetH 54 wizt
+ Phase 1 + Pahse 2 reaction® 4
MR pI= ABA-Fe
(Small molecure) Biologics:
@osea soeE
(Cytachrame P450) Mmz@l
Q= W2l
MsjarA me = oz SLE DALE | (metabalism)
4 o | oy | 58S
(biotranstormation) ! l E €02+ H:0
o Ri2atghe
(Conjugation) }3%,41
Hel HiE

Ale o=



7. Biotransformation(ztstd Tzh

%o g8 Ao|2

2) H|148tS (Phase | reaction)2| 2#4 T4 - Cytochrome P450 24 41

@ 7|1 XY (substrate channel)0f °|$F 71A-E0|M
@ &0 “F" Zut2 RHO| M ROH 412}
® Z0i 218 3 Shunt wayE S3ll ROS(reactive oxygen species, 24 4tA

3) 448

3hydrxy ymuumm

Release into water

c}cilasffhﬁ#um (ER) }4 NADPH-P4EO reductase

lipid[Membrane]
Q218 YS! pas0el EUIVS ALOIZ:

<> Model of the substrate(ibuprofen) access channel of CYP2C9
(Scott &, 2016)

(2f2E, 2010)



. Biotransformation(4i s}t % Fgh)
3) Cytochrome P4509] 540 8h4 Wl qgebs Fa A

3-1) M AFAI Y 2 QA o) E7H(interspecies) xFo] - =4 U] AL (H] reactive metabolite) A}l

<71%> Apixaban(3}-&-aL7l)e] thALA] F3F o)

‘Table 1. CYP enzymes of the maj

Family | Subfamily | Auman | Mouse Rat Do Monkey oM ot
P (A 1AL ¥ 1AL, 1AL 1A1, o:
1A2 1A2 1A2 1A2 1A2 a
1BL 1B1 1B1 1B1 1B1 N Fa O
Pz (A 2A6, 244, AT, 13, 2A23, I w I
247, 245, 242, 2A25 2424 M"" o T
2413 2412, 243
242 &
B 286, 289, 2B11 2B17 My oso M2
2B7 2B10 octy on .
Rat dog Fal rabbit, dog, human [Mouse] fat rabbit. dog, human
T 208, 2C29, 2Ca1, 2C20,
2Co, 2C37, 2041 2043 -
2018, 2C38, oM
2019 2C30,

i 2C40,

2C13%
o A 2C44, W o
E2e zgso, 1 . )j\J
234, -

— L
on

D 2D6, 2D, 2D1, 2D15) 2D17%%,
207, 2D10, 202, 2Dig", oCH;  M7and M4 Sow, Apixaban
T 2 (Bl s o estaos
2D13, 2D, 2D42%
2D22, 218
2D26,
2D34,
2D40
E 2E 2E1 261 P 2E1
3 A 3A4, 3A1, 3A1/3423, | 3A12, 3AS
345, 3A13, 3A2, 3426
347, 3A16, 3A9%
3A43 3A25, 3A18%
3A41, 3A62
3A44

Fienderdifferente |« strainspecific | Martignoni, (2006)



7. Biotransformation(4 2tat & Heh
3) Cytochrome P450°] 5/4J3t4 9 J4F8h4 Fa4
3-2) B389 A 3 9] F1Hinterspecies) XFo]-7 244 i AbA o Abal-$h9) B4 gjAbA] Al
2

G+ A 2] Pheytoin(=diphenyl hydantom )ol Ak 54
— t}ekgt Reactive metabolites — 21 2f 7l ko] v o 5

A3} cherat w A <2@> A )X Pheytoin(=DPH)<| tIA}=+3

: ; ® O « O
- o
Family | Subfamily | Human Mm\k Rat Dog. Monkey p
TP [A 1AL, Al 1AL 1AL, L, O p =t wh O
1A2 v 1A2 1A2 e pri "
B B 1BL 1BL 1BL DPH-Glu & DPH & dihydrodiol
TPz [A 246, 244, AL 2A13, Diphenyl hydantoin
247, 245, 242, 2425 (=phenytoin) /MLII
2:13 2012, 243
2402
B 286, 2B, 2B1, 211 2B17 O O
287 2816 282, s | Electrophilic
2 o O metabolite
T 28, 2C29, 2C6, 2Car, 220,
2C9, 2C37, 2C78 2C41 2C43
2018, 2C38, 2Cit%,
I 2Ci9 2C12%,
a8 20134
o A 2C288
E2e] 2C23
] D6, =D, D55
207, 2D2,
= Q
2Dy,
-0,
2018 o
cahol ¥
E i) 2ET Py 2
3 A 3A4, 3A1/3423, | 3A12, o
345, 3/\;;, 3426 X X
347, 3A9% = i > wh o
3043 3A18%, § '
3462 NAC-DPH o Cys:DPH &
opi Redox-active
o-quinone it
gender , (2006) Fig 1. Proposed major metabolic pathways of DPH i




3-3) M)A E @ Q) AFA Bl o] E7)

Multinational Pharmaceutical
Company Survey/ILSI Workshop
“better understand concordance of
toxicity observed in humans with that

bserved in experimental animals.

Human Toxicil

71% Overall Concordance
{irue positive]

63% Non-Rodent

T 439 Rodent

(Adami %, 2010)



3) Cytochrome P4509] 543 8%

7. Biotransformation(‘d 2}t &

fak2))

3-4) Intraspecies(FUl)2] 54 #ol: 7| 4]-5-0] 4 54 (Idiosyncratic toxicity)

o 1 5G] AP EES Inbreedding(E AL H) - T TAF S-S
o 1Ak 2k Bhajel A o] polymorphysm — A WHE-2] Eu] 2] — 7| A|-50] A 54 (Idiosyncratic toxicity)
2HH S d(Intrinsic toxicity) W H|-5 0| & Z/d(1diosyncratic toxicity)
o 2 Ere QAYEHO A DYl WSHEHE T Shbiotransform | « Zd0| R JHA Of B FEE
ation) 53 &= 5 (repair) Z27F Al 0| oot Z3} Al L | o« =F 2 S0 WA O 0lF 27ts
HO| =X e dE(eed SEAH ZHMH) M M £ | - 223 8H-EY I
= 622 oo
HEgE o
« AFOM E S ZD 27 52 BSte
o 57 8Y0IM ZE JHKHICl JhM 2ol P oy
. g oEMEN
g8Y-oEY =Y




7. Biotransformation(*4 5}t & gk

3) Cytochrome P4509] 5438t 2 914dstA F24

3-5) thE A 2 -5 o] F 54 (Idiosyncratic toxicity) AHzl

« Drug-induced liver injury(DILI: oF&-f5F 2k =4h)9] 2 F5F

Intrinsic vs. Idiosyncratic DILI

* Intrinsic « Idiosyncratic \
* predictable — unpredictable
* dose-related — Generally, not dose-
* similar in animals related
* high incidence — notseen in animals
+ short latency (hrs) ~ low incidence, rare
* types .
+ UFictiy destiietive — variably longer latency
* indirect, metabolic = types
* Cholestatic . immunoallergic'\
* Mortality high - metabolic (“host”) \b

— Mortality variable/

(Thread Reader App, 2021)



7. Biotransformation(X4 35t & Mzt

3) Cytochrome P4509] 548 2 48t4 F24
3-6) Reactive metbolites + T+ 2 o] FF24% — %€ 3H(Haptenization)

o QAo A o] A A)-5 o] A A (Idiosyncratic toxicity) SlA 71 o]n] WY wkg-9] Ato] 2 A HE F 1-271Y o] @A
Drug A

Cytochrome P450

Liver

Reactive

Oxidative stress *:2 . Immunogenic hapten
Protein
Redox-active
species.
Eleclmphlllc
; metabolite

Necrosis

Apoptosis Humoral Drug-specific
response T cells

(Trepanier, 2013)

T cell-mediated
cytotoxicity

Antibody-mediated
cytotoxicity




7. Biotransformation(*4 &}

3) Cytochrome P450°] 54814 1 91445t Fa4

3-7) Reactive metbolites 43/l 2| /HA)-5o] %] =2 (Idiosyncratic toxicity) 2+ 7 3L

d|A-1) Amineptine(Z# 2= ¢13]7} A, 5o

Table 1. Structural Alert and RM Analysis for Drugs Withd

v ol A ol ek Wikipedia, 2024)

Due to IADRs (idiosyncratic adverse drug reactions)

Drug Indication Phys. M Log
Chem. W P

Alerts Reactive
Metabolite

Formation®

Amineptine (1) Antidepressant  Acid 337 251

=
W SE AR EIHRE (OrEufl\Elm EtZEE|2
wo EIEStAIOISE,

we HIEIRIB1, BE, B12, D2,

we 2EEH|, Holaterz (ojojdElamineptine, 25 lithium carbonate)
we isoniazid, penicillamine, quinidine,

we 2719, FEH, YFA (ReEY BEH)

Short to medium chain Yes™ "
fatty acid

(Stepan &, 2011)



. Biotransformation( =+t & Tgh)
3) Cytochrome P450°| S43t5 9l JYsts Fay

3-7) Reactive metbolites 0]l 2|5t 7§ |- 50| =d(ldiosyncratic toxicity)df Z11 E= A|ZOIM HB4E o=
OlAl-2) Lumiracoxib(H| 2B 20| = 2HTEH)S| 54 7|H
Table 1. Structural Alert and RM Analysis for Drugs Withd Due to IADRs (idiosyncratic adverse drug reactions)
Drug Indication Phys. M Log TPSA Reason for Daily  Alerts Reactive
Chem. W P “(AY) Withdrawal Dose’ Metabolite
(mg) Formation®
Lumiracoxib (9) NSAID Acid 293 463 4930 400 Yes™®
o Arylacetic acid,
} p-Alkylaniline
o OH
o
v} CH,
JCJJ. /?L ~ 0 o (Stepan &, 2011)
£y (O Foy [ oH
F > N\‘/\| cYP ‘ = N “ X
e P eh, HO™ g /lA/_:E L\
Lumiracoxib [a Quinané-\mms

"Redox-active species ™

<> Cytochrome P4500i| 2|3t Lumiracoxib| RM & Redox-active sepecies 44 1Hg



7. Biotransformation(‘ 2}st & Tt
3) Cytochrome P4502| SA4st Ol AMSHE F24

3-8) 7HH|-50|& =-d(Idiosyncratic toxicity)2| 7| LHQ|& Q10| CHst MX|E oAl

« Intrinsic factor(Cytochrome P4502| #4) vs Exogenous factor = 2420l

gender, athnicity,

CYP isoenzymes relative
Intrinsic factors
‘Genetic variants, age,
Exogenous factors
Inkibitors, Inactivators,
inducers, stimulators

Individual/situation 1 Individual/situation 2

Xenobiotic metabolism

Maximum tolerateddose  ToXic (drug, pollutant)

Effective (drug)
(Therapeutic window)

Ineffective (drug)

Plasma Concentration

Figure 4. Factors influencing inter- and intra-individual variability in CYP activity and expression,

and their impact on xenobiotic metabolism



7. Biotransformation(‘ 2}st & Tt
3) Cytochrome P4509] 57338t 5l 94sh4 F a4

3-8) 7h#-5-01% %A (Idiosyncratic toxicity)2] 7Rl )95 2910 gk A7 ofA]
@ MANR-9 K2 (intrinsic factor): Cytochrome P450 & 4ol 2] & Tyrenol-fr= 2H54

Tyenol 8¢l 2] g DILIoF & - ¥

13.9/100,000 (8)

A® 1-174) ofdo] i Wi 61 F3t

it

312} 25339 5 52%7} acetaminophenel 7] <1
Vg Ee WAE A% 130014 174 Abo] i
5o Yl okE: Albendazole(3] % TZ Aol & 38%

Etiology of DILI

2%
s 3%

= Albendazole = Antibiotics
(Dijmarescu &, 2022)

Opioids

= Metformin

2.4 - =
34 Al
A% &
> 6
E
P
£
ER
(=]
S )
- Birth
o
[
>
o
Fetus Newborns Adults
T > 'enn 17 s 13 31z 10
weeks weeks days days months months
g @ @ @ (@ @ 05 @ (4

Figure 4. Age-related variations of CYP2E1 protein in the human liver.

(Ginsberg &, 2004)



7. Biotransformation(4 3}t T2t

3) Cytochrome P4502| =45t X A4SHH F27d

3-8) 7HH|-50|& =-d(Idiosyncratic toxicity)2| 7| LHQ|& Q10| CHst MX|E oAl
@ 704l 2% 22l(Exogenous factor): OEH2-F &= CYP2E10] 2|3t Acetaminophen =4 7|

0 It
)k A Glutathion conjugation
HN i ] s
o A N, X Camieaion <OPYE0t0| wHof o3t S AP >
2] TOR
1 . ZHO|Alo| pET) F=Q QI
2 ] \ rotein ¢ =
OoH [ A T Pmiem.d‘c.lducts .o 56,000 2|-X|-7} % Alolg
Ethanol | sl . 91 2600%0| g
(inducer) . 9 500Y0| *|’m
NAPQI Cell Death = < <
o 1 . ol9f e RAsle| s0%7t £ HolE o=

Bhx o83

Liver Damage
(Agrawal &, 2023)

Glucuronidd conjugation

&
Sulfate conjugation

|

Heous



Table 1. Factors influencing APAP-related hepatotoxicity.

7. Biotransformation(‘ 2}st & Tt
3) Cytochrome P4502| 543t 9 AMEtY T4

3-8) 7HH|-5 0| =4 (Idiosyncratic toxicity)2| ZHX| 2/F 2 2l(Exogenous factor)

@ 704l 2% 22l(Exogenous factor): OEH2-F &= CYP2E10] 2|3t Acetaminophen =4 7|

Clinical implications

Dose and pattern of use I PAP toxicity with acute, high doses

Herbs and medications | 1
Age and genetic factors | 1)
Nutritional status

Chronic liver disease 1

1 APAP toxicity with acute EtOH ingestion

1 APAP toxicity with chronic EtOH ingestion
PAP toxicity with impedance of hepatic glucourenidation

PAP toxicity with advancing age and impaired glucouronidation

PAP toxicity in malnourished patients

PAP toxicity, especially in chronic EtOH abuse

(Yoon &, 2016)

® (APAP toxicity with acute EtOH injection)2| =74
o

27

ol 2|8 N-acetylcysteine(GSH H T1H[) XS
362 Bt O

o

=

HE
=

rir A

Acute ethanol intake is associated with a lower
risk of hepatotoxicity —after acetaminophen
overdose.

This apparent protective effect cannot be explained
solely by lower exposure to acetaminophen in this
group, nor differences in the interval between
ingestion and initiation of treatment.

(Waring S, 2008)



7. Biotransformation(4 35t &
gt o dusty 594

o= x

3) Cytochrome P4502| &
S 43 28 (Drug-Drug Interaction)
ZIE MOl M CYP3A42| 7| &2l midazolam 2} capivasertib2| H& F0{ 0] 2|d

3t of
1.758] S7}. WH2tM capivasertib& CYP3A4 inhibitor(X{SHAl) (Miller &, 2024)

3-9) CYP4500] 2|5t 2t

o OlH LT DHAOAN
7t

midazolamO| ¥5&&

HiC HOH, N,
At AP
N / N-
CYP3A4
—_—
Cr =N T CI —N
F F
J b QA

1-OH-Midazolam

Midazolam
Capivasertib

(Miller &, 2024)



7. Biotransformation(4 3tst & H3h
3) Cytochrome P4502| S48t 9 4tst

st

Zl
=

it}
Am

3-10) CYP450 241} Cancer
« Cervical cancer®| A grade?t S7HE 5 CYP1B1 249| H|2 X 7t
.« CYP &2 AN ZERLO| cross-talke S8l TO|E RE

<J1&> CYP4502| EETtO| Cross-talkS St QM ZE HO|

« CYP2J2 + EET — cancer i ion 37} — {othelial cell adhesi lecul
expression Z2 — MIZ20|| leukocyte adhesion Z2:

Environmental

chemicals > «—cyps
e
. 1 proliferation
migration
e
o2
‘ Lencocytes 48 EETS %o (B
Reaclive metaboltes s 9,0 by UFmﬁft_mﬁﬂn
. . _migration
Mutagenesis Endothelial cells

EET: epoxyeicosatrienoic acid, VEGF: vascular endothelial growth factor

<2 8> Cervical cancer?| S&0ll L2t CYP1B12| Ead Xto|
(Alshammari , 2021)

(Alzahrani &, 2020)



7. Biotransformation(A43}8t& Hgh

4) Cytochrome P4502 0| 8% A%z 7I'H WY

@ GDEPT(Gene-directed enzyme prodrug therapy): @& X2 S88 I8l cytochrome P450 C|X}Ql

- 71
Prodrug £0 — 0|2 2AZ AL

Therapeatic vector D) M
v ——J
§\ /4

\ ] 2)
CYPDNA
Receptors

CYPDNA

: CYPD“A;—
'R

Surface proteins

Cancer cell

Toxic drug
metabolite.

Cancer cells death
*

‘o

*
R

Bystander cytotoxicity

o <OSBAXZ ZES UK cytochrome P450 CIXFQl & - GDEPT
(Carrera-Pacheco S, 2024)

M Z EHO| AESH= Virus vector + CYP DNA — 2 AZOIA CYP L3l — CYPO|l O|3H Reactive metabolite2 M x| &=

Substrate specificity

CYP450 Prodrug
]

+A &

Engineering CYP enzymes to accept new
substrates or alter selectivity is
challenging due to complex interactions

<213 > Prodrugell 5°]# cytochrome P450 #| 2



7. Biotransformation(4 2}st & T2t
4) Cytochrome P4502 0| &%t TYX|2 7|H 4L

@ GDEPT(Gene-directed enzyme prodrug therapy)E lot £/ 2| CYP450 - £Z 2t 20| 7HE &2 CYP450

CYP1A2 21EH
CYP2C9 3% 2%
10%

CYP205
19%

CYP2C19
8%

& CYP2E1

CcYP2as CYP2B6 4%
% 3%

EICYPY SH2OfAHHI 2

(Zanger &, 2013)



4) Cytochrome P4502 0| 8% X 7|H 7Y
@ CYP gene®| GDEPT(Gene-directed enzyme prodrug therapy) 7S 2|¢t e ItH|

s Ethical concerns Direct administration risk
© :
’ Delivery ., New, P\ Accessibity and
Immunogenecity of A » tumer 3 deep mmmy location
vector | enzyme GDEPT

i L. S
Vector e Patient 3‘}‘

CYPenzyme Delivery.

—( P450 GDEPT (Carrera-Pacheco &, 2024)
® Therapy resi: Red\:cgg_a:ﬁcacy against ©

development

cacner

f

Drug resistant
i s

Cancer « ok
Cell | oS,
® o Dormant Cels ™+ ':{,( \\.

ke g 3 :
umor cells o 3

Normal
Cells

Drug resisant . -
mor e EEtg 2y jumu; microenvironmnet
specificity ""P‘°®

FIGURE 5. Challenges of CYP enzymes-GDEPT in cancer treatment. For further details refer to the text



8. F71&EH =47|H 2| central dogma - Phase Il reaction

=

Active drug Non-covalent

Parent compound

Covalent

Direct-acting Natural

(minor pathway)

CP3
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(major pathway)
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| Carbon-centered radicals

v
Biotransformation P
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CP: Check Point Cytochrome P450
I CP2;

(major pathway)

CP4
Interaction with
cellular macromolecules

Lipid, Protein,
Carbohydrate DIA
Reversible & Irreversible

irreversible response  response
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8. Biotransformation - Phase Il reaction

« ZE3H(conjuagtation) £t-S0|2t 1= Bt
« 225 g8t X & Glutathione Zgt

[N r;‘_ e

Phosphoadenosyl

aromatic-0OH

phenols

. Zp2 9|
FEDE E= 23
Jorasiess Hoj= Jl@el 25 J1=el ol
hhtdebll BN C-2 5 F))
S gOH phenols morphine
PP UDP-glucuronosyl |7 alcohols acetaminophen
((E\ucuromrdzguon) ) ggp glueuronic  |i-ansferase _HEZ carboxylic acids |diazepam digitoxin
micrasorme) SH hydroxylamines ~ [digoxin
e 20 suifonamides  |meprobamate
esirone

3-hydroxy coumarin

A5z} Sulfotransferase B
(sulfate conjugation)|phosphosulfate | (cytosal) aromatic-NHaalconols nes|acetaminopnen
alcohols methyldopa
e SuTforamide
. N-Acetyl UL isoniazid
Pt Acetyl-CoA iransterase aliphatio-NHamines clonazepam
(cytosol) “30NH> procainamide
histamine
dopammine
aromatic-@ Hycatecholamines |epinephrine
I S-Adenosyl-meth |transmethylase ~NHz phenols s
(methylation) ioriine (cytosol) -NH amines :
-SH histamine thiouracil
pyridine

00| 4325}
(amino_acid
conjugation)

glycine glutamine

Amino acid acyl
transferase
(microsome)

aromatic-NHz

-COOH

aromatic amine
carboxylic acids

epoxides,

GSH-S-transferase [epoxide
(?Ftazt:?gne Glutathione (cytosoli arganic nitro_groups, gﬁg}ﬁgg‘;gﬂg
Soailia) microsorme) halides hydroxylamires

(ur3 3, 2010)
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2) M2AEH2 (Phase Il reaction)2| £0|X 0flA|
- Uit oZ H14US - H24itse 1Py

« OLYEOID| =T 2 H24ttS 24 = H14Eh8Tt 248HS T

ol

oo

éo"

=14 ssr2d

" Argzl,i!nuphsn I
7 ~

7 Liver
Therapeutic dose of APAP

HMiaes
(EIIEHSAE vs SEUAHD

2410 10 o QU = 10 4 0

= 0 i = G

No liver injury

L] Az [

(Begriche, 2023)

<18> Acetaminphen?| S<=0IlM HM18tS 1t H28HS (=reym, 2019)
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3) Glutathione(GSH) =%
@ Glutathione2| +4
« Gutathione - 37H2| otO|=Ato 2 M

« Electrophilic metabolite(XI I XHICHALH) H Aol WA L |Ust 22
Biotransfomration
(A HE
H GLUTATHIONE (GSH), reduced form
Xenohiotics
dAEy SH
Phase | reaction (o}
1 eitparvese H
(A1aes) N
EHUAHD - OH
F 2 Phase Il reaction N
(F2a92) N HZ o
glutamic acid cysteine glycine
(Glu) (Cys) (Gly)
V-peptide linkage
<@ > SAUAA vs DAL AA ] w2 £ H 2 <Z1¥> Glutathione®] 7% — 37§ ] ofn] w2k

(g3, 2010)

(33, 2010)
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3) Glutathione L&

@ Glutathione(GSH)2| 4

« 2O MEH Gutathione Bt - 70| s =2 S47| 20| 0|7

+ MethionineOil A 27T 0|HHS (ZEM|Z 0| M 2H EXH)E AN Cysteine X glutathione B4 2K

Folale

Vite Telrahvdvofolate -

itBg ~

SHMT MA T \
’ S-Adenosyl methlonme (SAM)

> Dimethyl glycine

5,10-methylene  FOLATE FOLATE
Telrahvdro¥olne DEPENDENT M“"V’i BHMT  \\DEPENDENT
(5.10-MTHF) V“Bu transferase 4 n
( \ S-Adenosyl homocysteine (SAH) \
MTHFR SAHH: \
~ —| Homocysteind — — Betaine «—— Choline

5-methyl .
tetrahydrofolate V' “serine~ o . Homooysteine
(5-MTHF) & €8s 3 t‘.gr\\
Cystathionine|

H,S
HS st | vit g, [2HOI S (Transsulfuration)

cysteine S5 us

Get|-Glutamate Cysteine
3-mercaptopyruvate

<
y i 1::‘::::‘:‘ /@_M\D W-A-lm hione |
/

ruvate “RSSH G5 \ —
By R-SH

[ cysteine i P Tp

<219 > GSHe ATP-9l&4 34 (Dwivedi 5
2020)

HsS

<Z1¥> Glutathione $4 74 (Paul, 20
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3) Glutathione(GSH) =&
® Glutathione2| Ctst 7|5

o CHUEH HIZE M2|8E 715 $¥8: 42O redox £, 3% 54 ©0, QUGS X0 ofst gof, E
RIES

=, Y2 AE A0 ofet LY

H,0, H.0 Antioxidative

b NS i T— defence and redox

APX. control

N

'/G;HIGSSG\\

GSH fememsly GSSG H,0, -~
-—\ ROOH Antioridative
GPX — defence and redox
eox =+ ron sontrol
H,0

Antioxidative

asT xenobiolics
=G

GS-conjugates

xencbitics
PCi. ~Heavy metals
FCs — Resistance to
PG chelates haay matals
GRX = prateins Frotein protection
N — and regulation
i protein Abialic stress
L Tolerance

(Csiszar, & 2016)



@ Glutathione ] %3t 7%

Table 1. Physiological and metabolic functions of GSH.

Function

Role of GSH

Enhancement of immune
system function

Prevention of oxidative
cell damage

Protects against Impaired i

function caused by cysteine and glutathione deficiency is restored when
supplemented with cysteine

Serves as an antioxidant

Prostaglandin synthesis

Transport of metals
across membranes

Inhibits prostaglandin synthesis at elevated levels

Chelates reactive metals and facilitates
their transport across cell membranes

NMDAR responses,
neuronal activity

Calcium signaling

Enhances NMDAR responses and neuronal activation by calcium or
electrical signals, while its depletion or oxidation
results in NMDAR hypofunction
=

(mM lly in Muller glia; can

regulate GABA release s protective effects on the retinal neuron-glal

circuit; modulates influx of Ca?* and oxldal ety thoough [ TREME
channel in rat dorsal root g

Myelin maturation

Transfers metals between ligands

Protein synthesis

Forms coordinate-covalent adducts with several transition metals and
transports them between ligands

Isinvolved in post-translational medification of proteins

neurotransmitter

Source of neuronal glutamate

Its deficit impairs maturation of myelin

Has binding sites for a putative receptor, likely the glutamate receptor; can
serve as a neuromodulator or neurotransmitter

Serves as a physiologic reservoir of neuronal glutamate

Neuronal differentiation

Induces neuronal differentiation in rat bone marrow stromal cells

DNA synthesis and repair

Efficient scavenging of OH* and secondary radicals; participates in
rejoining of X-ray induced DNA strand breaks; activates T-cell
proliferation; provides a source of cysteine moieties

Apoptosis

Intracellular levels d after activation of th
receptor, drug l'xp(wure, or oxidative stress

death

Amino acid transport

Enzyme activation

Metabolism of toxins
and carcinogens

Redox reactions

Participates in id it ts with

JAK1-STAT3 signaling

transport of amino acids by acling & a donor of g-glutamy! groups to
amino acids, catalyzed by bound g-gl

pep

Asa reducing agent, is important for activation of peptidyl-arginine
Dinds ta in E synthase type 2

(mPGES2), a heme group is attached to GSH via an iron-sulfur bond,

and the resulting enzyme catalyzes degradation of PGH2

Detoxi of biotics and d

after or enzymatic (GSH GSH i
conjugation of 1,2-dibromoethane

Neutralizes charges on RO, RNS, and other reactive species

ignaling

educing its intracellular pool
enhances LIF-induced JAK1-STAT3 signshng

Upregulates cAMP signaling via G protein alpha 2

Source of cysteine

Serves as an extracellular source of cysteine

Metal Homeostasis

Reduction of Cr®*

ell metabolism

Activates MAPK pathways

Primes T cell metabolism for inflammation

Reducing its intracellular pool activates
‘mitogen-activated protein kinase (MAPK) pathways

(Iskusnykh &, 2022)



3) Glutathione(GSH) Z&}

@ Glutathione2| 0| (Cellular & Systemic Compartmentalization)

BHEg o HELIBOZ OF

A

- MZEOAM Y - +5

8. Biotransformation - Phase Il reaction

Y

HER GSH7t &l o] g
« GSH2| BBB(blood-brain barrier) 1t 3! $H0f| CHaHA

Mitochondria

PP 206°

Ms

Comp

GSH

tmer

me 9|

(Vazquez—Meza &, 2023)

1: 2t Qo] LR RO 7|@o = OSSR 2 ZHoflAf Of 5- 10 mM FEZH 40N 5-20 uM

Figure 2: i Ttul :
Cyt ( cytosol ) , MM ( mitochondrial ~membrane ) ,
ES (extracellular membrane ), ER (endoplasmic reticulum),
NM ( nucleus  membrane ) , Pi ( Porin ) , OA ( organic
anion ), DIG ( Dicarboxylate) and ODC (the oxoglutarate )
transporters , BAG (Bcl2 — associated athanogene pores ,
Sec61 protein—conducting channel, OATR (organic —anion—
transporting polypeptide , MRP ( the drug resistance —
associated proteins), CTRF (cystic fibrosis transmembrane
conductance regulator)

compart



8. Biotransformation - Phase Il reaction

3) Glutathione(GSH) =g

® Glutathione & =2 Z&tntol A
« Low Plasma glutathione Con.(GSH/GSSG2| %2 levels): &l & &2 H 2, Cancer, Type 2 T =, Neurodegenerative
Diseases[Alzheimer’s Disease (AD), Parkinson’s Disease (PD), Amyotrophic Lateral Sclerosis (ALS), Huntington’s Disease

(HD)1.

Table2. Acmnty uf glulanunne mlamd enzymes and wn!en! of glutathione in the blood and brain of

patients with different brain diseases (5),

1 Ml Al < RInAA RCH =T Ok Rrain ACH SO} H|F|

Disease/Disorder Blood Brain
Decreased GSH Decreased GSH Disease/Disorder Bload Brain
Decreased GSH/GSSG Decreased GST Decreased GSH Desreised GSH (ippecimpiis
Alzieimer's disease (AD) - e and anterior cortex)
ncreased G - Bipolar disorder P—r— A
Decreased Gpx activity - Decreased GSH/GSSG -
A pic lateral  (Decreased GSHb(erythrocytes) ~Decreased GSH (motor eortex) Huntington's disease PR .
sclerosis (ALS) ased GST (motor cort
Multiple sclerosis Decreased GSH Decreased GSH
Decreased GSH Degreased GSHLin {celebellnm Decreased GSH Decreased GSH
and temporal cortex) Parkinsort's disease
= . seas = ~Tacreased Gpx protein
Increased GSSG Decreased Gpx activity - acreased GST protein
Autiom Dea:seli S)S:Sivity Decreased GST activity Decreased GSH Decreased GSH
yocy Decreased GSH/GSSG -
Dmsff,i;f;:f;‘ ity Decreased GCL activity Increased GSSG -
Decressed GH/GSSG Decreased GSH/GSSG

(cerebellum and temporal cortex)

(Iskusnykh &, 2022)



8. Biotransformation — Phase II reaction
3) Glutathione(GSH) =&
® Glutathionedt M g4 F2titol 2HA|

o MOHE "E GSH/GSSG Z A0 2|3 Neurod ive Di : Alzheimer’s Disease (AD), Parkinson’s Disease (PD),
Amyotrophic Lateral Sclerosis (ALS), Huntington’s Disease (HD) &

Table 30 MA 3 = lof 2L0IM GSH 3 GSH/GSSGS| #H2

MZBE|YGEE Ll 0| H0f| X2 GSH depletion(Moustapha, 2020; Aoyama, 2020)

7
IPmmnAggngaum \ ] Protein Omdamn

Table 3. GSH, GSSG concentrations, GSHAGSSG ratie and ERGSH/GSSG at different stages of an
individual’s life

/'
\

Life Period GsH [ CSHIGSSG  Ey GSH/GSSG Refs
Childhond 27 £017mM 016+ 0.02mM 168 mE0mV (1535 GSH depletion
Matwity  28409mM 0142 04mM £ WY [15,15]
2 5 53,155 "
Odage  22420mM  015£003mM 17 WUV [15415) \ »,m."m.,,b

i

= Disturbance

- T4HNE 3
\“""‘““‘"" Bads] D hydm@y e )
>~

Lipid peroxidation
ROS

(Moustapha, 2020)
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3) Glutathione(GSH) =%
® Glutathionent M ZE| Mo & stutol 2t

pr
i

« Glutathione2| 24 reactive metabolite% H7ste oot SE# o2t A2 @& ROS &
RNS I748}1 3t Chst 54 S0| Boj3t7| 20 B4 A& sH| m2ig|ofof 2.

o
@

Fed+

g@

LS
0 .
U .
0 .
@ .

X: Reactive membo@ §®

X-GSH H,0 ROH

Figure 2. Function of glutathione (GSH) as an antioxidant (aoyama, 2021)



8. Biotransformation - Phase Il reaction
3) Glutathione(GSH) =&

@ Glutathone2| X|2X &0

O{M 2HF - Glutahione2| BBB(blod brain barrier, /&
Fig 7: BBB 51t & HIHHI M Zt 4SXES
s
=2

Figure 1: BBBE &1It7| = ot & 0|gH

) St oAl

Ste HY4MZE@strocyte)E AX ABMZE(neuron)2 MY
A=

40| GEMEAM Y T MNBME 3 5|4 7| DM Z(oligodenrocyte) OIS
EE CysteineO| MYMZREE SSE|0] 2{2fo] M=o|A 2y

Astrocytic endfoot-
junction

‘Brain (Abluminal/Basal Side)
Na dependent GSH transporter T
Luminal membrane T
o @ @ Blood (Luminal/Apical side) /
o =
Cee® ) €% o

Fig. 7 GSH transport across the blood brain barrier (BBB) . . . - .
Figure 1. Glutathione (GSH) metabolism within the nervous tissue.
(Dwivedi &, 2020)

(Bottino &, 2021)
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3) Glutathione(GSH) =&

@ Glutathone| X|2X| 80 UA0IM EXH - Glutahione2| BBB(blod brain barrier, | H 25 ) STt 0f|A|

GSH does not cross blood-brain-barrier and its systemic administration is not effective to increase the concentration in the

brain as most of the GSH are metabolized in blood. (Haseena 5, 2022; Aoyama &, 2021)

GSH &

| Astrocyte | _Neuron

Extracellular space

// \

¥-GluCys
+Gly

+Gly
| Homocysteine | |
|zrous
¥-GluCys -GluCys
Cystathionine
] SC8, / Ges I
Glu+ATP xR Glu+ATP

CSE: cystathionine-y-lyase

+ (Haseena &, 2022; Aoyama &, 2021)

MZZE Z7t0f gHoletg Z27t EXstn 7| M S E cysteine2 AZME 12|10 M3tEl cystine2 SA4MEZ L

£3] cysteinelt cystineQ| R YEl= SEEYEC| UH FET7 GSH ol FE

« Figure 1. GSH synthesis in astrocytes and neurons.
The Transsulfuration pathway synthesizes homocysteine from
the dietary amino acid methionine to produce cystathionine.
Further, cystathionine-y-lyase (CSE) converts cystathionine into
cysteine in extracellular to neurons and astrocytes. Neurons
utilize extracellular cysteine for GSH synthesis, unlike astrocytes
which uses the oxidized form cystine. Neurons uses excitatory
amino acid transporter(EAAC1) to take up cysteine, while a
cystine/glutamate transporter (Xc-) mediates the transport of
cystine in astrocytes. y-Glutamylcysteine synthetase (GCS), rate
limiting enzyme in GSH synthesis catalyzes the formation of y-
glutamylcysteine dipeptide utilizing ATP. y-GluCys is then
combined with glycine to form GSH by glutathione synthetase
(GS) in both neurons and astrocytes. GSH formed in astrocytes
is released into extracellular space where it is cleaved into
individual aminoacids by a set of enzymes.
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3) Glutathione(GSH) &gt
® HEY Glutathione £0| LAAIY Zat

9|
o
9

| 2 QIX| 2| (Disease-modifying drug)2 M 2| X| 0§ kXt Glutathlonea T2, HZ 5o LM 5= H
|Hd5MY2S eRolM 2] £ Tlot 7| Fol £ A& 9

Yol X[ Ao =F0| et

Alzheimer's and Parkinson’s Disease

2AFLYZMF S (Amyotrophi
c Lateral Sclerosis, ALS)

Glutathione

® Intranasal GSH uptake — 458 £ & &5&

o=

® No clinical trial was found to assess brain GS
H levels in AD patients with the intervention
of GSH.

® 6718 600 mg dose GSH =&
£0f — No significant differenc
e between the treated ALS|
(Amytrophic Lateral Sclerosis)

NAC(N-acetylcystein)

® Oral NAC (50 mg/kg/day) 670 ¥ 0 — insig
nificant Mini-Mental State Examination (MMS
E) score

® Oral 28 days of 6000 mg NAC/day - #d 5
7t Hojle 3t elg

® A dose of 50 mg/kg/day Il 5t
FAH 127428 — No increased s
urvival peroid or reduction in
disease progression

(Dwived &, 2020)

ey

N-Acetyl-Cysteine
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o
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3) Glutathione(GSH) ¥~
© ¥ 9] Glutathione 7} @ 23

1. GSHe| 74 AASI cysteineZ 414 a1 y-gl I transpeptidase(yGT)ol & o] 3]s} 24
2. Cysitine %% w2 ¢l EAACT (Excitatory amino acid carrier 1)2] 9 & ZA 1A} o) t) 3 ol&) 2 A 4] 7| GTRAP3-
18(glutamate transporter-associated protein 3-18)2 miR-96-5p(EAACT2] 3'-UTRell 2 #3k= micro RNA)

Neuron Astroglial cell

Glutamic acid

ﬁ ﬁ Nif2
% 4-{ RFX1

ATRA

f L2208 EAACT DNA

Extracellular space

<719 > Cysteine®] &R A EAACT whuld o] A1 ate] )& A &)

<I1¥> (yGT)oll 28 GSH 3lloll 2] & cysteine &%= &7}
(Aoyama %, 2021)

(Iskusnykh %, 2022)
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4) 2173 ¥ 2 A ghel| A o] Methionine %73
In midbrain

« Methionine is a high risk factor for AD s e

Dopemive et S

v
m Dopamine D1 Receptor
ﬁfggregaﬁun‘ @

B

v

ySecretase

-ap") Galycogen sythase kinase
pB-Secretase % @ Sbela

eumrbnuary tangle \ e

Amyloid precursor protein
/ fJ\:ﬂphosphory}almn
@ Destabilized
Microtubules
<13 > Methionine %4 2} Beta—amyloid A4 .
(Tapia—Rojas %, 2015) <19 > Methioninedl 2] 3 Beta—amyloid 53

(Wang &, 2024)
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4) 273 E 4 A gkol| A 2] Methionine 54

« Methionine—35¢] Ak3}oll €3 AR Peptide 44 3}

=
%

A) P olog onditio B) Patholog onditio
2 T T T
£ = — mtive A
NAQP' NADPH b . = ovidired A
[ — ar Oxidative  []] F :
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! GSH GSSG _damage, ikt
o /S e ZX B
/ ROS
“D 6 Oxidative damage HiO:  H,0 p
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VNesso GSH:GSSG ratio
Normal GSH synthesis
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¥ % 3 * * ROS not adequately,
*fitered due to depl
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Figure 8. The total number of hydrogen bonds in the native
protofibril (black) and the Met35-oxidized protofibrils (red) for the
300 ns (A) and 1 ys (B) simulations.

@,

i o < <Z1¥> Beta amyoid2| Methionine—35 23}

el

Accumulation of

e amyloid plaques
Healthy brain Vot plaa

(Maghsoodi &, 2023)
<Z1¥> Beta amyoid 2] methionine-35 4t3}ell 2] & amyloid plaques B4 (Mandal %, 2023)
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5) MEEM- At X| 20 A Glutathione 24

« Glutathione2| &R24: reactive metaboliteS MHst= F st SE LD OfL|2t o] ZE ROS R
RNS H| 73t ot Chfsh A F0| 20{st7| 20| BA B = BA 12| 0fof &

@ ®Bo
N
@ Fe2t

G{un reaction
Fed+

LS
0 .
U .
0 .
@ .

X: Reactive membo@ §®

X-GSH H,0 ROH

g@

Figure 2. Function of glutathione (GSH) as an antioxidant (aoyama, 2021)
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AHR ligands PAHs, Dioxins
> Pollutants

Hydrophobic
<>
OO

Cytoplasm

Phase | Oxidation

\& o Reduction
A CO T \
m> Intermediate metabolites

Nucleus
59
b i <
Oxidative stress

i\% Electrophiles

Phase Il | Conjugation
Cytoplasm A

A\  Cysteine residues
=0 G20

)] — ; @ Metabolites
@ @ Water-soluble

o/ °
9
OOO o
Proteasomal
degradation Phase Il Excretion

Nucleus

<I¥> AhR—gene batterys} Nrf2—gene battery9] gene—coordinate regulation

(Edamitsu %, 2022)

s

W anel 3% 2d

<ALGRLH A2 £ L MRP
FELA> 5 & 59 AHR (aryl
hydrocarbon  receptor ) , pregnane X
receptor ( PXR ), constitituve androstane
receptor ( CAR ), ARNT ( AhR nuclear
translocator ) retinoid X receptor (RXR ) ¢}
peroxisome proliferator — activated
receptor(PPAR) %0] &43}% 0] #1440 2
A2PUE e BLT T, D
P450 E 2 ¢ #F Ao Tl A4
A2 & (elec trophlllc compound)91r ROS
P

ol W e 5 OH A2dg o fue
a2l GST, UGT 5ol Nrf2—9] &4 7| d2
el %ﬂx}—%%‘%“_"” 714 0] o] oz},
53] MRP(multidrug resistance protein) % 4]
FrAaA TELAE 1Hd s Bd o
SpEulid o] 1]lo] Hrh. (g3, 2010)
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