Have Questions?

Type them into questions box!

“Why am | muted?”

Don’t worry. Everyone is muted
except the presenter and host.
Thank you and enjoy the show.

Contact ACS Webinars ® at acswebinars@acs.org
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Check out the ACS Webinar Library!
An ACS member exclusive benefit

Hundreds of presentations from the best and brightest minds that chemistry has to offer are available to you on-demand.
The Library is divided into 6 different sections to help you more easily find what you are searching.

Professional Development Technology & Innovation Drug Design and Delivery
P View the Collection P View the Collection P View the Collection
Learn how to write better abstracts, deliver more From renewable fuels to creating the materials for The Drug Design Delivery Series has built a
engaging presentations, and network to your next the technology of tomarrow, chemistry plays a collection of the top minds in the field to explain the
dream job. Brush up on your soft skills and set s pivotal role in advancing our world. Meet the mechanics of drug discovery. Discover the latest
new career path by mastering what can not be chemists that are building a berter world and see research, receive an overview on different fields of
taughtin the lab. how their science is making it happen. study, and gain insight on how to pessibily

overcome your own med chem roadblocks.

Culinary Chemistry Popular Chemistry Business & Entrepreneurship
P View the Collection P View the Collection P View the Collection
Why does food taste better when itis grilled or what Feeling burdened by all that molecular weight? How do ideas make it from the lab to the real world?
molecular compeunds make a great wine? Discover Listen to experts expound on the amazing side of Discover the ins and outs of the chemical industry
the delectable science of your favorite food and current hot science topics. Discover the chemistry of whether you are locking to start a business or desire
drink and don’t forget to come back for a second rackets, how viruses have affected human history, a priceless industry-wide perspective.
helping. or the molecular breakdown of a hangover,

https://www.acs.org/content/acs/en/acs-webinars/videos.html

Learn from the best and brightest minds in chemistry! Hundreds of webinars on
diverse topics presented by experts in the chemical sciences and enterprise.

Edited Recordings are an exclusive ACS member benefit and are made available
once the recording has been edited and posted.

Live Broadcasts of ACS Webinars® continue to be available to the general public
several times a week generally from 2-3pm ET!

A collection of the best recordings from the ACS Webinars Library will be broadcast
on Fridays from 2-3pm ET!

www.acs.org/acswebinars



https://www.acs.org/content/acs/en/acs-webinars/videos.html
http://www.acs.org/acswebinars

What is ACS on Campus?

ACS visits campuses across the world offering FREE seminars on how to be published, find a job, network
and use essential tools like SciFinder. ACS on Campus presents seminars and workshops focused on how to:

YOUR CAREER

ChemIDP™

ChemlIDP.org

acsoncampus.acs.org/resources

http://acsoncampus.acs.org

ACS PUBLICATIONS

Publishing Resources

publish.acs.org

WITH CHEMISTS AND
OTHER SCIENCE
PROFESSIONALS

CAS SciFinder Future Leaders

171 alumni, 35 countries
and over 120 institutions
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http://acsoncampus.acs.org/

W CAheEgy for Life®

ACS Career Navigator:
Your Home for Career Services

Whether you are just starting your journey, transitioning jobs, or looking to brush up or learn new
skills, the ACS Career Navigator has the resources to point you in the right direction.

We have a collection of career resources to support you during this global pandemic:

Professional Virtual Career ACS Leadership Career Navigator LIVE!
Education Consultants Development System
ChemIDP College to Career ACS Webinars Virtual Classrooms

Visit www.ACS.org/COVID19-Network to learn more!
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Free ACS Webinars Every Week!
Upcoming Broadcasts

www.acs.org/acswebinars

https://www.aaps.org
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Join the Division Today!

For $25 membership ($10 for students), You Will Receive:

‘ Find out more about the ACS MEDI Division! www.acsmedchem.org 1

¢ A free digital copy of our annual medicinal chemistry
review volume (over 680 pages, $160 retail price)

e Abstracts of MEDI programming at national meetings

e Access to student travel grants and fellowships

Catch up on 2020’s Free Open Access Recordings!

Join Angela Zhou, an Information Scientist at CAS, as she provides an overview of
published scientific information relevant to COVID-19 research with an emphasis

on patents in the CAS content collection. https://www.acs.org/content/acs/en/acs-
webinars/drug-discovery/covid-19.html

Join Research Fellow Li Di of Pfizer as she discusses why design principles that
increase passive permeability are effective approaches to increase oral

bioavailability, enhance brain penetration, and reduce renal clearance.
https://www.acs.org/content/acs/en/acs-webinars/drug-discovery/passive-permeability.html

Join Douglas Kell, Research Chair in Systems Biology at the University of
Liverpool to discover how drugs pass through cell membrane solely by
hitchhiking on membrane transporters and why so-called “passive diffusion”
through any bilayer in real cells is negligible.
https://www.acs.org/content/acs/en/acs-webinars/drug-discovery/so-lute-carriers.html
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THIS ACS WEBINAR WILL BEGIN SHORTLY...

Mitigating Drug-Induced Liver Injury: Assessing Mitochondrial Toxicity and Reactive Metabolism

Kevin Coe Yvonne Will Kaushik Mitra
Senior Principal Scientist, Janssen Pharmaceutical Vice President, Predictive and Investigative Toxicology Director, Department of Drug Metabolism and Pharmacokinetics;
Companies of Johnson & Johnson (Nonclinical Safety), The Janssen Pharmaceutical DMPK Therapeutic Area Lead, Cardiovascular and Metabolic Diseases;
Companies of Johnson & Johnson Head, Biotransformation Sciences, Janssen Research & Development

Presentation slides are available now! Edited recordings are an exclusive ACS member benefit.
www.acs.org/acswebinars

This ACS Webinar is co-produced with the ACS Division of Chemical Toxicology, ACS Division of Medicinal Chemistry, American Association of Pharmaceutical Scientists, and ACS Publications.


http://www.acs.org/acswebinars

Reactive Metabolism Trapping Applied to Drug
Discovery: Applications & Present Challenges

Kevin J. Coe
Janssen Research & Development, Discovery Sciences, DMPK
29 October 2020

Outline

= Introduction
0 Drug Induced Liver Injury (DILI)
0 Role of Reactive Metabolism in Drug Safety

= Factors Influencing Adduct Detection
o Instrumentation
o Software
o Test Systems

= Case Studies to Address Reactivity
= Present Challenges

= Conclusions



Idiosyncratic Hepatotoxicity: Severe & Unpredictable

= Patient is administered a new anti-diabetic agent with a novel mechanism of action to
treat her Type Il diabetes

EVENT TIMELINE
3 Months 2 Weeks 3 Weeks

No Clinical Symptoms Medication

with Daily Administration Stopped

Murphy EJ, et al., Dig Dis Sci, 2000

Idiosyncratic Hepatotoxicity: Severe & Unpredictable

= Patient is administered a new anti-diabetic agent with a novel mechanism of action to
treat her Type |l diabetes

EVENT TIMELINE
3 Months 2 Weeks 3 Weeks

No Clinical Symptoms Medication

with Daily Administration

Fatigue

Stopped

= Three weeks after discontinuation, patient is hospitalized for peripheral edema, nausea,
emesis, and metabolic acidosis

= Aliver biopsy reveals hepatic necrosis requiring a liver transplant

Murphy EJ, et al., Dig Dis Sci, 2000



Troglitazone: A Case Study of an Idiosyncratic Hepatotoxicant

S
lepey
o
0 o NH
HO

Troglitazone (Rezulin™)
600 mg QD

= Troglitazone was a first in class drug to designed to activate peroxisome proliferator-activated receptors
(PPARS) to treat Type Il diabetes

= Pre-marketing, ~2,500 patients were dosed with only mild increases in ALT observed in 1.9 % of patients and
only overt liver injury in two patients

= Post-marketing, ~ 2 million patients were administered troglitazone and within three years of use 63 patients
died from hepatotoxicity associated with drug

= In March 2000, three years after its launch, troglitazone was withdrawn

Drug Induced Liver Injury (DILI)
= The liver is often an organ susceptible to drug induced liver injury (DILI) given its role to process and eliminate drugs
= DILI is responsible for > 50% of acute liver failure cases
= Excluding acetaminophen, DILI can be attributed to 14% of cases which can bear up 10% mortality rate
= DILI is a major reason for drug attrition in early pre-clinical safety assessment, during clinical trials, and post-marketing

= Between 1975 — 2007, DILI accounts for 32% of drug withdrawals

Recent late-stage failures in clinical trials due to DILI

v Two Merck migraine drugs, MK-3207 (Ph2b) and MK-0974 (Ph3),
discontinued between 2009-2011

v GPR40 agonists TAK-875 (Takeda) & MK-8666 (MSD)
discontinued in Ph3/Ph1

v' J&J BACE inhibitor, atabecestat, terminated in Ph2b/Ph3 in 2018

(Stevens and Baker, Drug Discov Today, 2009)
Drug Disc. Today V19, 2014, 1131
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Why is Predicting DILI Challenging?

DILI is often idiosyncratic
Extremely rare occurrence (< 1 out of 10,000 patients)
May require long latency periods to manifest (weeks to months)
Not anticipated from drug’s mechanism of action

= No apparent dose relationship

= No common risk factor that can be broadly applied to proactively identify those patients most
susceptible

= Preclinical species cannot reliably reproduce clinical DILI

= Limited mechanistic understanding for cause compounded by involvement of multifactorial
processes and complex mechanisms

Drug Induced Liver Injury (DILI) — One Organ, Multiple Mechanisms

Reactivity

Lysosomal Trapping
Transporter Inhibition

Roth A, BioMed Research Int, 2017
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One Drug, Multiple Mechanisms: Troglitazone

JCher g Reactive o

| * Metabolism . e _
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Kassahun K et al, Chem Res Toxicol, 2001

Mitochondrial Toxicity

Transporter Inhibition

Marion TL et al, Mol Pharmaceutics, 2007

Cellular Cytotoxicity

Yamamoto Y et al, Life Sciences, 2001

One Patient, Multiple Determinants

(Ulrich RG, Annu Rev Med, 2007)

= Multifactorial requirements, often patient-specific, are likely required for onset, posing an obstacle to predict

prospectively patients at risk

= As consequence, drug-related risk factors remain the focus preclinically to minimize DILI potential

12



Multiple Mechanisms, Multiple Assays — How Do We Integrate?
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Drug Metabolism — A Benign Process to Eliminate Drugs

o
HNJ\

Q
o_o o
HO OH
OH

Sulfate Glucuronide
P450s
o o
HN J\ Nk
GSH ‘

X —
| —sG

=

OH °

NAPQI

13



Drug Metabolism — Bioactivation to Cause DILI
HNj\

o
HO'

Glucuronide
;i X X
HNJ\ & GSH N‘ Protein HN
N —X— ——) [
l /736 Z ‘brotein
o OH

OH
NAPQI

Haptenization Believed to be Critical Determinant for IDRs

= Autoantibodies can be formed to Cytochrome P450s involved in drug bioactivation

Uetrecht J; Chem. Res. Toxicol. 2008, 21, 84-92.
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Reactive Metabolism Responsible for Multiple Mechanisms of Toxicity

Inactivation Bioactivation
Phase I/1I
enymes

Inactive  «__——__  Reactive metabolites
metabolites  Detoxification (ojecerophiles
Covalent Adducts with /leem \
l binding w‘all molecules binding
Excretion » \
Oxidot
);'Zg; 4 GSH
[OVA | e [tros |« — 1> Mroteins
" prer N @
damage /
CYP TDI
Impaired flunction: Neoantigens
enzymes, rgceptors,
Genotoxicity transpofters,...
Mutations /
e [immnotonc |
A Positi Cell da
mes Fositive Necrosis\ | |diosyncratic Toxicity
Apoptosis

Gomez-Lechon, J Appl Toxicol, 2016 Toleration Studies / Cytotoxicity

Address Reactive Metabolism in Trapping Assays

Human Liver Reaction Detection
Microsomes o
0 + I _on
) S wm 7
1h » _on »
° = Trapping
Agent
Mechanism

Localization
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Trapping Assays Can Improve DILI Prediction

GSH ADDUCT v’s CLINICAL DOSE

Black = Hepatotoxic
>200 mg 5% Grey = Non-Hepatotoxic
100 to < 200 mg . 3
Clinical
Dose
-
10to < 100 mg e
<10 mg ', et ...‘
65%
No Adduct Low Medium High Cofactor

Independent
GSH Adduct

= Best predictor of DILI potential is dose (> 100 mg dose has greater likelihood for DILI)

= Increased likelihood for DILI if high dose drug forms GSH adducts

(Sakatis MZ, Chem Res Toxicol, 2012)

Consequences of Reactive Metabolism Minimized by Preventing Their Formation

Inactivation Bio:
Phase I/1I
enymes

Inactive  —— __ p
metabolites  Detoxification

l

Excretion

Gomez-Lechon, | Appl Toxicol, 2016
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Factors Influencing Adduct Detection

// Ho_° \\‘

I %\
{0 HN ® \
!
\ HNX\S/ i
\‘ II
\\\ o NH //

AN o /’
N OH -
Test System MS Instrumentation Software
+ + ° =
The Adduct Hunter

Modified GSH Trapping Agents to Aide Detection

GSH Analog Utility Reference(s) MS Instrumentation

* Increased MS sensitivity (~ 10-fold > GSH)

» Soglia JR et al. J Pharm Biomed Anal.

o o
B e
NH, o 07 oH

GSH Ethyl Ester

SH
o o X
vt~ A L,
NH, 0 Lo

Stable Label GSH

CH3

< SH
° LRSS
NH, © 07 "OH

Quaternary Ammonium GSH

tﬁ NH SH

o
o:

Dansyl GSH

Greater hydrophobicity of adducts increases retention
for SPE clean-up and LC

Reduces endogenous background by monitoring m/z
300 in (-) Mode

Isotopic pattern creates unique signature for adducts
to minimize false positive and allow for structure-
independent mining

Enables MS techniques for adduct identification and
data-rich spectra for structural elucidation

Fixed positive charge permits for semi-quantitation of
GSH adduct abundance when paired with internal
standards

Dansyl group permits for fluorescent detection for
quantification to appreciate magnitude of reactivity and
differentiate structural analogs

2004

Wen B & Fitch WL. J Mass Spectrom
2009

Yan Z & Caldwell G. Anal Chem 2004

Mutlib A et al. Rapid Commun Mass
Spectrom 2005

Soglia JR et al. Chem Res Toxicol.

2006

Gan J et al. Chem Res Toxicol. 2005
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MS Instrumentation

MS Instrumentation Techniques (An illustration)

HO (o]
N oj)kuﬁo(
S
N

= Select lon Monitoring for 272 m/z
using in-source CID (Negative Mode)

= Negative Mode Full Scan + MS2 DDA

= Positive Mode Full Scan + MS2 DDA

Adaptation from Wang Z et al, Anal Bioanal Chem, 2018

Data Acquisition

Data Processing

272.0888

| ',

\ P
Drug "~ v
N
o H

1. 5IMof 272.0888 + 2.0 2. Full M5 scan (-)
Daltons () 15CID . m/2 400 - 1400

3. Full MS scan (+]
m/z 100 - 1200

Top [4) MS/MS DDA (-}

Top 4] MS/MS DDA (+)
1 4" mast intense ions

ﬂ 19- 4" most intense ions

0

Identify the precursar
ons of m/z 272,088

Reconstruct m/z
272.0888 £ 5 ppm

Reconstruct the
identified conjugate ‘ons

Confirm MS/MS patterns
from GSH conjugates

Elucidate canjugate
structures

Exclude ions from
endogenaus conjugates

Compound-related Structure Elucidation

Conjugate Identification

Software Tools Accelerate Data Mining

Software

T'ﬂ%,

Slide courtesy of Ismael Zamora Rico, Molecular Discovery, LTD
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Low Turnover Drugs Push Need for Increased Sensitivity  Testsystem

» Program where GSH adducts detected despite low metabolic turnover

% Parent WEELNEN
Remaining Detected

Greatest Metabolite Level

Compound HLM ty/, (min) GSH Adduct (MS counts - Area)

1 >180 \[e] 95 Yes 2.20E+07
2 >180 95 Yes 2.60E+07
3 >180 96 Yes 2.70E+07
4 >180 96 Yes 1.40E+07
5 >180 96 Yes 2.40E+07
6 >180 96 Yes 9.90E+07
7 >180 96 Yes 3.70E+07
8 >180 98 No N/A

9 >180 99 Yes 9.50E+05
10 >180 99 Yes 5.10E+06

» Program where GSH adducts missed using conventional models due to low turnover

= Lead molecule without evidence for GSH adducts in HLMs or suspension hepatocytes
= Clearance primarily metabolic in rodents with thiol conjugation a major metabolic pathway

= Confirmation in human long-term coculture models of operative bioactivation pathway

Enhanced HLM Conditions Identified for Detection ™"

Test Compound Concentration Trapping Agent Concentration
5 2
& 10 uM — 30 uM £ 1 mM — 5 mM GSH
O
b b
g E
k=] o
2 z
5 17}
] 3
3 5
8 s
GSH Adduct Panel GSH Adduct Panel
HLM Protein Content Time
—_ c
] £ . .
£ 1 mg/mL \/E 60 min — 90 min
S E
2 g
I <
@ T
1} @
z e
3 3
o ©
. GSH Adduct Panel & GSH Adduct Panel

= Optimization studies in HLMs using low turnover JNJ test sets demonstrate modest benefit in adduct detection through fine tuning
certain assay parameters
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New In Vitro Models Have Improved Metabolic Capability  restsystem

Relative Turnover (%)

100 Human Liver Microsomes (1 h) 1798 parent Drug
+ Glucuronide /
50 \
. 2567 970 1125 14.46 1558 17.22 || 18.31 1978 2142
100~ Human Suspension Hepatocytes (4 h) 1890 barent Drug
+ Glucuronide
50 \ -
0 11321261 1445 1660 || 16.37 1978
1005 Human Co-Culture Model (168 h) 47 120  Amide Hydrolysis
+ Glucuronlde +20 b b
arent Drug
50 +°\ 800
0 540 931 1029 112 17NJ\1SED
e
0 4 6 8 10 12 14 22 24 2%
Time (min)

= Long term hepatocyte co-culture models provide increased metabolite formation for very low turnover
drugs compared to conventional in vitro metabolic systems

Improvements in Detection Possible Test System
Test HLM Half-Life Adduct Rat LMs Human LMs En:f'cf:d Human System with Adduct
Compound (min) Co-Culture Detection
(HLM*)
X siso  [POSHoHFrO N (20-fold 1) v v n/d RLM, HLM, HLM*,
+Cysgly - HF + 0 n/d n/d n/d v Co-Culture
+GSH+0 Vv (25-fold 1) n/d v n/d
2 167 RLM, HLM*, Co-Culture
+Cysgly + 0 n/d n/d n/d v
+GSH-HF +0 v (8-fold 1V) n/d v n/d
3 > 180 +Cysgly - HF + O [V (13-fold 1") n/d v n/d RLM, HLM*, Co-Culture
+Cys-HF+0 n/d n/d n/d v
+GSH-HF+0 |V (44-fold 1) n/d v n/d
4 >180 +Cysgly - HF + O v n/d n/d n/d RLM, HLM*, Co-Culture
+Cys- HF + O n/d n/d n/d v
+GSH - 2H v n/d n/d n/d
5 > 180 +Cys-2H n/d n/d n/d v RLM, Co-Culture
+NAC-2H n/d n/d n/d v
6 122 +GSH+0 IV (100-fold 1) NT v n/d RLM, HLM*
I?RLIG DRUG DRUG DRUG
° ° s GGT s Dipeptid:
" y  Dibeptidases
RS WS R S LWNH, " H,NLW e
H
NHz © o;\ou © o;\ou
GSH CysGly Cys NAC
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The Adduct Hunter The Adduct Doctor

Case Study 1
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Strategies to Prevent Bioactivation

= Partial Success +GSH - 2H
R

Prevent imine R>\/
[¢]

H N>/7N\

+GSH-2H+0, /7 G
+GSH+0 Prevent pyrimidine oxidation however...
= Success Strategy 1 — Introduce Alternative Site of Metabolism T
iR
R '
> : 0><]
o ! N |+ GSH-2H

o_=

N

NN
{jé No GSH Adducts
o]

z

z
N
%
[o)
I

+GSH-HF+0

[ O

O\/N

= Success Strategy 2 — Introduce Metabolic Blocking Groups #

No GSH Adducts 3 N/%N\

z_o_=»
L
o ~FF
z

N
“\(E;Z
m

\

Q

Case Study 2

: XIC MS Chromatogram
‘ GSH-2H
[ Alkyl 3 i
00 T}m 01 HLMs + NAPDH

12 13 14 15
Time (min)

» Lead chemotype forms GSH adducts requiring NADPH suggestive of bioactivation
» MS/MS spectra supports adduct at an aliphatic group but unclear which one

» SAR efforts unsuccessful to implicate the responsible alkyl substructure
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N-Dealkylation Pathways Influence Reactivity Potential

PeET
‘s

e

.....

No GSH Adducts

s - < -
Core NH NH
HoN HO

GSH Adducts

‘\---—

o
Core NH,
?NH

GSH adducts likely to form when N-dealkylation pathway A was major

N-Dealkylation Pathway Involved in Bioactivation

(o]
Core NH
HN R

detected

3
ZL—NH

Loss of one hydrogen atom
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Utilize Deuterated Analog to Test Mechanism

+GSH-H-D

o GSH O
Core Core NH Core Core
) NH )L > Gs NH
HO DHO

Possible Outcomes & Conclusions

1.No GSH adducts detected
—> supports proposed mechanism

2. GSH adducts detected with loss of a deuterium atom
—> supports proposed mechanism

3. GSH adducts detected without loss of a deuterium atom
—refutes proposed mechanism
— GSH adduct forms elsewhere

Strategies to Prevent Reactive Metabolism

No adducts No adducts No adducts
NH
e prd \}
Block Steric Sterlc
No adducts No adducts GSH adducts
ore NH Core
Core NH N )/\ Q“N” NH
NH

o /S % C P
Ring strain Ring strain No ring strain
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Case Study 3

= Lead series is a substrate of aldehyde oxidase (AO)

R . R
N— o Aldehyde Oxidase N— o
HN—( p —_—> HN—{ /)
N X N
OH

= Block AO metabolism

y
I
R H R R R
N— © ! N N~ o N—
! o o
HN— ) = ] N HN—( )80 HN—( )
N NH : N | N N
:
{

Lacks potency " Restore potency

%

GSH Adducts

GSH Adducts Formed Through Common Mechanism
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OH SG
R o R o R o
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25



Efforts to Address GSH Adducts

= Unsuccessful attempts

R R o
R o R o
CYP o -H,0
N X NS GSH N\
U T T S
HN” N7 HoN” N7 HN" N HN" N s6

OH

Methyl Analog

R o R (o]
R R o .
o cYP H,0 N GSH N
N N S | ) — g SG
P A OH H N)\N/ N HN" NN
HN" NN HN" NN 2 2 H

Positional Isomer

Efforts to Address GSH Adducts

= Successful Attempts

R
R o CYP 2
N7 B NS OH %
\ P
HZN)\)N:gé HN" °N

No adducts
R
o R o
N cYP
H-N o |
NN HZN)\N/ o
No adducts
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Case Study 4

Ris N MS XIC of Rat Bile Sample
I N
R, N No adducts
N M9 M11
"
Parent \ \
i m7 Parent
M4
Ry N
+20ms) <— LN —» vomm \ M12
2 H
M9 ~ \
+H20 (M3) +0 - 2H (M10)

+ Glucuronide (M4)

Extensive metabolism from rat BDC study despite limited turnover in vitro

Major metabolic route involves dearylation of pyrimidine

Dearylation Pathway Associated with Liver Injury

D Y Dk 0
[N cp I N cvp :[ N R
Ry N —>» g/ N ——>| Ry NO o “N~N+N)k
N}'f N NN RN W
\Q) \Qe \\\\8 )
OH ° M9
_——
Q.
é\ Q HKCN
E/ AN
OWE :(?"ﬂ P4503A4 &U 3 &3 k,;';\,
Nefazodone = Iminium
:'""{5430'3;\3"""HN:"""":
@ % . =] [N [= o . .
: @m L 2L Hepatotoxicity in rat
: Koty Ngﬁ“y = :
1
1 Imi .
o s B i, « Analogs that block dearylation
GSH GSH
o I 1 pathway are safe

Jonathan N. Bauman et al. Drug Metab Dispos 2008;36:1016-1029
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Trapping Assays are Intended for Hazard Identification

A3
\

Trapping Assays are Intended for Hazard Identification
?‘v & % K & & fv & &

"'?;'"f;"f;“'i;"'f;"f;"'a;“a """""
R4
&f P e Fe «&%, Fe
H%H% {\2 :‘f&%?: - N?/ :‘fi%/
e T
g

= Detection threshold # safety threshold, rather detection threshold = hazard potential
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Adduct Detection Itself is Not a Predictor of Toxicity

Troglitazone DILI Positive

GSHHLM Trapping  Positive Clozapine DILI Positive Nefazodone DILI Positive

CN HLM Trapping Positive GSHHLM Trapping  Positive GSH HLM Trapping Positive

Daily Dose 200 - 600 mg CN HLM Trapping Positive CN HLM Trapping Positive
Daily Dose >300 mg Daily Dose 600 mg

s
<00, 0"
HN—Y o X
Pioglitazone DILI Negative (\

-
GSHHLM Trapping  Positive @"h N )
NS

CN HLM Trapping Negative

Daily Dose =D Olanzapine DILI Negative Buspirone DILI Negative

/

s GSHHLM Trapping  Positive GSHHLM Trapping Positive
° ! i iti CN HLM Trappin Positive
:r}/N o 0NN CN HLM Trapping Positive Pping
! Daily Dose 10 mg Daily Dose 60 mg

Rosiglitazone DILI Negative
GSH HLM Trapping Positive

CN HLM Trapping Negative
Daily Dose 8mg

Adduct Detection is a Frequent Occurrence

GSH Human Liver Microsomal Trapping
(Janssen - La Jolla)

N =485 Compounds

No Adducts
28%

GSH + Cysgly
28%




Covalent Body Burden Allows for Further Risk Assessment

Covalent Body Burden = Daily Dose x Fcvb * Fa x Fg

1 mg CVB Burden/Day

= By determining the extent of covalent binding, a dose threshold associated with the 1
mg/ day body burden can be determined to influence decision-making

Thompson et al, Chem Res Toxicol, 2012

Evolving DILI Landscape

= Assembling the DILI Puzzle Pieces
o Integrated In Vitro Hazard Matrix — Thompson et al. Chem Res Toxicol 2012
0 Bayesian Machine Learning — Williams DP et al. Chem Res Toxicol 2020
0 Hepatic Risk Matrix — Aleo et al. Chem Res Toxicol 2020

= Biological Signatures to Reactive Drug Metabolism
o Rat Liver Transcriptional Response — Monroe JJ et al. Toxicol Sci 2020
o In Vitro Liver Model Transcriptomic Signature — Kang W et al. Toxicol Sci 2020
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Conclusions

+» Reactive metabolism is one of multiple risk factors of DILI

+ Test models and our detection methods will continue to advance

+ Preventing reactive metabolism is challenging but surmountable

++ Solutions possible with mechanistic insight and program commitment
++ Science needed to guide model application and its translational value
++ Contextualizing reactivity to broader risk assessment highly desirable

++ Successful Discovery efforts aide reducing potential Development risks
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40 Drugs have been attrited from the Market
due to hepatotoxicity over the past 20 years

e At least 13 of those have been reported to exhibit mitochondrial
toxicity

e Nefazodone, Benzarone, amineptine, nialamide, sitaxentan,
dilevalol, troglitazone, tolcapone, pirprofen, alpidem,
bromfenac,phenformin, buformin, trovafloxacin
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Boelsterli & Lim. Mitochondrial abnormalities--a link to idiosyncratic drug hepatotoxicity?
Toxicol Appl Pharmacol 220:92-107, 2007 . With permission 67
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Many different mechanisms leads to mitochondrial dysfunction

» Oxidative phosphorylation
« Steroid synthesis

* Fatty acid B-oxidation

* Heme synthesis

« Ca?* homeostasis

* Urea cycle

« Steroid synthesis

* Apoptosis

O

@

O

-

Dykens JA, Marroquin LD, Will Y. Strategies to reduce late-stage drug attrition due to mitochondrial toxicity. Expert Rev

Mol Diagnostics 7,161-75 (2007).
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DILI Drugs and their Mitochondrial Targets

FA-oxidation MPT induction ETC/delta Psi
* Amineptin * Alpidem e Amiodarone
* Amiodarone * Diclofenac e Nefazodone
* |buprofen * Nimesulide e Tamoxifen
* Perhexillin * Troglitazone e Troglitazone
* Tamoxifen * Valproate e Perhexillin
* Valproate e Tacrine

e Nimesulide

MtDNA

e Fialuridine
e NRTIs

e Tacrine

e Tamoxifen

72
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Mitochondrial Dysfunction can Induce
the Following Types of Liver Injury

* Microvesicular steatosis

— Profound hypoglycemia and encephalopathy

* Apoptosis/necrosis
— Cytolytic hepatitis
* Liver failure

* Mild mitochondrial inhibition

— Macrovesicular steatosis
* Progress to fibrosis and cirrhosis

Examples of drugs capable of inducing microvesicular steatosis.

g indicatn

Amineptine
Amiodarone
Pirprofen, Ibuprofen
Aspirin

Fialuridine

NRTIs

Panadiplon
Perhexiline
Tetracyclin
Tianeptine

Valproic acid

Antidepressant drug

Anti-anginal, anti-arrhythmic drug
NSAIDs

NSAID

Antiviral (anti-HBV) drug
Antiretroviral (ant-HIV) drug
Anxiolytic drug

Anti-anginal drug

Antibiotic

Antidepressant drug

Antiepileptic drug
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Drugs capable of inducing microvacuolar
steatosis and steatohepatitis.

o e

Amiodarone Anti-anginal, anti-arrhythmic drug
Irinotecan Antineoplastic drug (colorectal cancer)
Methotrexate Antipsoriatic, anti-rheumatoid drug
NRTIsb (AZT, ddI, d4T) Antiretroviral (anti-HIV) drug
Perhexiline Anti-anginal drug

Tamoxifen Antineoplastic drug (breast cancer)
Toremifene Antineoplastic drug (breast cancer)
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In vitro detection drug-induced mitochondrial dysfunction.

Isolated liver mitochondria

— Assessment of fatty acid oxidation (FAO) with radiolabelled
fatty acids or using respiratory screening technology (Rogers
et al., Curr Protoc Toxicol. 2014 May 27;60:25.3.1-25.3.19)

— Measurement of oxygen consumption with different
substrates (Hynes J, et al., Methods Mol Biol. 2012;810:59-
72)

— Measurement of mitochondrial respiratory chain complex
activities (Nadanaciva et al., Toxicol In Vitro. 2007
Aug;21(5):902-11.

— Determination of mitochondrial transmembrane potential
with a tetraphenylphosphonium chloride selective
electrode, or by flow cytometry/imaging with a fluorescent
probe (Billis et al., Curr Protoc Toxicol. 2014 Feb
19;59:25.1.1-25.1.14)

— Assessment of mitochondrial permeability transition pore
(MPT) opening by spectrophotometry (Marroquin et al.,
Curr Protoc Toxicol. 2014 May 27;60:25.4.1-25.4.17)

In vitro detection drug-induced mitochondrial dysfunction.

In hepatic-like cells (HepG2, HepRG) or primary hepatocytes, Hepatopac,
liver chip, etc.

— Coloration with oil red O (for the detection of neutral lipids)
— Measurement of lactic acid/ALT in the incubation medium

— Assessment of FAO with radiolabelled fatty acids or by respiration
(see previous slide)

Measurement of oxygen consumption (see previous slide)

Determination of mitochondrial transmembrane potential by flow
cytometry or High Content imaging (see previous slide)
Assessment of mtDNA levels by PCR (Venegas and Halberg,
Methods Mol Biol. 2012;837:327-35.)

High Content Imaging of lipids, membrane potential, ROS,
apoptosis etc (Xu et al., Toxicol Sci. 2008 Sep;105(1):97-105)



Examples of /n vivo or ex vivo investigations which can
be performed to detect drug-induced mitochondrial dysfunction

* Plasma biochemistry: lactate, ketone bodies, GLDH
* Urine biochemistry: acyl-carnitine and acyl-glycine derivatives
* Histopath (with oil red O and haematoxylin-eosin staining) and EM

* Assessment of whole-body fatty acid oxidation (FAO) after administration of 14C-
labelled fatty acids
* Investigations on liver mitochondria or hepatocytes isolated from treated animal
— As described on previous two slides
* Investigations on liver homogenates prepared from treated animals:

— assessment of mtDNA levels and/or activities of different mitochondrial respiratory chain

complexes, immunoblot analysis of selected MRC or FAO polypeptides
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Mice/Rats are resistant to many
mitochondrial toxicants

* High rates of drug biotransformation/elimination
* High electrophile/antioxidant defense capacity

* Hepatic GSH content - rodents > humans (~2x)
» Hepatic GST activity > rodents >> humans (10-20x)

* Heteroplasmy
« rapid turnover of mitochondria
* Mitochondrial threshold effects

* ATP levels
» Apoptosis
* mtDNA damage

81

The Jvs* mouse model

e Mutation in gene coding for OCTN2 (carnitine transporter)

-> impaired renal absorption of carnitine,

- systemic carnitine deficiency (~50%)

Phenotype: liver steatosis, hypoglycemia, cardiac hypertrophy

Mitochondrial abnormalities in muscle

Jvs”-genotype is lethal without carnitine replacement

VPA (2.5g/kg/d, p.o., x 14 days)
e Increased serum markers for liver injury

e (AST and ALP activity) ~—

* Microvesicular steatosis

¢ Caspase-3 activation = apoptosis
->Carnitine deficiency may be a risk factor for VPA hepatotoxicity!

Knapp et al. (2008)
Anti-caspase-3 (cleaved) Ab

82
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The Sod2*- mouse model

Flutamide

Sod2* or Sod2** mice (wt)
0, 30, or 100 mg/kg/day, ip
x 2 wk or 4 wk

hepatic necrosis (FLU 100 mg/kg/d, 4 wk)

} Aconitase activity Number of TUNEL-positive cells
404 Ll
35}

¥ mtDNA-encoded subunits of complex | and Il .30

*25]

No changes (vs. vehicle control) in wild-type mice ! +20]

*15]

*10G]

' Complex | activity

No toxicity after bicalutamide (non-DILI)

Kashimshetty et al. (2009) *vehicle +30 mg/kg 100 mgkg

How predictive are these animal models for drug development?

» Need to be validated (w/ negative comparators)
» Require great expenditure in time and money

» Mitochondrial changes frequent, but do not always translate into organ

damage- multifactorial toxicity? ldiosyncracy?

» Can they assist in the search for early biomarkers that could be translatable

to “normal” rats and mice and to humans?

» Biomarkers need to be non-invasive (methionine breath test, GLDH)
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Assays to Detect Mitochondrial Toxicity

Assay for measuring Oxygen consumption of isolated mitochondria.
Cell viability assay in (a) Glucose medium, (b) Galactose medium.
Assay for measuring Oxygen consumption and extracellular acidification of cells.

Assays for measuring changes in mtDNA and mtDNA-encoded protein levels in cells.

86
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Oxygen consumption Measurement in Isolated
Mitochondria is a surrogate for ATP production

= bd bd
= > £ -

Normalised Intensity
=
~

o

300 400 500
Wavelength (nm)

6

00

P -~ o

~

Fold Increase

Air-saturated

0 T T T T )
600 620 640 660 680 700
Wavelength (nm)

Deoxygenated

® Phosphorescent

¢ Water-soluble

e Cell non-invasive

¢ Non-cytotoxic

e Stable

¢ Time resolved or prompt

e Compatible with any reader

e Large stoke shift allows for high signal to noise ratio

e multiplex with “green dyes”
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Output of Fluorescent Data from the Oxygen-Sensing
Probe with Isolated Mitochondria

Basal respiration

Uncoupler

Inhibitor

\

X

Vehicle /

88

Dykens et al. (2007) Expert Rev. Mol. Diagn. 7,161-175, with permission
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Dose Response Curves can Easily be Generated

Concentration
=]

Some Non-Steroidal Anti-Inflammatory Drugs (NSAIDs)

Basal
Hynes et al. (2006) Toxicol. Sci. 92, 86-200
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Uncouple Electron Transport in Isolated Rat Liver Mitochondria

Nimesulide

Sudoxicam

Nadanaciva, unpublished

2504
[

2004

:4)

O3 (umol)
(mean + SE, N

02 (umol)
(mean + SE, N

=3)

-

(3.

(=}
1

-

(=1

(=]
1

[3.]
o
1

—&— vehicle

T T T T T T T T T
2 4 6 8 10 12 14 16 18

Time (min)
—e— vehicle
—4— 11.1 nmol drug /mg protein
—8— 33.3 nmol drug /mg protein
—e— 100 nmol drug /mg protein

2 4 6 8 10 12 14 16 18
Time (min)

3.7 nmol drug /mg protein
—4— 11.1 nmol drug /mg protein
—=— 33.3 nmol drug /mg protein
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Sulindac Sulfide, the Reactive Metabolite of the NSAID Sulindac,
Causes Uncoupling of Electron Transport in Isolated Rat Liver Mitochondria

250+ —8— vehicle

L —— 11.1 nmol drug /mg protein
—=— 33.3 nmol drug /mg protein
—— 100 nmol drug /mg protein

200+

=5)

. 150
Sulindac

1004

02 (umol)
(mean + SE, N

50

—T T —T T T
0 2 4 6 8 10 12 14 16 18

Time (min) —e— vehicle
—— 11.1 nmol drug /mg protein
—=— 33.3 nmol drug /mg protein
—e— 100 nmol drug /mg protein

=5)

Sulindac sulfide

02 (pmol)
(mean + SE, N
s
<

T T~ T T ’T/""T1T "7 "7
0 2 4 6 8 10 12 14 16 18

Nadanaciva, unpublished Time (min) ”

Summary: Oxygen Consumption of Isolated Mitochondria

Values:
¢ |dentifies inhibitors and uncouplers of the electron transport chain
e High-throughput; highly reproducible; easy to use
¢ Can rank order compounds within a series for their mitochondrial toxicity effects
¢ May be used to identify structure-activity-relationships

Limitations:
e Can potentially overestimate toxicity since the isolated organelle is being used
¢ |dentifies only immediate (acute) effects; may need to pre-incubate mitochondria with drug
¢ Does not take into account conversion of parent drug — reactive/inactive metabolites
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Assays to Detect Mitochondrial Toxicity

Assay for measuring Oxygen consumption of isolated mitochondria.

Cell viability assay in (a) Glucose medium, (b) Galactose medium.

Assay for measuring Oxygen consumption and extracellular acidification of cells.

Assays for measuring changes in mtDNA and mtDNA-encoded protein levels in cells.

Circumventing the Crabtree Effect: The “Glucose-Galactose” Model

Crabtree Effect (1929): inhibition of respiration by elevated glucose.
Warburg Effect (1929): aerobic glycolysis yields lactate despite competent mitochondria.

Contemporary cell culture often uses 25mM glucose media (5X physiological!)

Transformed cells are characterized by low rates of O, consumption & resistance to mitotoxicants.

94
Marroquin et al. (2007) Toxicol. Sci., 97, 539-547
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Galactose in Glycolysis Yields Little ATP

Galactose

ATP .
‘> galactokinase
ADP

UiE weee Galactose-1-phosphate
Pymphos.

Glucose-1-phosphate

Fi

Glucose-1-phosphate

Glucose-6-phosphate

Michael W. King, Ph.D / IU School of Medicine

p
UDP-Glucose
UDP-Gle: Gal-1-P
UDP-Gal q
- uridyly kransferase
UDP-Galaclose

phosphoglucomutase

Net yield ATP = 0.4 mol/mol gal*

* Reitzer et al., JBC, 254: 2669, 1979.
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Cells Grown in Galactose Become Susceptible to Mitochondrial Toxicants

ATP
AlrCORtR!)
]

0.001 0.01 0.1 1
[Rotenone] uM

120

100 -

80 Ba g ha g a-5SgHd
60 o )
40

20

0
0.0001  0.001 0.01 0.1 1 10

ATP
(% Control)

[Oligomycin] uM

Marroquin et al. (2007) Toxicol. Sci., 97, 539-547

ATP
(% Control)

ATP
(% Control)
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40
20

[FCCP] uM
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Industry use of HepG2 cells to detect Mitotoxicity

Questionnaire to pharma partners on use of HepG2
cells for preclinical screens

!

‘ 8/8 used HepG2 screens

Circumventing the Crabtree Effect: Replacing Media Glucose
with Galactose Increases Susceptibility of HepG2 Cells to
Mitochondrial Toxicants

and Yvonne Will*!

Lisa D. Marroquin.** James Hyr
“Pcer DSRD, 10646 S

6/8 routinely use for
mitotox testing

Evidence of mitochondrial
1 dysfunction through cell death

All 6/8 use galactose T
media for mitotox testing

!

Information used to rank compounds, inform structure
activity relationships and/or inform drug design. Courtesy of Amy Mercer, MRC, UK 97

Acute Metabolic Switch Model: HepG2 cells

with glucose Glycolysis
Glycolysis / R

4 hours in serum 2 hours with MitoTox Assay

free media ——> test ——— (ATP +cell
compound death)
(0 — 300.M)
HepG2 no glucose
with galactose I |

v v

Short exposure time and dual assay
allows examination of the role of
mitochondrial dysfunction in the
absence of cell death.

Courtesy of Amy Mercer 98
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Recommendation to Pharma

The dual agsessment of ATP content alongside cytotoxicity provides an enhanced mechanistic
understanding of the causes of toxicity

Sensitive
first-tier HepG2 glu/gal screen
screening (parent compound & reactive metabolites)

b

Identify Rank  Starting point Inform
potential  compounds for preclinical

mitotoxins mechanistic testing
studies strategy

Limitations of the screen include detecting alternative mechanisms of mitochondrial dysfunction or

mitotoxicity induced via reactive metabolites. 59
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Intrinsic Potency of Mitochondrial Inhibition as

e —

NE
(33%)

Related to Clinical DILI Potential

p<0.001

24

X100
(38 %)

x>100
(29°%)

Most-DiLI-concern

NS

NE
(64%)

28

x<100

(14 %)
x>100
(21 %)
7

Less-DiLl-concern

KEY
NE=NO EFFECT

20

x >100
(10 %)

NE
(90%)

No-DILI-concemn

DILIPOTENTIAL

Human drug-induced liver injury severity is highly associated to dual inhibition of
liver mitochondrial function and bile salt export pump. Aleo MD?, Luo Y, Swiss R,
Bonin PD, Potter DM, Will Y. Hepatology. 2014 May 6.
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Intrinsic Potency of Mitochondrial Inhibition as
Related to Clinical DILI Potential

|| NS [

P<0.01 ] |

———————————————————

24

10 <x <100
(58%)

Most-DILI-concern

28

10 <x <100
(61%)

Less-DILl-concern

20

No-DiLI-concemn

10 <x <100
(45%)

DILIPOTENTIAL

Human drug-induced liver injury severity is highly associated to dual inhibition of
liver mitochondrial function and bile salt export pump. Aleo MD?, Luo Y, Swiss R,
Bonin PD, Potter DM, Will Y. Hepatology. 2014 May 6. 103

INTRINSIC BSEP AND MITOCHONDRIAL INHIBITORY
LIABILITIES TIED TO FDA LABELS FOR LIVER INJURY

PMBA PMBA "'A NA BA
(67%) ‘DMA (31%) :58%: :4?%1 (45%) {45%)
' (22%) ‘
DMA .
PMBA
(12%)
(35%)  pya DMA
(6%) (10%)

Withdrawn or BBW Warnings & Precautions Adverse Reactions No mention

NA = NO ACTVITY

BA = BSEP ACTVITY ALONE

DMA = DUAL MODERATE ACTVITY

PMBA = POTENT MTOCHONDRIAL EFFECT WITH BSEP ACTVITY
DILI Label Sections
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Known Risk Factors for Hepatic Injury

»

Chem. Res. Toxicol. 2012, 25, 1616-1632 105
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Serum Biomarkers

* The European Medicines Agency (EMEA) recommends the determination of lactate levels, as well
as glutamate dehydrogenase (GLDH) and ornithine carbamoyltransferase (OCT) activities

*  GLDH and OCT are mitochondrial enzymes. An increased plasma activity of these enzymes
reflects structural damage to the mitochondria and cell membrane, leading to the leakage of
these enzymes into the plasma

e OCT is particularly expressed in the liver

* Therefore, a high plasma OCT activity can occur when mitochondrial damage has specifically
caused liver injury

* Mitochondrial miRNA have recently been explored (Baumgart BR, Gray KL, Woicke J, Bunch RT,
Sanderson TP, Van Vleet TR. Toxicol Appl Pharmacol. 2016 Dec 1;312:26-33)
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Methionine Breath Test: A Stable Isotope Technique

C Methionine

Remethylation ( > onsmeThy\onon

°C Homocysfe\ne

i

“C-Cystathionine

Transsulfuration
NH, + "C-u-ketobutyrate

JK
=\ fon

Y

Succinyl CoA

Measure in exhales breath. Primarily liver mitochondria
3C-methionine — labelled at different sites interrogates different pathways:
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Summary

Mitochondrial toxicity contributes to DILI
Mitochondrial Toxicity can be detected using in vitro assays

Most pharmaceutical companies have implemented mitochondrial toxicity

testing early in the drug discovery process (MIP-DILI)
Animals do not easily reveal mitochondrial toxicity

non invasive human biomarkers need to be developed and utilized in the clinic
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A collection of the best recordings from the ACS Webinars Library will be broadcast
on Fridays from 2-3pm ET!
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www.acs.org/acswebinars

ACS Webinarsdoes not endorse any products or services. The views
expressed in this presentation are those of the presenter and do not
necessarily reflect the views or policies of the American Chemical Society.
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Contact ACS Webinars ® at acswebinars@acs.org
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Free ACS Webinars Every Week!
Upcoming Broadcasts

www.acs.org/acswebinars
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