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Thiamine

*Vitamin B1 OH

-Essential nutrient

oRecommended daily intake of 1.1 to 1.2 mg thiamine for
adults

-Present in three forms: thiamine, thiamine
monophosphate (TMP), and thiamine pyrophosphate
(TPP)

-TPP is the coenzyme for cellular metabolism
-Pentose phosphate pathway and energy production
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Thiamine Deficiency

*Poor dietary intake

*Increased metabolic requirement
Reduced Gl absorption

Chronic medical conditions

*Chronic alcohol use
-reduction of the THTR expression

-inhibition of thiamine absorption through intestine and the
reabsorption by kidney

*Clinical symptoms
-Beriberi — cardiovascular
-Wernicke’s encephalopathy (WE) — neurological




Wernicke’s encephalopathy (WE)

&% °An acute neurological disorder

-characterized by the triad ophthalmoplegia, ataxia, and mental
confusion

-the most important encephalopathy due to a single vitamin
deficiency

*The main cause of WE is due to an inadequate supply of
§ thiamine to the brain

- Absorption in Gl epithelium - active and saturable transport at the
Intestine: THTR-1 and THTR-2

- Export into the blood — basolaterol transporters

- Distribution to extracellular fluid of brain- Cross the blood-brain
barrier to reach the neurons

- Enter into mitochondria of neurons

B .\E normally treated with high doses thiamine through

parenteral route (IV/IM)



Transporters that are Responsible for Thiamine
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Interplay between Folate and Thiamine
Transporters
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Q@ Reprinted with permission from Zhao and Goldman, Mol Asp Med 34, 373 - 385, 2013




Thiamine Transporters

*THTR-1 (SLC19A2) and THTR-2 (SLC19A3)

-THTR-1 is widely expressed while THTR-2 is expressed at the
highest level in the duodenum

-THTR-1 localized on both the BBM and BLM of enterocytes, while
THTR-2 restricted to the BBM localization.

-Share considerable similarity to one another (48%) and to RFC
(~40%)
0THTR-1/2 do not transport folate and RFC does not transport thiamine
-THTR-2 may be more important in intestinal thiamine uptake

oUptake was significantly reduced in THTR-2 knockout mice while normal
uptake was observed in THTR-1 KO mice

-Intestinal thiamine uptake is adaptively regulated by the thiamine
level in the diet

oExpression of THTR-2 was upregulated in transgenic mice fed with a
thiamine deficient diet
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ABSTRACT

The clinical development of fedratinib, a Janus kinase (JAK2)
inhibitor, was terminated after reports of Wernicke's encephalop-
athy in myelofibrosis patients. Since Wernicke's encephalopathy is
induced by thiamine deficiency, investigations were conducted to
probe possible mechanisms through which fedratinib may lead to
a thiamine-deficient state. In vitro studies indicate that fedratinib
potently inhibits the carrier-mediated uptake and transcellular flux
of thiamine in Caco-2 cells, suggesting that oral absorption of
dietary thiamine is significantly compromised by fedratinib dosing.
Transport studies with recombinant human thiamine transporters

identified the individual human thiamine transporter (WTHTR2) that
is inhibited by fedratinib. Inhibition of thiamine uptake appears
unique to fedratinib and is not shared by marketed JAK inhibitors,
and this observation is consistent with the known structure-activity
relationship for the binding of thiamine to its transporters. The
results from these studies provide a molecular basis for the
development of Wernicke's encephalopathy upon fedratinib treat-
ment and highlight the need to evaluate interactions of investigational
drugs with nutrient transporters in addition to classic xenobiotic
transporters.

*Fedratinib is a Janus kinase (JAK) inhibitor

*Terminated in 2013 due to the observations of WE in several
patients in Phase lll study

-WE reported with fedratinib use is likely due to thiamine deficiency

Reprinted with permission from Zhang Q et al, Drug Metab Disp 42, 1656 — 1662, 2014




A (thiamine) D (fedratinib)

*Fedratinib shares a
common moiety, 4-
aminopyrimidine, to
thiamine, which is
Important for binding to
thiamine transporters.

\

B (amprolium})

Y Fedratinib interferes
with the oral absorption
of thiamine via

C (oxythiamine) \l' F ' (ofectinit) Inhibition of thiamine
.\ 9 wokr(\cm transporter.
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Adapted from Drug Metab Disp, Zhang, Q., et al, 2014, 42(10), pp. 1656-1662.



Summary from Fedratinib/THTR Study

; _' * The uptake of thiamine in Caco-2 and THTR1/2 cells is saturable (Km ~2to 3
g uM);

MR - Fedratinib is a potent inhibitor of thiamine uptake

: i BT

Caco-2 HEK-THTR1 HEK-THTR2 e
l Z
TNt '\Q-N
Amprolium 0.8 ND ND \|/
HN:F}“/E liH
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Fedratinib 2.1 NA 1.2 . LT

Ruxolitinib NA NA NA )
NP‘;:\ N 37N
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Tofacitinib NA NA NA NT N N'kx \
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Oxythiamine > 200 ND ND J_Q;\Nf“xﬁkm
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* No significant impact on thiamine metabolism pathway
-{%ejoral absorption and brain uptake of thiamine may be compromised
Incyte
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Reprinted from Drug Metab Disp, Giacomini,
M., et al, 2017, 45(1), pp. 76—-85.



Pharmacophore

2,4-Diaminopyrimidine
Fedratinio Trimethoprim

Nonaminopyrimidine

Fuxolitinib Tofacitinit

2 or 4-Aminopyrimidine

Thiamine

Momelotinib

Reprinted from Drug Metab Disp, Giacomini,
M., et al, 2017, 45(1), pp. 76-85.




Inhibition of Thiamine Uptake by JAKI
and Other Xenobiotics

ICs VWalee for Thiamine Uptake

C oo Caco-2 THTE-1 THTE-?

M M M
Fedratimb 0.940 = 0.080 710 = 126 1.36 = (.59
AZD1480 183 + 680 1.3 + 620 15.3 + 290 2,4-Diaminopyrimidine
Cendulatmib = 50 6 * 117 =300
Momelotmb =300 =300 =300 3-Aminopyrimidine
Trimethopnm 154 + 224 684 * 168 5.56 = 065 2,4-Diaminopyrimidine
Oxvthiamine 198 = 160 67.3 = 750 664 = 214
.-5|.rr|FIT'|l|iurr| Q.40 = 280 260 * 093 0620 = 0270 2-Aminopyrimidine

Reprinted from Drug Metab Disp, Giacomini, M., et al, 2017, 45(1), pp. 76-85.




Are We Ready for a THTR2 Inhibition

@ Decision Tree?

What is the clinical significance of THTR2
Inhibition in toxicity and drug-vitamin
Interactions?

Is there an established SAR for the THTR2
Inhibition?

What are the current in vitro and in vivo models?

Are there generally available selective
substrates and/or inhibitors to evaluate drug

Interactions in humans?

Is there an IVIVE? Can we extrapolate data from
one drug to another?
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In vitro and In vivo Models for THTR2

°In vitro models:
-Caco-2 (expression and

function of THTR1/2) P
-Transfected cell lines 100 '
;-:; = 80
-In vivo models: g8 :
“Thiamine depleted chow £ £ 4o
-Long term injection with 20
pyrithiamine "
-KO mouse model ) Ctol Fed o

C/ Reprinted with permission from Hazell A et al, Neurosci Lett epub, 2017




Substrates & Inhibitors of THTR2

*Substrates: *Inhibitors:
-Drugs -Fedratinib
oMetformin -Metformin
oFedratinib -Trimethoprim
oFamotidine -Amiloride
oTrimethoprim -Amprolium
-Pyrithiamine
—Endogengus compounds _Phenformin
oThiamine -Chloroquine
-Verapamil
-Famotidine

Extensive overlapping on substrates with MATE, OCT1, and OCT?2.

Giacomini M et al, Drug Metab Disp 45, 76 — 85, 2017
Liang et al, Mol Pharmaceu 12, 4301 - 4310, 2015
Q@ Zhang Q et al, Drug Metab Disp 42, 1656 — 1662, 2014

Kato K et al, Pharm Res 32, 2192-2204, 2015




What Is the Relevant in vitro Cut-off?

400-

Fedratinib 500 >3000 5-10 ~2 >1500 >2.5 +
Metformin >500 >15000 2-4 680" ~20 <0.01 -
. 150- 1500- . .
Momelotinib 300 3000 1 >30 >50 0.03 -
+?
Amiloride 5-10 100 ~0.1 200 d 0.5 <0.001 .
Mg depletion

2 1C50 values from Caco-2 or THTR2 cells
b, Liang et al, Mol Pharmaceu 12, 4301 — 4310, 2015

@ ¢, Giacomini M et al, Drug Metab Disp 45, 76 — 85, 2017
d Said et al, Am J Physio 277, C645-C651, 1999




THTR2 Summary

*THTRZ2 is important in the absorption and the distribution
of thiamine, various drugs and xenobiotics.

Further data are needed to establish a solid SAR between
drugs/NCEs and THTR2

*Additional probe substrates are needed to predict THTR2
inhibition
-No firm IVIVC data to support an establishment of [I,]/IC., and [I,]/ICx,
value
-Further studies to define thiamine as the appropriate probe substrate for

THTR2
A combination of THTR2 transfected cell line (or Caco-2)
and the THTR2 KO mouse model is helpful to define
THTR2 substrates and inhibitors
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Folate 5P Lyt
) /E;I:]ANHM

*Vitamin B9

-Essential nutrient

-The major physiological folate is 5-methyltetrahydrofolate
-Coenzyme for cellular one-carbon metabolism
-Synthesis of thymidine and purine

-Metabolism of amino acids

*Factors affecting folate absorption:
-Congenital defect (gene mutation) in the uptake system
-Intestinal disease
-Chronic alcohol use
-Drug interaction

*Folate deficiency:
-Megaloblastic anemia
-Growth retardation
-Congenital neural tube defects




Folate Transporters -- RFC, PCFT, and FR

Reduced folate carrier
Extracellular Intracellular (S L C19A 1)

— Functions at neutral pH for
folate absorption in distal Gl

> .
: — Substrates include 5-
GFD > methyltetrahydrofolate,

leucovorin, folic acid, and

FoL- methotrexate
—_—  Proton-coupled folate

oP-

\ / transporter (SLC46A1)
Folate Rocentors ~ K — Functions at acidic pH for
FoL <" = —" K H folate absorption in Gl
S — High affinity with both folic
> | : FOL- acid and reduced folate
¥ aw « Folate receptor (FOLR1/2)
— Play in concert with PCFT in
Reprinted with permission from Zhao and et al, Expert acidified endosomes

Rev Mol Med. 11, E4, 2009
svoTe « Efflux transporters

Q@ — MRP1, MRP3 and BCRP




&1 Drug Interactions involving Folate Transporter

0

COOH COOH
H X
NS N HN NSy N
CH COOH O g H COOH
HNT SN N

H N N7 N7 3
Methotrexate (MTX) Folic acid

Methotrexate
Rheumatoid arthritis, Crohn’s disease, and cancer
*High affinity substrate of PCFT and RFC

*Potent inhibitor of PCFT
-competitive inhibition of folic acid uptake

*Adverse effect: folate deficiency

*Supplementation with folate during methotrexate
treatment




Encephalopathy

[ER®- —nccphalopathy:
& _Disorder or disease of a brain.

-The name is preceded by various terms that describe the reason, cause, or
special conditions of the patient that leads to brain malfunction.

-There are over 150 different terms that modify or precede "encephalopathy"
In the medical literature

Examples:
-Anoxic encephalopathy (brain damage due to lack of oxygen)
-Hepatic encephalopathy (brain malfunction due to liver disease)
-Diabetic encephalopathy
-Metabolic encephalopathy
-Bovine spongiform encephalopathy (BSE) or "mad cow disease”
-Drug-induced encephalopathy
-Wernicke's encephalopathy (Wernicke's syndrome)



Glucose
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