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ABSTRACT

Cancer tumors have been shown teabse metrabo

acquiring bioeyetrlgeti cs¢components for generat |
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causes a monocarboxylate transporter 1 (MCT1)
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Chapter 1.0 Synthesis and biological eval uat
mi tochondri al pyruvate carrier

1 . Nutrient sensing and cancer perturbations

Nor mal cekkhs abotdecgand anabolic metabolisn
whet her It be to accumul ate energy or begin
homeostatic manner, regul ated through signald.@

cdmomased nutrients from their environment f at
wi || get tramsfEADedgeme NADIi ome shARH i ared yYFADH e
wi || pass through the el ectt onewattammspemneéer atha i
pursuit of energy. A replicating cell wi || no
catabol i sm, buprduef epavaonossgpabing, wil/l r

reactions to geedr abepbiodmaes ar dquighter cel l

Broadly, cancer cells have arisen from t he:¢
transformation all owi ng -ptrhoelm fteor act d nvtei nsut caut sel ya |
form and expandactTihve &amaltdlniuco usstlayt e wi |l | even
nutrients required for this anabolic state. N

and turn off proliferative signalingtahgetugbf i

rapamycin compl exaclt i(vmaTltGRIC 1p)r,otAeMPn ki nase ( AMF

nutrients and growth factors, MTORC1 plays r ¢
processes. I n -miestpomsredittoi makirngh®RICL bBegact i
to downstream anabolic processes such as 1inc

synthesis alongside with dbwowequlitatiemn afvada

conversely deomabasecmEOBGAlI ang and inclfease ¢
1



AMPK signaling regulates energy homeostasis
conditions, AMPK signaling is activated where
as Isiymitchesi s, protein sy®mftlhne sdaddi tainodn, a eArMPOKi cv
energy producing pathways through the breakd:
increase macromol ecule turnover vaila tautcoopnhtar goy
However, cancer cell s undergo metabol i c repi
proliferative state and bypass metabolic feed

Il n pursuit of devel opipgi mnse arllf it ©oa dieoved
understanding of cancer biology, Hanahan and \
20 years highlighting % fTdescsei hiatalmahab| marilks d
evaluating owaeti lbagpschecwesnaVv!|l owing the bi ome
areas for potenti al anticancer therapies. So
instability and mutati on, Spursd rao tnii mgy ipmfoll a mrea
repgr ammi ng cel FlPllmrormedrabtod i man.nt ai n a highly
cells require | arge amounts of nutrients to f
generate new biomass forriexysanfsueln.sduwmr ders sutr
will be discussed on how they offer biosynthe:
1.2 The Warburg effect

One of the first major discovery where canc

mebal i sm was from Warburg. I n this altered met
foll owed by | arge decreases in extracellul ar |
glucose into | actate i n be!AT haiesr orbeiscu latn dw aasn auent
rapidly proliferating cancer would have been

2



than glycolysis due to the higher ATP pay of
whereas theratedtfoaosm gendation in the tricar

through the electron transport chain (FIC) to

ATP from odfHeowelvecoseemingly a |l ess effitoient
respiration, glycolytic oxidation of glucose
compared to the full oxi dat-L 66 of mgbucwsehi hh

ATP produced from éabb bpbeebg cfompanabltecell s
efficient aerobic glycolysis ofWar baxigdatfibwee tp
observation became a major assumption of cat
communi ty t haetvehlaosp mheendt toof tahgeendt s t argeting gl
tool s. While this observation is al most 100
undergoes aerobic glycolysis with bioenerget.i
rexdobal ance, and mitochondri al overl oads being
ontol ogy.

Many cancers do indeed wutilize aerobic gl
|l everaged as a"Howeapeut Warbargepostul ated th
to mitochondri al respiratory dysfunction. Rec
functional even i n cases wher e aerobic gl yc
i nter mendd asteersvi ng as sources of bi?Fé&lmersg ptoises
the question of why cancer cells would underg
as glycolysis is less efficibat. pAefateprmpt ft
glycolysis adulpowd fcambanbuinkeér medi ates t hat

Rapidly proliferating cells require the syntt
3



balance in temdsRADI( NGDyPpPIl ysis is connected
and can offer intermediates for the pentose pl
precursors and NADPH reducing equivalents, or

thgbbu t he TCA cycle totoprwmei dei INADHd FADH Ox Ph

Bi oenergetic and biosynthesis in rapidly pro
through glycolysis alone, in the dordilwmevd n@n stle
they offer biosynthetic intermediates and fue

1.3 Glycolysis

Glycolysis occurs in two phases, the prepar
st algiegure 1IT.hle preparatory phasmpoaft dIny oo ltyhsei s
glucose transports (GLUT1), wher e -6ipthosephaués
(G6P) at the expense oFi aUBeb.hee x ceksiund a9 en gl 1G6(
Sshunted to be utislphaee pathwaypemtecvatpmhae th
is a substrate for glucose phospha#tphosphmatas
(F6P) can be shunted into the pentose phospt
glycol yay.s &R hiws further phosphoryl ated by p

of another ATP. The b-il sbbihsopshpdhsap hea tper otdhuecrt ¢ ertusc

products mediated by aldol ase: di hydr@&xyacet
phosphaste (G3P). These two products are inte
DHAP can be incorporate into the | ipid synthes

pat hway. Depending on feedback osiG@grPalbiyng, i DIdA
i somerase (TPIl), resulting in the generation

energetic cost during t he preparative phase
4



i ntermedi ates and iaatle pwedr es ygne rheersa tse d .n t Tehrurse,d i
highly proliferating cancer cell would upregu
The preparatory phase of glycolysis result
therefore in the payofffgloyc@lnesigy, ctomes estvoingh i
The payoff phase begins witchofaxitdat itoem @dn ed
bi sphosphogl ycerate and NABK homepgh atteed ddlyy dg I
( GAPDH) . This stepnbohi gl tybel/¢géABH hrad tpidoA Bvahi i c h
i mpact on anabolic or catabolic stat e-s. A g
bi sphosphogl ycerate t o-p ADPp htog | ycetd @t eATP 3 R@)d
phosphoglycerate Kkigna3RG (dP&GrK)t héefhhesearessall as$ nar
synthesi s of serine which can serve as a ©pr
glutathi oonar baamdmetnaebol i ¢c pathways involved i
nucleic acids, suahd ascoMNaADtPtHe context of glyco
convert-gphostpohoBdl ycer at e by phosphoglycerate
phosphoenol pyruvate (PEP) medi ated by enol asce
pyruvaéeé ewkemasa phosphate is transferred from
(Figurne Pyruvate then has 2 major fates: 1) e
TCA cycle; or 2) reduction to l|lexpgeanse boyf |NMADE
NAD Pyruvates fate is dictated on environment

gener ati'@amudfd MADvViIi ewed asNADBt hegubat nonod6f N

anabolic states.
Il n summary,emgdd cpdtylswasy sopf or i ntermedi at es
pat hway, DHAP to be involved in |lipid s-ynthes

5



carbon metabolic pathway. I n addition tod the
metabolic intermediates, t wo mol ecules of ATE
NAD NADH redox balance. Il n the following sect

highlighted in its role of redirection of ©bio

Glucose

Extracellular space
cloveecenoenee GLuTl PR T e T P T T e MeT
€000 0000eee0 60000000060 000060008000008000800000.

cylosol %
Glucose Lactate
ATP .
___________________ 3 HKIT NAD
i}’entuse PhUsphaIe‘} ADP LDH
_____ Pathway | Glucose-6-phosphate NADH
GPI i Mitochondrial TCA cycle | «=———— Pyruvate
5 : ATP
‘Pentose Phosphale’
o O]::ﬂ“:;;p " e: —~——  Fructose-6-phosphate jPK
Lo : ATP ] ADP
) PFK Phosphoenolpyruvate
ADP
Fructose-1,6-bisphosphate enolase

ST B 2-phosphoglycerate
' Lipids Aldolase )
foemees S NAD' NADH ADP ATP , e

PGM ooy
Dihydroxyacetone  TPT Glyceraldehyde- P ghltt}‘:t_h‘“_me :
phosphate 1,3-bisphosphoglycerate =— 3-phosphoglycerate —— iSerine —- synthesis,
PGK ' one-carbon

---.Inetabolism

3-phosphate  GAPDH

Figurél gycdlysis metabolic pathway.

1.4 Pentose Phosphate Pat hway

As discussed above, glycolysis provides th
pat hway :=6phlospbae &phdspbabee andp hgolsypcheartael .d eThhyed
i sesponsi ble for Hpbdogphatatrenquofedi bosebi os
and for the generation of NADPH %% m adipadi dly
proliferating cancer <cell,enecheobndef sPiNAhas
new daughter cell s. Cancers often experience
which in addition to oxidati velPrd8tthss, rbkbgaddt

produced fromtithez®®Pi nanhhberegeneration of g



nomrotein thiol involved in scaveng?P rfBherROS a
pentose phosphate pathway occurs in two phas
gener2at etdhoex indoant i ve ghadonwlsairgar5 synt hebsi s 0cC
phosphkiagweng IT.hz oxidative phase occurs first
and phosphoryl at ed -Gpyh obsKplhla tteo t6eFh y dail dugceogsaee 5 O &
6phosphogluconoiptoepdaby glehyadse®genase (G6PDI
reducing equivadramsphddleucesaulldcintyoSpih® gh ywa ool
by-p6osphogluconol actone (RGW)p.bOAXShdatl iucedndee
phosphogluconat e dehydr ogemhesep h@R @DHgndy i NADRR
compl etes the oxidative branch of the PPP, r e s
equi val ent s -6ppdhro sprextagleu didisaei t i ng enzyme for tF
it i s all osteri ciaandy ssttriomugllayt eidn hbiyb i NADIP by NA

sensitivity of the/ RRPBPHoratispohd mandd®Pr ed

di verge gl ydcioatyetsi cacicnotredrimeg | vy . I n fact, G6PDH
in many cancers, where G6PDH deficiency or ph;
cancer growth, prevent metastasis, int™ease R

The oxidative phasdsat meet phtabe womh e ther .
phosphat e-5pghmo xp/hud toes-Bph o s Blepti enee ase ( RPE) or i
by r-bploesephate i1isomerase (RPI) thep hpsehdt eauc A
indi cdtigdaremmalkning PPP transformations invol
reactions ul ti mately | eadi ngphtoos phlaée¢ e proodugelty
intermedi ®#pboesphateosaddpgd ymgleatad dethiydle can r ec

depending on environmental ques. The ability
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k Xyulose-5- Glyceraldehyde Fructose-6- Glyceraldehyde-3-phosphate '
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{Glycolysis (Glyeolysis® 77
phosphate metabolic pathway
i ne
ne i s a qui ntien seittioad u lctownrpeo nneendi & ,0
cally leads to perturbation in growt
noncancerous cel |l s, gl ut amide
dAimabnamse@o acid, it has recent
to fuel heightened cell proliferatic
ation, but i1t also plags Bobdesdeknsa

cel

di spl aying



(Figune 1A.mMport of exogenous glutamine into th

amino acid transporter found ¥DPRAegal mitterdogdgen ms

cytosolic glutambpeel hasgmahgmfaeesanCgerve as
purine and pyrimidine synthesis pathways. Cyt
donor in the synthesis of asparagine (Asn), a
Addi tionalll vy, cytosolic glutamine chnudtbosee :
phosphate (GFPT) as the rate | imiting step f o

rel ated enzymes have been shownstaoobe owneroexip
glycosylation events important f o €itgpralliirg.
glutamine can be i mported into the mitochondr
Once in the mitochasnedr(i@US)madati l,y zgd suttalmg nc on
gl ut amat e. GlutamateKGabythént bmatoxi deblzedr dge
directly enter the TCA cycle. This step result
1 for enegdmrtoni i r@xPhos mediated resakKG aitn on.
two steps allows for generation of NADH and
generfRitgwme (1. 3

Mi t ochondri al gl ut amat e <cana atlrsaon ssaenti vnea steo
generating Fangiurpe. alciBygs uyate and gl utamate ce
catalyzed by alanine wK@namdni alasrei fALTAddIiot por
and glutamate can undeéergbr ou@gmsampantaba tabat
geneaKadst eand aspartate. Gl utamate can al so exi |

SLC25A22 transporters where it cand®>@B%uuaminee



and indirectpllyayglrwtl®mat he producti on hexosami
glutathi oneaKGNADH ande i n OxPhoBi gaunrde. tlh &3i s C /£
demonstrat@s sglrom@gmirnoel e i n metabolism and i
dysredgudmtteeke and use in supporting bioenerget

cancer cel |l s.
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e ALT AST
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Figure GIl.u3 amine metabolism.

1.6 Tricarboxylic acid cycle (TCA) and el ectr
As discussed previously, the Warburg eff e«

informative finding but failed to consider th
10



and bioenergetics. While it ipréedaomi haatl gogqke
phenotype, there are other cancers cells that
Il n fact, -ama2y¥&4 smetfa 16 normal <cell types were

relative coaorydiusi andoOxBh§SFhenr ATRI psoadicttih

showed that nor mal cells have ~80% contributi
cel |l | i ne*sSDuwee rteo ~t8h3e%.het er ogeneous ntaot uurned eorfg oc
metabolic plasticity wunder <cel/l culture growt
may di fifnermetvhaabnol i sm t hat spatially restricts

ri se to an apparent rgolny cbhaloyetniecr gpeht @ nco tcyopnet.r i Asuit
mitochondria have biosynthetic roles for rapi
t o NNANDADH homeostasi s being the maj or sour ce
metabolitesifsornnft mewsyntphels, and 3) providing
Pyruvate not destined for fermentation to
membr ane through porins, followed by transport
mi tochondri al pyruvate carrier complExxgymmeCl/
1)4 Once inside the mitochondria,-SHyroaabaabkyts
by pyruvate dehydr ogenas ee-C(dPAmH)e tuidki ADJdCNeA Dy |
then undergoes a condensation reaction with
resulting in the production of <citrate. Citra
exported to the cytdeole vita ctame beiCwantvee r ARt t
citrate |Ilyase as a precursor for | ipid synthe:
by aconitaseonifti atse ftol cowesdchy rtalb®cr &hualt Bi g

oxzed and decarboxyl ated by iso¢ti trreastuel td enhgy dil
11



produaketoofgl ut ar at e a-ketdo QNIAWDtHa r aTthee wi | I-SH e con

t hr catkkget ogl ut ar at aK@RH)y du ®igeafadldtDo(r , praducing

succCoAl S«odAi wyl |l then be converifoed sgns hedian
(SCS) , generating GTP in the process. Succin
dehydrogenase (SDH, Compl ex Il I ner dtreanchh mar amne
FADMH Fumarase will then oxidize fumarate to me

through mal ate dehydrogenase*anMiDH)o niprlaentsifnegr rtitl
Oxal oacet ateentcoean tthhee gleOnAe rcaytcel emotroe r educi ng eq
and BEBADH the electron transport chain or it
amino acid synthesis or nucl eoirieddeusc.i nTgh ee qgpuriovde
all ows electrons from metabolic transformatio

into ATP through thEi guRget NAMMHt paospcred c¢cmai m

matrix will transferast hFADeHg nc iCognp legx i Vv al ewhtesr
electrons through Complex I1. El ectrons from
pool ( Q) , foll owed by Complex 1 11. The el ectr
(cyt c¢c) aodmpieal R¥civbeade t©Ohe terminal el ectro

i nNt20. HThe movement of dIVedteraadmss tfor ameCqogmemleaxat
and chemical gradient to generate theTRhroton
synt hase, will utilize the protoRi gnot)e v#&E.hdeor c
TCA cycle and ETC play a critical role in ge
generation oandApHbOBADHI on of Afentisn. oAdydgietniaot

the TCA cycle ties into other biosynthetic pa

12
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1.7 Metabolic heterogeneity in cancer
Classical cell culture studies of cancer p
and are without a doubt a vaweaklre tygplicabrec

conditions of ten i nvol ve t he use of nutrient
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gl ut ami ne, and essenti al amino acids to ensu
spati al and temporaff edreearecogygenei byYyoddepeof wdsi
nutrient and oxygen availability. This hetero
within a tumor. Broadl vy, the cells farthest

phenot ypteercihzaeda by hypoxi a, upregul ated gl ycol

autophagy, and | actate effl ux. Cells with mor
anabolic phenotype and are typicaild¢dycédélolusndc am
characterized as being aerobi c, ability t o

glycol ysi s, proliferative, and i mport | act at

metabolic plasticity.ceThiss tabialdijtuystprt dwiide smed
context dependent fashion; a previously catab«

nutrients and oxygen such as after an angioge

i f tugmwoespiron | eads to this cell to be furthe
to variation in oxygen and nutrient availabil
mi croenvironmeanhceopntuai nosel henathialti zanfter ermé i ¢
or to promote tumorigenesi s. These cells <can
sections wil/l serve to illustrate on how canc
availabilitwtaofi emxygeahntaeamd mnd supports cance
1.7.1 Oncogenic modul ation of spatial and tem

As a master transcriptional regul ator, t h
transcriptional progmamss i hnwxlywed iemvi he i
met abolic enzymes, i ncreased ribosome biogene
this regard, accumul ating evidence suggests |

14



reprogramemém,g a&Ifl eawinng rapid generation*?0f sub

To observe how MYC expression regulated coord

for cell cycle entry/&@r fthch@lolbsl awser enowsedd .wi ltth
my*dtells upon <cell cycle entry had elevated
evidenced by increases in | actate and pyruvat

with oxidative pohross piméimpyfcabl ast sndebreased me
bl ocked cell cycl e enti yr l*Blkhees tibnactr eoabssee rivne dmii

activity associated with MYC expressiomlcan b

bi ogenesi s. Mi tochondri al bi ogenesis Has bee
Conceptually this makes sense, as cells enri
metabolites for bi osynthesis a$ ommaogh dn drsiyal
pat hways. I n this regard, MYC transcriptional

mass through direct activation of mitochondri
genes in this regmame dpi odd tuielvea tt dyda nmpeaa espotibcert 1 v at

famil y-1)(.PGIChcreased ex-prdagnidry ofs talses 0o ®PiIGEt e

mitochondri al mas s, mi t ochiwtindst wadi dunicndionat en
mi t ochondwrd allowearssoxaygen conqunmmidnmory stfémed i n
“8The downstream metabolic effects of MYC are
a role in the regulation of gl ycol yhtwacy sp aotfh w:
glycolysis associated enzymes*®%afAd can also in

Il n Il ow oxygen conditions, cancer cells wil

proliferatendwicti Bll(lyipHmacitbway bei nlgway cfoonmoar wi:

vari ety ofl chaansc ebrese.n Hlorund t o sti mul ate gl ycol
15



angiogenesi s, met ast as’KI,-FE amals ploean pfadurmedtt @r
stimul ated biogenesossampdti oonreZbasgiatoalgehi

mechani sin mddiHdtFed regul ation of mitochondri al

in renal cel | carci-hodawni ¢gwlast d ouMMdMC t hat h wid
HI-E actNMXlalreasrscri ption which is a repressor ¢
HI-E activity |l eads to pr°éAneootshoente gdreogurpaldfad u roch

activates FOXO3A transcription whi ch has M
mi t ocihamlndener geti cs i n"3cterwaisc all scoa rf coeurn dc e lhla t| il
expressed in hypoxic human tumor tissue. I n a
found to be decreased in sizeeddifyplabyei reg Igd we
upt ake ®amadFy ssiisggnal ing allows for a metabol.i
upregul ating t he |l evel s of glycolytic enzym
dehydrogenase’ GLUAtei hcgPAEMty .dfhegl ucose enter
increased glycol yti c ‘ernezgyemeesr acto nmbgi nlelH Awiatlhl oNw
increase in aerobic glycolysis. Upregul ati on
of pyruvate drecdhgydirrogy etntaess eg mawerct of pyruvate st

the MYC antagonist effedt acti VOX®3 wvomeée di ateed el

subsequently increasing glycolytic activity,
patwhwsabased on nutrient and oxygen availabil i:
Previously discussed was the idea that wit

oxygen and nutrients would take on a more ar
proliferat eoxutdialtiizviengankdotghl ycol ytic metabol i s

MYC driven transcriptional changes driving mi
16



entry in oxygen rich environments. Convrersely,

environments due Hottrlhesacti iptabobinah efat HwRy s,

are no |l onger stimulated for growth through |
metabolites away from mitochondri al oxidation
1. 7.2 Tuenmovi mormment and metabolic heterogeneit

As discussed above, within the tumor mi cr
cancer cells take on different metabolic phen
oxygen which can | ead to transemioptyipesal | pr ag
to the spatial and temgamalerawai Icaebillsi tay sof pn
cancer growth and driving tumorigenesi s. So me

and adipocytes.
Adi pocytlkeseneedyhopml @i dcontaining cells whi
cancer cells to provide free fatéfyPlacwas f{ &FA

t hat mat ur ec waldti proecdpt ®eBPiC oBUMast canceandcerdtl s ¢

decrease in |lipid droplets as evidenced from
dependent increase in GLUT1 expression with
mar kers which in combinati emggietshsmohpaholaogied

had occurred from add p¥eaytredut o chooprlieeptifdcborna belnz

conversion -tioke nmmadrbphhdll eyt was addideaevwdnalut g Vv

syngraft model ,i ni nrdeitsauadttisn gt rtahnast! &tfhdeet s har t nmo
FFAs was also similarly obsSefP¥YetHasnbpeasfatiada
cells upregulate cell surface fattke acfPUFEAsN:

17



however, the exact mol ecul ar mechani sm for me
elucidat ed.

Cancer associated fibroblastiRe{(EABeY Wheabar

metabolism with cancerctcetld sef fllnuxt hh as rhbeegeanr de
cancers including breast, t%F oinl o Wpd-loagpcttaattee, falnu
analysis in a rat breast cancer syngraft demoil

oxygenmt edcbhondrial acti&%i b uoplia sttedplidegad g ! eetl
upregul ated glycolytic metabolism and have be
Cancer celll extrusion of ROS puts CAFs under
reprogrammi ng o tCAFascgt igdatpiagrh wafssHIleen i n t}
oxyd§d®&cotivat i-lon asf ddlsckcussed previously regardi
increased glycolytic enzyme producti on, i ncr
mitochomedabali sm. The efflux of | actate is acc

MCT4 in CAFs and conversely MCT1 expres-sion i

Menezes et al sought to better undee sttoa ncda nhcoew
cel |l sc wlyt wcroi ng MCF7 human breast cancer cell s
fluorescent mi croscopy, it was found that t he

significant MCT4c udrt uM@T leobfudtibtriiotbricosttts began e
and cancer <cells increased MCT1. As fibrobl a
oxidative stress induc-ed!|l patrkewaw] tatcheidsytl § mwoyisd &t
( NAC) t o obserfviebrtohbel aesftf ercetpsr oggm ammi ng . |t w a

effectively reve®®sed MCT4 expression.

18



Whil e not as commonly observed, CAFs are n

| actate producti on, but conveeseilgn CAFs| aana
from glycolytic cancer <cell s. I n 2023, Ki t amt
modul ates the metabolic rel ationship between
( PDAC) celcusl tusrien gé Xcpo®AiNiGe cted | | i nes -lweared ut i
PK8. USH nlgabael ed gl ucose uptake e xcpuwelrtiureend , wiit
PDAC cell s were in a state of glucose starvati

to either PABCUTEeIl Expreesion was fowmndtwuoelde
PDAC cel l l i nes. Lactate efflux was found to
CAFs, with CAF expression of MCT1 positively
expression is correlated with wupregulated gl vy
pyruvate to | actate but not the reverse. The [
when cultured with CAFs, Kknoadk dMGIl o€ x fLrDeHsAs ir @

These experiments have demonstrated that ¢

nomancer cell within the tumor microenvironmer
the ability of oenadroldcel Ipd atsa i endgr gond modi
availability of oxygen/nutrient-csancetbusugél la:
shift of metabolism from glycolytic to oxidat
me abolism, indicating a potential therapeutic

1.8 Lactate and monocarboxyl ate transporters

As we discussed in previous section that car
glycolysis being a heavily upregul ated pat hwa
the synthesis of I|ipids, nual gdtyiche y,si cr ud mii M

19



a buildup of cytosolic | actapgreqduwact ceyrl v avi d |i

to mai nt/ NNAMDHNADRt i os. Classically, | actate was
product ofcolhnyxgiesa.sedowdwer , more recently | act
tumor growt h, Il nvasi on and expansi on, met as

mi cr oenvéi"rloancmeantte. dehydr og e n adseepse n(dLebnH's )c | aarses aon
t hat a¢ yze the reversible conversion of pyruva
have variable expression depending on their t

LDK or LDHA, this isoenzyme oifonDHyrt enatse ttoo c

not the reverse. I n fact, LDHA i s found highl
breast cancer, pancreatic cancer, gastric canit
to such an exetveenlts tchoartr el @HA Iwi th malignant [

di agnod¥iL ®HNook. di reciMyyx , aat ireatud ity yc oncoge
of al |’%acnadn caecrtsi,v-Iati d hlyy obli € "8 fimcr emsgi eims LDHA
allow for cells to persist while utilizing a
|l actate wil! |l ead to cytosolic acidification
del eterious effects ontwy. wAdieei triacmmgal loy, emizg/mal

been shown to decrease hexokinase and phosph

limiting enzy’®e!d in glycolysis.

Lactate is a hydrophilic weak acyisd ohlaovgiincga |
conditions "Wakti cmmedidately dissociate | ibera
pl asma membranes. Monocarboxyl ate transporter

responsible for the fMGXsodr éapanmt eof ntlaemds olut

family (SLC), with SLC16A encoding for 14 di ff
20



of wvarious monocarboxylates in differing tis:¢
i sof or ms omfl y MGBMC Thla v e been i denltiifked daorrhbher
monocarboxyl ates abl e t80Oft rpaanrstpiocrutl apry rsuivgantief iac
ubi quitously expressed MCT1l and MCT4 Eh@esessecl
transporters have been found t o be upregul a
irrespective of tissue type ¥ boramiéfYcrgateosatrot y
cantdd®@rervical cahoee’™’xlsophageal dH emasarrdicn
can’Ce’® mel®dnama pr d%awiet k amiceh MCT1 or MCT4 e
|l eading to a pé%r patient prognosi s.

A commonly wutilized model f ori zsattu doyni g tXrean
oocytes to express transporter systems due t
channel contelfbtsiamg tthAirgemsdele. system, the K

multiple studies for -BumBPfnd™MGCaas M ed@PBL tafved.

Regardi 6sg fdaonmwc eorf | act ate, due to the differen
utilized for the i1import of | actate whereas M(
i mport eofvilaacM@GnMl i s wusually <carried out i n

oxidative phosed omegtl alholoinsm and the export of

in cell popul ations wundergoing a gl ysciod yanda (
export of |l actate via MCT4 |l eads to the acidif
of |l actate. The concentration of I|-3acifdtehen h

export of | actat e i nntcraantciea rs$ ocdadne mii ntcle re@ s ter ac
concentrations f o%fhuwmaors e wihr cansme4ndt smMu.r e tvypi

perfused, causing the export | actate to acidif
21



mi croenvi rfonoomenl actate export has i mplicati or
expansion, and"tphuneu nteo @aWCKTslil/@n i n the flux of |
shown to play a | arger role than siemply akeian
bi oenergetic iIintermediate, selective inhibito
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Figure lih.hG bitors of monocarboxyl ate transporters.
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I n 1995, AstraZeneca developed a series of
found wmw phoaaveency towards nuclear factor-of ac:
gal actioms ivdifitbress structure act i vailtly nsotluedcyu | veass tih
be utilized as potentialf |l iamman @3 yp mrgeqndgisve | an
compounds was further explored by AstraZeneca
found to inhibit praotl i T el wmmio onaididmeoshvul ivaen na@n
photoaffinity and proteomic approach t o ch
thienopyridimidine dione class of compounds, I
target. |t wamsodwluantdi arhalty MChlelse compounds i nh
division of activation but dfrdomotthe ntfhiuemepy K
di one cl ass el 5cohagnp@pwnnadasy, . iPAddRe nt i f i ed natsaiami n g o
thienopyridimidine dione derivative of signi f
activity in rat eryt-B@i6868568sievlialltuietsado fKo-w2ndn M h
MCT1 and MCT2, with no ef frcgidimi sMCcTHa rmedti ert ie:
Cl155858 as a potent nons pCelchi5f8i5¢8 ihnahsi bh e eorr wtfi
experiment al t ool for MCT1 inhibition +n diff
clinical devel opment.

1.8.2 AZD3965

Adidt i onal ly Aetvred OpaessElecchbyon t he sGlnbe586&6I1B8as s
AZD39ki5gur)eslabso an isoxazolidine containing
has been found to be a poteat +hhbbanodr20fnMCHT

with no activity t‘AZDBO@SES5MOEB3 drouMAT4uccess a
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targeting MCT1 both in preclinical settings

involving AZD39661 wil | be described b

Il n one study, AZD3965 was screened against
screened using colorimetric cell proliferatio
l i nes, Raj i cells (human B laymphomaostall €) edé

treatment with ARmII65cedtl s10F enMound to expr
which was thought to be responsible for the s
metabolism and thuex gmues sgioonl,acvwouolfd MGT4y on N
| actate. Il n this regard, the | actate exportin
measuring extracell ul-M$. AZDRAIES5 iant t hEO meMivwaa s
t he exXpcrttateef at 4 hours and the inhibitory ef
curve of | actate found that AZD3965 had an in
exported compared t®ncownrtagd oy BDA&RF tMe mt iRal]
xenograft was carried out with 100 mg/ kg twi
found that there was an 85% reduction in tum
i mmunohi stol ogi cal staini nag iofo nrleys eecxtpdr deistssuento r N
study demonstrated the efficacy potential of

Il n hopes of realizing the <clinical potent |
Pol anski et al. evalruateadd sAnaD3d 9 &% ldn | puantgi emtr ct
due to their general |l y'1& Isyecroil eyst iocf neGlatd ocleilcl plt
with 8 nM of AZD3965 to determine their effec
condstushng SRB assay. Al cel l l i nes 1in the

conditions when compared to nor moxi c, however
24



hypoxia they classified the cel 65l Dae @ b die
l ines sensitive -ubhf@88r bpdoai mewnst @OR cel | | i
l ines were assessed for their expression of

conditions with or withmositt IAZ® 3816150 3t ,Ir ieimte m@aDR . f
that MCT1 remained present wunder all conditio
under hypoxia or WwWthkm tAZO30ESi $trematt mMeM$S79 cel |

MCT1l expresdiwomdelechymasexei a conditions. MCT4 we

with a significant i ncrease observed wunder h
explain the observed resistance to AZD3965, a:
tbe excreted, which highlights the i mportance

MCT inhibitor AZD3965. Encouraged by these re
COR 103 cells. After 100 mg/ kg 3t9vi5c & odai2lly daarys
was a significant tumor reduction in treated

| actate concentration analysis it was found t|
concenthfatei omstk rdgitesn®i on but reductiinowiitm ot

result of AZD3965 being more sensitive on hyy

against SCLC and is a good candidate for furt

AzD39&®rwent a phase | <clinical trial (NCT
Bcell | ymphoma ( BLBGLU)p haomth BWrLKi ttthat ctdmpl et e
The goal for this trial was to determume the
tolerated dose (MTD). I n this regard, 40 pat.i

admini ster e3dd0 Ald@P3®®%&e 5dai ly or 10 or 15 mg tw

results of this st uwlays dreetlea tmirvredl dy dt wesdlttl hAtZodA %S 65
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being the main reported side effects. Ft was
l imiting toxicities and 10 mg t wiltfehedarielsyulwass
the phase |l ustdedwagrandt uhpubl i shed.

1.8.3 CHC

CHC Uzry amhoy dr oxy ci(lminqumies arcdmspeci fic inhibito
and MCTA4v avli udens Kof 1@vbf,0r2 4e,acahn dr e9s9plect i vel y. CH
di scoveredl aohabetbraneport when it was found
|l actate in human red blood cells in 1974, b

Hi storically, CHC was used as a bi ol onghiichailt t o

MCT activity nonspecifically and disrupt | act
regitond®wever, over the past couple of decade
anticancer agent after MCMer e owel |li nurderrcstro ogd

explored the use of CHC in human @Ehivs xgsqup@
found that Si Ha cel | s iwereeoimpoatr eadc itdoi foytihnegr tchuel

indicating arwa nmiedtaiboon iistm.t PAd t er suppl ementir

SiHa cells were indeed found to be wundergoi n¢
mini mally wundergoing glycolysis. The oxidatiyv
hi gh expression | evels MCTI1, this CHC was po
intervention. 't was found that treatment wit
glucose containing media and inHBomnceudr agéd g at
results a tumor xenograft was carried out in |
MCT1 expression of this model . Treat ment wi t

inhibition and eliminamend, tihhedhyipogi cé’dFegt ion
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vali date their results were attributed to MCT:

out | acking MCT1l expression where it was foun

Anot her xglrmmued ehow metabolic reprograming
(PCa) amdsoaznader'@Pti waebfaahd.that intercellu
activates a metabolic reprogramming wilserde t he
GLUT1 expression, and export | actate by upreg
to an aerobic metabolism by decreaseduGltUWTle e
of PC3 prostate cancer <cel |l rlatinievewinat eCAdFf sR®

supporting an acti ve?fFtolvea o ff CCAFd itnh gotru o @ UG etrsrad
selectively decreased PC3 cell growth | eaving
to the slighttowatresc YWMCAafl @WHE@nNn compared to MC
observed after silencing MCT1l through RNA int
via MCT1 is responsible for the increase in
met abobgrammipmg bet weienn A ®dor @ ed g @AIRE pbna tnei dcee

1) PCa cells only, 2) PCa and CAF, and 3) MCT
grew very slowly and geh#nerwhteerde assmaP dar teanmd Csh Fo f
vol umes o0and8®0 |l mmcing of MCT1 dé%drheasadd Itiutmo
simul ate met aboilni ce orwebpirnoegdiammmalotgi we ty of CHC
promise for pharmacol ogi calt umoodrusl awiitohn tohfe inre tn:
nei ghbor s.

1. 8. 48 0BARY

BAMOQRI gurnesla5phenyl s uld &mmoytbca beeadizddmr de at i ve

by Bayer AG wictomcreammamaliaornsK f or MCT1 dA3d MCT?
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BA002 emati iided initially as an i nibialsietdormi gth

t hroughput screening assay by measuring intr
i ndi ca#8®m0.2 Bi/AY screened agai nst 2 4t6h ec asnecnesri tciev
or resistance to MCT1 inhibition. An associ at
MCT4 expression, which increase MCT4 expressi
i nhi B3“tAd m. anvocancery eWwds caayriseddout wusing
sensitive cell l i ne Raj. (B cell | eukemi a cel
(COLO320DM) xenogr af80.0ZTriena ttnheen tRawjiit hmoBdAeYl s a w
in tumor vedumme compraol with an increase in i1
not stop tifnmoer COLoOMBt2H0.DM xenograft expectedly
with-8®AY2 and did not have an int t%ftwmamort hiorugrhe
t hat the | ack-80f02abiol iptryevieionm Bi¥Ynan MYMCOWt h nhi
sensitive cell |l ine could be due to changes

Therefore, resistant COLO320@®RMNn anidt rBBANI2 d el |

explore the changes in metabolism that gain i
after prolonged treat ment . It was found that

MCT4 expression and | evelns adft eo x it d a8tQi0\de n tRagvd
resistant cells did not show an increase in M

phospho¥§yhasi shud§oWw2thunfBAYed some insight in

to MCT1l inhmnti wbrchreaumd include increasing
oxidative phosphorylation. Therefore, caref ul
MCT1 inhibitor should be monitored to ensure

1.8.5 DIDS
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DI DBEi gur)e sl d=sateidisul fonat e, a class of compol
i nhibitors of inorgani ¢?Panniioonn terxacnhsapnogret ihna se rby
reversible with DIDS. However, due toitbhe r ea

i nhi bition can be achieved after reacti on W i

irreversibly i1 nhibit anion exchanger s, DI DS
transport. It was found that i DI DS bbritewarydihl
hepatocytes, and heart cells. While the work

6B0%, specific binding parameters were not ca
i nhibitor foundv®l MST>I oi leiilmif tsevBiencit & Hreld it Kle
ascites cafcinoma cell s.

The irreversible inhibition of DIDS I ed to
of |l actate flux was associated widyht'&Bhdisol ab
suggested that DIDS underwent exofacial subst
the mechanism oh MeDAD8B ubiomdiomg. At the ti me,
MCT1 had been acquiredesiUsiofgy esxdafeadi alecl ysi ma
that®8isyspredominantly responsible for the irr
di scovery of the inhibition mechanism of DI DS
was thought that MCT1 swung betweenortnaa i dinf f
towards the cytosol with Binddiamg@tdrerr evi ¢ dsa@ano
the extracellular space WwWitfhesuésegaealk!| bliadi
found to be required forhi Di?B8 aumié ckisa tweid hi rDrl eD
provided valuable insight i nto the mode of M

reports of DIDS being purposed as an anticanc
29



1.8.6 TaARCRodqdar boxycoumari ns)

Qur group was mtime ftihmgt 7t oppodetteron di al kyl
i mportant for potent MCT1 i A?dbiubei ttioo nmebtya buotliilci
of the firss,ganseseabinramig@b€anb ooy JEiugnarfje nl .(5 /
cl assmpdumrds was generated. These compounds we
reduction properties comparable to clinically
tumor modeMCTMCTh addition, as -BMB23xeonfogorfafdol
tumor model was/ M@h4iwhedreut heM@TTZACC candi dat
reducing tumor growth; highlighting th%®°i mpor
Around the same ti me, anotlempogndep wivasel 83K
identified to be a potent i nhi bitor of MCT 1
i mportance of MCT1l expression by finding that
and prevented prolifeéeréaasbnonn aavM@gfilndepéhe
cel | l i nes. Theyi hr avhebaet § ACCRe vl ye sulstpd ay e«
properties in high MCPLIl¥’xwassdenhgr mumed mbde
| actatati mfoltux,f fh ux, which gives rise to ques
of 7ACC2. I n this regar e15H6MBGEB2 fwas ac onmepcahraend s
of MCT1 inhibition usiAffhSi Ha rcsetl lisniedxparle s inrmd
bl ocked | act aQle5 5u85 8 kheutl ickrel YAR7TACC2 caused an
pyruvat e, preventing intracellular conversion
addition, sndarctextxegemanuwi ti orCsl,55MGB1 wiarsh ir keistcit
addition of glucose whereas 7ACC2 inhibition r

mi tochondri al pyruvate carrier (MPC, eghpanded
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feedback?!thmei hihidomgs in this thesis focus up
one route is through the inhibition of MP C,
phosphorylation, these cobhsepuantwi $écthieomrxpan
1.8.7 AZD0O095

AZDO(®i5gurnies lab5triazolopyrimidine based der
potent (1.3 nM) inhibdfthoougfh MATAsSltaatZatnhe ciamp
in MCT4 expressesangehumBR3l,brlteraieatzSokl opyr i mi di ne
were identified as having MCT4 inhibitory pot
AZDOO0O95 was developed as the only selective M
carried out using a Seahorse XFe Bioanalyzer f
rat es-BRin cSeKl | s, consi stent with decreased gly
MCT4 i1 nhibition. AZDO095 showed §Eedep eannd e nptr o
fashi onowwiltulesl @s | ow-saal 261 nan MgH3ba8mooa | INSCl  wi
noticeable effect in cell s -HBi58h thu ngohr MGCeTnlo gerxap
monotreat ment with AZDO0O095t (¢BO6wmghlitgreducei a

growth. The Il macwawndt tTesgplinsteo be due to chroni

a switch to an oxidative metabolism to overc
combi nati on treat mehnt AZzwa2sl 7 géy alauapetdenwi i nhik
angiogenesi s, to prevent wvascularization of t

combination treat ment group experienced signi
potent 13AyZnDOrBgyshows promise as an anticancer
tumors or in combination with rationally desi

1.8.8 Syrosingopine
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Syrosi fFgopiree d . deri vati ve of reserpine, i s
to their pot-eotuphbdl vvegi tol anhmbnoati ne t
osingopine have been used ad¥tarmtaishgpearcte hei

have dual MCT1 and MCT4dovahbhedi oif oM pr camedr

petitinveayl 6, Benjamin et al. sought to det
otoxicity in the presence of complex I i nh
eening 1,100 potenti al candi dat eo,n swarsos i |
ther applied to 43 different cancer cell I

ponse suggesting a selective S6peongy ngepwe

further evaluated wi-M handn hsihboweod ss ioginiEfTiCc a

combinations, indicating a mitochondri al
osingopine was interacting with glycolysis
cell s iwalr oudar I't was found that glycol ysi
uced | actate producti on, but the exact mec|
l ear until 2018. This same gr oulpddpmtoeoefr Ifaaitr

to MCT1 and3®MCT lianchtidtid iowmi.l dup i nhibite:
versionCoompNAR | acti vi,ty halss d hree plyentihseha s
ween metformin and sguestogdeipit.etivaias dDtuuNk
hlights i mportance of redox homeostasis ir
hways can | ead to potent treatment strateg
Mi tochondri al Pyruvate Carrier (MPC)

Pyruvate sitsfaglybel yocal apdi mitochondri a

hways together. To fuel the TCA and oxidat:i
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needs to enter t he mitochondri al matri Xx. | t h

imhe transport o f pyruvate into the mitochoni
elusive until the proteins responsi ble were
pyruvate carrier (MPC). The bmdenspaotdengsnow

for the MPC whi ednhi neexiisct scoarsp|l & xlest erTdiese prot
MPC2 (~14kDa), and MPC1lL (~15kDa); MPC1 and |
expressed in all tissuesarwef®@euMBAClh dardt MBC2v
homol ogoud¥tuevPtCd .i ts tissue specific preval e
of the ubi-duméousef h®MMPELtoand MPC2. 't has been
are requiregyfovafencmponstl] as |l oss of one | ¢

pyruvate entry or destabil it%2at®* ™Ml dedi degrsada

a |l arge variety of cancers pur suehaasn bienecnr efacsue
that cancers demonstrate metabolic plasticity
a significant rol e i n cancers gr owt h and pr
mi tochondri al met abol i sm, i hhc biptoitoennt oal MPYE
mi tochondri al energetics. There are currently
wi || be discussed in the next section, howeve

therapeutic agEngarneatigéting MPC
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Figure lIh.hGd bitors of mitochondri al pyruvate carrier.

Cl
Lonidamine

UK5099

1.9.1 Thiazolidinediones (TZmWsl)6:0 pioglitazone
Thiazolidinediones (TZDs) Il ncludi-0460pi ogl
(Figurybate6beeenf fuescetdi vaes i nsul in sensitizing ag

in patients wWi‘thettypmai2ndinablkeaeissm of axtion |

activity on downstream genes involved in gluc
of the metabolic changes after treat ment with
moduhatitdhus I ndicadepagdePlPPARmMechani s m. Radi ol

hepatocytes indicated that TZDs wk¥'®poactumuhat
investigation, Seahorse XFe BioanaMRQ@eacthiawietdy
as evidenced by decreased pyruvate driven res
hepatocytes. In addition, MPC inhibi*Newer by T

understanding of gl ucose tmevtea ldad Isiogmd etrosweahradvse M ¢

purposed towar DAl am@i MeDR i I srease. I n this
entered clinical trials for the treatment of
effects wer e Zdbster e @tdmewitt hs uTc h as bone |l oss
cardiovascular risks which may I iMét!*Y he tran
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me

Th

.9.2 Lonidamine

Loni dé&miguenwad. 6riginal devel oped agb®an ant
t has since been found to have success as a

t be a very potent anticancer agent as a s

emot herapeutics, radiationn amd cphitfrimey n @mi
udi es determining | onidamines mechanism of
nidamine has been implicated as '2%3Theahe bi t

nclusions were ewi dehmded ofnriadm nd msee rt v aetaitame n t
d decreased mitochondri al2proeod pi.r akhiidre d weni td
en shown to modul ate MCT activity, It was s
d oxidatieomn | moi@ povenM nast oecvhiotfaxpnydreadv aldtye 2 a5 «
ygen el ect rrdofdhee e xnpheirbiimeinotns .of mitochondri a

il dup intracellular | actate whi cdamiwoer.l dWlpiolt e
ni damine has been shown -nood uilnahtiobriyt eMPfCe catcst iov
d is primarily wutilized for its ability to
chanism of action effioacgdamnnphdseer ehsaddi
ing |l onidamine a combinatori al agent for t

t Tty

. 9.3 UK5099

UK50@9gur)esla6lipophilic cinnamic ad®did sin
s first i denti fied as an MPC inmybuvtatre ian:
asufiQag an indicator of mitochondri at®8respi
i's investigation was carried out as an atter
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ansporter and in this study UK5099 was foun

try widodoth Bd nniad. Since hass bdeesnc owteirlyi, z UK 5® d
search tool to block mitochondri al pyruvat e
nt exts. Due to the prevalence of dysregul at
S been util itz eidn ttoumxrpl mateatMPICi ¢ dysfuncti or
One study utilized UK5099 t o demonstrate
ar macol ogical inhibition of MP€ methoboyiant

alysis masgoromedt r ometways dpund t hat MPC i nl
creased pyruvate oxi datl®dddiatniddrralbley,b dn dICiA:

termedi at es wer e decreased but mi tochondr i a

unhdat the <cell s were compensating for | os
utaminolysis and fatty acid oxidation. Thi s
eir metabolism in different Iisghhtstrirate hbmi
nction may regulate cellular met amoliiwvm. i Ho
S not been <clarified whether similar resul
nstraint to nutrients and oxygen availabil:

. 9.4 Zaprinast

Zapr (Fngwutlies 1a® i nhi-bpe oirf iod plcdMPphodi est er
ed as the structural template for the devel
osphodiesterases htyadrwodrydei n heAMdRcdna @GMRB pt
cleotide signaling pathways. PDE6 is the is.
expressed in photoreceptdepse nodfe ntth es irgentailnian ¢

tatiengene fbr PDE6 | ead to retinal degener ¢
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was utilized ta gewvenat degemeusei on model . Th
that Zaprinast al teexr evce vtbnea mestdagbeanlt insdre it %t° st PeD E
It was found that Zaprinast treatment to the

but significantly increased the accumul ati on
researchers toffglt ecmisee atherf &a@rinast treat
that Zaprinast treatment l ed to a buil dup of

accumul ation of radiolabeled TCA intermdédi at e
glutamate to feed the TCA cycle after Zaprina
TCA intermediat es afltudra mi meceu bwahti icchn weiutl d 193G c
in the mitochondri aKGol T b ensgds bl iyendd itihdea trieosne atroc
that Zaprinast was inhibiting MPC activity an

on pieces of mouse retina after Zaprinast tre

substrate. 't imastf owmmd bt hatd Pypmuvate dri ven
fol-upwon these results, mouse brain mitochond:!
oXxygen consumption was assessed in three expe
as Ssubstrates. Zaprinast was found to only de
mouse brain mitochondria, further supporting

showed that Zaprinast i nhidrndg MPCZagrniivagty, as
agent targeting MPC have been carried out. ¢c¢cG

devel opment by affecting cAMP and cGMP | evel s
anticancer agent &aawvié¥fogused on its PDE

1.9.5 7ACC2 and D7
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As previously (e nmtuinemmadd BoluA@dC2 o0 inhibit MC
but no%®*F¥waf6l led to the findings that 7ACC2 i
buil dup of intracellular pyruvate and I'&3tate
Il n 2018, Corbet et al e X pl arne dairidhr e iuarianigc &n cHear
cervical canmewbtckdtdsestedTmened that 7ACC2 treat
uptake, reducing mitochondri al respiration, at
containithy meda &pymwvate and | actian eBirvda i os
tumors were assessed for their metabolni tve tbhwi
results, the SiHa tumors were found to have a
demotnr ating that 7ACC2 was able tad npri&iawveont

Treat ment with 3 mg/ kg 7ACC2 via I P injection

~50% in a SiHa xenograft model . Carchdtvidty amMo u
spare intratumor oxygen and reoxygenate the t
sensitize tumors to radiation therapy. After

el ectron paramagneti c, r @as ocnoambcienat EPR) tthescampiy

radiation was <carried out in a SiHa xenograft
substantially increase efficacy in this model
hypoxic regionas®f Tiies tatmody mi | | ustrated t he
modul ate metabolism and sensitize cancers to

inhi bition of MPC to decrease cancer bioenerg
D7 whi has beemi gwnrddi whea gihn ed i n r &©d tietxst .e fTfhee
on cancer celiln neftfabcodciys mwi lalndbe descri bed in

Chapter 1 results
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1.10 Therapeutic rel evance andcompyuwmndes
met hy!l (tr i f | u7arnoi meotchayrlb)obxeynczoyumar i n, D7
Patients with TNBC are treated with surgi
radiation therapies as standard <car e. Many o
neut rao paemd i mmunosuppression, neurotoxicity,
threatening side effects and cancer recurrenc
project with the int-eoteonated, t amamsdkidd etcand vied
i mproved therapeutic outcome for these patien
proliferation but fails to i mpact other pathw
Aggressiadapumoos cthiaommms ndurciomgli bgnadernvepo@gmnegs
ability to switch between different formsi ®f 1
ability to switchasnebebol|l docpmembégpes be a s

f actToNB.i n

As mentioned previously, the metabolic pr o]
those of normal cells due to their high deman
cel | mass for rapid prolmfhasathean rleac damncitz e de
critical hatll@dmar ks mofr scamaeracteristically exh

the presence of sufficient amounts of oxygen.
per one molTe complwsase, cancer cells upregul

transporters to keep up with the energy requi

|l evel of glycolyticreacitdtvarnge itso ad pep desstssaesnits iac
cancet®*Setvles.al recent studies have recognized
to generate a | arge portion of ATP in cancer ¢
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drug resistance, 5% efMetpasteq! iatneds mettialsitzaesd i n t h
into numerous biosynthetic pathways including
mi tochondri al pyruvate carrier facilitatles t he

matrix. The MPC1 and MPC2 genes encode two ob

heteroligomeric complex. Both proteins are recf
of the MPC°Eb’mpMEL. i s f ouintdo cohno ntdhrei ailn nneermbm a n e
the metabolic end product of glycolysi s, pyru

metabolism in the '€%9FfHus, aMPG@ cguopkeg TCAR. tw

pat hways, glyseopl yersenadg®&kPhboand biosyntheti:

TNBC <cell s. | mportantly hi ghly oxi dati ve ca
mi tochondrial respiration and anab%fqfchips oces
regard, inhibition of MPC wi | | |l ead to sever e
again starving cancer cells of crilfi°€mangempor

in nutrient and oxygemndiauaitlea kgillyictoyl ywii tch iomr toh
The ability for cancer cells to be flexible w
the rapidly growing tumor under the nulttition
"Mence,biititon of MPC would be a valid therape
glycolysis from OxPhos, di srupting not only e

the metabolic flexibility of cancer.

Based on the wor k odf MPrCd wWiColuls t e rgeert d tnigo rcso u

devel oped in the Mereddy |l ab, a new derivatiyv
stable and potent inhibitor o&mMRP&carTlho»y cawmn
templ ate witkhylamsudrsyli taincedalami no group. Previ
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studies have determined that an al kyl /aryl ni
i nhilttPor t hese same structure activity relat.i
s mal | one carbon met hyl group as the al kyl co
aryl group is a benzyl group, iwmi tthea 4metoashb dliio
(Fi gur g domplojundThi s met hyl ( t7raimfi Inwacrao mhetxlyylo)um
candidate compoun®7mencle fboer trhe.f erred to as

The synbDTtegiann ofi t h -asmil nyol pahlwe nodmb uotdy It3d il yheny | ¢
chl oziindet he presence of I mi dazol e Db3avae itrheDCM
subjected t o reducti ve aminati on by sodi um
(trifluor ometsiynl )rbeefnlzuaxl idnegh yedtehanols.i ITyhle parroytle c
amiSwas then methyl ated usin@ méikyldi soagisd e t ui
was then deprotected i n THF7wasngublCéct-adthet oe
Haack f or myl astiinonDMFs i nTgh hiyQB&ldleinc winalledeve nt Kno
condensation wi%ihn diheet hpyrle sneanlcoen aotfe pi peri di ne
pr oduuchten under went NaOH hydrolysis followed &

t o aXf} otrhde c¢ ad bfoxBym inocf~a@ @ % i ygiue)led 1( 7
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FigureSyhthetic route medf{yt&yAtl ueosiogneo-ByXf)HtdmoyBleh@mi no)

carboxylic acid.

One | imitatiadrkydfamNndcoumarin derivatives
mitigate this iIissue, Waigsdhudhtyght e odwatiWi eashi za p:
t he carbox$biDg avcaird ofuosr ng altte d otransi wemr ebaige ntelr e
A sodium salt was first generated but did not
has found interest in incorporating organic s
to offerhyadrdigemnadndi ng acceptor or donor g
solubility of organic compounds. One organ

tris(hydroxymethyl )JlZmiwaemet hadmneedtiinstihasé urt
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oD7 Trilstwabsaswet i |l i zed due to its high solubili-H
being slightly above physiological p-Horf pKa =
physi odd.giTcled car bdxyDl7waesadids bmemdanol foll ov
additionla@f Attes basering for 1 hour a bright

rinsed with cold MeOH7(Fo gwinel d .t8he tri s base

o)
MeOH 3
HsC.
HCN oo HZNS(\ R 7N 0”0 OH
11 OH D7
12
CFs CF

3

FigurgyndatBesis of cdimarin tris base salt

With both the acid Dfforsno naen ds otlruibsi |k a sye tseasltti
utilizing a 10% DMSO in water solvent system.
by addition of the respective amemunsolodt iwan .er’
carried out f orlOangnr andn torna teiaocnhs foofr ML and moni t
precipitate, with precipitate indicabj ngasnso
able to remain sdleulelas )lh evasscliGh sml/ umd| ev aft er
of this increase in solDilvasi uyjlthedtfobos bas:i

henceforth RTalriememdtfgloendt tods base salt.

1.11 Cel |l ipmrhalbiiftdroant iodn D7 and cel | |l ine energ
With the hDghhyhswodubltbae cell proliferatdi
determined using MTT colorimetric cell prol i

(SRB) asshyas3aygy dMmploys a tetrazolium based
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reduced utilizing NADH/ NADPH into an insol ubl

nm. The reduction of MTT to formazan i $edn i nc
to proliferating cell s. Comparing treated cel
generation of % survival wvalwues, an indicator

then be plotted againstpht Padl ®°Pgisefm dOncertt wat
growth curve =onal uesghrt uke@GesEChe effective co
is 50% of the response, i n this case cell Vi a
SRB to mdasurod eticat a n a sample and correl ates
can be employed in a similar fashion to the M
540 nm for SRB as opposed to 570nm benefobcmatk
in providing different insight iDnidoetthe tlkéeé | M]
assay bei ngbasenketashsodyy swhereas the SRB assay i

These assays were caelrli eldi oeas. ohh e IMBieres tdi ¢ ¢

231 which is a triple negative mammary gl and e
site of human origin. Another is 4T1 which is
epitheliianlontaelolf cnaurrci ne origin. The-meaastatlt
mammary gl and epithelial cell carcinoma of mur

is that 4T1 was found to be an yencfr gietts cATA yt
oxidative phosphorylation and is MCT1l express
Seahorse XFe assay Bnduwes M®n3 Iblwas afncad nyds itso
maj ority of its ATP tdh reoxupgrhe sgsliyncgo |ayss ipsr eavnido uissl
an ATP rate Seahorse XFe Fagsua)ye dn7®NRvevsasermo tbl:

for its preferred metabolic pathway for ATP g
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nomet astateci madi mamoehary gl and epithelial cel |

to elucidate differences-meaetawwdean itcarc@eaetcii mgp mae

2000+ Mitochondrial ATP rate
Bl Glycolytic ATP rate

2
2

411 MDA
MCT1 -

MCT4 -

ATP Production Rate
(pmol/min/protein)
—h
g =
; T

MDA-MB-231 4T1

Figure Enexgetic preference and MCT1/ 4AdRPprassesonndhanas
ATP production rate +SEM (pmol/min) from glycolysis (|
experiments and are normalized to total protein using

MCT4 exgiron in -MB23aAnde MDAI i nes.

The results of the MTD7 ande8BRByuthdtyawmion f oo w.
MDAMB231 cel | so>wti,t0l00aMMEG N both MTT and SRB a
foundD7wlat sl i ght liyn mohe NDOT ecasody 28i.t4dlN4a0® BE
compared to sSORB 6wri.tN7a.n3 EGM. Wi th7waBNRoriet pwa £
in the MTT ascsfay4aviafs.an EM c o mpsaorfe d 4t. o7 NSLRB 9w |
(Tabl p. 1TWBIFb®d~@i fference in sensitivity betwee
t hBthas an impact the redox homeostasis | eadi

subsequently higher MTT reduction.
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Table MTTIT and SRB celll pw alsuéer &M adB8RBIEit b MiDiAo m nEC 6 7 NR

l ines. Values are average N SEM for a mini mum of n=3 b
Cell line MTT SRB
MDA-MB-231 >1000 uM >1000 yM
4T1 23.4+4.9 M 67.917.3 M
67NR 48.0+4.3 M 94.7£12.9 M

1.12 Effect of D7 on canka&secendirgechaearsdr iSela ha
stress teB2s31lomnMDAT1 cel |l s.

Due to theEGwdlfee®nicre time met abolism based
SRB assay, the acut e Driedrad od x pcl arheadch gkeys coarursyeidn
and glycolytic stress tests efMmhmloySeedahlby sa 3E
Bioanalyzer -parvtol ivejseat ifooourstrategy whil e mea
rates (OCR) and extracellular acidification r
mitochondri al respiratioh dadtahe BCARucsi anm
glycolysis. The glycolysis stress testDeémpl oy:
or DMSO control) to determine acute changes
correspondlngi g0 ) yéli gomyci n, an ATP synt ha:
synthesis from mitochondria to drive a flip I
|l oss of mi tocHeordyghDGATRa(RAexdDKki ndse itmhkei Biitr
step i n glycolysis. The mitochondri al stress
treatbhfent DMSO control) to determine acute c¢h:
synthase inhibitor to mitttadhardcer iCGCIR AThPa tp riosd uc
mitochondri al me mbr ane uncoupler serving to ur

vi abl e mitochondria to respire at their maxi m;
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Anti myci nx Al, armdpl lel i nhi bitors respectively,

ETC and attributi nmgitremaomdmigalOCRo Uroc exn.n
First a mitochondri al siViB284 wéserwasutarrt

D7( 5. 1QM8) . lamned dyi af t eD7tihejr ec twiacsn anf acute de

indicating a decrease i n Hniguwrcel)oln.d&rdidalt i coxnyad d ny

was a small Il ncrease iIiD7 E€EABgadtiemg azubai ti
met asbno b ut the increase was onFiyguwurceut.e. AaOtdBr d 1
injection of oligomycin, there was a decrease

AT P, whi ch B1lggeastdaucti mggt mi t oc hFingu ril a)ll 0 AAOPt eprr o
FCCP injection, it was found thatOMDax i(nfalg urrees
1. 1)0.. EThe inhibition of mitochondrial ATP and

D7i s preventing Ssubstmdrtiea etnhus Itiomitth ex g mitthce

consumpti on.
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FCCP and iv) Rot enBineExamdachkndtl iumyai nmcA.di fication rates
injection of i) treat ment or DMSO ii) olQ: DO cd fnt eri i )
injection of D7 from baskDOCRCR eipmrdisceanttii mgg ard utoec hroensdpr a ma
injection Bf MalxiigmanhyDerCeRs.paifrtaetri oFfNCCP addi ti on. Results al
replicatmenespB SEM with 5 technical replicates per bi
via D&neemeyt ANOVA compared to DMSO control (*p<0.05, =*=*

A mitochondri al stresas4d4fTéascewas wi shh7 aauvut ke
(5. 1&W) . Si mil aMB¥3 W tthh &MD& was a significant
i njecb7Pingwrfe) .1.AddiCti onally, there was an ini

decrease innta fdasmudmepEnAdiEdt. eBr ol i gomycin injec
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dependent decrease in OCR associFagede ) .@a. Imi.tI
Additionall vy, there was a decrease in maxi mal
coeacgtr atbivegmguo®e) .1 .11t . €houl d al so be noted that
to the control over the entiret¥Vigurehét. BRripBr i

could indicate a suppression of glycolysis or
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Fi gur eMilt.olcthrondr i al stress test resul t3s. 125 AA0M)xggkhs w
consumption rates (OCR (pmol/min)) wvs. time after inje
iv) RotenoneA.B.ndEXxAtnrta argylclimml ar acidi fication rates (ECA
treatment or DMSO ii) oligomycin GDOCR RGCGGR rand jievw)t i Pont «
basal OCR indicabiDOCGRacemage sneérttwicrhoan.dr i al ATP producti

ol i gomBy cMaxi mal DOGR pa frtaetri omMCCP addi ti on. Results are re
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experiments N SEM with 5 technical r d pl iwaast ecsa rpreire db ioc
Dunirmse tevmaey ANOVA compared to DMSO control (*p<0.05, **p-

A glycolysis stress -MBX31 waist hc aar o WDtgeds Qorue a ton
3.1®W) . There was notoahsEGARfbca®@CRch®dDirge BaDoL
(Figure-Bl. 1Phé& | ack of change could be due to
time in the experiment, with only glutamine b
of glucose, ECAR increases in cohtgbycaglrpsips.
found thmtDMrema®@ed groups, the r d&Ftiguofe) dl. Mol
After injection of oligomycin, cells are wunahb
glycolytic phenotwpactoythei compenmame for th
It was found that RTt hheirgeh ewa sc odneccernet ar saeti igamr sg | oyfc
1.1)2.. DThe change in ECAR from glycolysis to g
how much glycolysis could be increased during
glycolytic reserve was decDfeasedli atdtihng hehatc
concent rbajttiheensabafl ity of cell shbaodaicalbmAadlat &

inhi Fi gede(.1.12. E
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treatment or DMSO ii) gideoayg CiDEC€pRolLIfgemyaiddi andni of
basal ECAR iwhdi cates extB:DECAR icredilwdtairng | g/lcyd g/lsyitsi.c c a
ECAR after wuncoupling mitochondrial ATP syBiDEEARSs afte
from subtracting maxi mujnme cBdAoRn affrtoenm gollyicgoolnyysciisn BECAR i n
Results are representative of 3 biological replicates
replicate. Statistical @&n aWmagsiAsNAOVAY eadarrproi eDAMSAQuU tc owmita oD u
**p<0.01, ***p<0.001, ****p<0.0001).

A glycolysis stress test was caD7/ B®.d1d%t o
OM) . SimiiVBR23tl9g MBAre was not a significant ¢

acute | DjAfticgumoeaBbf13p&An addition of glucose, t
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in gl ydotl ysatsed gaeale) sL. ABdiCycohgtli g, calpacity w:
at 2%50 OM concebitbuat ineomsnEbf bred)ov. {B. Was al so f
glycolytic reserve was redugade)nd. IBadBsercded:

glycolysis and | ossg®d Dtgtl tydcaottl nyetnitc irse spu stei ng

compensatory glycolysis prior to oligomycin i
suppor7sst patturbing mitochondri al energetics
sensyi tafvicdel | s to oligomycin to stimulate gl yc
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Figur eGlly.clo3:ysis stress test resul ts3.oln25ATOM)eplt bsewt ahi
of extracellular acidification oédteéed3 (EE€EARMemp Hbmi DMB O
ol i gomyci-the mnyg B:.wopeler.esent ati ve of oxygen consumption
injection of i) treatment or -DMEOYygECPE@IARcaSBeeti on of i

glucose from basal ECAR whi ch DiDECIARatiend i extteémtg agfl ycel
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from subtracting ECAR after uncoupling mitochondrial AT
EDECAR framtswmlgt maxi mum ECAR after oligomycin injectiol
reserve. Results are representative of 3 biological r
bi ol ogical replicated BuativéhioPamh n@M@VA sd smpwaarse dc atro i M.

(*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).

From the mitochondri al and glD7 sl yteird us thrn ¢
mi tochondri al bi oenergetics anmda i ahidbeictrieoans e o fi
respiration i nMBD3I1h &5 shypoMbAesi zed to be an
this regard, i nhibition of pyruvate into the
the TCA cycle | a@aadigngyctod ydn ci meneadod i sm. Thi ¢
increase in glycdlygsure) dedf3.£M14Fel el Wer ¢ f1
met abolism due to MPC inhibition, being MCTI1
ad reserve could be attributed to a | arge 1inci
on the rate of glycolysis oveMB2t3ilme.a wTl loen | gyl yac
decrease in glycolytic pRT adet egsaaprkedgmi oan
cel | l ine (with coupled oxidat FvguphbBodmbBarbylta
of MPC would not necessdMBRBY tedoaerybaetapl yct

but woul d wunwiitnkk aoXiyceatliysa sphosphoryl ati on. T

effe@A not he mitochondrial stress test and | ac
t est oMB2MIA | n adMB2t3iloni,s MDCAT4 expressiCng, th
Sshould not | ead to an accumul ation of intracel
efflux causing no | actate mediated feedback i
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1.13 Effect of D7 on | actate accumul ati on

To determine the <cytosolic fate of pyr uv e
constraints of the mitochondri al and glycol y:
carried out in both 4TIMBREAT I MEX @ r exspir aefgpt)sel ra 1y
treat mwt2-2¢6 t GM) . This assay wutilized an Eton

empl oys a succinate dehydrogen-asaplaemdd d mzy md

reaction to reduce tetrazoliumrdasl tlilgRT tad &9
t his reacti on, | actate dehydrogenase wil/l cao
subsequently succinate dehydrogenase wil/| ut
formazan. Il n this r egarpdro paodbrstoircbnaanic et ov all aucetsa tae
samples can be compared after running a | act
concentration was normalized to total protein
of cell s dAdrtierg 2r4i rhsoiurgs. of i ncubation with D
cells were rinsed with PBS and subsequentl vy |

was found that ab7taHdr ecomasenad rait gmowihfaichbdante add
ti mes | arger tFiiagnu rDeMSIQ AbVEBMIBAL od el(l s, t here was
accumul ation of | aDt7@2-26 a®Mieg U rter. elaTthnde nati fwietrhe

|l actate accumul ati dn MGprregdiexcrn.i vMCToln iesa cphr icrma:

for the i mport of | actate with a | ow Km, ther
of extracellular | actate but would not facili:
to thisiblse rfesrpotnlse ef fl ux | actate, preventing
the amount of | actate accumul ated in each tr
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variation bet wdBN3 14 Tcle l[aVhBR SNNDD¥Ae | | s hadct 8t e&i me
than 4T1cell s, which is refHiegcutrjev eIMD 3tlh @ isr 1
the more glycolytic cell ' ine which would | ea
|l actate for efflux throud®hmoBChBAad 4hlscglllysolg
| actate would flux into the mitochondri a, |l ow

| actate accumul atDiToausdudlyacstuptpeoracdubmul ati on

fashion, whiceclk WwWe lKwygpotlmed oss of mitochondri a
= =
A 3 1.0+ B 2 14-
E k& E-
1.2
£ 0.8 £
E *kk = ] % 1.0-
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S 2
£ 0.4 £ 0.6+
2 2 0.4-
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3 0.0- S; 0.0-
> S S S P RS
$° $
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Fi gur edalc.tla4:e accumul a-MB?231icoeldlTd. aAd IMDAr acel |l ul ar | ac
with tr ®3ItedtOM)f normalized taoalmg prct ait ®e. aBB2WGMul mac el
cells witmh7¢22@t@dNtnof mard o tzeidn .tacSathaytsiisst iwaad caGri ed ou

ongay ANOVA compared to DMSO control (*p<0.05, **p<0.01

1.14 HBffkttom pyruvate drivenbasspipptuovate S

respiration and met hyl pyruvate respiratory r
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To det er mi nb7otnh @ nenfifba ati ngf pyruvate driven

Seahorse XFe Bilooayneadl .y zTehri swaass seagy rstt i il dj @ ;mtcioa rp o
but utilizes a nutrient | tbraisteedd ( rVIAISi) o nbiucf f rma n
injection consists of injection of trel@aé ment
second i njection i's with recombi nant perfrin
permeabilizer allowing subsequent substrates
The third injection is withra ipycluvde e Sadisd m:
an oxidizable substrate, mal i c acid to allow
existing malate stores causing a |l ag in pyru
pyruvate dehydriotgem atse [Kr emvaesret itnthea bdownr egul at
activity, and FCCP to uncouple the mitochondr.i
utilizing available nutriDd@alil iTthy st @aspraegv evitl

enter the mitochondria for oxidation which <ca
the representative OCR vs time plot of the py
found that a7(tLl@&0i2kh) etdM) i cmsuasfeidiraQdR ef & . A5t ér

the addition of the pyKFiuguwurte I.olk3.tA hdenrdenlwhalss .aC
dependent decrease i n maR7imalprreevemitrn aatgi @ry,r uivra
the mitochondri a. The fourth injection wild/

inhibitors to inhibit ETC electron flow and t
i nhi bition of inmbaixn enatl ed egmpou@s i ocompared to the
them against the |l og of concentration,soinhi b

valuesal U€s are the inhibitory concentmoation \
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Represent adiiveepyoxyg@gem consumption rates (OCR {pmol / mi
6.25 nM) in 4T1 cell s. i) injection of treatment or DN
injection of pyruvathe endalkattdioln fodr 5anM rseoatimemtpya uvat e,
di chl oroacetat e, and 0.1250M FCCP iv) injection of roc
each. B: Representative %OCR aftersD7|l bgeat mBhtcocompart
data point is representative of n=5st @&lcheaNSBEM (rMd) i aht!
mini mum of 3 biological replicates. C: Represepdative
VSs. time after ac@ut25imyeMB2n30IMDcaefl 7 (i)00i njection of

injection of recombinant perfringolysin rPFO 1nM i)

57



5mM sodium mp¥r umaadt €, a@. o, 2mM sodium dichloroacetat e,
rotenone and antimycin A for a final concentration of
compared to DMSO plotted againsitntl oigs orf e pDr7e sceonnt caetnitvrea t

replicates. Pyr uvsatad uckerNiSVEevh (rneve) p iarfateirom ImE ni mum of 3 b

To furthPd svemivfoy viefd i n preventing the f 1l u
via MPC ianhpybriutviaotne, respiration rescue assay
respiration I nhi-MB23bnamd sd@i gar ¢ IMDREN b e pyr uv .
respiration respuetasanaecinvonl se¢dadedgy sin MAS
rPFO and occurs immediately at the start of (

OCR as there are no oxidizable substrates for

substrate cocktail. Asidehérsam&CE®MmMpbhest soa
driven respiration assay (pyruvate, malic aci (
Met hyl pyruvate can diffuse across the inner
mi tochondriTal ¢t edaseg.ection wild.l be the tr
FCCP to induce maxi mal respiratbon eamfe éadlwsaitlioat
respire in the presenceDdfs MenPvyo |l wieldl ithheeltph es u
mi tochondri al uptake of pyruvate and not I nv

enzymes such as pyruvat eMBRe3hly,driotgewase f oAgdi
presence of MePgusedj eotcéG@aggte)wth.eD@&RG( i n wit
the presence of MePy, Ftigare) ladfcaAde ECERset i m
treated groups in the presence of MePy saw an

at fo0 d higher concentraveonsesph@na®PbBOpyraant
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1. 16.. DWit hout the presence of MePy Dhercatwds
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Aoxygen consumption rates (OCR (pmol/min)) vs. time re
of DB. 126 OM) . i) injection of recombinant perfringol
tr eat ment concentration of 5mM sodium pyruvate, O0.5mM n

treatment or DMSO.Bmaxi mmijherce s pinr atf i &rCCfPr om pyruvate of
gr olposx.ygen cons(upR i(oppmala/tmeisn) ) vs. time representing |

acute injec3t.ilo2ns5 odM)D7 i()50 njection of recombinant perf |
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cocktail for a treatment @qgndderbtnrMatmadn co facinmdM S2amdv usho dy
and 20mM met hyl pyruvat e. ii 1) injecbimaxiaomfalt reastpme mt i
DMSO control and D7 treated groups in the mprfesle rbde | ofg i
replicate N SEM with 5 technical replicates peé biolog

ongay ANOVA compared to DMSO control (*p<0.05, **p<0.0]1

A similar pyrnuwdt®ndraindem ers@spatory rescue
The absence of MePy causeld7FRi gluroeg lianmi dO @k sa futneal
to rescue maxHingaur er) els.dlinr.daBhieompr(esence of MePy,
OCRf td&f nj e&€t gane) land .m®axi mal respiration was
DMSO cohitgwrle)(1l. TRhede resbDllits iidnMalswadtien tthlae

pyruvate uptake into Dt7he ani MEB@hiomkirbia, suppor
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concentration of 5mM sodium pyruvate, O0.5mM malic acid
or DMSO. iv) iBnmexitmwmr sofs FnICCfPrr.om pyruvate of [EMSO cont
oxygen consumption rates (OCR (pmol/min)) vs. ti me re
injectioB. b25D®OM) 50i) injection oM refombjeantopeofrpni
for a treatment concentration of 5mM sodium pyruvate,
met hyl pyruvate. iii) injectiommdxitmalatmesnpgi mnat iDMSOo f
and D7 treated groups in the presence of met hyl pyruva

61



wi t h

5 technical replicates per biol ogi &alevaee pANQCWA e .

compared to DMSO control (*p<0.05, **p<0.01, ***p<0.00
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ation provi deisvaNZfADhH sr echuacti ncganeqbue util i ze
i dese#ADHNg equivalence to complex 1 1. Thi
icated in oxidativeD®dafofsphtor ghatihen oamnd a
tr dntee 9 whodb el Hani sm of action. I n this re
en respiration assays were employed. For

t of OCR data acquisition, ftonelnotwe danbdy fiin

to stimulate maximal respiration. The gl
ained glutamat e, mal ate, and DCA. The suc
ained succinateramdcomplea@axnkel E&decbeosbut

ative phosphorylation so rotenone was ad
none is a complex | iiD¥hawsdadrno Omc 4tTd dedr
b ottha mdhieg udrleu aln.dl 8s.uAE)c gnaterp 1dn1iBvE«€n respirat
tionally, after FCCP injection, there wel

ared to conFrouréoit. b9t B asdaiysl@D
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mol/min)) vs. time representing succinat3e 1®Rm5i Ve .r 6 9
jection of recombinant perfringolysin rPFOmemtM i i)
ncentt@at mbMnsotcinat.e,i i2i )OM nrjoetcetnioonne of treatbent or
X i mal succinate driven respiration of DMSO control
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bi ol ogi cal repliteahei NaSEMewi ibates per biological rep

Dunirmse tevmaey ANOVA compared to DMSO control (*p<0.05, **p-

Agai nstMBM®B®,7caused no significantr abaothk d
gl ut amiager e() 1abhd. sEcgumna) d df 9 vén respiration
stimulation of ma x i mal respiration from FCCP
glutamate maxi mal r es p Diftart e aotne sE iogrpcale )e.tl . T e MBeo n
was not a significant differenc®7tirne astuecdc i ghrad
(Figure)l.1®We Dresults of these Seahorse XFe Bi
respiration and wr ¢ dDpits aaorpacuescu@osbDt spec

activity.
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Fi gureGllutla9mat e and succinate s tMBRt3rla tdeolxdysg esre nc aressypmip tai
rates (OCR (pmol/min)) vs. ti me rr eapcruetsee nitnijrege 1@ IBuntOddia tDe7
i) injection of recombinant perfringolysin rPFO 1nM i
concent¥r@tmMnglodt amate, 0.5 mMi mailafect 2o mMoebcQttirocem tarfe nt

FCCPmaxi mum glutamate driven respiratCornygenDbMBOsompt

rates (OCR (pmol/min)) vs. time representing sdccinate
3.125 OM). i1Hidcdmbiercartonperffringolysin rPFO 1nM ii) i nj
treatment chbBceMt sacicomao.B,i i2i )OM nrjoetcetnioonne of treat ment
FCCP:maxi mal succinate dronmemolreapdrB7ibneated®M&EOoOoEpS.
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of 1 biological replicate N SEM with 5 technical repli

via D&neawmet ANOVA compared to DMSO &t 001, (*p<0p&d, 000

1.16 Initial in vivo evalwuation of D7: maxi mu
Encouraged by ouD7toedbel aspdeeeaet mbpenogfic i.l
we wanted to further idneveitw@i eés. bWe cfairrmsti nd
phar macokinet D np aB Alm/te rmi od. Using three mi
samples were collected after |1V tre@d memotdf
mal e and fFeingauree nlilcg@D A(&Bt hi s dat a, phar macoki I
hal if fige,madfTmdx apparent volume disstrcbaearancat (€
bi oavailability wusing Pheonix Wi nNolin 7.0 1in
all owsam@l ysis under the assumpatbiléen l1dJBdeot dlh
assumption iD7haaisaff 6.nM5 tdrad 3. 65 hours with C
34.30 mL/ min/kg in femaD7waanf omasdet mbb@2ekspg
female mice and 10.24 L/ kg in male mice. Volu

medically to be higidhasvalauésa ghotvti cmat engndhdéten

may have a |ikelihoodrithaut ¢ edindHowleasrssmaieavid h
noncompartment al analysis met IDodids nhte kncwmuea
ti me. I n drfaltihdeda sti hguod to be 4.41 and 4. 04 h
respectively., Adcki tbhiiomarai l ability was found t

mal e mice TallpectifBlliys (hot possible to obtai

however, we can extr apDlhaatse ctlhoessee tvoa I[Miu0eOs% tboi ona
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FigureOrlal20and |V dosing pl asma Aoflceshma addmmen tvrsa ttii ome

time (hr) after 1V administration BPI ®Imé lcogc &gdr ani 6t
vs time (hr) after PO administration of D7 (5 mg/ kg) i

n=3 mice. D7 concent r-M67 6286 walsQ6a5n0all )y.zed using LC

Tabl eNolnnccZoompart ment alarpheertmeaco kiarl ectuilcatppd from concentr
IV (1mg/ kg) and PO (5 mg/ kg) iardenpirneissétirtfagysibodnt €osfe ni7s itnh eB .

required to reach maxhamemrelsesitmu d dpelc @satxa ac o mmeptCeat 501

t he apvpoaruemmet o f di stribution at steady state, CL repr
Parameters were calculated by Phoenix Wi nNonlin 7.0.

Grou Route of t1/2 Tmax Cmax Vss CL Bioavailability

P administration h h ng/ml L’kg ml/min'kg (1))

Female v 3.15 0.083 199.8 6.92 26.61

Male v 3.65 0.083 160.1 10.24 34.30

Female PO 4.41 0.083 1449.5 124.69%

Male PO 4.04 0.25 890.0 123.84%

After obtaining pharDijacwe i martriice d aogwmtmed eg s

dose escal Botviioan isntturdayp eafi t one al I njection to
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for future t unkoirguerfef. ilAaclywestdudli em®t( carry out

om7 we wacdthmiemi ¢toera compound

systemic absorption

of the study

monitored daily for

through intraper

of the drug. I n this expe

represented a drug bur dewmeraend wa

any changes in behavior a

seen outside of Hodwy cwei glotsilngs P.eglam @D 5 mg/

dosing was i

ncreased

|l et hargy observed i

changes and

nor mal

n the mice

t o e emgvek g, altawev ere sagti rt

deeming it a to

body weight s, 5 mg/ kg was

intraperitéengdlilnj ecti on (

)
Y

o
1

NN
e

—

-
l\lﬁﬁ’

Weight (grams)*SEM
[+-]

F -
1

-~ D7 Smg/kg q.d.
=+ (Control

o
o

Fi gur eMalx.i 2mu: m

days) after tr

tolerated

eat ment

dose of D7

with D7 via

significann 8ioflyewengés relative t

22410546 A.

(o]

admi°BEM eeree s uisntdragp
intrapemicendal=60) nj e

control were obser
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DueD%hoei ng 100% bioavailable, we also carri
in healthy SCID mice with or BFatdolsOi,n®.0,S &IOD nmgi
in groups of %Himiuce. lorR2Phi daggspergenenadaf DDA
from the start of the study represented a dr u
mi ce were monitored daily for any changes in
any effects seen out saisdef ooufn db otdhya t wetihgehrte |woesrse.
changes in body weight or behavior in all of

considered the maxi mum tolkiraurmdm Hoz2 for ora

Vehicle q.d.
10 mg/kg q.d.

20 mg/kg q.d.
40 mg/kg q.d.

Body weight (g) £ SEM
et

0 2 4 6 8 10 12 14 16 18 20 2
Day

Figur eMalx.i2r2um t ol erad midnidotser ed ®7a$EM. vB8osysweagh¢21gd

treat ment with D7 via oral gavage at 10, 20, and 40
significant differences in body wweeiegltbtrae Inatdi ¥ & otmo Beo n
Laboratory Ani mal Technology Co. , Ltd. (-B@e0bi ndni @l n
Certificate No.: 110011220106449863)

1.17 Effect of D7 on 67 NoRa seende rngi ett ol xlso: nt dS ® teaH @ nst

pyruvate driven respiration assay.
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r mi
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mo d elr .

out

found that wupon

maxi bhdsne f f elc € r aotne dt ud

thetiasedt 4aTal bByngdgeaf

tlhre @Br7ieNRRa rsgtnigea aft model

on 67 \DR( =3 | 1286)Fw (gtulr ea clutt2ev)a sr e

treat ment

1.2)3. Opon injection of

ATP producti on

D7 had no effect

oligomyci n, It was fou

with D7, t Regaer was

across Falglurtey daRd®dibti onakckntrtal

on FCCP Fstgiumelgdt @de maxismal s

experi ment i nd i miat @ec h dhradr iI6a&/INRener geti cB7 wer e

treat ment , suggesting ptyhmatvattd@NRasedi @ad t @ nn aat
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consumption rates (OCR (pmol/min)) wvs. time after inje
iv) Rotenone BndEXxAtdrtaarareddiiudi A.i cati on rates (ECAR (mpH/r
treatment or DMSO ii) oligomycin GDOCR RGGRrand jievw)t i Pont ¢
basal OCR indicabiDOGRacepeeseernsipioAlgPe np rt odcuhcotnidan a&ft er

ol i golBEy cMaaxi mal DOGR pa frtaetri o0mMCCP addi ti on. Results are re
experiments N SEM with 5 technical replicat ets wiea bi c

Duniise tevaey ANOVA compared to DMSO control (*p<0.05, **p-

To help elucidate i f 67NR Ditpdooyn | paycrkusv aM Pe
driven respiration in thissscalyl olni & NRacpeyil sv
out with achAd ad®0Rj5Fatliudie. dTf Rids experi ment was
carried out MB23Tlcelhlds MDBell s were first tre
control, per meabed iwietdh wiytrhu waPtFeO,s uthbrsetartat e coc
0.5mM malic acid, 2mM DCA, and 0.1250M FCCP)
anti mykiigurAe)(1l. R4t Ar addition of the pyruvate
maxi mal |l ya F&€LPL. rAsvia per Odamaxgenadf rtelsgp i DMI @,0n
against |l og of concentration to generate pyr

reg®isdh,owe dsvaanl uleC of 17.8N6.0 nM FngpeleBeabdili
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DMSO 1007
- 100nM ™
= ‘= 751 .816.
E S0nM E 17.8+£6.0 nM
= =]
=) £
g 25nM £ s50-
z& 1250M

@)
O 6.25nM =]
e = 25
]
0 T T T T 1 0 T T T I 1
0 20 40 60 80 100 0.0 0.5 1.0 1.5 2.0 2.5
Time (minutes) log[Agonist], nM

Fi gurePylrr2vMat e driven resypalrmdeas oaf pbof afeRepsgrecsehBRt C & |
pyruvate driven oxygen consumption rates (-80.CR5 (mpW)ol i/ mi
6 7NR cell s.trigatimgretctdronDMSO ii) injection of recombine
pyruvate <cocktail for a treatment concentration of 5
di chl oroacetat e, and 0.1250MnEC@R ciinv)A fojfeatifomadf croa

eadh. Representative %OCR after D7 treatment compared t

data point is representative of n=>5sot @&IlchEM c(ar M)r eafl ti ecra
mini mum of 3 biological replicates.
1.18 I n vivo efficacy of D7 in isogenic model

Excited by the similarmowvpyrusagearasit védot he $
and 4T1 cell s, a sgargriadd onotdel Forf teltae h6 WMR mao
in a 1:1 solution of matrigel and PBS for a toc¢c
of BALB/Fi gmircee 1(T@2®ors were allowed tlanglrow u
randoml yAgrioh@@ewldas medmi ni stered 5 mg/ kg intrapg
days. After 14 days, there w&3grao up7s9 % sr ecdouncpta

vehicl eFitgrueraet)eld. Rt . Ahe end of the sdmdry, maasno.l
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was recorded. Compla7iwad fouwdhti ol eedad8rgtulrreor |

1. 2)5.. BMouse body wei ght s -draeymatirneead Fsetgaily Ippe.X di @rili. g

A B C
=
& 1000 1.50- E 21
+

] % rs] bagpeptert il
= 800 ] ~ 1.25 H
g —+— D7, 5mg/kg, ip.qd. = 1.00 g 154
,:,; 6004 € Control &4 - ] 124 - D7, smg/ke, ip., q.d.
g E+ 075 @ & Vchicle
T 4004 5 g s 9
£ E = 050 * 2 6
— -
s 2009 ~ 025 2 5
5 H]
E 0 0.00- = 0 T T T T T T T
= 0 Vehicle D7 0 2 4 6 8 10 12 14
Day

Figur e 7INRS5:l ank sAvyeigNRfftl awold eho d°eSIENMM u mBAL B/od omieae a( n =6
14 day treatment period. D7 was administered intraperi:t
an average vbl dmenoof vbSumm was fdawred tbh@& Mea 8%t umiofri armarsts
of vehicle and D7 treated mice after t Cnmoeranr ensoeucstei oma SSs
°SEMNn BALB/ c omiede a(nM="A6)day treatment period witd treatn
out under | ACWBM 1p6rSdtad ¢ st i 2 A0 6 anal ysi-Whiwanse yc al rti eesdt o(u*ty

**p<0.01, ***p<0.001l, ****p<0.0001) .

Encouraged by the significant tumor vol ume

explbsefdl fect on a metastatic tumor model . I n
mouse modelter.(lF@6 this experiment, 0.1 mL was

mice with a 1:1 mixture of Matri grelt uvammodr sP BrSe acce
50 nmmice were randoDiivaspt headadmtoi gteups. as
solution at 5 mg/ kg daily for 11 days. After 1
were sacrificed, aned tlulmodrasy sweorfe trrecBadé cmteead .e dA ft1
mice saw a ~20% reduction in tumoFi gotl e)mk. 26 m/4

After tumor reseRtiremtietd waoufpesurautstealt a ~41%
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comparveedhitcd e t rkiadglerde)clo.nd@g .oBi t(h the 67NR syng

remai ned constant t hr ouRihgowrte)tlh.e2 6d.uGd ati on of

A B C
=
= 400+ = 0.6 Z207 gy g —
*‘;‘ -~ D7 5mg/kg q.d. 2 0.5 2

5 _ + 0 + 16+

g & Vehicle s 0.4 H
= o 0.4 kY
z i w E 124 -~ D7 Smg/ke q.d.
é ‘3‘90'3_ ? 5 & Vehicle

@ @ w:

= -

_E g 0.2 ;

e} 5 0.1 @ 4+

‘;- § 0.1 g

g — F 0.0- =TT T T T T T T T T
- 14 Vehicle D7 01 2 3 456 7 8 9 101112

Day

FiguredTIll 2f6l:tank sAAJgnatl ankodelde SEM monr BvAoLIBu/rewer ani Tk (n=26
day treatment period. D7 was administered intraperiton
an average V.Bl:Meaeen otfudrmmmass of vehicle and D7 treate

~41% reductnac@®G:Memnt moeaisSeE Mnaisns BALB/acveri ce (Ih=bgy treatn

with treatment of D7 5 mg/ kg daily. -33%tluelBthAawa sté¢ arali ead a

was carr MarWhoiuttn evyi *ap <tOe Dt5 ,* ****pp<<00..00011,, ****p<0.0001) .

1.19 Discussion

| n sumMnmariys base salt was synth-amineghenosb:ce
and was chaHaatErNMR darnd aES| mass spectrometr
hanmdiwas assessed for its cell proliferation in
D7was found tefhaBe OfNd. BCOM (MTT) and 94. 7N12
AgainsD7wa$1found tseofh®@Be 4dk. BCOM arad ed7 w9 K.
MTT and SRB assay redpe2sDjieleilgyi.t Adgam o s ¢ty tMDtAO X

EGof >1,000 OM for both MTT and SRB assays. 4
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production and expresseksi gMIOTel OwGi)d o it mp er,t 4 TI1
glycolytically derived pyruvate or i mported
|l nhi biti obhiwoful MPC nlhy bit t he mitochondrial f 1l u
stress demonstr ape@tde nbbyyagoafenstinc-MB28 e dMD4A& a mor
glycolytic cell line with MCdgdnexfiheseifomewhi a
of MPER7wmw |l d not gr eMB23H afefld autl aMDAi oenerget i
deri ved pwrudwatbe converted to | actlBabfbrtegff
to be selectively cytotoxic towards oxidative
carried out MB23Tlcehd MDAes wbhrals ahasudtefeo rt rtehad
effects of our candidate compound in oxidatiyv

The mitochondri al stress test oM7453L 1lcel | s
oMm) , there was a dose dependemptondecreaddhe nit n wq
there is an i mmediate insult to mitochondri al
was a dose dependent decrease Dt rCeCaRt eat tgri cbw
Oligomycin is an i ntherbe tbecrodasAdy synOBRskol W
attributed to ATP production. A dose dé&Fendent
treated groups BAQdgestaxtei twhidrh tttheet el ectr on
mitochondti @axodi 2zd&abl e substrates are being |
supporting t D& mlyipmitthee sMRBC.t hlat addi ti on, ther e
i n maxi mal Ditespatread i gmoums after itng ¢k ctbivatn ior
treated groups there is a dose dependent decr
andD7wfas inhibiting pyruvate flux into the mit

intracellul ar | act ateel launldarn oa cliadcitfaitcea tiinopno rrta.t €
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the extracellular rate of change in pH, the s
efflux of | actate. The inhibitiob7ofeaB@AIR girno ul
sugges that cells are increasing the import

extraceWd uHyapotpHesi ze t Bd&ath oMR @ irrehdiubciet iMICAT 1b yme

i mport due t o acTchuemuilnactrieoans eo fit rih e@lcgcatdee ciechpd r t

be rationalized that in the acute mitochondri
as a compensatory mechanism to increase NADH |
NADH, whi ch transfher mdlteoccthroonmds i antfoor compl €

NADONADH redox shut@lsparsacke-3ahdanghace€i®dmutt | e

addition, the apparent i ncrease in |l actate 1in
|l ower than t Be-GBKmMmWPOI’EMGTuls (it is unanswered w
i mport of | actate would be inhibited.

The mitochdaredrti aMBsdXAecsl | s showed very si
mi tochondri al stress test DG BTAMc el t ber &f wa
significant dose dependent decrease in OCR. A
deceeasa both ATP production and maxi mal respi
dose dependent decrease in ECAR throughout th
MDAMB231 is an MCT4 exprDensads nignkcretbt a6t @ gfepy X hiurs
mi tochondri a, cytosolic pyruvate could be rec
|l actate would be attenuated by MCT4 efMBl ux. | f
231, one might expecaoat tar aitDdErndda swee vitMB;2E3CRIDRA sa f t

mai nly glycolytFcgunegi it hemetf odbel iisxhi®i ti on of
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flux may decrease mitochondrial oxidation (ac:!
glycolyt.ic changes

To assess Dfohne gelfyfceoclty soifs, a gl ycolysis stre
MDAMB231 cel | s. I n the gMBZDL ycsdlsl s,t relsysc dleysdi
at higher co®dcemn@Maandns0@M)i od,n @l ysdariy tairc fa:
glycolytic reserve werD& i1iQlhyicboiltyetdi ca tc azpba caintdy 5i
glycolysis that can occur in a cell. Glycol yt:]
glycolysis griom rbeaesmdndevted mitochondri al ATP

Dwas inhibiting pyruvate flux into the mitoch

cytosolic | actate concentrations. | eamoawddti td fon
oxidati on occurring i n t he mi tochondria and
producti on, driving compensatory glycolysis.

on glycolytic enzymes as a flkiessbatkemectwasi ar
glycolysis at hipgheMMB23drtedbesat nohsrefy heavi
energy production, therefore pyruvate fl ux i nt
energy productioerbogy aytmesamlsi cofl acotwat e conc
glycolysis would support the notion that i nhi
cytosolic | actate concentrations and negative
hekonase and phosphofructoki’n¥lsies (mast ipornevi ® u
supported by the decrease in glycolytic reser
increased glycolytic metabolisdh fodepegdanty cc
i nhi bi ti-oyntohfasAeTPwi th oligomycin. |l ncreases i

glycolytic capacity to decrease, al so support
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inhi biting glycol tsisg. whahsi sa ng laycad ley £ix9p egti rmeand
results whether | actate export medi ated by M
glycolytic capacity, and glycolytic reserves.

The glycolytic stress tespoom/ed&@dat meht sash
MDAMB2 31 D7tlrneat ed groups, there was a dose derg
and glycolytic capacity. ThereDWwa®atlkedwgvemups

4T1 cell s. Beiwyg preratomdmancley!| snr ®&kPhos for

expected that | oss of mitochondri al pyruvate f
to a |l arger i ncrease in compensatory glycol ys
decase in glycolytic reserve supports that 4
whereas the decrease in glycolytic capacity s

woul d negatively feedbackraasae.bit the extent
To further elucidate MPC inhDDPi wieomaasi eHe
| actate accumul ation studies to observe the dc
MPC inhibition. This study was performed outs
gain insight into dfhfee @tfsanosdweyrceod yisn tsi baintdo rgyl y
MDAMB231 and 4T1 cel |l B7fwer e2 4t rhecautresd, wiytshed a
concentration was determined by comparison to
was a sigmulfatiaon a@aftcluactate IMB28T1lced¢llss, t Wi

not a significant accumul ation oMB23R3lctwawld T

attenuate | actate accumul ation and could prev
ti me. I n addition, MCT1 which is predominantl
| actate accumul ation and could increase negat.
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t his expor7afmeendt ¢ hiant rackht ubari haanaMETacdame
and we hypothesized that this accumulation is
via MPC inhibition.

To further suppoD7W sthe MPLCpomhnhe i $ or hawwe ca
contreptluedt e driven respiration Seahorse XFe
MDAMB231 and 4T1 cell s. I n this experiment, m

free MAS buffer followed by subsequent, iandct.

a pyruvate susbhsmMasedicwmkpgr bvdte, 0.5 mM ma
di chl oroacetate, 0.125 OM FCCP) . Mal i c acid w
substrate | evels so that duri hgmtthet iacmugd eom® X §
| evel s or redox i mbal ance. Sodium dichl oroace

an inhibitor of pyruvate dehydr ogemprCaoshe Wiilnas
activate PDK to phoephyrwivate ardydowrmreaen@islea ta
regard, we could induce maxi mal mitochondri a
oxidizable substrate to fuel mitochondrial OC
measure of. M€l hst weD® nt rae @tosaed wietpendent fashi
respiration OCR taken as a percent of the DMS
against |l og of conmneahturast iodn ptyoc uyan erfatuendle@ r
t h®fhas aoof | @Q..MY¥ nM and 14. 4RKMB531nManadg a4 hk
respectively. DHRiiss cdaaptaab | seh oowfs itnhhaitbi t i ng mi t oc
supports the7hypatthiesgsas han i nhibitor of MPC

As val i dation RB&Badiilmewnyt tfoori nhi bit pyruvat

performed a respiratommB2B8asama &xXpdercierhd rst. il m
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ells were plated in nutrient freet®MASubseffat

cktail (as previously described)Dfor DPWMS®Ovat
ntrol and |astly FCCP to stimulate maxi mal

the same as the piytriuvoomtef croetkhyali | pywrd a\ha tt eh.e

i ffuse across the inner mi tochondri al me mbr a

| ease phmuwatted Icrel |l s at concentrations 10
spiratean, experwiam found that meDt7/meldi aptye d v a
hibition of OCR. This experiment shows that
inhibitor can resvB28 1lr asipgli 48tli e | ilhsaDtB & tulm t MI
acting as an MPC inhibitor.
Cancer cells can adapt their metabolism to
d potenti al gl ut amat e byproduct) as met at

mor i gPé nEd%uitsami ne andn oemobedrt het hrough an SL

riant, get converted to glutamate aakKdG direc
d generation of NADH. Succinate can be pr
ccCaA |l i n the TCA <cycle. I n addition, succ

ansami natanminn oobfutgyarmnta akGdt ¢ GABAIN ki hamat e
mi al dehyde. Succinate semialdehyde dehydrog
ccinate semial®dehyde to succinate.

Mi tochondri al oxygen consumption is depend
mpl exes. Wi teh osfo mmi toofc htohned r fi atl glutamine me
ading to the generation of gluttamadeci NADH

sesPddad finvol ved in the perturbation of
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equi

valkhlindg sredar d, we -ccaamrrtrriceldl eodu tg | suutbasmartaet ea n

respiration experimeMB231namaer md@dbicleildazesd MDA

invol ved first permeabilizing cells wraher PFC
cocktail s Dffod | DME®, bgnd finally FCCP to sti mi
glutamate substrate cocktail contained glutar
depletion of TCA cycle interofedaGaAeyd,y natnhde sD GA
succinate cocktail contained succinate as a n
in the succinate cocktail as it is a compl ex
el ectron transfnegr otnd:gteFAADEIOIC el leedav ons f or gen

treatment with compoundsD7dind 4d@dt ciehthishbi &t t manais

in e

wa S

succ

resp

der i

Howe

furt

ither the glutamate or succiMBaBé dell sedt

a slight increase IinD7grenamdt groepsveoditr

inate der i D&d erad sneinrt at iTdMB2a3Htcgre a s a mMDA de
iration could beb70dueat eod alpny cempeb yWiywgerrams i ¢l
ved NADH as a compensatory mechanism that
ver, overall, there was not an inhibition

her s DFiporitnwaglcthdodntdirni ardi tpoyr uvate i nflux v

Encouraged by ourD7tresblet sa detternmi nsipnegci f i ¢

pyru

stud

v d

and

resp

vate I mpor-MB2814d4l asd WOAfurthen ndeveloop
i es. We f ihrasrtmadceotkeirnneitni2ail rptalld dalmie/t ce rmi cod af t
osing using a noncompartmenb#lasambaltgsild m
3.65 hours with CL of 26. 61 mL/ min/ kg an

edDiwaelfyoundeoet o6h@g2elLVNkg in female mice al
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Hi gh volumes of di st mDitbad i asthn>dgholtVhk gnail ned iacnadt

and may have a |ikelihood to t'ddaweveltasmatih
noncompartment al analysis met IDdids nhte Knoeswmuea
ti me. Il n ®rfaltihdea sti hguod to be 4.41 and 4.04 h

respectively. Additisonfaddrnyd ttdhebeibohd.ad%%adnd il

mal e mice TabklpectliBlliys (hot possible to obtali

however, we can extrapbmhatse nteltags € ompll e £ tho ome
resul tshabn7disc antog trapi dly <c¢cl eared, has a | arc

bi oavail alDi7d idyodnakamdi daweabaontfobhur e

Af ter obtaining pharDijacwe i meaertriice d agwtmed eg s

dose escal Boviioan isnttudayp eafi t oneal i njection to c
for future tumor efficacy studies. AB7 weedi d
admi ni steredgbompbuapget htonoeal i njection to e
the drug. From this study, it was determined t

body weights after 7 days, 5 mg/ kg weaeaes idomsiad ¢
injecbi obbeti¢iong ~100% bioavail able, we also c
studies in healthy SCID mice witbh7adr all0,d o2s0i,n g
mg/ kg daily in groups of thami cdhefer weitedays.
changes in body weight or behavior in all the
the maxi mum tolerated dose for oral administr
After determining the maXiteunm etonl & ruantoed rceadue,t
i sogenic models, a 67NR syngraft and a 4T1 syl

l i ne and 4T1 i s a metastatic muri ne cancer C
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preparation for ourhaer7aNR emo d eldD 7tiwme wvaiftdreoatcs
mi tochondrial stress test and a pyruvate driv

The mitochondri al stress test Do7b®B.OMR, foun
there was a dose dependentracATP precdeatsieon n
respiration wer/teeahetdaggedpsnas compared to C
not a significant change in ECAR during the e
may be | imited i ne 6&INtRerannadt i maey meuravw!| i ¢ pat
energetics such as glutamine meD&dboods smmot Wee rht:
glutamine metabolism in two cell |l ine model s,
fr oMt reant i n 67NR if glutamine was a main me
MPC and t o D&@dparmrawtadrei dg i ven respiration poten
a pyruvate driven respiration assgayviem pesmpe &l
assay, it was f osmdl ulb7a 68fN667. DR nhvaad Tahre rleC was a
D7during the mitochondri al stress test which
gl ut ami ne. Under nuwt rsiuecnht aasv atihl easbel ei tc oanpdp e a rosn
heavily on pyruvate i mport for mitochondri al
conditions, such as those in the pyruvate dri

|l evbiwsa, 9l & to potently prevent pyruvate fl ux

fashion. The metabolic differences between no
characterized by multiple groups. tbwaalf bewue
of glycolysis, oxidative phos¥thtomybhdti obhon,ant
found that 4T1 cells were able to shift metab

phosphorylation in nesparss e omp am & 6it7eNR6 Tdédpl rsie
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rema i

contr
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compa
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from
wi t h
di ffe
deter

shown

found to not only have a | ower overall TC
accumul a%%ihoins ovfarsiuactciionnatien met abol i sm c
hondri al stress teBAreasmense asennhnb67?
an already | ower functioning mitochondr.
on mitochondri al derived energetics, fur:
es for mitochondri al respiration.

r the 6DRANRsmoaddemhi,ni stered 5 mg/ kg intrap
After 14 9da yw<s,dutchierom w@Igtraommepss \wawesl wmoenpiar
|l e treated. At the end of the study, tu
red to BDévaisc |Ifeoucmadnttroolr,educe tumor mass b
n eddu rsitnag laeh et rledat ment pemDi7wals tmen hadmiTri

10% DMSO/ water solwution at 5 mg/ kg daily

to ulcerate so mice were sascroff itcreeda t naenn
oDid etantaetd mi ce saw a ~20% reduction in t
ol . After tumorDtesateidomprioupwasabieeddat

when compar ed tTohev echoinctlrea sttr ieaaft wenfuf@ilocsatcay® |i
redntweoiesp@®@nse could be due to difference
| arization. | mmunohistochemistry was car
6 74NTIRL asnydngr afts by two different groups.

| arge regions of hypoxt83 F&h dadmdd cri cosni,s ta

rential gene expression of hylpWhxiilae rneoltat
mined in our study, the | arge increase i
to undergo a more glycolytic metabolisn
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inhibition. The increateawopéedf asilow dfort hec6e
mi tochondrial respiration due to oxygen avail :
sensitive to iinnbviibvioti on of MPC
1.20 Conclusion

Overall, ourD7avor & popeotrt OAiwadi shbowmnft MPr
pyruvate flux into the mitochondMBZAa31 narad dbBlk
cel |l s. At | arger i i bmd tohryl cmpyrciewmdtreatcansr e
respiration further spyrpwvdtiemmgwashabeinmng oc han
exposub7&e atused | actate accumul ati on i n an MC
mitochondri al respiration was found not, to be
suggestDdvpa st maott reducing respiration via glu
inhibition. FurtherD#% me @alnii miad a lmodleVv sl di@mme mte mo
well tolerated via I P or PO administmndtitdhmatat
D7has an avefagefhaBf 8hrs dosed via IDiwas PO i
found to have a | arge volume of diDstfwasbat son
shown to e€fivoicacy in a 6mbBRebndwédTh symgr at ol
of 79% and 20% respectiDdavlay. fAfutnedr troe sreecdtuicoen t

71% and 41% in the 67NR and 4DIscra@pddlid integs doat

devel opment asntant arng d tciamg eme taggkeo!l i sm via MPC
there is ©®vVmayenslkow hiamcreased potency in MCT:
Howebé&dwags still able to modul ate metabolism i
t hast tiketapg use may have clinical rel evance wil

such as MCT4 inhibitors.
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The data presented here demonstrated that
fl bDxwas abl e to i ni bviit®@wir tvmorrk gdeomarhst r at ed co
bi oenergetic mechanisms increasing to accouni
reduction in tumor growth indicates that t hes

sufficient to rescuedtombe dHFdgatcettea 9 hthe bfit omy

(op

i oenergetics and redox, there could be some ¢
as AMPK or mTOR, perturbing intratumor met abc
sengipat hways haveifliean ifndiirbd ti on of ffPE with
|l nhi bition of MPC has also been show@oA o dec
| evidfTei s decrease of pyruxathe hepegnl bshhswn Wer i
increases i n cOmpepauahways asetlyl as gl ut amine
l eading to elCoviatlédeti’Alot-Gyp A aicetiymmpl i cated in hi
and thus MPC inhibitiféercihhay omagé obawnepi gamet i
inhi bition can be further investigated into t
or epigenetic programs associated with reprog
Chap2.er Repur pppiogeé& DNoAcancer Drugs Towards

2.1 Mitochondria a®d,) membrane potenti al (

As discussed in the previous chapter, mitoc
regul ation cell energet i csr etphreonu gshh i ATgP  plrhoed un
accomplish this by generating an electric pot
Ssubstrate oxidation in the TCA cycle, electro

l , whi ch underngaode sc haa ncgoen fuopromma ttiroansf er of el ec

rel ea'send o4 he intermembrane space per electro
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cycl e

i Nnmemi

aar ¢ ADHansferred to ETC complex 1|1, whi

tochondri al me mbr ane. Compl ex | and ||

Coenzyme Q carries electrons from Ceornep lreexl € a sag

into

t hen

proto
The g
t ake
many
pumpi
trans

follo

the i ntermembrane space Qptoooclktemeéron( @yt
facilitate the transfer of electrons fro
mplex |V wildl cause a conformational c ha
n generatginmgiwkttoe rt haen di nrteelrenme mbr ane space
otons are charged and therefore have a Vv
nent . Transfer of protons from the mito
ates a poslitoinvet heel eicnttreircmepmobtreanntel aspace an
e mitochondri al matri x. I n addition, the
hondr i al matri x generates a concetnrtirati o
pH ~8 within the mitochondri al matri x.

ese two componenbYs) odn | cchcd mbpath)lp @agrrean dkiinemrivt
e proton motive force, storing a negati.\
ns, iwheidc hbyi sATWPt islynt hase to coupl e®that f
eneration and maintenance of the proton

pl ace and generate ATP for trmeercreddhl €T hte
ions allowing for tighter regulation of
ng of protons and generation of the <chen

port chain compl ex east,BYswchu rcihn gb otthhi sutprld ze&

W i

ng sections, various ways D¥mwiwhli clhe mi
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di scussed. Fubvimh @r ,prtome®t robget omor growt h wil

potential therapeutic opportunities for this

2.2 Regumation of

2.2.1 Adenine nucl eotOYde translocator (ANT) a
The electric potenti al driving the prot ot

mitochondbi hity to generate ATP. Previously,

transport chain to pump protons owasofli sbes ma

The proton gradient is intrinsically |linked t
t hD¥mi s maintained or wutilized iIirrespective of
bi ol ogi cal pur pos®,, Wherhey polilcs cbondnoti onnder
utilize glycolytic pathways for acquisition
mi ni mal . Cell s undeklmahty ptolxe aexpgende mafi nABRP.n £
transl ogatummrde(rAMIOor mal conditions carries out
ADP. This exchange is reversi bYmmsamdPcalar bees

charge and A3DPc hcaarrgrei.esThaere are four Fdsof or m
respectively with their expression varying wi
commonly found in differentiated tissues |i ke
ANT, ANT2 is found in undvief fteiresnta ag eadh caed | Isi
ANT3 is ubiquitously but | owly expressed, and
ti ssue. I n nor mal ti ssues, ANT1 is highly e:
downregul ated umorbudelclondiefrfseer @ ot iteéhtiiso occurr e

downregul ated and ANT2 i $%Tohveesree x pnrset sasnecde si nu snuaar
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i mpaired OxPhos, where glycolysis is the primn
wi Ixlcheange glycolytic generated ATP for ADP, w

protons out of the mitochondDYmall nuppoornt hoyfd rAcTIPy

mi tochondri al matrix could seryeitoepzementby
ATP concentrations, but evidence haspoypdepdsdice
effect in cancer cells. ANT chhaowda rhedn pfeaunmed bt
pore (MPTP), a por et htenaftl oowpemfs samal lal mMolwesc ul
downstream DYfmaocodanmgsesream of cell death via a
Bauer et al carried out a gene analysis study

l ed themANdsi denbieinwg i mplicated. The researc
in various cancer cell ITines to evaluate thei:H
overexpression of ANT1, |l ed to the bovmasebwgw,
ANT2 overexpression prevented format tFrheof th
utilization of the reverse DANTO2 bac tmavinttyaiinre dd
whereas ANT1 activity of exX PO t ThgsATR awaelrd c
mitigate the formation MPBYInR harodigdip ANIT@S i A By u
by Jang et al foundNThaexpri daMMB2mBMi bcietMiDdsn | cefa
growth inhibition andi apiopawidyva mawse tx &mo groa f
These studies highlightDYnsi me ciamg @ratparpctea sd fa nred if
and sugtgersgettihmg ANT2 coul d be a \Dddriedg ua nattiicoann.
Th®Ymi s regul ated or maintained not only at th

i mport of catiodlitKk aspeciueasosipthngs pCateins.
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o

e

.42 nDbYn

Signalifigs vaac Ciati cal physi ol ogi c&lousidgn al
rgani sms and is basébeoweemetiterentancehl wlf
ndoplasmic reticulum, andi omm twiclhlonlhe i&Gm The

and out of the mitochond¥daarosTdhhet hanpout erof mi

membr ane is rather wunregulated as the -outer

dependestel aoit one chwubAa@d) prohesemsVDACs are r e
various ions, ADP and/or ATHepamdeaothemanmet ala
me mbr ane. The VDACs take on different conform

and cl osedt rsatnastneesmb(rhaingech p o t?écnatni ad Nt.er Hohwee viemt, €

S

pace in both open and closed conformations,

are in a?%xt@hdceed isntsaitdee. t he i2dpreir meermiblr yaanken iseprasc €

t

t

(

hrough the wuse of mitochondr i243°*MEHBI disuma ur
ransmembrane pore forming uniporter that int

MI CU1 and MICU2 respectively).r Wetado eenther et i

mitochondri aDYmmatthe xM@UWecdmpl ex is higRly reg

(0]

nly occurs atl1 @avghsciyoopoéveniCriexhests #&%iegm alf i
nfluXxiofoChhe mitochondri al matriDimt@atuskeas an
ownstream effects DYhatMaetfrfiexc tsiivdgmaay er nbgg & inrnoknn @C
o] activate TCA <cycl eackdebgtdubgendaspypriusvoacthet ra
ehydr 6% thise.acti vati on of TCA cycle dehydrog

O push oxidative phosphorylation and the gen
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Céd'signaling has occursraed t%nvédTihss’8 uehtdcbaock mot
Cd'wi ll in turn allow the mbDtmbohbhdupathatbwgs
l ost. Matrix cCodomceaotraobinonsual | @gabuild and mu
prvent prol ongedDYgcoerp oil mirtiizattii om ff a p?depftfoltuixc p
is carried out throtgthieechhmrgermi t mNGX¥XNndwheat e
exchangeéf orf?@BCeNlar s typically in excitable tiss
the mitod#&homdohadngdr ( mMHCX) wher'd oahoGmguwras iemnx c
l ess excitable tisg¥éBo suwrhmairsinztee, v 8@ athboen dknii tlan €
after cytosolic concenbYmabtuitonserivinicnrgease, ste
dehydrogenases which in turn generateBYmNADH f
in the procesd.n Siogmalli celdfsrCay modalr hy%i buokyv
fl uxes. Due to genetic mutations, tumor micro
the cellul ar machinerPisiigmadli ngd uinmecgonesr r eat
signaling. Thi s rreeansoedse liinhig i aenastifsgentefaGaac and c ¢
of 2Ca& | ease from!Jchoinsp aratsmeanttsumori genic effect
pat hways t ocyicnlcer eparsceg rceeslsli on, increase over al
s i mulate P'Ffbei eowt hoaZdwiaqr algiesg,ofs Laci fi call

DYm, suggest a potential therapeutic target f o

2. 2 7Ta3n Xy
As mentionedapsevpbagbya Kole in tDfe maint

There are ftcthramemerha) droukhd on the inner mitocho
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by different si ganradhs.c hT hesr er eigsultah ee danibtyacKAT P s| e
regul at?2dabd @atoKv1li.3 whi%tfheseh&dgonkhtetaby
found to play roles iBYnROSNgrmduothon®d'ri2ay umat
regul aliYihwinl lofbe the é®icas. i Whithe st e ssu'udy of
channels have been extensively studied, t he
isolated for their molecular structure and t|
However, itthaits itiif swgmtod| Ked iDmahe ROJUI Bheoa
warranting mention. Due to the high mBYtwabolic
and ROS are implicated in metaboli sor acifd @pop
regul ated niichaom@&b6dwiaagl f Kund to reduce "oxi dat
channel dependent fashion i#®2'fddctéeaniad4d gand®
is another?ftabubated Kith@amemndwhalch was found
and induced apoptosis?fhesbreeuthebandmmonstt a
rol e*cofankhel s in cancer met abolism and regul ¢
channel s coulidalbe haerpopteut i ¢ target for antica
2.2.4 Uncoupl Dfng proteins and

DYmcan al so be regul ated through induced pr
the uncoupling proteins (UCPs). UCPs are cartr
which are part of the mitochondroahbhl!| gl at di ma
each monomer cont aiarhienlg csail x rterga nosnnse, mbtrharneee ma't
l oops, and N/ C termini resi?ds € Ps nunmnbde@upilnene

mitochondria from the aprmpotodrongr andioe rtth é6Ymait mp o
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22Yhe first UCP discovered was UCP1, which was
play a role ishmivteocmhgn & #éBinfofge@mersti shomol ogs o
as UCP2 3anhdavieCPsi nce been found across multipl
not to be isnhviovievreidn gi nt hneonrmogenesi s but I Nnst ea
have found that UCP2 and UCP3 ar e ienrv ollevveedl si nc
ROS have 2P ®ndasedonditions where there is hi.
ATP |l evel s, ROS generation is typically incre:
UCPs wi | | i mport pro¥ewhkiclheffresalitvel ynl awe edr
gener?di?fbns shows t hatDYWaCsPsa cpaont ernetgiuallatper ot e c |
ROS and oxidative stress. Due to protective r
these pubtdeibems upoegul ated i n cancer due to ce
production of ROS. A study in 2004 by Hori mot
ti ssue and compared the mMRNA and proteaians | e\
ti ssue. This group found t ha#df &JICP2himRINAr and ¢
cancer tissue, supporting their hypothesis the
str’édbkms.an effort to expbenefiheopotUE€RRi alnhi he
phar macologically UCP2 inhibited breast cance
potentiating effe%c’s spd ambaspl aytotoxeat méhect
DNAdduct sbdan $hmeswn to have mitochondri al ac
increasing mitochondri al ROS and oxidative st
exploring the ef f2&dfchtes eofff elcQPs2 oifn hciibsipthibotnb.nt £ e
mod el (si RNA or pharmacologically inhibited)

ROS product DOmp, andc e’dfibipthagtyudy demonstrated
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valid therapeutic targe$fimagdtoxpdaeviene otroee
mi tochondrial acting agent s.
2.3 MitochondrbdYal dynamics and

Mi t ochondria are responsible for a | arge g
singul ar organelles but are present in the th
the cell vol ume to meet enern @etaire mMegedani cCAddic
wi || combine and come apart via processes cal
i mportance in the acquisition of energy there
or dysfunct i otnoal|l mintiotpohcahgoynnd rTihae pr ocess of mit

heal thy mitochobYoht ioa gwinteh as ef ATPI € alYmht dnlep el |

drive the fate of individual mitochond®®% on th
23Fusion of mitochondria can allow for the exc
to cellular stress to mai A%2aB s iedf i e¢viemtts bd roe

by membrane anchor ed dyomcahno md rGTaPla snreesmb rtahnee ofuut s
primarily -lbyand t2f@uBfiml and Mfn2) whereas t he
fusion iIis regulated primarily through optic a

recruitment wmwif-nelyatosd| prcotdgginm 1 (Drpl) to the

where it further stimulates fission proteins
tracking mitochondria in fibroblasts, it was
fusion is not dri*hemdampagdd ssromMysefentsi onal,

mi tochondria may stimulate a fusion event f ol
t wo daughter mi tochondri a. |l td waesd fouddudglihtae

hyperpdfmandeanot her daughDbDYawr TWWhe hdap alegroil mzed
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mi tochondria were |l ess |likely to undergo a su
mi tochondria wer e obspearvtende nftoa |liozweétth 3donyr etoheenitre r
2019 study by Cho et al. on mitochondrial fi s:
| ocalized dO®Ymplramirzaoi 6nsei on where the subse
ei t hehry haenadl tc ®¥d adr rdeygsafiunnct i onalDYma nd aun anlgl & htem
mitopPRbgyadditi ®Ym t opr bbepgmdri zati on of mitoc
proteolytic activity on Opalbsiengaent VdidWg ni te

This provi deBYmeerndesnica tbgul atory el ement f or

events and can drive mitophagy in cell s.

Il n a rapidly proliferating cancer tumor ,
copmonents for bi omass. Throughout the prolif
dynamics are important I n regulating mitochon

nutrients and oxygen which campefurCtamerrdriev ¢ s
be found with increased mit é%Bheonndgr ihailg hfliys spiroon
having increased mitochondri al fission all ows
replication. itmchealdrhwlcélilssj om generally in
cycle to better distribute mitochondria to da
increased in the enétfgy acdan suminng oGh/At$ opvbaage D.
of mitochondria during replication, i ncreased
phenotype. Fused mitochondri al net wor ks have
increased mitochondri alrateagmomnteatpioolnariineedam

dysfunctional manner. As a response to stress
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signal mitophagy as a quality control mec hani
downregul atd@dcihncaanc¢er $s her solln dfidcgt med avibrorl @ ¢
of PI NK1, a protein involved in the ubiquinat]
tumorigenic effects in glioblast oinas bahboimlioma t

and promote a Warburg metabol3*“Aimt doegh omidty s p lu:

dysfunctional in some cancers and downregul at
glycolytic metabolism, mid og hnmegayn ssttid |p rooccvciud es
high ROS |l evels and to | imit the number of mi

oxygen cdhé¥%t abhering mitochondrial d@¥Ymamics
cancer i s darbilvee tnoe tfaubratlhiecr phenotypes abYéh hi ghl

as a therapeutic target for anticancer treatm

2.4 Agents Targeting Mitochondri a

Targeting mitochondria has gained increasi:t
deregul ating cellular energetics became an i m
the synthesis and shuttl i g osfy nmenteash csl.i tDause ft @

i nt evraersimgisochondria targeted candi(Bager)eoihpbdu
Sever al of these agents were i1nitially develo
for their Cathertri aalgeads santSiome of these agent
enzymes, electron transport <chain complexes,
and act as regulators to increase or decrease
ggadient of the mitochondria as a mechanism t
foll owing section wil!/ review some of these m

2.5 Agents Targeting El ectron Transport Chain
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2.5.1 Piericidin A1l
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Originally, di scovered i n the S19@@Ps omysc ea
mobar,aemiiesr ci di FiAglu r(emife. rdeiechi mhowm bt @ ub*® o emi r
24pj ercidin A1l binds to the ubiquinone binding
flow of the ETC and i?h%cRiParseisdipm olasth®an odt iR
tool to study tlhe néefifobaedtionofonc @l ¢ 2P§°Paured pat
to caanperturbed metabol i sm, piercidin has beer
found to I nhi bit mitochondri al oxygen consun
cocentrations agai ndsB281PAddsei deplriyedpiMOACi d
haveowlaCues3®fOM.a&gai nst a series of renal ce
counting?%*%t 8 assay.

2.5.2 Metformin

Met f oFmgores2ombhe of the most widely wused o
the treat ment 2°0Mettfyopeni 2 o¢irelvetnes. | i ver gl ucor
absorption in the GI tract, and increas®es i ns
upt atsse melkcthani sm of action regarding diabetes
AMPactivated protein kinase (AMPK) signaling i
ETC chain, preventing mitaoachondcrebhsATR grydds:
ratios which activates’°DPhe AMPKhei healghngned:
mi tochondria in cancer and tumor suppressive
repurposed as an hnltiitcya ntcoe rt aarggeentt OxoRrh # &' samd a
2Met formin was found to inhibit mitochondri a
carcinoma cell l ine HCT116 and reduced tumor

at high dmy&SHleaff o5 n as an anticancer therarg
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and it has been | everaged as a single agent tl
390 cl i mtWhaill et rtihaelrse. @oé ngt icllsi mimatahy nventifaolr mi n ,
phar macokinetic properties requiring the wuse
adaptation so far.
2.5.3 Fenofibrate

Fenof (Fbhbrgatnes 2alpotent agoni stacofi vpae readx irseocn
al phaa PPRA® has been used for the treatment o
since’®*BO®76fi brate initially received addrenti o

agent dueabgontst?’PPRRMRANatsy.f ound to be a pot e

therapeutic target due to I ts many regul atory
inflammation, ar#?®fmmuesedt@atkepdmisesirom rat sk
was found that mi tochondri al function was i m

i nhibition’®bPlieceimpéex of fenofibrate on mitoc
i n wvoint rloumaastgdma b¢e229,] imeerLeN it was det er mi
pretreatment with fenofibrate suppressed o0oxyg
Bioanalyzer MitoStress test . -2T2h9% rpernedterreeadt nehnet
insenive to FCCP stimulus to maximally respi

through the ETC. Acute injection with fenofil

subsequent increase in extracellutampearcs ati drn \
increase in glycolysis was’®brcaurageg ayf ttehes®
intracranial tumor xenograft study was <carrie
Or al administrationoofurmemostubpat swiuypaioetl d & t b e
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met abolism of fenofibrate to the carboxylic a
cranial injection offbokdofeduatieocMidnt oumar ad

2.5. 4 Rotenone

Rote@&ad gurnies 2alnaturally occurring compound
spedi’est® has been utilized histori palophYmas pi :
modern days it has been stil] used as a pisci
and EU for use on crops and |l ivestock. Roteno

it was found that rotenonelysebhewassi abbhée, t anct
pat hol ogi es con$si sdtiesneta swei t(hP DP)artkoi nssuocnh an ext e
in mice td° ®Sbldeke PDe di s@Gowadriy iofy tot snomueé at
been additimincad, nmoalted,s fiins h, and Drosophila t1
Owing to its ability to inhibit mitochondri al
some traction to be repurposed as an anticanc

Rotenone wasohesebakdansti aampcer 2afgreintti alalry
t hhen eytoobooxicity was3 destsarymiome d wwi a&codrodle rcoaunsc e
colon cell l i nes SWAB®,r sM6dt, i vaenldy .CRLEo was ¢
vales of rotenone against theOMamwteragaildstl itnle
colon cedll790i,bneo€CkRbone remained nontoxic at t|

by this cancer selective regmpatnisen drmae iedVd acit

carried out . It was found that rotenone was s
wound healing assay and traneswastdvessamani oof ars:
was carried owuenografgt af S&vdaBOt umor model wher
reduced tumor 2%0ol ume by ~55%.

10C



A different group found that rotenone had s
breast cancer’{cneilitln allsicnreeceM@Bigotfoxi ¢ properti e

agai nst MCF7 found that rotenone had a cytoto

After 24 hours treatment, there appeared to b
time increagéedtoeri di df tdet cof rotenone as as:e
trypan blue dye exclusion assay, and al amar

rot enon esowhaal du edridaff Cea’m #BdAr t F' A=t meoritenone i s a

I i nhi bitor, it was thought that this inhibidt
el ectron transport and apoptosis would be indi
increased in aiobnme attepgnaoventh faassh me depende

prote2.n Blte production of ROS was determined v
dye oxidizable in the presence of ROS. It W ¢
produdtiROE @after 1 hour, wi t-dac dtryelat enesitt e ibrye ,a
ROS accufidl ati on.
2.5.5 Rhein

Rhe(Fmgur)e s2.ah anthraquinone derivative fi
rhubarb species. 1 tf icomleoaxmdet iutniiwea eil ryhibb intda |
sites, as opposed to other inhibitof®Rhtehat ty
has been studied for-mits obiPgy apEepd trdit clodmsesri itansg a
agef damtfil ammat’dr yard d ipa mte?nd ca nadg eacsia nacne PdTéfgie n t
Utilizing a human-5l94ng rdaen merwace Ifloulnidnda,o A au:
Cd'concentration due t dOSER drigrpeairsd iamd u mned eape

cytochrome ¢ releas’®?2and caspase 3 activation
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2.5. 6-tAlcppder yla-TsQux)ci nat e (

As a redox neutral sauTcCF nguebadt beenf omet a
|l eading vitarioniFE ssaduwrcaes ddiufees tad hielffdelsQ& nrd fh &
has been found to inhibit complex 11 of the
preventing the fl ow 6%f te lweacst rhedn@rsdt i hndupadogehso s h 8
in MCF7 auBd58DAreast cancer cell ' ines after
cel |l l i ne without mitochondri al DNA and a dy:
a-TOS did not accumul ate as nffAmotRIOSr agido @ap ofpd |
a-TOS i nduceidn awpiotpraooBusman col orect 497 hd &an agearo upe
demonsamM®OBedef fi cacy I n a HCT116 axe@®gwastt f
admi ni stered at 200 mM aonbds ectfv €8d0.% t umor reduc
2.5.7 Antimycin A

Ant i myFiigwurNes 2a 1f ungal anStirbeipottointy cperamdiui ct eadz ¢
i s known to inhibit cytochrome reductase ¢ in
stops the dlhectBddh’tfilmywiinn A has a |l ong histor

fisheries and has been used as a research too

complex I11 such as ROS production, induction

Anitmycin A has had some moderate preclinica
exploring & nteifrhyecitn oA cel | cycl e and apopt
adenocarcinoma A549 cell s. 't was debiel imi ped

via MTT assay to 50 %-1s0tOanr tainrdg adtl 24 sh euwr < ofnrc @

in only 20% remaining viable. Cell cycle anal
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arrest armdfteduc2shour sH:DOEDAgdpeft bat eseaats
l evel s, it was determined that armt0iom&M.n A i n.
Recentl vy, Yu et al . determined that antir

antiproliferatasseayebheotr aVi @ZaWTHBM-A 2c@d @ mpl airneeds t

the nor mal orlal Tdiel IMTISI naes sthGF whi ch wutilizes
tetrabkasedmdye to formazan, that at the scree
oal cancer cell l i nes showed al rvwasucunafnf @cnt €
determine if the | oss of viability was based
antimycin A and cell viability wearsatrieochd Voefr e@A L
and -2 9 r al cancer cel I-1,l iinteswa s fnowmmrcd ntchearto uasn t
increased superoxide | evels and depol arized I
I i A%%s .

2.5.8 Atovaquone

At ovad@ruiognder)@s a ubiquinone analog that acts
the electron transport c¢chain. Atovaquone i s
pneumoni a Rmawmredcylsy par gsirtoeseciand as an anti
Pl admom fapaiparuens. I n fact, in the early 20!
of antimalarial tra’WbPleprestnigpetbng OrRPhbs 1
i nhi bition, atovaquone has recas ven smomecamdc el

Fiorillo et. al. sought to explore the eff
receptor positive breast-deanvued cahbteti neeMCE
Seahorse XFe96 Bioasitanggzerasaami was hoadnri @ad o

t hat atovaquone reduced mitochondri al respir
102



At o

for

Il ow

phe

notype switch from aerobic respiration to ¢

t heondirtiemdh stress test -Bhl noelmal | ifmndr diblde
ochondri al respiration or give rise to a m
t atovaquone i ncreases ROS |l evel s and de
vaquone was assessed for its ability to re

hawve adu &Mdwhereas monocul tamael ue eaft methtOM.a
ults suggested that cancequenhnem cedlsci Ttg ut
m tumor spheres. Cancer stem cell popul ati

it was det er mi needt itvhatoeudg hc &1l lu osrcerstciemngc e( FAC S

eed bei ngt ovadquuoende btyr eat ment . These resul
cessful at i nhibiting mitochondri al respir
notype, and was ~10 times more pot eh’d at t

9 Resveratrol

ResvefFaguaols 2alnaturally occurring stil ben:
various berries as a phytoalP®esmenat rfoilghl
i oxidant propeediaes-tadweadovmiae m| yup sl ement z h
its antioxidant properties, it has been ut
eases, aging, neurodegener d8%2° VRee sdries@mad s od, Vv
st discovered to have potential anticancer
eened for their ability to inhibit cycl oo
cer for thei+ ndbialmmay atna i ipmr ®rgardadyge sprsot hat
I growth and?2?3%Ammwemre i swrlvadiilolnammed. i dent i fi c

nts extracts, its biological activity drov
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of acteon. aZinidi scovered in isolated rat brai
antioxidant was able to scavenge superoxide a
compl é% hlilsl i ndi cates that r evsevnegrea tsruople rwoaxsi dneo te

prevent their formation through complex |11 i

able to inhibit cel |l proliferation and induce
HTF2 9. 't was f codn dWBtOadt rwepweaerrds r ol did not ac
howevegw alnued Cof ~79 GNM oviarsc d baitnidomfyeierg asSHT

S0Af t2eroumcubation with resverdatwad ddt iwaast e€dou
by a decrease in membrane permeability and DN
were activated. Additionally, It was also foul
superoxi®d® anions.
2.5.10 Rhodamine 123

Rhodami nli gluz¥i s2.d mitochondri al accumul at

fluorescent dye commonly wused as an experi ment

function. Rhodamine 123 was found to be abl e
mi ochondria compared to healthy cells?%repre
Del ocalized |l ipophilic cations are shown to

charge gradient across t¥é Rt’mang memilt2d8c hwoansd rfi o

i nhi biitdomlaeée nA-ATP Fsynt hase in i sol ated bovi ne
mitochondria, rat |liver mi%%°Rabadmanin ine, 121Bd einn ¢
phase | <clinical trrmaonesf rfaocrt otrhye ptrroesattanteen tc aonfc e

proceed further as the therapeutic efif%ct was
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2.5.11 Oligomycin

Ol i goifyicgiunr)é s2 .al macr ol i de pSrtoadwddéedyicre st be
i nhi bdstu btuhf@FtATdPf synt hase (coMpterRa¥)bebnt wedET
an experimental tool to study mitochondri al p |
target, it has seenr sheneeli mpged ead R Vhd™tieingatrisw
study as an anticancer agent added to bi omed:]
ability to survive OxPhos inhibition, or conf
l i endtdue to iIits toxicity. Oligomycin was f ounc

found to be within the top 0.1% of cytotoxic

cancer cell lines carried!@® it by the National
2.6 Protonophores and uncoupling agents
Protonophores are chemical entities that ¢
me mbr ane, deliver a proton, and then cycle ba
spaEegir)e 2Br2a nging protons into the mitochon
synthesis from the proton gradient, destabi | |

characteristics for chemicals ar&),t obielgantgé ysal |

hydrophobi c, a nd p-ehlaevcitnrgo né e | tohcaat! | wie ld | all ow t
membranes in a charged state. Not all protono
some wi || i nteract wi t h mi t oacnhgoensd r i @l mat oi % i
concentration. An uncoupling agent is one whi

generated in the ETC from ATP synthesis. Thi s
i nhibition of OxPhosl eatziyomesf Itthw,s @m egiewnd irmigs e

potential. Since the Warburg effect highliaght
10€



energy generation, researchers have begun stu
mi thomandr i al ATP generation as experiment al t
uncoupling mitochondria or direct use as ther

some protonophores and their uses.

1o H

Intermembrane Space
pH=6.7

pH = 8.0 s

i : ©)

: ' H

. protonophore @

R : H
Figaere Example of protonophore or uncoupling agent mect
i nter membrane space and travel to the mitochondri al meé
protonophore andhamamoiupll imgot ' gni addicent that i s utili:
protonophore can then be transported or cross the inn

acquire another proton and repeat the process



OH Cl

NO,
N N
X __N. /[j
~ °N
NO, \I[ H
2,4-DNP N cccp
@) N F
/(3\ o i
N S N* NH H
H (')' )\(N
0 N7 LY
oo et
Nitazoxanide \O’N
(NTZ) BAM15
Cl
N, H H
N2
N S _S
o cl 0 UBr
Cl O,N
Endosidin9
srR4 Cl
Nemorosone OH ©
HO Br
Br 0] O Q OH
_ o) O
s °
CZ5 (+)-usnic acid
Figurkn@wB:protonophores and uncoupling agents.

2. 6.-DNR, 4
Hi storically used in the producti oDN®f exp!
(Figurywag&. Bound to have a protonophore effects

wit hDNP 4started experienci ngT hwesi gehac ildoesnst ad n df |
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foll owed by a group from -BNR ndanroabredn it we ragietnyt
findi ngDNPhatas2,adbl e to increase basal met abol i
~1.5kgPweENkP. could then be found as an over t
After some time @endn ONAIiwdidghXINH ddesptoar h @d tdal
to their | iver, ki dneys, eyes, heart, and rep
use @ONP2,40 humans in 1938. Even being banned
commuraivtey thr i ed-DN® wasti hi pet2gntdi al tIheB apmalti c
therapeutic window, groups have sought to dev
met hyl et her prodrreulge aca&!l Ineidt oc o tndRoMHQ ¢ d woarso t o
devel oped to t arrgeelte atshee meicvhearn iassm aa fstleorw et her
CRMP was tolerated up -DNP 1®&0orfelidn gr &tag ewi tt H
ef f &Htosvever, whil e CRMP uwlaisn fsoeunnsdi ttiovi rt e g aainnd
steatosis, at higher doses there was an incr e:
side ef-Ddet wat 8F2flhle purseBsNePrfti . @, 4 he cancer rese
has mai nimytbdeasl an experimental tool for stu
how changing cancer met abolic | andscape can |
study on theNRbitloi tsyensfi t2z4 prost atseucda nacser
doxorubicin and epirubicinDWBswaarabled batsemhs
of prostate cancer cell l i nes to anthracycl i
foll owed by an observamti osawhan cowmbiemaati dm
indicating that ROS generation could 126ad to

2.6.2 FCCP



FCCIFigureor2. 8arbonptlri ¢éyaowroemet hoxyphenyl h

hydrophobic wealbsacitdet mat ocahaondri al i nner me
the mitochondri al matrix where it effectively
potenti al . Originally developed in 1962 by F
ex pneernit al t ool to st udflowmevv e cihno switmemhol e f umacv @ o
to determine some moderate potenti al of FCCP ¢
caused a dose dependent I ncrpepamstcentn dapleatoixa rd
a human | ung adeno&ar cTihn eama ncelelaslei nen ®RaOISu a nd
foll owed by apopbhye.siAsf taenrd adeddiutcitonmonofi nanti oxi d
l evel s were notapopplosi sed wasd avvibatded, suggest

apoptosis through increased pro¥®Wdction of ROS
2.6.3 CCCP
CCCIFigurn,e @r. 3carbooaollocgpmendel mydr azone, si

a hydrophobhat weak &aciadspor:t a proton the mi

mitochondrial ATP generation from the proton
as an experimental t ool due to its narrow tF
det ernrhi me mitochondri al permeability transitio
study the apoptotic pathway. Utilizing a huma

CCCP was succeB'sdud iandueidugi @ag MPARadEweaut heodc
no release of cytotzhovtmeat mwas WouhdC&LPerannd

i ndduéfehdi.s experimental work helped determine t
induction of the apoptosis pathway.

2. Ni4azo®Wagi de
11C



NitazoFfagude s2.ah acetyl prodrug of -tizoxa
parasitic used Cirgrptiolse ot ram@ineermta rav tiimntf e<tt ii manl
through an unkrAoWi @mec hanreswe!l ttohkfyienpd @ast ¢ oir u I
tubercuhiosaszoxani de was selected and it was f
membr ane potential similar to CCCPTansd causuéd
suggested t Batwansi taazmxramn an e active agent tr
concentrations across membranes. This study s
of nitazoxanide where it was found to act as

Due to tmporianog of targeting cancer met al
been carried out with nitazoxanide due to its
ni t az éx aenfi fdeec t on 3D spheroids and 2Di mcaid t ur e
HCT116 -a68dfmMHdy found that nitazoxanide was ab
rates in 2D cultures using | ower concentratior
i n OCR. This suggests thaée nhheamoxaohdedwaa :
mi tochondri al respiration, with the addition
HT29 after nitazoxanide st maflfagctonon EPl ephe
found that nit aznocxraenaisdee twhaes oaxbylgeent ousage by pe
amount of oxygen available in the tumor cor e,

nitazoxanide ians vaava2 dHgxenagraftt di d not show

by the researchers to the proliferative natur
acquisition new glucose readily and that a | ¢
tr eat ment with nitazoxanide. Whil e single age

111



efficacious, combination treat ment with irinof

irinote4n al one.

2.6.5 Oxyclozanide

Oxycl oFagudes 2. 3aliclyanilide drug used as
for the treatment of fascioliasis®*Wee dofmest
oxyclozani de as a potenti al anticancer agent
done® explore how alterations in cancer metabo
murine col orectal carcinoma MC38 was used to
uncoupling. It was found that mdt oahonarfi ak, u
| actate concentrations, and | owered pentose p
mitochondri al uncoupling agents can pri me <can

energy acqui sitiombi ropteino mgt rsepatcme ftog wi t h gl
found that t AMe artendeuncte dwictohl oty f or mati on i n M
met astasis and metastatic tumor vol %#¥he in a s
2.6.6 BAM15

BAM1Bi gunwa®.8Birst discovered tod&havwea dpyr atn
rat myobl ast cell Il ine L6. Il n this study it w
FCCP from JANOwmMmMI ¢ osdbsequent!| ywiidndrneadii g, e x
indicative of an increase in glycolysis after
to have targets outside the mitochondria such
pl asma membrane el edtaophysieol tgpawament owk & h

f ound t hat FCCP induced an i nwar d current w h
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membr ané3Yatesel results indicate that BAM15 i s

targeting thedri ahemembtanbo Mitochondri al unec
mitochondri al met abolism to go down but incre
a similar amount of ATP, this makes mitechond
treat ment of obesity. Il n this regard, BAM15 v
mouse obesity model &%IA egt ugdiyv eomin ad owseisntge r ann dd i
parameters found that BAM1S5 was tolerated 1in
no significant raises iIin rectal body temperat

of 1.7 hourod and smeej adriisttyw i buti on was found to
at 50 mg/ kg and 100 mg/ kg were found to incre
above baseline rédspasautei velsyecftoron3 kdates!| iawceaurt €
ti ssue specifically had a higher oxygen cons.¢u
0. 10 %, and 0.15% w/w of BAM15 for 8 days foun

fat mass gain whereas the highemul @aanoeaentcroanpil e

the control group fed only a western diet, b
treat ment gr-depsndkehthddcdeasees in their fast.]
l evel s, indicatidggtbhaos8AMABoperarneed®d i mp
BAM15 is highly Iipophilic and found to accum

its use as a therapeutic agert® &%%d has not pr

2.6.7 SRA4

SR&FIi gurnes2a3urea based potential anticance
a chemical | ibrary in hopes to uncover potent
|l euk®&rinai.t i al screening detsevanimedoft hat. ZROM |
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promyeol obl a6sOt. cFeurlt heernescHhLeeni ng against ot he
cell linwsalfueBn®WM] GAfter determining that SR4
of early apoptotic and I|-Rltedapwlpe ost ai wiend sf
experiment s, the effects of SR4 on mbubchdondr
was found that SRA4DYwglaiuksee dt haatr eodfucd i lomowm mi t «
CCCPAnother group sought to determine the act
HepG2 using Seahorse XFEhBxpaeamgmnes drper mma
increases oxygen consumption rates (OCR) in H:
SR4 was still able to induce an increase in O
ATP synthesis wusiangni dloicdh@mydacK CaH, Upericaogepniteerd 6a n
in OCR suggesting that SR4 uncouples mitochon

increase in OCR. Similarly, the MPT bl ocker |

activitythatdiwncawmpl i ng i s not a byproduct of
was SR4 itself. Further experiments wusing mit
in O€CR.

2.6.8 Nemorosone

Nemor oBfogar)ei s2.a3 polycyclic polyprenyl at ed
product deri vedl|l dgioamnrCo2s9efal . t ¢ ¢ s was f ousmvd t hat
values of 7.2 and 3.9 OM agaBnabhdhbmmanpgbsbh
cel | Ili tesp@FHF hevahnyi cancer effects of nemoro:
carcinoma cell Il ine HepG2, where D¥Yin. whlke f Dama

group found that nemorosone el igliiteg ®»d®&nton0@d
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Nemorosone is stildl ear | yademdi,tsst uddd veesl caprnee nlti 1

ti me.

2.6.9 Endosidin9

Endosi di(hi9g ff®®g . 8ri ginally found through
i denctliaftgterdiimmt ed endocytosis (CME) i nhi bitors
growth and pollen geY*d@iMEat somnofentolggcce@eqpl amn
was assessed for its effect onwdAISPfpuo@Mc¢hiaon
of ES9 reduced cel |l WAlrari APiGPBslicseslell sc blyt wbroeds .i nC
CCCP, ES9 also prevented an accumulation of M
mitochondri a. Si mi Drao siolgamsdu | ht ussmawne rley nfipohuoncdy tien J L
has been mainly studied in plant systems but
potential therapeutic targetarbtyi-ticeaphgcnedre nrte sceealrl
cytotd*icity.
2.6.10 CZ>5

CZz®Eigurnwag.Birst identified as a mit-ochond
throughput screening of a c¢heevufcoarl tlhiebrtarrea tfn
met abolic disorders. The screening assay was
the ratio of red and greh*Afteor eseencéicapie
mi tochondri al unrc outpd ceired iftorwaist & ualtihlei ty to
obesity and glucose tolerance. Cz5 was found

myotubes-LdndadB3pdcytes but di d not demonstra
11%



hepat ocoyh eisndiwhat es some cell type selectivity

an increase in glucose oxidation, which was o

f

ashi eén OMWM)..6 Pharmacokinetic studies ubmat €&5

bioavailability of ~53%.idtaiwas&s0 dneg/ek gni naeuws & ch

n energy expenditure without a significant i

mass of the tredtitent higdZbu phmedsy b2x0®e%. utili zed

esearchers mainly for the treatment for met a

an anticancer agent.
2.6. Ussn(i€) aci d

(*Usni c(Fiagudes 2a3bi ol ogically acam vae wartiueta
of species of I|lichens. Originally, it was foul
t hat -DONFP 2.,n4 mouse | 34f eds miid oacchioch dwaisa.assessed f
anticancer agent ursd ndyu chtuaria nc araannraa ja gd el | [0
(+ysni c aci dYnbeupto Idaoreiszendot r el ease cytochr ome
caspaseuggesting that apoptotic p(atsways awe e
reduAclTéPd | evel s and activated AMP kinase signal
i nduction of autophagy. However, researchers
remained after 24-ulsmurcs atcrieat mamty ewmictidg(f#)cat i
perturbed preventing autophagy as p62 can i nc
concomitant degradati on. Utilizing a I|lysotra
acidification under wmorrmalt d oredutstmieotrt sawiiitdth dfeacs

ysosomal acidification and®*‘Phevaehiiidny cefaac €)

O uncouple the mitochondria have sparked it:
11€



mar k e tne dh earsb aal suppl eméntThiad | ®uWp fdli @moe&n th ewa x sd
FDA to be associated with hepatotoxicity and

therapeutic potentiai*’a4® an anticancer therap

2.7 Deldodalpiopphilic cations (DLCs): mitochondr
Del ocalized |l ipophilic cations (DLCs) are
that charge over a | arge hydrophobic area to

charngde haydr ophobic nature of these molecul es
associated WAL EMi s nalslobws i omese mol ecules to
with a | ower actidedbicani erer ¢stilHowmss Dslad@sh caasn N
into and across membrpmnrets. whueh olddinatamey s mecd dteiev e
mitochondri,alDL@esmbtreannde t o accumul at*é¢ ¥THesehe
uni que ©properties allow DLCs to be | everaged
whet her that be as therapeutic agents or as r
to biologically active smallldenoilveecruyl efsort oa pdrc
ot herwise be prevented from reaching the mito

DLCs and their applications will be highlight
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Dequalinium chloride Triphenyl phosphonium

Figure D2ldbcalizedsl|l tphaphthirgetamitochondri a.
2.7.1 MitoTracker Deep Red

MitoTracker De@p gRed s MT R)wmeseyWanilhueor esc e
often wused in biomedical research to | abel I
mi tochondri al matDYih&nd si tdepkodaht zatni on ar e
depol arization. ComMpacé&éerwidtykesot M@DRMhas a <ch
can react with thiols to assist in fi®DYmhg the
MitoTracker based cyanine dyes h-Ava&abdadaryof oun
f outnod remain for hours in cancer tumors, perha
matrixes compared to normal tissues.

I n search to find therapeutic agents with
cells (CSCs), swidRasvas petpauripidhle aidtfiecasc of

cellul ar metabolism using 2D and 3D c-®BI cul t

11€



231, anAiB4MBA were carried out. It was found th
3D spdhefrooimati on on al l cel | |l i nes at concentr
reduced CSCs abilidynwdependeetr ggr awchor Agete r
using Seahorse XFe Bioanalyzer founpitatitoMTIDI
MDAMB231 at concentrations as | ow -BG0aAnMM fwu It In
suppressing mitochondri adl lraenstpoiircatmemhr alhtei | (i @
chicken eggs, a tumor growft h M@BZ3 Imewas t @asrn rsi a
using MTDR. This study found that MTDR reducec
Additionall vy, using qgqPCR primers for human Al i

MTDR inhibited mktastasis by ~60%.

2. 7. 20 MKT

MKTO7@®i gur)d s2.a4 r hodacyanine dye that has
mi t ochoner7ita waMKB cr eeeanlewde § oagaitrsstl Ca panel of
includes breast canceddpBGEYTeatokboocacar aobmam&R
carcinoma EJ, and mel ano®mda7 LOXhi bitt ewdstshesadc:t
values OM Hut was found to not i nhi-Ib, twhyirohwtihs
a nor mal epdkihred i By pdripel alra zed mitocbdndri a.
selectively targeted polarized mitochondria art
To ver itOf7y7 MKuiTbcel | ul 4r alndc €Kil 2 &t wem e -0CNV7e aatnedd W
subjected to flow cytometry,foiltd wasxr £arg7ed i h h
accumul atli ccre*Biune tChXer precl i ni cd7 derved piptmeintt  to

clinical trial. Pat-0&htisn fwegsieoccrhst mfitnoo re fpente deeyMiE"
11¢



at different doses, it was found that there w:
one patient going from a progressi-“e7 rtemeadt mman
was found txi eiltixiaftrematithda ofi rst dose, with r

few weeks. This toxicity -@@dmpaned pbéeedeval op

and it was dropped3*for further clinical trial
2.7.3 Dequalinium chloride
Dequalini ¢g¢mgah)ieesgdbiternary ammonium chl or

as an antiseptic and3°diegiumal ¢énti amt chiocedehel
properties by i-ATTP&®se¢ i agd bhe hodfs i bhdbc t BEIAd eafklr eAtTiPC
di scovery that dequalinium chloride accumul at

agent was explored to selectively target canc

study, rat col oWle3arics mgmaf tcewds liimgl anted in
serves as a model for recurrence after primar
chloride reduced primary tumor volume by ~60

recurrencebeéaogual50m.um chloride was found to ol
such-fasobouracil, cisplatin, met hotrexat e, an
30 days in a mouse bladder ®equabmai sinngeal
been found to have a variety of biological tal
an anticancer agent.
2. 7.4 Triphenyl phosphoni um

Tri phenyl phoBiphomnes2na 4drPe)of the more ri gc
The study of TPP compounds have | edl1606®0-Q he fi

fold mitochondria due D¥e tNada ucladr gge dihfi fse rhearsc
12C



utilized a@armj g dtoiodn ftoa tcherapeutic agents to s
in mitochondri a. One example of TPP conjugat.
conjugation of TPP with a d8Mifdgwirndmecailn zan i @g
reduced in the mitochondri al to ubiquinol an.
stress. It was found that MitoQ was reduced b
[ I successfun Ifyl awmhtitbriduglg teHe cETODYmbYy was

FCCP prevented accumul ati dhMiotfo QMihtaosQ aal nsdo obteheen

a potential anticancer agentcytO@rexgrcoduypevfieduwsnad
as a metabolic sensor can prime cell s-MBor met
231 as a model , it was found that MitoQ poten

a concomitant switch to gl yevBi2¥di yamd0ide ev e n
Encour agied wgsmdhes of MitoQ, a metastasis tail
MDAMB-2 3%°ft was found that treatment with MitoC
>2 metastati c blyesibdbs dm tamdBdritrhgmoameilc MDA er
of tumors and continuation of treatment, 1t w
the mice whereas 100% of vehicle t rP®Rhetreedd dnyi ce
ee. al. synthesized -aykoxypygacbhdpPPl abkenptesusr ag
ability to perturb mitochondri al met abol i sm.
mi tochondrial ATP producti onnduicnehdi ba tperdo trmoanx i Ine
results indat&aoegcahbonyhel 2yl esters TPP accu
perturbed mitoch®dndrial metabol i sm.

2.8 Drug Repurposing
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Met hodol ogi es of novel dr ug dginsicnogv etrhye tproatde
drug candidates, synthesis of a |ibrary of <ca
compounds, and then identi fiinc adgiridonm boifv bloega dc ad &
evaluation. Foll owl emagd tdha&ndiddeattd s | wiadt lli iominabadlr g

studies to determine the mechanism of action,

model s. This wil/l further narrow down the [
candi dat powenti al for transl ation to human us
the FDA for revi ew. Once the FDA has reviewe
designated as an investigational newalds ugi Islui

phasled dtudies to evaluate the toxicity and e
involve assessing the safe dosing, di sease re
overall survivaile offi ndle p@Epgn ewndls by ft he FDA.

of potenti al candidate compounds to approval

intensive process. The ti e fyerartshiwg t 8 @amne asv ¢
blili on spent on the devé&?fiohpinse nits otf hea tsiimmegllien en
compound cl eanl y-cgainngcatlhraonudg hc Itihne cparle devel op
t hat at every step in this process has a high
again, prootne ntthiealbleyyifnni ng. Additionally, due t
approved anticancer drugs are prohibitively &e:
making them available only to hiwihtlhy b elisrug eldi
costly, these drugs can sometimes only offer &
months in many aggressive solid tumors. Ther e

candidate compounds sthatndcan mmi roif midzeev etl hboep me o
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2.8.1 Pyrvinium pamoat e

Pyrviniqwmties nary ammonium cyanine dye firs

194KBi gur e ARf t59r its discovery, it was | mmedi a
motility in various pinwoarmndnovt sbnadamwdgimoagpe
mod é9°§¥ari ous counter ions have been wutilized
salt form utilized in earl y»s sdiudd ewer yJuisn UD

determined that due ttoemst,s a odcehlraarbti tladt wrelamrpsatn
old testing positive for pi nworms ofr their e
mg/ kg/ day3°fPor wasdéapysnd that 100% of pinwor ms
cohort anod ewaast ende IWi tth no toxic side effects.
13 adul t42 ayreaas s220 1 d abh2 yYyaa@rscsholdyewerde5admir

chloride at 1 mg/ kg, 0.7 mg/ kg, dnd&kel.tshemg/rkg
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study, al | patients had 100% reduction in th
popul ation blood and wurine samples were take
i mportant observati onrseswearec hreerpsordiedd nadtt hsotuagthe
mar kers were’*ei i@5®@®bsaemeavdsalt form of pyrvi
pamoate (PP), and a comparative study3Wwas car
was fo@mwd toiatpati ents treated with pyrvinium
1-7 days -daafyt etrr emat/ment , where all patients trea
toxic side effects were observdd Wwas patndntoe
bitter taste whereas PP had no bitter taste r
both drugs. This observation and quick succes
singl e, | ar ge sd wdeg <SltOWd yi.nnmfadre st wist h pi nwor m |
mg/ kg PP once and monit-dagdpéorodnfeéett was & ol
patients of patients were cleared of infectio
dee treatment for p#?mPwWworwa si nufteicltiizoend rfeopro rttheed .
primary care option for infections of vari ou
me d i t7i? hte .

Surprisimglyntilt Wasd4 tbh aotavtahd adydtemi of p
was studied. THhs sf lsuourdeys cuetnitl ipzreodpePPt i es to de
and urine after oral dosing. I n this study on
bl ood andi ®/t4dh éhiard WPrPi ne after 24 hours wusing 1
sensitive as sample concentrations were not st
the | imit of detection was 1.3%Anlglbo dmrstpudiys

carried out in the same year wutilizing the fI
12&



urine, plasma, and fteselagter BPaindpbasmaofé
found to be signifecviaomtas$s ysthudghewi thané6® heg hphpmL
in pl asma. Additionall vy, i n this study it w a
indicating a | ack offadserptiuadines ngawne 5dmd ria

dosegaPP through the body and its systemic di

administration through intraperitoneal or int
serve as a better model of titsessue ndsiugter iab thtiigdr
of drug. I n a more recent study, a thorough p

of PP was®’BAAteiedVoadmini stering a sindlee wh smg
determined to be 0.54 hours. To determine tis
at 5, 20, and 35 mg/ kg where | evelat pfaP® wmes e
Only through I P dosing was PP found to be pre
failed to increase plthaosuma slteuvdeyl swionfd oRMR Wi tshsiure

groups determined thatapandmeascamd | faati omawfarl

depending on route of administration. Previous:¢
of PP due to | ow plasma concentrations, which
CurtgntrP is in a phase | clinical trial to d
pancreatic duct®!l adenocarci noma.

I n the early 1970s, PP was replaced with n

not have a dyei ngl edrfdecme sbaurccha 2l g yamchtPP beg:
both human and v&tRRP i magyn medilbéenetilized by
community after some studies a®teEhpnedfhoteerp

388 and was utilized i#ii o6 fpercetndc tdii vsee aesfefse dftor:
12¢€



due to PPs mobdwdtagniom sifgnnlti/ng pat hways. Rep
agent was sparked by a 200d mat wey HEUfitinieg aBRAIN C

determined that PP showedl awhseen egcltui cvoes ec yw aost orxe

mg/ mL or | ess, but cytotoxicity was entirely
glucose. No «disfefrerre@ncuendwas conditions of var
concentrations. To model a tumor microenviront
cel |l l' ine Wi Dr tumor spheroids. After grown t

100 mhg/compl etely inhibited tumor spheroid gr o

group incread%dderothe0®@@x®m20 years, there ha

the potential of PP as an ansjicwhthrtwgeabdommor
proposed mechanism of actions, one being 1inhi
being a mitochondri al targeting agent. It w a
nanomol ar ¢ o0 nicre nut$riggd @ noonpsu Woltahes v igsr a | ii mg omd d @l &

a series of coloPkectaascdacermiceéd § hatesPP bi
kinag€hkll which | eads ®oatbei deghadhti enaoprim

signi*hByui | ding upon this work, other groups ha

i n aadCKplendent fashion using nasopharyngeal (o
I i A%8¢8

Being abazyadi dge, PP ied ome DLC, i angdxpbet e
mi tochondria due to a higher accumulation in

a selective cytotoxic response wunder reduced

described aboveomeitnabklgstrooglxploring PP
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anticancer adgemtth eAx prioareatiinon of PPs mitochon
pancreatic carcin2mbihicel st bdyeddel &r MiailCad t hat
| ocaeéd with mitotracker green in the mitochonct
Analyzer, chronic and acute experiments were ¢
met abolism through the measurAd tehodrRypgeraet ceat|
with PP, it significantly reduced OCR but wa:
mitochondri al met abol i sm. During this experim
concomitantly meaweud etdh ata nadf tiear waadsd iotbiseemr of ol
there was an increase in ECAR indicating a cc
However, wi-ttrhe @thme nPtP @rrceup, cells were insensi
i nde < atthat PP was inhibiting mitochondrial ATI
already the main source of ATP. To support th
completely reduced OCR and caused oarkiinmc rad a sA€
concentration and cell viability under gl ucos:
PP caused a time dependent decrea¥%¥&ome WNDPR Kkl e
with PP was radamc edroncece lwi tlhi nes | acking mitoch
that PP was | ocalized to the mitoc%amdreiralc emd
lines displayed r3§B8%manseuttbePPonreasbmabwd mi
that PP acts as an inhibitor-fomacamel egdluctas
under hypoxic | ow glucose conditions, and ca
glucose posi¥P®ve conditions.

2.8.2 Niclosamide

12€



Nilcosami de is a |lipophillicy)] amedk| yleacvdtcyv

pKa rangi A7g Efirgamébeisgi nally devel oped in 19

mol |l uscicBdemparmnpati aqpgli abrama8cht et esa.mh maas~
Bayer mar keted niclosamide as Bayuscid®. in 1
mansandj sease carrier of schistosomiasi s, al s
realized nicl osami che hell o nhdad pgatrgrettii anlg ase sam

infection and released a newly marketed Yomes
for tapeworm infections, ftdureeUSnFbBbAmMmMapgr oned 9
has beenhel iWotrd dd iHe atiist hl i &rtg aonfi zeast¥féohnt i al medi ci

Niclosamide was found to effectively act a
one maj or dr awsb aucske tahsata Ipihmairtnsa ciotl ogi c ailt yagent
of niclosami-8mgi b whteh iIs appreciably | ow an
drove Bayer researchers to explore various fo
piperazinenygdglalat ®s, mamd emhaedtyaminnel sabmi da&l
(NEN) was determined to be the idea80dmgl/alge dn

increasefofdovempdafed to *f3ust niclosamide alo

Due té&6 NBONI|I dwi de use, an erRtbasi beenhoxnacol
both animals and in humans. I n 1964C-NBDN htho et
rats and it was found that one third of t he dc

two thirds wasced. mimeatebsombaedhef facti on was e
hours wifiheaohabf hrs. The acute toxicity effe
were investigated in various ani mal s yhsatte ms i

there is very | ow amiteldr ®&I00t ongi/ Kigt yor wil tlly L |
12¢



orally in rabbit, and >500 mg/ kg orally in cez¢
slightly more potent saccfut2z29&gmg tasy !l ¢f f admi nvi
intravenous injection in mice increbaséld mbekag:
Short term toxicology studies were also carri
PO 1in rats womo4olweekgsedcdaclinical sympt oms,
hemat ol ogi cal-t eerfni excttisdy Awdsongarri ed out wher
administered wup to 1,250 mg/ kg PO a day for
hematol ongi mal i abes, or mad"*f%ers via urine anal

After extensive e®@altoaiicomnyof nniaal onad mimad e e
in humans were pe¥€ttnorcneods.a nRaddei oMaasb ealdemti ni st er e
dose. Niwd 0o sfaonurdce t o be2 edayns nait eld maijt i nmdt at
ni cl ospd@ii ¢adddi-ddionosal i cyl-Bind Hjadcemwtaanmd ndbsal i cyl a
glucuronides were found. It was ddtserrmitn eodh fc
niclosamide occur-50%nbitdeaev aGll atbriacitt y()~5a.n5d t ha
rapidly eliminated by the kidneys. l nvestigat
by administering mal eofanndi cfleonsaa nei daed ufl ot usn dl , tOhOeOr
effects after liver and kidney f0%806i ltoenrgnest s,

studies of niclosamide have been carried out .

These earlier studies el mcndmalkdt okhiaci nycb.
short term i n humans. I t was al so deter mined
which is theorized to be due to the | ower s ol

I n 2016 Lu teot daelt.ersmetneoudthe maj or enzymes r e:

niclosami de by oesatturdgiensg uotuitl i zi ng cytochr ome
13C



glucuronosyltransferases in |iver microsomes.

mebal ite of niclosamide via hydroxylation ort
by CYP1A2 found in the |iver. Additionally, th
phase |11 metabolism via glucurypynUd@Ba*Xbaesat t
modes of metabolism could be contributing sig
more specifically the glucuronidated metaboli

intestine for absor ptbhiecem wWhoeurned U®@T beert Zaybhdiénsd amat

Ni cl ossanmiadrgst anding usage as an anthel min
insights into its anthelminthic mechanism of
unknown. Prevabaestbhbaudnesl|l oedmcde perturbs en
to uncoupling oxidative phosphorylatioh? ATP p
4P n the past decade, increasing i ntcelresamiidcde n
has cellul ar targets outside of its mithochondr
cat ®BRi‘d  mMTORCISTAT?F23NFkB*22 429 nd Notch sf?@n*&?ing
The elucidation othwmybkt bpi@egstgnagkeied pyg nicl
therapeutic scope of the drug from solely an

Ni closamide has been repurposhbydc akbsacanranmt
t uber courl covsti bs, ant hr ax Batettuen goobsed skeynsir
Pseudomonas gaemwt @i nionshai ,bi trieosni Sdifapimgt 6cacdtclsn s
Repurposed to target metabolic syndr ome, ni cl
and reduce body weight gaimodenl steydpoed e2 sdieaaht eots
nonal coholic steatotohepatitis & NAGH¢ mopuseca

signaling pathways, there hascbesamadegi @gsi BAhc
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agent . Sever al | i terat &r eacrtaparttys iinndd evadrealr
adrenocortiftx’aheadr anfiz®me o k 0*°d, % nlaeadckéerimiua §3cancer

gliobl*8%toeral c®Pcipmoma 8%'e ocanic®n amdhcér eas

canicer
2. 8. 30 35vD

| MD354 is a salicylamide compound devel ope
Design I nc. in Thkywbd) boapanfas Bhel KKeat ment
mol ecul ar model i Rggsn&dhesS eahhcaspi sc®IF4 yi dat
unknown due to being developed internally ir
commonl| yask nmovnema i s a skin inflammatory resp
found that the-nugdhtteianhahaet oof kapkBhvauaetdtwByce
involved in the devel opment of at orpacucdteiromatad
cytokines aYWActhembBFkBephthway involve the | k.
which i s coagrosds dldiitb ini K&f owintdh tloKKbe a cri ti ceé
activati &b pdtiffheeg NtFo tiatnsc e mpnort he -4B tp ataht waoyn,
i nhi bi tbhrassvefbd&KrK develkBppdt hwayusingonéafi-NF. I n
0354 was devebiorplidbiatsorananldKkKunder went preclin
atopic &l4rmr3iI54 iwas administered as a 1% topi
weeks on mice and was found to reduce clinical
period. After histol ogi c0a35 4a ntarl eyasti esce dmic aneacH af wo
epi dermal hyperplasia, dermal ed&mam3mhdhaanifi

since compll ectleédhipghhdse ri als but has n®3B&B4noved
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| Kikant agoni st properti.es-MM5rde haal beeé ni Mo ngu ¢ D
kB pat hway in whole cell assays but was found
activitybade&i nosre*49Kklom the | ack of isolated er
of IOMD® 4 itboi tiBnNprat hway r el ated whol e cell chan
indirect i-kBhiblitt drs oft i NF commonly dh*dmadtheri z
past decad®3»4 lkaos Hesdn | everaged as a potent |
al. were interested in developing therapeutic
( TMPRSS4) as this proteracgnowaissmadn r recded tl e d uwigt
colorectal cancer, gas‘“*Aichemincalr, | amdampy os¢ @
| MD354 as an inhibitt6Ut iolfi ZTIMPRSBr40 satcatievi ¢ ync

colorectawWsag®, land nleung -H2a227Z,e0BMER I Wad i 1@r Nl e (

cel | proliferation inhibitieeme,diadleld isnwasailamg
abilityg54 Mas found to have saf rcoerhOl10 .[€8Mo laigfae ma tt
the three cell |ines and significantly reduceq

moderately reduceH322| teliihvas]l o-6DVaA4Bd&Eef band
decr ease-JuewekBd pohfoscp hoorwilnagt itdh@gisthl Widbs abl e t o
i nhi bit -nMfeMlPRaStSe4d “*Jiugn alrieceeent |y in 2021, Feng

glutamine transport SLC1AS5 inhibition could be

coincides wiwvhl |l owebreast can‘&romntheief anbm;
screening of ~70864 cwami dalesmn,t i f MBd as havi nc
SLC1AS5 | evel s. Using a mel anonmglcuatnacneirn ec eul plt

exper iimenmass f oun3d5 4t hdacdts el MDependent | y4*Tohi bit e
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determine i f SLC1A5 was being directly inhibi:
being perturbed, mi croscopyLEL A asn.t wibhoidsi esatr ur
found that there was a dose dependent decr eascs
after treatOBh4d bwtt honIMD mini mally affected e
i ndi catedo3tbHati sl MOr eventi ng5ttandlhec apliaasnmao fm
affecting intracellular gl utamine “4Reov eplrsi oirn oa
further studies have -O3%h aTxmaran eidnloiuldi tudan lofzi:
to the plasmalmembuaee. aln 20@2ght to potenti a
( P-D) monocl onal antibody (mAB) therapy by alt
for the treat‘MBntoonft met Ans® mat INdkB ipta tvhawsa yf ocuar
segvas a master regulator {0B5%FAMapoluariila ateidon
potent-1 amAB PtDher apy B¢’ T%M eixdpegealiarteinans. f ound t
of OB 4 alhdmADoaaed in a tumor atuaregdtAdMd m @n ag
regul alt e @PDpressi on and subsequently revers
mi croenvironmkenmABoaatil wiwt WD rEnciesmdtigead bHymohi
using mel anoma cell |l ine Bl wfas5 cchgmih@ddRDdt .
1.14 mg-0B§41 MD was found t hfadl d hriesd una txit arr ei rc att
compar ed*fchoinst rsatludy -08B6#hlaibghtis yl MD be used as
t herapies.

| MD354 is a hydrophobic pmbkeetube wyshem d
~7.61, whi ch -OB8bst udsatas poM®ONti al protonophor
mi tochondri al membr a#0854Fai |1 hibe puppodepi tf ME

met abolic plasticity as a single a@egermt. and i n
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2. 8. 87TBAY

BAM76 i s adiqcuairnboolxiannoi de based derivative t
transporter compawiattihoo&n 6o CLGLTUHI20QI r)é*Y2. 5wa s
originally developed in 2016 by Bayer AG thr ol
screening of ~3 millioncaambdixdat eéle icdenptoiumide o
prevent uti |l i zat igemeaofat gd aystebd yamsd ssa yc eulsli ng 4 ¢

selective exp4esOxiodhawlfv&LPYAdsphoryl ati on was

assay, so ATP production was attributed-to gl
4 the decrease of glycolytic ATP was <correl a
phar macokinetic-8géar ametterad sof dBA¥Yr mi ned i n Wi

The tewmmnneabht$ was 2.5 hourbsi caanvdai22a bhdurtsy ibre|
79% in each or d&nheml orgpreechedmiggalwas due to
clearance Ylofc OmpPar3e d wiktgh n0 4#*A% sls ummasdr 7y6, WBaAsY
shown to inhibianéGLpdilesel gcandelhywd a favor al
positioning itself as a good candidate for fu
Due to the discovery of the Warburg effect
expressed GLUT transpodieg omacaaoe colorecta
cantr%tt is not uw8n7ebx pheacst ebce etnh adte vBeAYoped as a
for targeting cancer glycolysi s. I n atlhi su sriengga
BAM76 against ovarian cancer due *t%ohiist ss tpurdeyd
utili z8d ®OK&@WAWRand HEY ovarian cell I ines whict
and an ovarian cancer celleilmnewoARG8Thwhi eshulds

that-8BBYinhibited the rate of glycolysis in t
13€



the % glucose conversion of radiolabeled gluc
ra%®*én supporetsudft ,t hits was al so determined that
decrease in extracellular | actate concentrati
cells were converting | actate to myranaMET to
colorimetric assay t o8 7d6e twearsmifnoeu ncde fl t116, AhiGdd&@ bein IMdi nt
against the three GLUT1l pooixticvegaelinilstdoAR&d8 00D
>10, 00DEmcMour ageidn byieshd&K®Y a&aenograft and pat
xenograft (PDX) tumor models were -2mploygesied |
68% reduction in tumor volume and a 66% reduc!
PDX model, tre86bmahtowdeld BA¥Yeduction in tumot
in tumor rthatehsi loef t7hle%.e results ar-87fromnsingi
glucosenumpihndlk e well tolerated and efficaci ou:
BA76 as a potenti al anticancer agent have be
BA76 is owned by Bayer AG and this study ser
can be efficacious towards876Gehasebhéeeamerntutofi b
cancer systems such as esophageal, breast, |

found to inhibit glycolysi*¥°byelimittsagpoeéehu

target GL8U/wa,s BAY |l i zed in this work as an 1in
effects of glycolysis inhibition in cFoingbuirneat i c
2.)5

Chapter 2 Resul ts

2.10 Cell proliferation IiIMTH kaintdi cSrRBo fa scsaarnydsi d a

13€



The past decade has seen a massive resurg

targeting such pat hways with several drugs

devel d)phewmever, the extr erhelsyt updricemi shianvge phraedc |z
clinical benefits. One of the major reasons f
phenotypes. Drugs targeting a singlekse asbpielciitfyi ct

bypass t heaet twaaryg.etlendotpher problem is that t he

response are often high *d8%°@®utrepdet omunacgedgnasl

foll owing sections, suggests t haxPhionss tpatdh woafy
simultaneously targeting both would | ead to a

To validate our hypot hesis of simultaneou
glycolysis, we carried out an ext ensuigvse olri tderruz:

candidates with either glycolysis or OxPhos i

~30 drwugs for further evaluation. OQur sel ect
proliferation i nh-d bf ei oaand chbmetl aktwd llcvedfyfpihad dy ,
cost/availability, and various other phar macol

have been further iewvalkiecdtledroy i 6eratibnfand
properties agai nsNB2h3ulmaann dc enhur ilnienec eMOA | i ne 4
we have further narrowed down our or i8g7i6n a l I
(GLUT1 inhibit®Ox)Phomsi ¢Inds omitaoe ), and pyrviniu
and -08B4 ( OxPhoFi g.nhdThGetser )ca(ndi date compound
inhi bition of <cell proliferation and glycolys
folhgwexperiments, the mitochondrial targeti ng

effects on glycolysis and mitochondria as bot
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inhi bi-86 BAWBMBA and 4T1 cells pumpesed nc amddlii
compounds wi || be evaluated fvowvotheir tolerab

An assessment of their cytotoxicity was <ca
assay tosgaherest € 0ECea&h6 c awlldii dia aitbarl Badtvis brg i n |
of GLUT1 and restriction of glucose I mport, w.
against 4T1 asndalde&NRKRN@iod . &ETCION . B8NDe O9i vel y.
MDAMB231 howe8¢é6, app¥amns cted |lhpvye!|l i feration inft
oM. Ni cl osami de, an FDA approved anthel minthi
uncoupling activity, was foundséod Re 3@b,st po't
slightly | oiwest p67 NRsowi taiDas®B2, E@nd the | east p
MDAMB2 31 wi tsho fandOE@M. {0MDB 4) Kidinnhi bi tor found
protonophore mitochoways ifadu rudc ctoau pd @ nngo satc tpg ovti ér
EGow aille oNO®M27 Agai V823 MDAnd 60NR4E heMdBIE@s of
1.M®. 4 and OM 43eNs0p.ec7t i vely. Pyrvinium pamoat e
ant hel minthic found to inhibit oxidative phos
targeting agent due to its DLC properties anc
consumption. PP is the most powvaltus®®dBNOlL 0 4t

0.088NO0. 016 ,0M nadg a0i.Ms9tN04. TOISMBR 3 BRpeamn d v D .

Table B®MTI cell prolisival actisonni ©M biftirepuE@osed drugs.

mini mum of n=3 biological replicates.
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Cell line
MDA-MB-231 4T1 67NR
BAY-876 >100 0.21+0.02  0.38+0.09
Niclosamide 4.67£0.99  0.30+£0.06 1.36+£0.22
IMD-0354 3.43£0.97  0.27£0.1 1.15+£0.04
Pyrvinium Pamoate  0.49+0.05  0.034+0.024 0.088+0.016

The colorimetric MTT cell proliferation i
experiment to determine cell proliferation [
reductases to convert its tetrazoloiummss alatr ge
met abol ic pat hways, a second assessment of
sul forhodamine B (SRB) assay. This assay emp
therefore be independent on miRtesawH drsdroif alt hrae tS:

shotwlsat-8 BAY hsavda|IElCe s comparable to their MTT re
values1®R0. 04 a@M e 2Ot iOReltl yv. -MBWv2V e-BFASYgai n
was found tsovaHae® odAQMWLCB89det er mined via SRB
mi ni mum ~4 times more potent -8t7h6a na stoleans MEIGD t a s
determined up to 100 OM. The reasoning for the
MB231 could berthgatowd mEiigeedtséhRda Bee i(l i zes OxPhc
(Fi gur)e, 1t.Werefore 4T1 may require a | arger

mi tochondri al activity and growt h, rendering

forl ahge di f f-8 768 ni@a li ne sB AsYe e nMBa2g3ali nisnt MMIDIA a n d

assays could b#MB2BAti BeaabsghMRAglyYe ol W®r e cel
be an increase in mitochondri al Cc o'mpaé n soa ta nodn

reduce more MTT to formazan due to the compen

13¢



2.0
1.5 -o- MDA-MB-231

- = 4T1

&% 1.0
0.5
0-0 | 1 1 |

0 1 2 3 4
Day

Fi gurer @wh curve §MBR234Ttednds. MBEACh data point represe
day, media was aspiratddPBBiasddat howedtt medr wi fhxcbdor
all wells have dry fixed for 24 hours, 0.5% w/v SRB in
and rinsed three times with 1% GancMtTirci sachads, (agH owk.d2)t o

was measured at 540 nm.

Niclosamide was found via SRB assoayl ue dfe
0. 36 NOMO5A8gainst 6wWBRRBlganchiMDAsami de was found
these tew® veadalthenSRB assay but found to be n
withBSE®@f85N0. 08 &OMd rk.spRNA0i3NEE wasl MDund to b
on 4T1 assessed via MTs aanude. SoRf BOOM. & Bia NhB 42 nw aSsk B
found to be more potermtB28Gaiamstesb6@NRyvmAdISRBA:
0.94N0.18 OMI respeRQ.i¥®ly. Pyrvinium pamoate
potent via SRB assay compar eu® stl® Ni0ot. ®© OMT D . W0&R10wNe

0. 078[0OM 4k i ABE2 BMDA 4T1, and 67NR respectively

Table 8RB cell prolsdfaraesonni OMi bftirepuEgRosed drugs.

mi ni mum of n=3 biological replicates.
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Cell line
MDA-MB-231 4T1 67NR
BAY-876 20.47+8.89  0.13+0.04 0.26+0.024
Niclosamide 0.87+0.11 0.36+0.056 0.85+0.08
IMD-0354 0.75£0.09  0.26+0.09 0.94+0.18
Pyrvinium Pamoate  0.15+£0.00  0.020+0.01 0.078+0.044

Aftermidchdtngr t he <cel |l proliferation inhibit
studies involving their acute effects on glyc
We chose fast growing 4T1 cell s wingh MMBNOr e o X
231 cells with more préngunkiedupde yAobgahaor paer
Bi oanalyzer was wutilized for carrying out gl
candidate treatment or I|i nt arognebtiinnag-8 @ée notfs aa nrd
2.11 Metaboli-87@&f bdprpctdd INME2BEHAYRA | s: Sbeaasheodr s e
glycolysis stress test

After performing a glycol y87T6 sitgrisfsi ¢ a&rsttl,
gl ycol ysi sfrionD4160R SFO8glulrse) .2 AGS TBBAYi s a potent i
GLUT1 this result was expected, an i mpgured a
2.7) Ashould result in a decrease 1| n tthhaes er avtiea
ol i gonmyiaium e()2. M.l Aicioil ysis should be stimulate
mi tochondri al gener ated ATP. However, the cap.
after treat8mednt fwirtthheBAYseppotarngl ubatsei cbna e
l ow from inhibition of GLURFilgarce.o2Asf7ttebre itng setcet
oligomycin ECAR decreased, which could be attr

influx comds nefd mitdbchondri al ATP generati on
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pyruvate to | actate to feed mitochondrial TCA
stress test, it was found that treiadanteintg ga olue
of effe8760bnBAKtochondri al respHirgautrigo.n2 .i7n. Bni
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Figur eBA28.77§1l ycol ysis stress t$HestEXxteacélds dlioara t4iToln crea tles
(mpH/ min)) wvs. time after injection of id)e otxryegaBtunteonste .o r
Oxygen consumption rates (OCR (pmol/ min)) Vs. ti me af
ol iyoimn addoxydClcoaslecul ated ECAR after addition of gl

glycolysis and

uncoupling
(1m. 6250M). Resul ts

out vi @& Dowaepe ANOVA ¢

mi t ocihs nafrti erl

i nhi b-B7 B e0f. 1662r580nM)E.C ARt imeait c atfi BAYgl ycol y

AMPesyinomesef ol i gomy@i7 and i

are representative of 3 biological

omparedpk6. DMSO*tprOr oL, (***p<0.00:



After carrying out a -MBYXbLIwisBE6BAY ewastks
t hat glycolysis waFs gauirgeni2HBwaery thbikextedt (
the poten8cy6 owaxsBeAd¥Ysed-MB231 MOAmpared to 4T1.
capacity-MB2f3 1MDVMa s significantly decreased at
0.6250M) but was not complFitgedryd abAdiBheidnjasc
ol i gormmy qQiur2( Rini iHdT1 <cel | s, there was a decr ec:
conversion into pyruvate oMB23Jhkrrgteherce cwasi an
increase in ECAR which suggests t hvaB2 3gll weed d es
were not utilizing extracellular | actate and
| oss of mitochorfHirg uarle )AZT.RAS.pAvoidil c BBiIl7d6n dhaldl ;1,0 BRAD
on OCR MB2BDA wer e Folgauery 4 B8( S8AMMEaBGY,can poten
i nhi bit glycol yMB231 ncelTlls awmidt MD&A s | i ght dec|
MDAMB231 cells. The | ack-8df6 war YICiRg dreesngan s ¢ a

carry out a mitochondrei,a stress test on this
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FigurBAB78: glycolysis st-MB331 té&esltEgtersaucliettisi toinaaMDA n r at e
(mpH/ min)) vs. time after injection of ide otxryegaBunceonste .o r
Oxygen consumption rates (OCR (pmol/ min)) VSs. ti me af
ol iyoimn addoxygdClcoaslecul ated ECAR after addition of gl t
glycolysis and inhi b-B7 b e0f 162r5680W)ECARt imedai c atfi BAYgl ycol y
uncoupling mitocihonafrtiearl AMPestyindomesf ol i gomy@8i7® and i
(M. 6250M). Results are representative of 3 biological
out vi @& Dowmaepe ANOVA comparedpk6. DMSO*EprOroO6HnL, (***p<0. 00

2.12 Metabolic effects aMffiB2Bilcilced & mi: d Seesiead T &

mi tochondria stress test and glycolysis stres

After carrying out a mvBa8hoodrhatWpEaneamsde

0.0625 OM), It was found that acute injecti:
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i mmedi at el y Fafgtuere) i2njOeicAsii aoaui e increase in OCI
elicits an acute pr ot cencohpama rsint feofrf ewhti,c hw hniicchl
previously %™bAvnt etro ienljleicctiifd.ny uafe idl. i9garsnyifoo imn d
in niclosamide treated grolbpgutri@e 2elhwedsd raonp iinnc
found afttiemn iofj eol i gomycin in the control gro
mitochondrial ATP generatioffj guhe pgwié&sh€nmcoe dofo
OCR indicating that OCR was already dmucaoalbelred

support that oxygen consumption Dw@ARuwzD upadld

by subtracting the maxi mum ECAR after inject.i
of oligomycin. Thi s change r epresreandwspldmgi m
consumption from ATP synthesis. | n nDECIARS a mi d
was near zer o, Il ndicating that prior to olig

uncoupled from mitochkiogn@irrd aG LADR i ¢ G MR a & fhtea r %
acute injection of niclosamide suggests that
to compensate for t he | ossFiogfur m)i .t2o0 @h eDn e if if & Ic t
niclosamide onnmaas malnirmaslpj rwittilo t he higher ¢
only having a mini mal reduction in maxi mal re

effect ofBnpcoétocsamplbere eff edtgua@mRi.TdeaeE mwii nihm

decriemsmaxi mal respiration seen in niclosamide
maxi mally respiring due to being uncoupled by
a mini mal effect due to priomsplaogesrespthat pry
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0.062%0OMPparaet orregys pciarpaci ty OCR from subtracting OCR be
respiGaeroent change in ECAR after injection of oligom
uncoupling mitochondriale®dA@8RPtptbopdaecdfoB. bRebkohtsahreep
Statistical anal ysi®& wwwasy cAANOVIAe ¢ oonptarwida tDu MM&StOt cont r o

***p<0.001, ****p<0.0001) .

Thmi tochondri al stress temsitcloms @MiQBeN({t MR C
yielded a similar -MEB23lo ncseel lass. sNiecnl cosna nMDdAe | n |
increaseFiiqqur@CR2 . Wia.hAia concomita&rntgur B¢ r2e dde L
indicating a switch ofo glliygomysins, ®Bhéeéee was e
proton | kEiagurae {d2T1obWwWe)d bUWDEEARe @urze 2o d0gdgGest i
t hat due t®® protoseamhdee effect, mi tochondr.i
uncoupled frémomiygeaonh ccrodhrsiuampt i on. Ma x i mal re
slightly decFiegsred) 2awil0Oh EaM I(oss i n sFpiagruer er e s |
2. 1)0.afcross the treatment groups. This suggest

already respiring at a maxi mal rate prior to urt
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oligomycin iii) FCCP and G:v)c aRotud manmreed aOf@R tAsnothiomydeciina h
respiration from OCR after oligomycin of -ODMBGB®2xOM) r ol
indicati ngD:prpetrcre nltEecCaAdRamdeé ernacute in)e@d25@M)ofi mdicda
compensatorly dlMakxdéoolaysirespiration OCR of DMSO control i
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uncoupling mitochondrial ATP producti on. Results are r
Statistical anal ysi®& wwasy cAANOVIAe ¢ oonptarwida tDu MMStOt contr o

**%p<0.001, ****p<0.0001).

After carrying out a GlycolL9s$s SHMMB8s s MOA
231 there wascuatne iinnictrieaals es man |EGARI d womre)t.2hel I .r/
After injection of glucose, glycolysis associ
concentrations of nicl Bsgmr d)e.2. Aflthe€ri to loiog o my qil
the ECAR indicating glycolytic capacity was
supporting that cells mitochondria were alrea

undergoing compensatory Figurgd ycol)y28i $1. L

B

1501 i ii iii iv ) N .
100+ | 1 1 v

1004 }\i\i\

50+

bt )
0 0 20 40 60 80 100

20 40 60 80 100 Time (minutes)
Time (minutes)

DMSO
Niclosamide 1eM
Niclosamide 0.5e M
Niclosamide 0.25e M
Niclosamide 0.125¢ M
Niclosamide 0.0625¢ M

L

¢

ECAR (mpH/min)

s
HE ¥

o
<

*
*

N
o
1

ECAR (mpH/min)+SEM
&
-
*
ECAR (mpH/min)+SEM
N
o

o
I

Fi gureNiZc.llolssami de gl ycol ysi-BIB33 Y eéds| E®tsrt a o eebslutl [tesa toino nMDr
14¢



(ECAR (mpH/ min)) VSs. time after injection of -i) trea
deoxygBucOsygeampgobi on rates (OCR (pmol/min)) vs. time
glucose iii) ealeiogxoymgyCauicaoaséend | av pd2 ECAR after addition o
of cellular glycol ysi sf amidc |iosha o6 2t ®CoNhE CIArRo mi ntdri ecaatt menngt  g¢
capacity after uncoupling mitochondrial ATP synthesis
with niclooDd6mi5DM)( 1 Results are reprexeriratmewne sofll BEMI. o
anal ysi s wa s cars i esaeyo UVANOWAaA cBDmpaeed to DMSO <contr ol

**%p<0.001, ****p<0.0001).

After subjectDng6BabcODMysatmbde lLlycolysis st
similsamall acute Fhgueas)e. IAXN.tACARNfjection of
associated with glycolysis showed t haFti gnuircel os ¢
2. 1)2.. CHowever, after oligomycineang¢gechi g yth
capacity asskicgurtee)d2 .ETCBAIRD (suggests that C OmpE
already occurring and the apparent increase |

after niclosamide uncATuRpIlprdoduct immmn.ochondri a
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Oxygen consumption rates (OCR (pmol/ min)) VSs. ti me af
ol iyoimn addoxygdClcoaslecul ated ECAR after addition of gl
glycolysis and inhibitioh O6&290NMICAR menndti coaft i migc |gd syacnoil dy
uncoupling mitokbdesindraht eATPngention of oligomycin and
(D.06250M). Results are representative of 3 biological
out vi @& Dowmaepe ANOVA companedoto(PBDMS0O0. 6868, **p<0.01, ***p:

2. M@t abolic e®0384tenodT-VUBBDIH WMOIAlI s: Seassheadr s e
mi tochondria stress test and glycolysis stres

A mitochondri al stress testofwasOMBar +(iled 50
0.0781250MYB23n1 MDAl | s. Upon acute injRicgumome th
2.13,. AA.al)l owed bYPEGQARI@Qure)a8xsdga®dId i ng that ac
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| MD 354 was stimul ati ngi ngliyrcjod oytsii sn  tAidree DH o U
OCR of which is associated withO&mWb#otheatdedap
there was a significant proton | eak suggestin
ATP synthesobasophar @ gfi3fbdds tguoke) PMRBL €r uncoupl
mitochondria from ATP synthesis via oligomyci:
a switch to compensatory -08315¥c otlryesaitse.OE EydrRoeuvpesr ,
aftkergomycin injection was near zer o, sugge:
compensat orFyi ggulryeg a2l. y1s3ij. €ct i on of FCCP showed t
of IOMBD» 4 maxi mal respiration was r eidnuccreeda swintgh
ma x i mal reispurea)t 2 obBgEspare respiratory capac

significantly reduced suggestinfighae) 2ellBs Fw
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(pmol /min)) wvs. time after injection of i) treatment or
A .B: Extracellul ar aci dmifn))atven riamesaf{EE€ARI (medlt i on
oligomycin iii) FCCP and G:v)caRoatud manreed aOf@R tAsnothiomydeciina h
respiration from OCR after ol i go#MB8&i4n i ;mfi e MBWOINIc2¢51QA M) |
indicatind: ppetoanteakhkange in ECARSaf-Qe0 R2&H6tAE5OM) nj rdi ¢
compensatorty dMaxcomaysirespiration OCR of DMBD54£4enlrd5% a
0.0781F50%)aseiratory capacity OCR from subtracting OC

respi@Gaercent change in ECAR after injection of oligom
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uncoupling mitochondr iealr eAdirPe spa mtdautcitvi o naf R3E shiil d Iso quirc a l
Statistical anal ysi®& wwasy cAANOVIAe ¢ oonptarwida tDu MMStOt contr o

**%p<0.001, ****p<0.0001).

A mitochondri al Sstress st etsrte awaesd caarBtied dy om
(1:0250781250M). Aft-@354 nfleet e owaof ah MBcguutree i n
2.14. Aoil | owed by aDECARuUtsegigrcteage gilycwwl ytic
(Fi gure) 2.Afdt. Or iigqgreydigmn(eo) . @GR Awaisi i ncreased
0354 treated groups indFcgurepl2aldeGeai Wasaatn
%DOECAR after ol igomycin, suggesting that prio
compenglhyoolyiygurse)(2. A4t &r i nfFeguir @en)2,0 lsAIFMICIPa 1
the responseMB28&en itmeMPAwas a decrease in m
concentrat-0®8%54 bat | MDD increase i n maxamsl re
(Figure) 2. E€CCP is a mitochondri al me mbr ane u
respiration at hi g R0e3r5 4c oanncde nit m ant e anes atf |l die
cumul ative mitochondri al poi soni ngr odfofneopth oo fe
resulting in shunted respirati o0On35da.p albhiel iitnicerse
max i mal respiration at-03 D4ecoucipdicban n@adi and
further uncoupling than WCCR apame. rEs@i OBROK
inhi bit-0854ni hMDbcating that cell s werFe gmaxi ma

2. 1)4.. F
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uncoupling mitochondrial ATP producti on. ResNil $SEM.are r
Statistical anal ysi®& wwasy cAANOVIAe ¢ oonptarwida tDu MMStOt contr o

**%p<0.001, ****p<0.0001).

To observe t ROe35e4f foenc tgsl yocfollyMD ¢ par ameter s,
carried otult eaou t4elT 1i ABjiBe5cst 40 ol@ 2&fl 25MM) . After ac.t
| MD354 there was an Ricgure .t adaednbECAR @c
in OERguUre )2. 1T5h.iBs. isupports the mitochdoamadri al
mi tochondria are being uncoupled and switchi
gl uckisgeur(e )2,. LBRBB4 itireated groups were found t
glycolysis attigiubet &d HBWER ec(o u pd fithggr mint ochond
production after Fngecei)dnltoh Arod iivgaosmya i meduct
capacitywy3bd I MPaFedurge)2pFEbi(® indicates that
undergoing glycol yapaciatty tcrei uwt imaixz imugn co mpert

uncoupling mitochondr-0&a%4 ATP synthesis with I
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capacity after uncoupling mitochondr inhli bATtPi osny nd fhteesri st
wi t h-0I3ME0 .(01781250M) . Results are representative of 3 bi
anal ysi s was cars i eaeyo UVANOWAa cBDmpaeed to DMSO <control

**%p<0. 00@,000FY)p

2. Wédt abolic effects of pyrwWBa8imcephmpatBeahor:
based mitochondria stress test and glycolysis
A mitochondrial stres#I/B28&tcehbscafteedaou
PP-0(.®%OM) . Unli ke witHB3rbidc| eafamirdeacauntce liMD ect
i n OCR wasighgenvediremde was an acute increase
to glycol ythkicgumed)ad.o®dlslEs (wer e s ennseicttiivoen taon do
Ssubsequent decrease in OCR showed that after
i's decreased in aFdgsesee)d2pEMa€amtwdashi dosdé€ de
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2. 1)7.. FThere was an increase in spardFirgaugpei r ai
2. 1)y. GThi s apparent increase in spare respira
OCR, thus increasing the apparent spare respi

0354, mitochondrial ATP ceyntshdgieatwas wndth WPrPc
to ATP synthase inhibition via oligomycin. T

complex could be inhibited preventing electro
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FigurePyr.vlimi umi pamhaner i al Str-MMB2331 ede| Oeysgdn sc @ms UVDPAL
rates (OCR (pmol/min)) vs. time after injection of i)
ad Anti mBiciExktA.acell ul ar acidification rates (ECAR (mpt
DMSO ii) oligomycin iii) FCCe@Da@R s wht rRodteinrogh eO@R db e&Afna
FCCP from befor enoloif goDi4ScG nc oinntjreoclt ian d0 .a0f6t2e5rO Mg c uitned | R
mitochondri alD:BOCRHPteduatubae.0.n)ezEPMncenht PPhahge in E
acute injeOtnD62560M) PPndilcati ngF:c oMapxe nnsaat orreys pgilryactoiloyns i G
control and aft eor. otereiMBperatr ewirtets pRPR a(tlory capacity OCR
oligomycin injectiomH:d@eroane maxdhmarndge eisrpi EQAR oanfiitreg i nj e
switch to glycolytic metabolism after uncoupling mito
bi ol ogi cal replicates experiments RN SHEM. owdey atAINOVAC al

compared to DMSO *cp<n®.rOll, (**p*<pP0<00.5001, ****p<0.0001).

A mitochondrial stress test was <carr-ied ou
0.06250M). AMB28&n aht MMDAacute i njFe gtuireh 2o fl 8PH
foll owed by a con&ECRRgéame) 2nABe&seoli i gomycin
production was found to be sigirriifgiucanpt2l. iBe &€d u
initial acute increase Iin ECAR i $DHJAR | af tdeure
oligomgwgean zer o, suggesting that mitochondr i a
prior to Foilgiugroemy&Znidn8c(éll | s are wutilizing a gly
respiration was found to be i nhi bFitgeudr eb)y2 .PIP8 .t K
There was an apparent decrease in spare resp
incrkeiager ) 2. IBe Gobserved increase in spare r ¢
a |l ower OCR in PP treat,edcacueslilnsg tahna na pipma r2zmsO

OCR. The fact t hat 4T1 cells were stildl sensi
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before oligomycin injection of BOM S006 2c500hM ) r oil n dai ncda tai fntge rm
ATP probBDbDOCROENher acute -0.njexzEPMINcenht PPhAmhge in ECAR aft
of RP. (61250M) indicatingF. cdaxenmadt areys pglryadoloyns iGsCR of [
treatment-O w06 2ABPEWMSEdre respir @OICRr yf romanpascubt racting OCR
injection from Hnaermehtrebdphpgaeti on ECAR after injectior
glycolytic metabolism after uncoupling mbfo@&h dn drl ioagli c/
replicates experiments N SEM. Sé&atiesyt iANQVAa calmpsiirse dwd 0

control (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).

A glycolysis stress -MB2B1wwbkt o aacnu eodf POt e(o

0.06250M) . There was not a signific&mtgumaeut e
2.19. AMuit as seen in the mitochondri aFi guress
2.19.Blit is not sur prniisfiincgantth atn ctrheearsee wans EnCOAR

with PP as the media contained only glutamin
glycolytic effect prior to injectionFigur P t

2.19.wi tmad miffiect on il ywcrd)y2 . TW®ecRipraccriegays e i r

but seeming no change in glycolytic capacity
and cells are already undergoing gkpootl yeics et
in glycolytic reserve in PP treated groups fu

glycolytic capacity are not st iFmwluate¢ &2 .flOr.tEh e
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Dunise tevaey ANOVA compared to DMSO control (*p<0.05, **p-

A glycolysis stutesent 41l whshcabubDéadbOMpct
Surprisingly, there was an afEugerdeirha@s Mmsi rsel
in the mitochondri al stress Riegur ¢ hae.r PP.wl.sie an

grougpuwsecd an i ncr eFasgeurien 2guieyd Clay smisni (ma | effe
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2.15 Metabolic effects of87c60nmbnd anii ®lno starmiadene
MDAMB2 31 G&Selah®r sbaXkEd9®mi tochondria stress tesH
A mitochondri al stressMB231t avMatserc aaouteed ion
bot h-8FAY and niclosamide (BY.NO6 2258 @M)u.alAfctoenrc eanc
of B/ N there was arFiignagree)@sanld. rFEdjaRr le( )QCRTIh(eB . i
%DOECAR i mmedi at el y Faifgtuerre) a2¢. u2tde. darn jee ¢ thiad n c(o mp e n
was occurring even37i6n tAhfet eprr esssesndc,et ponie oBhAayd oe | a
ol i gomycbDEnNCARt hbee gbons Ftiggude¢ 2e #dhe E( decrease s
compensatory glycolysis was decreasing over t
glucose entering7th e mdne.lbliStidnugel et oa gBeAnYt ni cl os al
above hadDEELCIARY aatted h%s same -MB2ngl pBGelglus a@2ai 8asbD
Like single agent niclosamide, treatment with
oligomycinicajecgi afrpgotden?2| BDE&LCBER®R after oligo
was near zer o, suggesting that mitochondri al
ol i gomyagiumel) 2. Max Hmall respiration was only ir
silght el evated at FRihgeuid ®wza.r@rlaofpcse nttrreaattieadn swi (t h
maxi mally respiring after acute injection as
(Figuré&)2. 2a2hd further uncouepflfiencgg boyn FGOR. hTarde a
B/ N was able to uncouple mitochiogume)a2vahidl & n c
subsequently suppressing ECAR relative to DMS

(Figure).2.21.8B
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compensat orFyMagxiymall yrseésspi rati on OCR of DMSO conirol anc
876-0(0625G: OM)p.are respirfitomyschpaactiyndCABCR before ol
ma x i mal rk:peirrcaetnitoncchange in ECAR after injection of

met abolism after uncoupling mitochondri dlogATRI prrceduadtci
experiments N SEM. Statisti dealowvaepaANOVA ovamp araed i tea DM!

(*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).

A mitochondri al stress test was ictalr rB/eNd (olu:
0.0625 OM) at equal concentrations. Af t er ac
mi tochondria werFd ghieien) . ZIDEEPA®| ecomédi at el y af
injection indicates that ceydiEs were) 2nl@@tr Dafi tne

ti me had OEGHAR emritdre %0 ol i gomycin injection i

gl ycol yRiigurreadtze. P(2i. € dBEBECrAeRa swea si nmo% t l'i kel y dit
availabil idwteoofi nghliubciotsieon -&76 .GLAJTtlerbyo |B AYo myc
(Figure )2.t21RerAe iwas dose dependent increase ir

protorfFilgeaalk) 2. PDELCER after oligomycin was neali
i ncriemsglycolysis was occurring to compensat
synt tFe gius e 2. R&diHt i on of FCCP saw no increase
DMSO comitgwrle)((2. R2@wdver spare respiy adearye asaepck
(Figure) 2i 828@1L Gating that mitochondria were unc
t hat ECAR for B/ N treated groups remained bel
approaching zero i n a dosea ddeopseen dikengg e nf daesnhti oant

compensat orFi ggulryeg o2l.y2s2i.sB (
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