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Introduction

[t can ke argued thar the Gist minceboadrial
dizease ever desombaed was popally evaduated moan
etlocrine clinic. In 1962, Roll’ Ludi veponied ihe
cast of a0 o womman who suffered from eothy-
il hypermetabolism. Biochemical and  alirs-
structural stoddbes were sugmesive of o defect inothe
conpling elliciency of this patients mirochondria.
While the micdecubar etiobosy of “Loft dizease” 15 sull
i krweami tostlay, this imitial cese veport sparkexd
thie cremtion of ‘st hondeal medicine

Theve appears i be an ever-expanding ol
foor thie oneochicndeion i ot e and comman
hirman diseases. key cellulir processes, such as
cocbibative plhics phoryvlion, apopiosis, steromd and
lipriel Bricsymihesis, and infermediary metabylism,
are suuated i this organelle, okiog o we virto-
ally all organ systems. Evolinionary and genetic
stupdlies sugpest that environmental factors, such
as Climate and food supply, may have shaped the
pratterne of sitcsBondrial DA baplorypaes aomss
the worlid, comiribiting o the specomm o com-
e homan diseszes obszerved wda® Althowgh
it homdrial dvsbonction, resuliing either fom
mnttons i DA or i nocler DINAL bas tra-
ditionally been associared with enceploalomyopa-
thiv, it 1s ooew Clear that virtually all organ svstems
can be alfecied.

Enclocrine dyvsfunctim appears w0 be a very
cormmon meanibestaion of miresoncdal disense.

Clhinnery and Tombull bave gone so far as o
sigggest that diabetes may be the mosi commen
A disease phenotvpe ™ A meent survey of
patiens with doommented respiratory chain dis-
case reported thar followang the nervous svstem,
ihe endocrine system is most regquently aflecied in
these patients, In Gy, neary 5000 of these patients
had some foom of endocrine dysfimoion.? Clini-
cians caring for patients with mitochondrial
disease need (o become ncreasingly aware ol iis
endocring manilestions, since most of the disor-
ders are treatable. When endicrine organ imvolve-
mpent i swspected, meferal woan endocrinokosz
mey help in guiding the diagnosis and reatment.
Inprereemment of the endocrme disorder may also
have benelin to other affecied sysiemns.

Here we meview the varons endocrne disorders
that can arise i mitochondrial diseases, with a
special foous on dialetes.

Mitochondria and diabetes

Diabetes represents a collection of diseises char-
actereeed by clronie hyperglvoemia, and s one
al the leading canses ol cardiwasonlar disease,
strodke, Tl Joss, Dlindoess, amd venal Gl
Diabetes mellins s clharacterieed  and  defined
by byvperglvoemin, Coment Amencan Diabetes
Association criteria for the diagnosis inchude either
a fasting Dlood glocose = 126 megdL or a vamdom
ghiercse = 2 mgdL on two socasions. Ane oral
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glcose wolerance rest can alse be used o establish
the diagnoss with a 2-hour glocose valee greater
than 200 mg'dl." Maintenance of normal ghicose
Boameostasis requres the acton of 2 gheeose sensor
i the pancreatic fi-cell that deteos increases in
crulatmg glucose and converts this signal e
increased msulin serretion. Increased insulin then
suppresses glocose outpat fom the Deer amd pom-
muies ghose upake in peripheral tissiues such as
skedetal mwscle and adipose tiese,

Dviabetes can result fom an impaired secretion
of msulion by the Becell, as well as by a loss of iz
action (ermed nsulin resistance) o peripheral
prssmnes, such s skeletal mmsele, B aod Teer, It has
kg been known thar increased insolin resistance
can eventually lead o dechne e funcoon of the
pancreatic ferell. Likewise, an impaired secre-
e o insalin can result e beepenzlvoemia, oven-
peally  leading o peripheral insalin resistance.
Thas dyvmamme relanonshap ofien makes w0 diffionk
1o primposind the primary event keading 1o diaberes.
Dabsetes a5 the prototvpical comples disease, az
many genes (individually and i combination} and
eovcirsnmental Gwiors feg., diet, exerise, dmges)
can contribwie 1o is heriabilin, age of onser, and
SEveTIEy,

Recent stmlies have suggested that the mino-
el i ey D ar the heart of all forms of non-
immune diahetes® ' The hvpothesis that eher
inherited or acquimed mitochondrial dvsfunction
meay wilerlie all forms of diabetes may help unily
a mnbeer of obserations gleansd thremzh gener-
s, Clinical medicine, epidemiology, and pharma-
cologe, Thas lea would also be consizient with the
thrifiv gene hypothesis,” which states that geno-
tvpres which were selected for duwmng tmmes of food
o water scarcity may be detrimenial diving times
of food surplus. In this secoon, we meview the
climical feanwes of mitochondrial diabetes, die o
o i AL a5 well as some of evidencoe
supporting the ootion that this organelle may
wivderhe all fovms of moa-mmmone dibetes,

Mitochondrial diabetes due to
variation in mtDNA

By gencral consensus miDNA - mutations canse
approsimately 15 of cases of diabetes in Europe,
and perhaps as much as 5% of dabetes in East
Asia, particularly in Japan, ™

Clinically, mitochondrial diabetes typically pre-
senis as an unremarkable foam of diabetes, some-
time between 22 and 35 vears of age, between the
peak ages of onser for wpe 1 diaberes and rype 2
dhabetes or matuny-onset diabetes of the young
(MO The disorder s matemallv inherited
and can be characterized by a defea m insulin
secretion o occasionally by insalin resisance,
Imerestmgly, the majority of these patents are
thin (BMI<25 kg/m®), Although mest eventually
require insulin therapy, ketoacidosis 15 rare and
these patients vavely, i ever, exhibit circalating
ghuamic acid decarboxylase (GAD) antibodies. ™
Mitochondial diabetes can be accompanied by
other disorders, swh as cardiomvopathy, shon
stature, and central or peripheral nervous sysiem
mvedvement, inchuding sensorineural deafness,
mvepathy, encephalopathy, visual Biloe (retinits
pigmeniosa, opiic atrophy), with nsk of stroke,
seizares, and dementia, '

Proof of the mitochondnal ongin of this form
of diabetes siems from genenic anabvais, The diag-
nosis is usually made by geneoc demonstration of
DN A moatons in PCR-gmplified DNA from
peripheral blood leukooytes (PBL) or preferably
buecal maweosal cells, The level of |I|."[|;'11:-|}|:|,:i'|'|l:.-
can soametimes be low in these PBL cells and has
a tendency e decling with aging, which can make
the diagnosis difficule. In a very laree fracoon
of patients with mitochondrial diabetes, there
are heteroplasmic mutations that can ofien be
detected in the o DNA, particulardy in genes
encoding (RNAs (Figure 8.1). Heteroplasmy can
Be quite o in pacients with miochondrial «dia-
betes, and there does not appear to be a strong



RITOCHOMDRIAL EMDOCRINOLOGY 179

| 7 Ensl

Human
mitechandrial
DA,

Figure 81 The human mitochondrial DA (miDMNAL and mtDNA mutations associated with diabetes.

iModified from Maechler and Wollheim, Nature 20002}

relationship between the kevel of beteroplasmy m
circnlating cells and the severity of the disease.'®
Honwever, the age of onset of diabetes may be
correlated o the level of heteroplasmy. ™

The lencyl4RNA"S substimtion of A for G oa
michecdide 3248 (AZZ2430), mradiiomally associ-
ated with stochondral mvopathy, encephalo-
patly, Lwiic acidosis, and siroke-like episodes
(MELASE seems o be particulark associated with
dicgheres, and 15 the casative besion ina distine
svnddrome knosvn oz maternally inberined diabetes
amel deatiness (MIDDL"™ A least seven other

kA tatiens (Fieure 801 particulad i
IRNA genes of the mitochomidvion, can be asso-
ciated with diaberes, although AZ2A3Gappears 1
¢ the most common form ™ miDNA deletions
can also b assocaned with diabseres =

MIDDy is characerized by diabetes as well as
bv a newrosensory hearing loss (s eflected by a
rediced  percepiion of high-ione  Trequencies =
SkHz) than evpicalby precedes diaberes, Other
co-morhidinies have also been repored, including
gastroantestinal abnovmalives {eg, dvsmotilioy),
cardicmyopathy, renal dystunciion, and macnlar
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pattern dystrophy, 5% AZ24306 s generally

regardded as o mueaton, though m East Asians this
ariant is acoeally quire commmen and s formally a
polviaphusm. = Diabetes or umpaed slocose
tolerance associated with the AZ2EA0 muation
becomes  climcally manifest tvpically o the
early 305, A study of Dotch individials with the
AZPAAG mutation reveaded that by agge 70 nearly
all individuals have impaived gliscose olerance or
dubetes "

Patients with mirochondrial diaberes may or
mary ol aatially be asulm-requammng, and i
imitially be treared with sulfonviiea agenis or thi-
arolilinediones (T2Ds), These patients can alse
b treited with metiormin, althongh this is dis-
conrged given the theoretical nsk of et ao-
dosis. Insulin rreatment is rypically vequired Laer
as the diseze propresses,

A mapor wnanswered question & how miarons
i mtDNA, particularly o the lencvl- RN AR
geng, can give rise e diabetes. Defects in insulin
prosduction s well as imsalin esisance have been
reported in patients with AS243G-associaned
dabetes "™ Most stndies o date soggest that the
defect of the AZZL30G manation initally gives rise
o asber cell dyvsfuncoon and an il defect m
imsilin secrerion, ™0

I witre stuehies Bave sopeested thar a0 logh
fraction of hereroplasmy can vesult in decreased
cxidative phosphorvlanon (OXPHOS) capacity

in cvhrid cell lines.™™ The AS2430 mation iself

15 beheved wo et e donenzanon af keaovl-
tRMAYE and decreased  aminoacylation. ™ The
precise biochemical consequences ame . known
b in evbrid cells ot appears thar acommlation
of the mutaion leads oo decmeased coovgen con-
simprion and ATP prodiuction. Iniske cells, this
may bave the consequence of lowering the AT
ADP vatice, which coulid lead 1o decreased imsulin
secretim In addison, aleratons m the elecoon
rranspont Chain mav give rise 1o increaserd reac-
prve oxveen species (ROS), which may lead w
incressed apoposis and fumher declineg of isle

cell function. This hvpothesis is consistent
with the age-dependent decling m Becell functien
observed with the A3243G-muation, and is
coasistent with post-mortem siudees which bave
demonsivated decreased slet cell mass in f-rells
as well as mothe glocagon producing a-cells in
patients with the mutaton® The simulianeons
Ioss ol ghocagons may account for the Bt tha
these patients rarely suller fromm diabetic ketoaci-
dosis (DAL

Mendelian disorders characterized by
mitochondrial dysfunction and diabetes

[ &= worthwhile noming that several Mendelian dis-
orders associted with motochondoal desfunciion
olien exhibin diaberes,

Wolfram svodmame false koown as DI OAD,
o dialetes insipidus, diabetes mellins, opric am-
phey, amed dealfness) s an aniosomal weessve dis-
oridler diue o minations in the WFST gene on
chromosome 4, The disorder s charcterzed by
ivpe 1 diaberes in associanon with: opric aimophy.
WES1 enwcoddes a transmembrane protein called
wiiramin, which appears (o be localized w the ER
and o the miochondrion, perbaps as a2 regubor
of cellular calcimm.™

Friewlrich's ataxia s an aoiosomal  recessive
disprder characierized by a progresive neurn-
degeneratve disease characterzed by corbellar
alaxia, dysartheia, oyvstagmos, and  cardicamyo-
paihy. Aboue 20900 of panents with thns disease
also develop insulin resistance sometime during
thear hfstime, The disease = assooated with an
expanded wrinicleotide repear in the riaxin
pene, whose gene prodect s a oatochondinal
prostein divecting won-sullur-clusier assembly.

Fatients with Fumilad amyotmophoe Taeral solero-
sis (ALS) odien have maations in genes encoding
ROk seavengimg enevames of the cell, Tn o mombser
ol small snudies ot has been shown that these
patients sulfer froon impaned glocose wolerance
anid diabetes mellins. "
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Finally, Huntingiow's disease is anodher disorder
thiat 15 charactermeed by degenevation of the sl
ganglia as well as by chovea and dementia. In
Brovrmames and o mooss models, diaberes mellims =
frequently seen. These patients iypically have
iisulin defickenoy, but Leer, they also have mea-
surable insulin resistance.™ While the exact fione-
prcen of Dentingeto 15 stll ooe Enenvn, recent work
las suggested thal the monant prdein may mier-
fere with mintochondnal biogenesis via the tran-
scriptional co-activator PGC-La (1Y Keaine et al.,
rpnbhshied resulish

Mitochondrial contribution to the
commeon form of diabetes

Based on the above smidies o055 clear that -
ercenns ann ok DA o i ke genes can give rise e
symcdromes that can be charaoierized, in par, by
dizabsetes. However, there s mounting evidence that
even iype 2 diaberes may stem hom defeos in
vt b oal function, Ir bas Tong been apprec-
atexd thear the inberitance of tvpe 2 diabetes shows
an excess of maternal transmisson®™™ - s
cotild be due o intraenne effeos, imprinting,
or prossibly mvolvement of e DNA The pwe hall-
meark leatures of the commaon form of diabetes,
inprored ansulin secretion and redoced msalin
action (nsilin resisiance), mav bave mitochon-
drval etwdogies, Her, we eview the evidence

suggesting mitechondrial imvodvement in both of

these kv processes,

Mitochondria and f-cell function

Blood glucose i cavelully regulated by insulin
secrenon from pancreanc B-cells (Fgae 520
Celucose equilibrates across the plasma membrang
anl s phosphorvlated by glucokinase o prodece
glucose-le-phosphare. This step vegulates the e
of gleeabeis and the prodocoon of pyrovate.

When blosd glucose bevels are high, the level of

ehecobesis i the Pecell s loghe Pyruvae then enters
the TOA ovole, simumted in the moochondrion,

which presdices MNADH and FADH. Theswe reducing
copvabents  then deve the electron transport
chain, prxlwcing ATE The increased ATFADEP
ratio canses the closure of the plasma membrane
Bp channels, allowing the opening of voliage-
semsi e Ot chammels, simlar o those feonad m
other excitable cells. The increase i calcinm then
camses the relenze of msuhn-comtamng secretory
granles.

Henee, mtochondmal metabohsm s able o
divectly link plasma glicose levels with insulin
relemse, & proces: kimwwn as maetabohsm—secretion
conpling. Several decades ago o was estallished
ihat mtochomadrial dysfunction resulis i anpanmed
glhicose-stimulared  insulin secretion.  Lowering
evovgen levels aned posoning the @lectmon trans-
Pt chain with inhibvitors can block this response.
Cells i which miDMNA has been depleted, p* cells,
are viable ban exhibin impaived insulin secvetion.
Intevestingly, agems that mse caloowm are stll
able 1o induce insulin release in such cells, sug-
gt that the defiect s the potochondnen. In
fact, veplenishment of the cells with meDMA
restones Elocose-anduced msalin elese ™

Ceenvetie stivdics inomice, oo, have clearly shown
that Pecell dyvsfunction can st from mitochaon-
drial dyvsfincrion. Thm knockowt mice, in which
the e hondrial transorpion Gctor T has
Been disrupred, exhibin a diabetic phenctype, and
ithe asbets exhibat decreased OXPHOS activiey and
glucose-indpced msulin secretion. ™

Mitowchwmidral BOS generton and scavengmng
ey serve a5 a link between organelle dyslunciion
and Becell demse, Excess glcose and hpids, which
can lead o mcreased ROS, are known 1o be ioxic
o Peoells® 1 is believed thar the pcell guands
against this possibiliny theough unconpling peotein
2 UCF2), an inmer membrane mitochondinal pro-
tgin thar can dissipate the proton modive force
andl thiat 15 actvaded by saperoxide. Genetic and
envitonmental Lwrors mewy resull i incveased
Becell BOS genevaton, which may bead v cellular
apopiosis amd loss of fBerell mass.



182 MITOCHOMDAL MEDICINE

Glycolyais

Futative signals;

ATP

;TP oy &
cAME €%
MADPH 4
Glutamate e.q,,{.; =

Malo

I-Cod

Figure B2 HAole of mitechendna in fcell functicn. The mitochondrien plays a central role in linking
mzlabalism 0 insulin secretion, Glucose enters the pancreatic el and 15 metabolized o pyrocale via
cylosolic glycobysis. Via the milochondrial exidative phoshorylation (OXFHOS) system, pyruvale is oxedized
Lo generale ATF from ADE This resulls ina nel inocraase in the oylosolic ATRAADP ratio, which closes the K,
channels and depolarizes the fell. Depolanzation then activates vollage-gated caloum channels which
allew calgium influx inte the PBgell, leading lo the secretion of insulin granules, (Modilied from Maechlaer

and Wollheim, Mawee 2001,57)

Insulin rasistance and mitochondrig

Foo vears, i has been appreciated that insulin
resistance i skeletal moscle, G, and Dver s one
ol the hallmark feamires of disbetes. In high-risk
invilividuals, deposinon of B moscle and lver
precede insulin resistance, as the list detectable
feature of the disease. " Whike a nnmber of path-
ways hiwe been implicated in cellular or animal
msdels of insulin mesEtnce, none of these path-
ways has heen shown 1o e consistently aliered in
thie comnmon formm of dialbetes.

Several vecent  genoamic  approaches
poimted o impared  mochondrial Daogenesiz
(Figure 8.3} as a common feature underlving

have

imsulin vesistance. ™™ Theswe siudies used DNA
mreresnrrays i padibe the skeletal onsele of -
vidluals with varying levels of imsilin resistance andd
mmckependently reached the comelusion thae inomadi-
vidluals with diabetes, there = a redoced expression
off the mclear penes encoding macchond izl pao-
igins, i particular, those encoding components of
costlative phosphorvlaton. Mootha et al, showed
that im MNorthern Ewropeans the expression of
O PHOS penes & meduced ot only in diabecs,
Bl sy in imediviclials with impaired glacose woler-
ance” Moreover, e expression of OXTPHOS genes
is highly corvelared with VO max inall imdividials,
which has presionsky been shonvan i b an extremely
st marker of msplin sensiiviy. Paii er al.
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Figure 8.3 Owarview of mitochondrisl bicgenesis. The transcriptional co-activator PGC-Tuxis a key regulator
whosa axprassion lavels are controlled by cold, adranergic inputs, exercisa, nutrient status, and disbetas. As
PGC-10 lavels rise, it partnars with the transcription fectors ERR@ and GABPA/B to co-activate thase tram-
scription factors via 8 double-positive feadback loop. Tegather, thase thrae fectors then partnar to stimulate
the transcription of & number of ganes, including nuclaar-encodead members of OXPHOS and othar mito-
chondrial proteins. In addition, this circuit leads to the stabla rise of nuclear MEF-1, & transcription factor
which is imvolvad in the regulation of the mitochondrial transcription factor TFAM, which is imporad into
the mitechondrion to promots mtDMA replication.™ PGC-1 =peroxisome proliferator-activeted receptory
co-gctivator 1, ERRa= astrogan related receptor slphes; GABP=GA binding protein &; MEF1 =nuclear respiratony

factor1

escamine] Mexican Americans and showed (e the
ewpression of OXPHOS genes & also educed i
the muscle of healibw, lirsi-egree relatives of indi-
widduals with pepee 2 aliabetes.” Both of these sidies
hence suggest thal reduced OXPHOS expression
1= o phenotvpe appearing elatvely carke i the
developpment of type 2 diaberes.

Mowha et al, farther shiowed that ofserved
rhanges appear 1o lie downsiteam of the 1ran-
seriptional co-activator POC-1o, which bas been
shivwn 1o be a masier regulator of mitochondrial

bingenesis. Because the expression of PGO-1m is
also peduced i these papents, it appears that in
the common form of diabeies, in Morihern
Enropreans as well as i Mexican Amencans, there
is a PGE-lo-dependent decrease i mitochon-
dral biogeness, A vecent study bas further dis-
secied the pathway of mitochondrial bicgenesis
and sugmests thae the orphan ouclear recepor
ERRre. the ETS wanscripnion facior GABPATR,
and PGC-To may form a0 regulbatory swaech that
ligs upsiveam f NEFL and other iranscription
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Box 8.1 Microarray technology

The svailability of the complets saguanca of the human genome means that, in principle, we know
the antire set of ancodad human mBMAs. We should therafora ba abla to ask if the expression of these
mBMAs is alterad under varicus conditions {a.g. glucosa-rich vs glucose-free medium, or in normeal
w5 diseased tissue), From a prectical standpoint, Morthern blot anabysis can examing only a handiul
of mBNAS at & time, and the vanous subtractive hybrdizetion methods in use are tima consuming.

The development of DNA micrearrays, also known as gena chips, has sobved this problem. Short
oligonuclectides (20-50 nt in langth), each with a defined and unigue sequence comesponding to each
mBMA, is arrayed on & grid {Figure B.1).' The grid is abouwt the size of a postage stamp, but can con-
tain thousands of “calls,” each with an cligonuclectide represanting one specific gene or mBNA. In a
micdification of this method, hundrads of full-length cOMNAS representing individual mEMAs are "spot-
ted” on & glass slide and are analyzed in a similar manner.?

Ligghe
|deprotection]
— b Chemical
3 T T « [ T Ly
|| Larmp | O HO [u] Qoo
Sabeirate

Faspeesant M bl s R [daprotaction)

ATAT cligonuclkctidas W L] ocoupdin Ll L8
jois =TI Ta=x=2 T/Y

Chip 55555 55555 =N

Figure B.1 Microarray technology. (A) Using micralithography to make a chip. (B) The nuclectide
saquancea on tha array is ‘built up’ in a series of light-catalyzed steps that succassively protact and
daprotect the nuclactides in & controlled manner. Adapted from referenca 1 with permission

-

The chip is "quened” by hybridizing fluorescently labelad cDMAs darived from mBMAS from the two
sourcas under companson {e.g. red cOMA probes from mANA derived from normal tissua and green
probes from diseasad tissua mRMA), and comparing the colored signals derived from each sourca
{Figure B.2]. Thus, ona can determine in a single axperimeant which genas ara up-regulated {i.e. red
signal predominates], which are down-regulated {ie. green signal prominates), and which ara
unchanged (both red and grean signals are agual in intensity. giving a yvellow signal).

Microamay anahysis can aso be used to develop “functional maps, in which each mRMA is & noda in
a natweork, with mAMAs "pointing” towards or away from other mEMNAs, depanding on whather they
ara upstream or downstream of each other in a pathway.”
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Figure B.1 Microarray analysis. Sdapted from relerence 2, with permission
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fartors in mediating mitochondrial biogenesis™ -
thos  repulatry coowit may mepresent a0 novel
target tor antidiabetic medicanons,

Fanwctwsial studhes vsing very different approa-
ches have also suggested that redisced OXPHOS
activity e muscle ey represent A signature
leamre of diabetes. kelley and colleagues have
exnammingd skeletal moscke frome imdviduals with
impaired glicose wderance a5 well as diaberes and
fovmd abtered sitechondrial morphology as well

as ONPHOS activity. ' Petersen and Shuilman have
used™! P-MMEBE-based measurements of OXPHOS
activity in vive to demonsirate than diaberics and
IGT mdvwesduals hove recoced OXPHOS capacity,
Moverwer, they showed thar the healthy firse-
dlegree relatves of mdividwals with D2 also baee
reduced OXFPHOS activity'” These  funciional
stuclies commplement the gencnme stadies and for-
ther establish rediced mirochomdrial bicgenesis
as a feaowre of diabetes,
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Box 8.2 Cybrid technology

There 15 no Enown way o transfect human mitochondna with exegencus DNA 0 a stable and
heritable manner. However, one can ransfer patient mitochondna contaming mutated miDMNAosS
from one cell to anether, and then study these mutated miDNAS in a neutral nuclear background.
This 15 atcomplished by making oyloplasmic bybrds, or ‘cybrids’ in which pabient cells devoid of
their nucle (cytoplasts) bul stll containing mitochondna (cyloplasts) are fused with oells contain-
ing mitochondria that are devold of their endogencus mtDNA {called p® cells, based on the yeast
nomanclature,’

How are p* cells made? Typically, a transformed cell line = most commonly @ human osteosarcoma
line called 1438 = that is deficient in thymidine Kinass activity (TR besomes p® Tellowing long-term
exposure o ethidium bromide, an inhibitor of mIDMNA replication thal 15 preferentially aken up by
mitochondria, owing to its high membrane potential (E1Br is a charged moleculbel, The p® line is aux-
olrophic for pynimidines {such as unidinel, due o the loss of 8 functional respiratory chain (because
withoul a respiratory chain, the mitochondrial protem dibydroorotate debydrogenase, a key ensyme
in wridine brosynihess, cannol lunclion), For reasons thal are less well understood, the cells are also
duxcdrophic for pyruvale,

This auxotrophy provides two selection schemes for the repopulabion of these cells by exoge-
nius mIDNA, based on complementation of the metabolic defects wilth exogenous mitochandna
{and miDMAS). The p® cells are repopulated by forming ‘sytoplasmic hybrids' (cybrids) between
the p® cells and cytoplasts {enusleated cellsh from an miDNA donor cell line, After cell Tusicn,
ctlls are plated in medivm conlaining bromodeoxyuniding {Brdlly and lacking either pyruvale or
uridine. These selective media permit enly the growth of p? cells which had fused with eytoplasts
gontaining functienal mitechondria, because the p? cells (which have defective thymidine kinase
{TE) activity, ancther engyme required for pyrimidine biosynthesis) are not able o grow in the
absence of wuridine or pyruvate, and TE® doner cells are not able o grow in the presenoe of
Brdll

Onoe the cybrids are made, they can be grown as cellular clones, Because the pool of oybrid
ctlls reflects the {Gaussian) distribution of heleroplasmy represented in the original population
of patient cells, one can isolate cybnd clones harboring varying propomions of mutated
mibRAs, ranging from 0% mutant (100% waild-type (hoemoplasmich] to 100% mutant (e 0%
wild-type (also homoplasmicll, plus anything in betwaeen (e, heteroplasmich B one cannot find
homoplasmic mulant clones, a clone with & high % heteroplasmy can be subyjected 10 a second
round of Et8r treatment, in swhich the miIDNA copy number 15 reduced from about 10000
copiesioell o less than 50 copiesioell® A1 that point, the ElBr is removed and the cells are
allowed 1o repopulate their MIDMNAS, resulling in a new populabion of cells with a skewed pro-
pordion of MIDNAs, including cells that are both homoplasmic wild-lype and homoplasmic
miutant,

Cyvbrd technology has been used successfully 1o study many pathogen: mIDNAS mutations, mcluding
those causing MELAS, MEERFE, MARPMILS, and K55,




RITOCHOMDORIAL EMDOCRINOLOGY 187

U P TR}

P @ | ©a®
2 @

lm.-mmmm li..m,

UL
-)

i o @ ®D
L

® e

Cytoplast fugion
-, -F. -BrdU)

2 ®‘ -
&0

Aepopulate individual cellular clonas

Patient cell
(¥, P, TE)

Cytoplast

¥ \ ¥ ¥
P :
2 @) [ -
‘ ‘
W
Heteroplasmic e Homoplasmic normmal Hormaplasrmie mutant

Figure B.1  Making p* cells and cybrids.

Referances

1. King BB Aftardi G, Human calls lacking mtDNA&: repopu lation with axogenous mitechondria by complarnantation,

Science 158%; 2496 500-500,

2. King MP Lse of ethidium bromida to manipulate ratio of mutatad and wild-typa mitechondrial DA in cuelturad

calls, Methods Enrprmad 1a5E; 2648 339-344,




188 MITOCHOMDALAL MEDICINE

Exactly how veduced (XXPHOS capaciy s
related v imsulin resistance s correnthe ot ko,
Specifically, we curvemly de not know whether
acommen sl leads smmlmeonsly o redoced
CPHOS expression and  insulin resisiance, or
whether there = oa coeal weltonzlnp between
CRPHOS capaciy and insulin resistance. Insulin
resistanee & characterzed v ompaired  msaln-
stimidared  glhocose iransport,  phosphorylaion,
aid ghocogen svinthesis, Enbanced accumulation
ol trighcerides in muscle covvelates strongly with
imprured  isahn-stumulate] glocose upiake. A
prevequisieg bor enhanced acoumulation of inora-
mvocellular Tpads s that thewr ooodation 1=
impraired, and in B, impaived Tipid oxidation has
e dlemomstrted Both e the Esong stae as well
as during insulin stimulation in patienis with tvpe
2 oihiabetes, Feduwced mitochondmal actvity could
thecretically kead v impaived B oxidation, lead-
inge b wccumnlatan of boag-chain ey acids aned
imcreased  formation of diacvlgyleersl  (IAG]
Through wvolvement of PREC or the TKERNFER
complex and sevine phosphorvBtion of key targets
i the wesuhin sygmaling pathway, swch Gy acid
aroumulation conled lead 1o skeleral muscle msulin
resistance, ! George Thomas" group bas mecenth
shomm that the signaling maodecule 56 kinase (SGR),
an wmtegrator of mutrent sensige, swealing, and
protein synihesis, may plav a kev mole in vegra-
g pbrient bevels with mouochondmal baogenesiz
and insulin recepror activiry,*

Mitochondrial dysfunction in diabetes:
cause or consequence’

Thee question sull wnanswered 15 whether imheried
o aciuired mivochowdrial dysBunction represenis
e canse or the consequence of pvpe 2 diabetes,
Funcrional, epidemiological, and clinical sodies
favon the cansal hypothesas,

First, the decreased expression of PGC-1e and
OXPHOS genes 15 seen abready i mdividualz
with impaived  glucose olerance or in healthy

livsi-tlegree relatives of patients with ype 2
dhiabseres ™ Alse, frst-depree relatves of patients
with tvpe 2 diabetes show impaired AT synthe-
s15 e skeletal mmscle as measored v NMR
spectscoy. !

mevoand, oo an epidemobogical standpoint, i
is worthwhibe vecalling that even the common fonm
of diaberes wnds o exbibin excess maternal rans-
mission. " In fact, 2 noumber of small sowdies have
suggrested that ot DNA haplotvpes can contrbote
o thee visk ol diabees. ™

e, a pmber of genetic stdies ave shoswn
that polvmorphisms in several genes are associ-
ates] wath the common form of diabetes, Perbugps
the strongest vesult i fom PPAR-y, a naclear
receptor that s the target of the thiaeolahne-
dicnes (TE£Ds) The Frol2Ala variant, which i
fompind iy 10—15% of the Caucazian popalation, s
associted with a 15% decreased risk of duhenes ™
artoa o the HNFAG promader 5 also assoo-
ated with the common form of diabetes. 9% These
pclear recepiors ane all ranscorptional partngrs
of PCGC-1e, a master regulator of mitochomndrial
biogrenesis. I Gact, variation in PGC-1o has also
been associated with diabetes, though these have
nok beeseen Broad by veplicated

Finally, clinical and pharmacologic soudies
strcaizhy support the ot that motochondmal bac-
genesis can comiribone e diabetes. It has long been
appreciated that the best non-phanmacobome imnier-
veniion for impooving imsulin resisiance is exercise.
e wscent Dhabetes Proventon Progem Tral
patienis with ivpe 2 diabetes confinmed than exer-
cise was e most effective way 1o poevent diabetes
in those with impaived glscose wolerance. " Exercise
15 koewnn io increase motochomdral Bogenesis m
skeletal muscle and concomiamly mprove total
bk W00 s, whach as aesell a0 marker for msuln
resistance. The TEDs represent a category of dinugs
that g msolin resestance, Bevent stadies have
shaewnn that they serve a5 a synihetic agonisi for the
ol hormone mecepior PPARY, and one of the
ellects is 1o increase mitochondial biogenesis in i
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andl possibly in muscle ™ Recent sdies. have also
shonyn thant Bighy moeake of calleane can medoce one's
lifetime visk of developing diaberes,” and caffeine
s Deen shonwm e vt to meresse mtochioadnal
bivsenesis.™ In addition, the lipodvstrophy seen
i patients with booan sonedeficienoy vius
inbection, appes w be dee o the mitcchondrial
ity of higehiby active antiretroviral theragy. ™

Taken wogether theve 5 biochemical, genetic,
and clmcal support for a key role foe mitochomndr-
ial hicgrenesis i diberes. Additional smdies are
peeded] o deteromme o amd ooy ootoehondrial
diabetes resulting fioon miDMNA miations may
b velaped v thee expression phenotype seen m the
cotmmcn form of the disease.

Other endocrine disorders in
mitochondrial disease

Heve, scome o the od her enclocrine manilesiaions
i pratients with DA disonders are meviessed,

Short stature

Shove statre is defined as a sianding height more
tham twor staidand deviatons below the mean for
age and gender. Shont statre may vesult fiom
endocrine disease, svsteme lmess {eg chronw
renal Lailore, malmurition), or primary skeleial
disorlers {epg achondmplaza, SHOX haplom-
stulficiency k. The endocring canses of short siature
i Tode mpravred sroseth hormaoe (G secretnmn
or actim, hwpothyroidism, and  glocooonicoid
s, Bl statore s fregquently seen i patients

with miDNA deferts, with an estimated 35% of

all suchy patsents o affected = It can e seen
patients withs MELAS, myvocloms epilepsy and
ragged-red Obers (MERREF), progressive external
cphthalmoplegia (PECY, and Reams-Savee syn-
droame (B35 OF note, short statre cane also
b seen in patients with miochondrial diseases
e o mutations e oeclear genes, as i Barih
syndrome. ™

Thee etiology o the shoat sianre i miochondrial
dispmalers s vamed. Matsuzaki et al meporied
pwer girls with MELAS in whom they were able o
estabihsh a dagnoss of growth hommone-releasmg
hormone deficiency.™ In another sindy, patients
with the A32430 mtaton underwent  growih
hermone provocation stidies, which revealed defi-
crent printary gromih hormmone secretion.® Ouale
and colleagues cavelully evaluared 21 patients with
FECY sl o s of then bad shoot stzatane, pos-
sibly secondary 1o growth hormone deficiency ™
Last, mowe than one disorder can account for
shaowt stanre i patients with mitochondrial dis-
case 2z was demonsirated by a gicl with MELAS
with both growth hormene deficiency and cen-
iral hvpodhvroadism = Short statone 15 a commaon
sympiom  of mitcchondrial disease, whether a
mtoshomedread o oclear defect, and can be doe
1o move than one etidogy, the most coammon of
which appears o be GH dehaoenoy. Tnvestigations
i the clinical effectivenes of GH supplemen-
tation are linied. Adthough these s oo estab-
lished thevapy for short staore in patients with
mmitochomdrmal disense, thewe are eports sogeest-
ing that in patients with docomenied GH defi-
ciency, replacement thevapy can bave a benefie =

Becanse of the prevalence of this disoeder and
the potenial therapy avalable, crbcal evaluabon
of possible endocring canses and therapies s
necded,

Gonadal dysfunction

Patients with govadal disorders can present with a
variety of signs amd sympioms. Males may present
with: ervptorchichsm, Tack of or delay e puaberty,
Ioaw Tibviclo, amed erectile dysfonction. In females,
the mamifestations mchede delaved puberty, Lae
memrche, primary or secomdary amenorrhea, or
oligomenorrhien. The etioloay may be as a mesali
of hvpothalamic, piwiary, or gonadal {ovaries
aned pestes) disense. Gonadal dvsfunction appears
1o frequently accompany miDNA-based disowders
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and has been described in patients with PECD,
MELAS, and MERRF=*

I @ soely of 21 parkents with PECY, (uade et al.
ol that 33% exbolated  semptoams,  plivacal
exam signs, or boraory evidence of a vepasdie-
pve disorder™ Chen et all reviewed s patients
with MELAS and MERRE and five had evidence
of gonadal dsfumction enher by history o phy-
sical examination.” Svmproms included delayed
puberty, privary amenorrdiea, or seconday amen-
crvhes in women and delaved puberty and evectile
dhstumction: o men. Gomslsropin bevels aned
hginizing hormone-releasing hormone siimila-
b bestine sugeest hvpothakonke o pitoitary
chvsfioncrion. In fact, an amepsy repont of a patient
with' MELAS due o a mochondrial tEMNA
L UUTR) moarkon vevealed thar the by pophysis
Bl the Dighest level of hetenosplasiny.™

I ackdiviom 1o the stndies described above, there
are a lew case reports desenlang  estosterone
insnfficiency in patients with miDNA parions. ™

Beercamrse of the sooall pmomber of stodies to date,

it i difficule to derermine the acual prevalence of

reproductive dvstumction m patients with mto-
chomwdreal disease as well as the site of the delect
(v pothalamae, pitwitary, or gonadal), Noostudies
have systematically examined the safery and effi-
cacy o pestosterome or estrogen replacement thier-
apy in patients with mitochondrial disease. In s
iteresting o postulate whether or ot gonadal
disprders have milochondrvial  patbophy siologic
correlates i the same manmer as diaberes,

Other endocrina manifestations

A vanety of odher endoone disorders have been

described in case vepons or small case series of

i DA diseases, These endocrne disoatders mchwde
by posparat hvenidism,  thyeoad  disease  (hypothy-
widhsm o bepertlvroadizm), and acdenal disease
(advenal msulfickency or hyperaldosieronizm}).
Hypoparathyvroidhsm s charactenzed by def-
cient parathyroid hormene prodiction. Symppoms

can vange Tom aubclinkcal disgase o parasihesias
1o sereures, dependmg on the degree of resulting
hypocabcemia, Hypoparathyioidism has been des-
cribed e panents with wtochondral disorders,
especially those with KSS and PECS

Hypothyrowd syimpioms mchude cobd miolerance,
larigue, weight gain, coarse hair, and constipation.
Hypertimad symptoms melwde heat mtolerance,
palpiaricns, weight boss, and diardhea. Svmpioms
can b estremels mild o very severe depending
on the degres of dysfinction. Thyeodd dysfumcrion,
boath hypoleomodism and - BypertBeroadism,  Das
Been reporied in patiens with miochondrial dis-
ease™ 5 il was Fovmcd iop o 1P of patizntz with
respiratory chain dysfunction i one audy? It does
nod appear o beoa feioe of miDsNA disorders
characterized by deletions =550

svinpeins of advenal salfcency melode
nansea, farigue, weight loss, and orthosiasis.
Adrenal soffcwenoy has been describesd
patients with mitochondrial disease. ™™ Hvper-

aldosteromism, which can present as hyperten-
sion, has alse been described in patients with
mtochiondral dsease =7 As wath many of the
other endocrinopathies, the aciual prevalence of
adrenal dizease i these patients s ot kiown,

Clinical evalution and treatment
considerations

Al present, we advocate thar all clinicians caring
for panents with mitochomdral disense be oovare
of the reponed endocrinepathies thar mey appear
i such panents, Al pagents should be assessed for
possible diabetes, short stamime, gomadal dystunc-
o, thvmd  dvsfunction,  hypoparathvroadizm,
and adrenal insulliciency [Table 8.1

Aol bistory and plivsical exam omght o
explore these possible feamres. An ininial hisiory
pst e lude assessment for polvdipsi, pobuna,
and weight 1oss a5 mitial signs of diabetes mellins.
Chuestions should be asked meganding repulany of
merses e wemen and erectile fnctiom andd Tibbde
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palyphagia, weight loss

Shorl stature Short stature for gendaer

Table 8.1 Endocrine manifestations in mitochondrial disorders
Endocring pathy Signs and symptoms Bereaning tosts
Diabeles Folyuria, polydipsia, Fasting blood sugar

and age

Hypogonadism Foor development of secondary
sexual charactenstios, infertility,
deliyved puberly, amenorrhea

Hypoparathyroidism  Telany, parasthesias, stifuros,
Cramps

Hypathyrowdism Wanght gain, fatigue, cold
intolerance, constipation, dry skin,
hair lass, menstiresl rregulaniies

Adrenal Crihostasis, Tatigee, hyponalremia,

insullcinoy hyperkalemia

Flot haesight on growth chart: if 2 S0
below mean: |GF1, [GF-BF3, bone
age, GH provodative 1esting

Inomien: morming edal testosterone,
LH, F&H

In women; estradiol, LH, FSH
Calzium, albumin, phosphorus,
parathyroid hormone: {FTH)
Thyrcnd-stimulating hormane (TSH),
freser thyroxin (iree T4)

Morming corisoel: if= 18 pgidl, then
cosyntropin stimulation Lest

SD=standard deviation; IGF1=insulin-like growh factoe1; IGF-BRI=insulin-like growth factor binding protein 3
GH=growth hormons; LH=lautanizing hormeene; FSH = fgllicle-stimulating hormona

i e, svinpiams of thvrowd disease such as heat
or coll imvderance, weight loss or gain, change
i sk or Bair tesoor, constpaton and dizrrhea
shotild be elicied. A diagmosis of hypoparaihy-
iz shoold be considersd when  patients
describe muscle cramping or parassthesis

Phesical cocmimation ouweht o imchede o caneful
Beight measwement, thyroid examination, assess-
ment ol secondary sexoal chatensees, aml assess-
ment of Chvesisek's and Tiousean’s signs.

Ar il Baborarory evadvaton cugha i lode
a Bsting glucose level, Inoaddition, cabciem, alba-
min, phosphate, parathvooad bormone (FTH),
thyroid-stimulating  hormoneg (TSH) and  free
thvrosinge (free T4 levels should be ordered e
assess lor hypoparathyroidism ancd chyeoad  dis-
ease, I gonadal dysfuncoen s sugxested by the
history or physical exam,  ollicle-spimulaing
brmmone (FSHT and hoteizing bormone (LH)
shoniled b ordeved i addiniom o an esteadiol level

i woamen andd an earky mmorming woral esiosterone
level im men. IForihosiasis, navusea, or nnexplained
wetzhit boss e present, then the patientz should be
assessed for adremal insufliciency with i mornming
cortisal or cosvibmpin stomolaion st I any of
the components of the hisiory, physical, or screen-
g endocrine labs are sugmesove of diabetes,
shot stature, gonadal dyshunction, thyeoid disease,
Iy poprusthroacdism. o adenal msufhoency, we
advocate early referval 10 an endocrinobogist for
cameful diagooste stuhies followed by inzacment
imitiaion {Table 8.1},

Treatment

For putienis with miDNA-hased diabetes, o is
Iikely that the meinsiay of therapy will mvolve
silllomylireas, dier, and insulin thevapy. We have
fonened ehae these patents can also benefin from
imsilin sensiizers, o panticilar TEDs, Funare
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stuhies may determing whether specific fooms of
disease may benelit from specilic thevapies.
Because metformim has been associated wath lacte
acidosis o solveld cases, we curremly  prefer
avoidance of this drag, especially i patients wath
MELAS. While carnifing, anticxidants and Co 10
are often prescrbed v packents with ot DNA dis-
orders, there are wo stivdies o date thar provide
comvancng evidence that they improve diabseres.

With vegard o ihe cther endocvinoparhies, b
ke veplacerment of the deficient hormoneds) ey
b needed. Female and male patients dugmosed
with reproductive disoaders may regquire esioeen
andl iestosterong replacement, respeciively. Patienis
with Dypothvmadism wall need o be oeared with
theyroadd hormone veplacement, and panems with
by poparathyrosdism ey need calenomm and viea-
min I} replacemeni.

Summary

It & clear thar a varery of endocrinoparhies
accompany all vareties of ooman mochondnal
dliseases, those duoe o mi DA muoranions as well as
thcse due wo ke defeos, Tremendons eseanch
beas Boscusedd on the role of the mitor hondria in vare-
wans forms of diabsstes. We anbopate that m the
coming vears, specific mechanisiic links berween
ths coganelle and mesulin defickenoy amnd insulin
resistance will be established.

I patients with ootochondreial disease, Biov-
ever, we arg lacking cavelul and systematic studies
of endocmme function, It s amportant that we
first determineg rhe frequency of endocrimsparbies
i panents with various mitcchondnal diseases
and how these endocrinopathies manilesi in
patients with matochondral diseases, oo addicn,
stinclies. are needed o determing the eniology
of these endocrmaopatines and may require cane-
il Irequent hommone Mood sampling ancd'or
stimulation testing, Last, the efcacy of curment
endocrine standard ireatments mist bhe assessed
i these pabients,

Ihe potential peechological and - phyvsical
Benelits of hirmoenal replacement may prove o
greathy improve maecchondal pacients” qualice
of lilte, Treating short statime and hy pogonadism
will help with social interactions, Thyrowl bor-
mong replacement can influence mitochondrial
Bioreresis ancd can divecthy impact ooachomdeal
energetics. Normalization of calciom may help
with nevwrologic svompoms, mclading seae con-
irol, and treatment of advenal insulficiency may
Belp with fatige and orthostasis seen e patients,
Becanse the endorrine svstem is 5o infimaely
Inked o celluby energetics, careful evaluation
amd dvearment of endocrine  dvslunction in
pratientz with o bondrial disease 2 extremely
imporant g shoild be porsied.
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