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ABSTRACT

Project Code: RMU4880029
Project Title: Na-K ATPase in muscle of hypokalemic periodic paralysis patients
Investigator: Bunyong Phakdeekitcharoen, M.D.
Division of Nephrology, Department of medicine,
Ramathibodi Hospital, Mahidol University, Thailand
E-mail Address: rabpd@mahidol.ac.th

Project Period: August 2005 — July 2008

Background: Thyroid hormone regulates specific Na'- K - ATPase isoforms in rodent
skeletal muscles. No study has examined this relationship in human tissues. This study
investigated the effect of hyperthyroid status on the expression of the Ol and B subunits
of the Na - K - ATPase.

Methods: The vastus lateralis muscles from 8 hyperthyroid patients were biopsied
before and after treatment. Ten age-matched euthyroid subjects served as controls.
Results: In hyperthyroid patients, the average T3 level was 3-times higher in pre-
treatment compared to post-treatment (262 + 75 versus 86 + 21 ng/dl, P = 0.001). The
relative mRNA expression of the OL,, but not O, or O3, subunit was increased ~ 3 folds
in pre-treatment (2.98 + 0.52 versus 0.95 + 0.40, P < 0.01) whereas that of B1, not BZ
or B3, subunit was increased ~ 2.8 folds in pre-treatment (2.83 + 0.38 versus 1.10 +
0.27, P < 0.01). The relative mRNA expression of the O, and B1 subunits were
positively correlated with the serum T3 (r= 0.75, P = 0.001 and r= 0.66, P = 0.003,
respectively). Immunohistochemistry studies revealed an increase in protein abundance
of the O, and B1, but not QL or Bz, subunits in the plasma membrane of muscle fibers
of hyperthyroid patients which decreased after treatment.

Conclusions: This provides the first evidence that, in human skeletal muscles, thyroid
hormone up regulated the Na+- K - ATPase protein expression at least, in part, at

mRNA level and the O, and B1 subunits play the important role in this regulation.

Key words:

Hyperthyroid, Na'- K - ATPase isoforms, skeletal muscle
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[ & o . ' ° v g
aniszasa: tusandaailunaiugu Na-K ATPase isoform agsdumzlunduiaas
eV P = o o gAb o & & = o7
wy  Geldsiinafinsanuduiusilundademouusd  msEnmddnsnazes
nmzsuresaduisdansuaasaanvay o uas 3 subunit 189 Na-K ATPase
aa (Y & . Xl o & & A v o A & .
ABnaaas: ndaike vastus lateralis 1ngThotusandiduiy 8 1o ldTumidazwiiaran
LATRAINIINE naNLiavaIaundNIzFasasdUnd 10 au nilangimwdunguaiugu
Hanmeaas: ludthofosesdiduis duafuvasszausosesd T3 10w 3 iwhluaie
AAWMITNEUNYUAURRINITINSN (26275 versus 8621 ng/dl, p = 0.001) @1 relative
. ' i ' . A & ' ] %
mMRNA expression 289 O, (w@ hails OL, %38 OLy) subunit LANIK ~ 3 1¥i1 AaUITAEN
- a o2&
(2.9810.52 versus 0.9510.40, p<0.01) Tuamuzh B, (lails B, w3o Bs) subunit Liaain ~
2.8 innaunIInw (2.8310.38 versus 1.1010.27 ng/dl, p = 0.01) ¢ relative MRNA
expression 189 0L, Uaz [3; subunit ANUFUASLABATINUIZAUTYIBLE T3 (r = 0.75,
p = 0.001 U@z r = 0.66, p = 0.003 MUAIAL) NNTANBING immunohistochemistry WU
o e
fnmaiaduaasldsdin o, use By udldls o, usz B, lu plasma membrane wvasly
ﬂﬁ']mﬁalugﬂmfﬂsaﬂﬁﬂuﬂm URZAARIRAINITINGEN

a7: mi'ﬂ@aadﬁua@ﬂﬁﬁmﬂuﬂiﬂLLiﬂdﬂuﬂéﬁuLﬁamngwﬁﬁmaﬂﬁaaﬂwmuqu

v A

A & . ; .:é o
ﬂ’ﬁLWlJ“ll%“llﬂdﬂ?iLLﬂ(ﬂx‘i@'fJﬂ“ﬂﬂdIﬂ‘ia% Na-K ATPase amauamqw%amuﬂmlmmu

mRNA uaz 0L, uaz [3; subunit iludinsddnlunisaiuquii

ATAAN

Hyperthyroid, Na'- K - ATPase isoforms, skeletal muscle



Executive summery

g

anilszasn
1. ldentify ;jﬁmﬁl,ﬂuiiﬂf:
- Familial hypokalemic periodic paralysis
- Thyrotoxic periodic paralysis
- Grave’s disease (hyperthyroid)
- Primary hyperaldosteronism
2 Qmim‘é"ﬂmmawaa protein Na-K ATPase expression 11 stage 614 9 Lawz
maa@fﬂm Grave’s disease 14A112619 9 111 A1 Hyperthyroid & Euthyroid
3 @mnﬂﬁﬂmmawad Na-K ATPase mRNA lu stage 614 awzradgihe
Grave's disease 1WN112619 9 LT% N1z Hyperthyroid & Euthyroid
4 g]mmé'uﬁ'ufs:wmﬂ’mﬂﬁ'ﬂuu,ﬂawaa Na-K ATPase mRNA NuU N3
Wasuuasua protein Na-K ATPase expression 11 stage @19 G]“uax‘i;jﬂw

thyrotoxic periodic paralysis

AINANBBITBUAZABNY

A
Tasan19n 1

& Characterize Na-K ATPase antibody (011, 012 uaz 31 uaz [32) NFaunan
d9U5zina wahn antibodi wuNUSpUisulasl positive control L&z negative control

sawﬁv’agﬂ’m Grave’s disease with hyperthyroid and without hyperthyroid (post-treatment)
GanWfi 2 W1 Na-K ATPase 012 uaz 31 subunit finsiasuutlasenaszay thyroid
hormone Tuanizfilinuninfsuuiasmes o1 uaz B2 subunit aduaziinléd o
uaz B1 subunit 189 Na-K ATPase Imaidsuulasdunusiunmaasuutasmasszdu

thyroid hormone laganz T3

NRIINNNTYIN western blot analysis W leAUNaUD immunohistochemistry %d WEAd A
[FuAInIANgwue9 012 subunit (~ 100-100 KDa) ez B1subunit (~45-52 Kda) wei Laidl
madAsuuladnas o1 (~100-105 Kda) #3a B2 (~ 45-52 KDa) subunit Tugile
hyperthyroid UasMILANTWIES 012 Uas B1 subunit aznaunniuln@inasainnmsine

(3U7 3) lilanuuandvasfFinmldsiu o2 uaz B1 subunit sz inatheidu

euthyroid LLE\JZﬂE\jwjﬂ’JU controls



A
Tas9n131 2
Wguiian laanmsiiud -80°C wataToulalun13a373Nn19 mRNA expression 284

81 a1, a2, a3 uaz B1 usz B2, B3) us21in mRNA expression vasuaasHuunan
wWisueulasd positive control, negative control 5’311ﬁ0§ﬂ’3£1 Grave’s disease with
hyperthyroid and without hyperthyroid (post-treatment) AINIWN 1 WU Na-K ATPase

MRNA 02 uaz 31 submit InstAanutlasaaszau thyroid hormone lumsi oL,
a3, B2 uaz B3 subunit ldwumadasuudainieuuaznasinm aanudsasdladn mRNA

exrpession 189 OL2 Uz [31 submit Y3 Na-K ATPase Janusunuinunslfanuilss

284 thyroid hormone laglannz T3 @9A NN 1

a71: mimaaaﬁuamiﬁﬁmﬂm%’aLLiﬂdwluﬂﬁﬁuLﬁamwm&wﬁ%’maﬂﬁaaﬂuumqu

A & e i ) .:i o
m‘nwmmaomma@aaaﬂmaﬂﬂ‘sﬁu Na-K ATPase ammaUﬁqw%aa’m%mlm:@u

mRNA uaz 0L, uaz [3; subunit iludimsddglunisaiuquii
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VNI

mnmsannlulassns ‘néuitesanussanlnunadoudnlulszindlng” 43
VL@T%’unuaffumguﬁnﬂ 8.0 wudwmjuiﬁﬂﬁ'LﬂumLm;LLazwuu'aﬂluﬂszmﬂvlmmmm
Fuunidu 3 nquln sadialuil

1. Familial hypokalemic periodic paralysis (HypoPP)

2. Thyrotoxic periodic paralysis (TPP)

3. Renal tubular acidosis (RTA)
Lm'aﬂsﬂﬁsmazl,'émmaoﬁmﬂaﬁﬂLLazmsmnﬁaoﬂﬁﬂ'@minuﬁv'o"ﬁagamaﬁugﬂﬁw
sanaanuilaanuwllud (1]

lungulsa Thyrotoxic periodic paralysis (TPP) Fadanwarnendiinaaoasny
15a Familial hypokalemic periodic paralysis (Familial HypoPP) u@ lifanmauens
mwa@maﬁugmiumoﬂaﬁﬂ ;jﬂaﬂﬂéjwf:ﬁ'nwﬂmwammnnﬂd%wm@a [1] uae
wulnlulsananauedau e U 1mna  ga9ng [2-5] vaiina M adtasasdl
91N17  hyperthyroidism TUNUf  hypokalemia ﬁ&lﬁ’)ﬂ“flﬂﬂ%ﬂ Wasnsnnne
Hyperthyroid @& o msuamwanseuussiazliinduan [2-5]

89w Thyroid hormone ®141301 up regulate expression U84 Na-K
ATPase lu skeletal muscle vanuld [6-10]  adglsfianaliiasiimifinm Na-K
ATPase expression sl,uﬂﬁ’]mf:amaa;jﬂmﬁlﬂu hyperthyroid luaulagiamzagebslu
Hile TPP

Na-K ATPase pump 1)) enzyme uaztin protein ﬁa%i‘]_luﬁ’sl,‘ﬁaéi‘ (cell

membrane) V83 cell @14 9 1uiﬁdﬂ’lﬂl,mimﬂ°ﬁﬁ@ 1% membrane protein NlF

]
=

Wﬂdd’]%'ﬂ’m ATP e mmmmmuamomnammmlumsmiamm [11-13] Viu’]‘ﬂ‘ﬁaﬂ
VD pump uﬂaLLamﬂaﬂu Na way K 321379 intracellular wae extrecellular ‘YlLéIiaa

néaLite pump uwu’mg@ K" 19 cell wazTuLa1 Na' aanwuan cell

SnwaenIMeinie pump Hdsznaudin o & B subunit udszaduaziazd
snwmelassay subunit was isoform Auandrsinaan’y athilafanudayad g @
\Aedaaiy subunit uaz isoform filifalauin  iudleazi o, & Podn [14] e
ndwiite oL, & BB19z18u subunit L [15-18]

ﬁmiﬁﬂmwud’]ﬁ%amhbﬁﬂu hypothyroid %1 induce LA  euthyroid %38
hyperthyroid lae@iagn thyroid hormone (T3) LLﬁQﬁ@]ﬂé”]&lLﬁtﬂ?lEl(‘l%kkf?%&l’]@l‘ﬂﬁ] oF
WUINE expression U3y Ol, LA B2 subunit ¥a3 Na-K ATPase pump Tad%hﬂuﬂn:

A £ a ) A & v o A
hyperthyroid LWNUULNLUNUNTIE euthyroid K38 hypothyroid [6]  WaNINNBWLRILIN



ASANBINI1 biochemistry WU731371%4% pump 284 Na-K ATPase lunauiitavas
¢ a &£ . . a @ ¢ @ a
ausdiRndwlunIz hyperthyroid uazaaadlunnaz hypothyroid — uazFUWUSALIZAU
thyroid hormone Mtaswluluiian [19] SelUnuuiins@nswuin subunit 7l
o o & e . o \ '
anuidnlunduiilevesnysida Isoform O, uaz B, subunit [15]  wazdawudalldn

n30anmaIMeuaznsIW insulin gw1snvildiiams translocation 289 O, use B,
subunit 371N cytoplasm 1 plasma membrane Tucell ﬂﬁ’lmf‘:a‘uawtwﬂﬁ [16-18]

LﬁaﬁﬁagamsauﬁuﬁaﬁmmLﬂu"LaJVL@T’j'] A122 hyperthyroid 8139ANA
mz@juﬁﬂﬁa‘i’m’ml,l,a:miﬁ’m’mmao Na-K ATPase pump anndw  Iuarnlindaniiods
\Ju storage 289 K ﬁuwnﬁq@@mm K " cell 9 iiian13z hypokalamic
aamnld atilsionudaufiadnie lugthe hyperthyroid e laitiantae
hypokalamia ?  fnalnazlsthaiutlasufifinadenisia hypokalamia wazildgne
\fialsa TPP anuan3aludonufiasdasrimsanendely?

ﬁﬁaya@iamaﬂ’hm’;: hypokalemia 8@ expression Uad Na-K ATPase pump
[20] F9danusnanlainn1iz hypokalemia mﬂa’lmqmaﬂm@i’mqvﬁu TPP, HypoPP,
Hyperaldosteronism 2=8 expression 289 Na-K ATPase @ndnu3a liagnals 2

Tudszsinalnanunsisdsamalinainsdnwil3oudioy  expresstion 189
Na-K ATPase lu

1. slu;jﬂwﬁﬁu hyperthyroid (fisufiunga euthyroid

2. mauasnilasues expression 189 Na-K ATPase lugthe hyperthyroid Tu

step 614 § (MAWNITING LAZAAINITINGN)



Tasen1sfi 1 nsd@nsIn1s1dS8nuadns immunohistochemistry & western blot

analysis 289 protein Na-K ATPase expression 1w Grave’s disease iazthyrotoxic

periodic paralysis

Janilszaea
1. Identify Qﬂ?ﬂﬁLﬂ%Iiﬂﬁ
- Grave’s disease (hyperthyroid)
- Normal controls
2 @ﬂ’]iLﬂﬁﬁuLLﬂa\‘l“ﬂad protein Na-K ATPase expression 14 stage @14 ¢

mwwzmaagﬁfﬁw Grave’s disease 14n1614 9 1% A1E Hyperthyroid &
Euthyroid

A5ANBUKIVY (S21T8VIFTNIIIVY VOULUAIINIVY UAZUHWNITANRBITINARDA

Tass n13)

1.

Aadangionthedulsn hyperthyroid a1 criteria fAa
@39aWL TFT (thyroid function test) Aengalialnd

o A o A I , . .
ﬂ@Laﬂﬂﬁdﬂ’mﬂﬂ’mLﬂﬂiﬂ Grave’s disease (hyperthyroid) & control
aadw o aTulan g LTtduwaN (Vastus lateralis) vadihefionnsuaumndes
WII32MAL hypo K

g; dq’ ot : dq, U v L a U a v k%
(natnsdasukegihoazdasldiunsiusenanngihaGeuiasud)
ﬁwmsmaa%mﬁaeﬁﬂmww:slu;jﬂfsU Grave’s disease & TTP (thyrotoxic periodic
paralysis) mm:ﬁl}jﬂ’sﬂ%’lUﬁ]’]ﬂmﬂﬁﬂﬂiaﬂﬁﬂuﬁﬂ (hypertthyroidism) LLa:L"iT’];jﬂ’nz

2 . g g [ . = a ¥

1nse8@Un@ (euthyroidism) lasenaulnsasdniamstinga thyroid S9tndazlsiam
Uszanth 3-6 LOa

iwiitef leuiuf -80°C iatasunlElun15as29m19 immunohistochemistry
Characterize Na-K ATPase antibody (01, a2 uaz 31 uaz 32) fidaananensdszina
Lﬁ'aghmm‘sm:ﬁawa@ muscle 2a3aularIalilasld muscle a0 case H1daN3
orthopedic %w:ﬁaﬂﬁ%’ums@uﬂam"m;jﬂaﬂLLﬁa lasnaaadlsy dilution va9
antibody L8z condition §19¢

ia'le condition W& antibodi a3 fsyuTasd

positive control L@ skelaton muscle L3I dLAUILALINUINN

6.1 case {1AAN9NKLENN4 Orthropedic #§in37n amputation F9azdas

"l@T%’umsﬁuﬂaumm;;TﬂamLﬁa



6.2  ihg Hyperthyroid 7155 muscle weakness 9azdoalasun38U sewan
PIRHIE g
Negative control léiir
6.3 mstanlaslild primary antibody (l&ud secondary antibody)
6.4 NNIDY tissue %‘Iue] ﬁvl,&i express Na-K ATPase
Lfia verify antibody FUUSBELAT L3Nz InNasay expressive U84 Na — K ATPase
Tunzens aedelui
Expression of muscle Na-K ATPase maa;ﬂ'ﬂw Grave’s disease 1t stage 71499
7.1 Hyperthyroid stage (before treatment)
7.2 Euthyroid stage (after treatment)
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Protocol Flow Chart (for TPP & HypoPP)

Hypo K"+ weakness '_> Inclusion + Exclusion M » Acid loading test + TFT

HypoPP

Muscle biopsy Muscle biopsy

! !

Immunohistochemistry  Immunohistochemistry

Follow up

Muscle biopsy (Euthyroid stage)

Immunohistochemistry

i = blood for investigation
H

11



25119911 Muscle Biopsy

4
a a

1. M3 muscle biopsy azvifivasrindalin m Anvesanidulas ungdng Avgan

q

18035 (Chusak Kijkunasathian, M.D.) G9t0%a19138n1a391 Orthropedic
2. n@wEELSIMEUN (Vastus lateralis) A biopsy dasfianmasedl
2.1 ﬂ&ﬂﬂLﬁﬂﬁﬂQU%L’JM@l@%ﬂﬂ’N lsidaulung origin %38 insertion
2.2 Lﬂ%ﬂﬁﬁNLﬁaﬁQﬂ involvement thuna1s (lilgiun wie yuussaminly)
2.3 ldgnidu EM.G. in muluszezinaiasndia 7 Ju dauvi biopsy
3. ATy 1% xylocain without adrenaline ﬁu’%nmﬁmﬁd aE subcutaneous
tissue
4. ESadafwis uazitolo audendauile udanznduile 1¥lduwam 2 om.
1314 0.5 cm. Uazgd 0.5 cm. aﬂﬂfuaﬂﬁam%anﬁu‘%nmﬁ"sﬁw Ganawuita 1Widen
agiluéh;jﬂfsmﬁaﬂmﬁ'wﬁaman%é’amé’ﬂ
5. viensuilef e Morfaaguaiy NSS wenane udhssvasdjuans ATITU
e molu 15 Wl muscle azgnuailn 3 §u Aa
41 fmh 1 A Snap Freeze
4.2 d’;uﬁl 2 Fix 10% buffer Neutral formalin i1 permanent slide
43 & 3 Fix §28 glutaraldehyde fWILATNLNABIANTIABLANATOU (E.M.)
6. madouly Request IlFunuseTmiianas pathology Wounssziduadieg (Wszia,

@379319M8, investigation, progression KaTNNIINENN bATL)

nsdaa immunohistochemistry

ad o
A5

1. ¥ slides ﬂﬁﬂ%u@auﬂﬂiLm%UNLﬁaLﬁa INUH staining chamber

2. B89 3% normal horse serum WYY section WA incubate ‘ﬁlqm%ﬂﬁﬁad
W 20 WA

3. U normal horse serum 8an Wea primary antibody W2 incubate ‘ﬁ 4
overnight

4. §3 slide §e1inen PBS 2 a3 A58z 5 w1l

5. fo‘i.lm{ﬁmmﬁuaaﬂ #ea secondary antibody (Biotinylated secondary
antibody ﬁﬁ’]LW’]ZLﬁ]W&ﬁ]GﬁU primary antibody)

6. §4 slides §utingn PBS 2 a3 a3az 5 wifl

7. dushdmiAinasn wnoa streptavidin W& incubate ﬁlqm%gﬁﬁad Wk 60
W

8. &4 slides mutingn PBS 2 a3 A3az 5 Wil

12



9. weiA chromogen (DAB #11a ¥3a AEC #Ua4d) Wt 3-5 117

10. dr9uhfean win 5 wifl

11. dau hematoxylin #1143 W

12. &avinfan win 5 wif

13. ]k AEC A mount @38 glycerin latae w14 DAB lWeNuuLIUAT

dehydrate Naw W82 mount A28 permount

119111 Western blot analysis

Muscle samples of 30 mg were homogenized on ice in a buffer as previously
published (23). 20 pg (B1 and BZ) or 40 pg (OLy and QL,) of protein was loaded in 10 %
separating gel. After electrophoresis, the protein was transferred to a nitrocellulose
membrane and blocked with blocking buffer [5% non-fat milk in Tris-buffered saline-
Tween 20 (TBST)]. Membranes were incubated overnight at 4° C in primary antibodies
diluted in blocking solution. The dilutions of anti-OL; and anti-Ol, antibodies were

1:2,000, anti-B1 and anti-B2 1:5,000. Membranes were washed and incubated for 1 h in
horseradish peroxidase-conjugated secondary antibodies (goat anti-mouse or goat anti-
rabbit immunoglobulins) diluted 1: 10,000 in TBST solution. After 3 washes, membranes
were incubated with chemiluminescent substrate (Pierce SuperSignal, West Pico, IL).
The signal was detected and imaged (Pierce CL-X Posure, West Pico, IL). Resulting

autoradiographs were densitometrically scanned and quantified.

a n: Vs
NRIIWIBN lasy

mmzﬁﬁlﬁnmm%mf:a;jﬁﬂ’ml,ﬂuisﬂmm criteria leviaauasao Uil

- Familial hypokalemic periodic paralysis vLﬁﬁgdgu 2 At

- TPP (thyrotoxic periodic paralysis) vl,ﬁﬁy'\‘]ayu 5a%h

- Grave’s disease (hyperthyroid) §14 criteria VL@Tﬁadéu 8 Ak

- Primary hyperaldosteronism vlﬁﬁgd'éu 2 %

- Normal control subject case %dLﬂuﬁjﬂwmﬁ@menmﬂ Orthropedics 14 au (17

Tywitaluan 7 semaedn 7 1e)

13



'l& Characterize Na-K ATPase antibody (01, 012 uaz B1 uaz B2) fidlaunann
dn9tlszine uazi3ule condition W& 3 antibodi smani3sufinulasdl positive control
&2 negative control GIM WA 2 9sfinin Na-K ATPase antibody v 4 dafeulida
azlsndilaild secondary antibody (figure 1 A, E, I, M) wazdoudansailans primary &
secondary antibody latifiayu@a plasma memebrane 284 skeletal muscle fiber LIuaIu
lng (figure 1B, F, J, N) ugad331 antibody dausiwizea protein 011, a2, B1 uaz B2
subunit 84 Na-K ATPase  atn4lsfianuil nonspecific staining wuLilugafaniia
(secondary antibody for monoclonal antibody) LRZENIN (secondary antibody for
polyclonal antibody) 1w control samples ﬁlﬁ%mww secondary antibody (figure 1 A, E, I,
M) luﬁé’ﬂw Hyperthyroid 9sWuU1 OL2 &z [31 submit 928 expresion AN plasma
memebrane (FaFTuin) latfiguny control (G & K VS F & J) uaznauanilulndiila
hyperthyroid l§3umssnwud? H&LVSF&J)  luvmsilinunmsifouudaswes o
uaz B2 submit (C & O VS B & N) siaiuazifinleidn o2 uaz B1 submit w03 Na-K
ATPase ImTL/asuuyasdunusiumatlasuulsseaszay thyroid hormone Tagiamnz

T3

NRINNNIVN western blot analysis whldnunaves immunohistochemistry %\‘]Ltamlﬁ'
\FuBamaianduues 012 subunit (~ 100-100 KDa) uaz B1subunit (~45-52 Kda) wei Laidl
mstawuasues o1 (~100-105 Kda) %58 B2 (~ 45-52 KDa) subunit Tugtle
hyperthyroid UasM AN DD OL2 Uas B1  subunit aznsunndulndnasainmasnm

(3U7 3) lifanuuandrsvesfSinmldsiu o2 uaz B1 subunit sewinegthofiiu

Euthyroid LLa:ﬂéjmi’ﬁ’m controls

14



A
Tasan191 2
= = . Y A& v
nsAnINIstaguiilasuas Na-K ATPase mRNA expression Glunmmumgﬂw

hyperthyroid
A InIVY

1. idwitenlanmaiud -80°C tatasoalflun13n329nm19 mRNA expression
Total RNA 220N extract 1ag FastRNA reagens (BIO 101, Vista, CA, USA)
RNA pellet was dissolved in EDTA-treated water and stored at —-80 °C

Total RNA concentration was determined spectrpphotometrically at 260 nm.

o > oD

For each sample, 1 LLg of RNA was transcribed into cDNA using the Promega

AMV Reverse Transcription Kit (kit A3500; Promega, Madison, WI, USA) and

was stored at —20 °C for subsequent analysis.

6. Primer and probe optimization and validation of amplification efficiency were
carried out.

7. The ABI 7700 real-time PCR system was used for relative quantification

8. Triplicate wells were run for each sample.

9. Measurements included a no-template control, as well as a human muscle

sample endogenous control.

10. Primer and probe sequences (OL1, OL2, OL3, 131 LR [32, [33) were designed

from published sequence

Gene o1 Na-K ATPase

Forward Primer 5- GCC AAT GTG CCG GAA GG -3

Reverse Primer 5- CAT GCG TTT GGC AGT AAG TGT C- &

Probe 5-TTG CTG GCC ACT GTC ACG GTC TG- 3

Gene a2

Forward Primer 5’- GAA TGA GAG GCT CATCAGCAT G -3
Reverse Primer 5’- CAA AGT AGG TGA AGA AGC CACCC -3
Probe 5- CCT ACG GAC AGA TCG GGA TGA TCC AG - 3’
Gene a3

Forward Primer 5’- GGT GGC TAT GAC AGA GCA CAA G- 3

15



Reverse Primer 5- TGC ACA CAG TGT GTG TTG TAT TTC C- 3

Probe 5- CAAAGCCCAGGAGATCC - &

Gene B1

Forward Primer 5- TCA GTG AAT TTA AGC CCACAT ATCA-3
Reverse Primer 5-CTT CTG GAT CTG AGG AATCTGTGT T -3
Probe 5-CGA GTGGCC CCGCCAGGAT-3

Gene BZ

Forward Primer 5- CCT GCC AAT TCA ACC GGA -3

Reverse Primer 5- CTG TAA CCA TAG TGG GTG GAG TCC- ¥
Probe 5- CAGCCCTGTGTCTTCA - 3

Gene BB

Forward Primer 5- AGT CTG TCC TGA TGG AGC ACT TT- 3
Reverse Primer 5- GCA TGC TTG AAG TAA TGA AAT AGG AA-3
Probe 5- CTGCATGCTTGAAGTAATGA - 3

11. {lal¢ condition u§¥in mRNA siuunSeudisulasd
positive control @ skelaton muscle L3I audLAUILALINUIN
11.1 Case mé'@mamﬂg}”ﬂwma Orthropedic Afinsvin amputation
s‘fidazﬁaavlﬁ%'umiﬁuﬂamwm&"ﬂ’;ml,a”’s
11.2 ;:{‘]J’m Hyperthyroid ‘ﬁlvl,&iﬁ muscle weakness %&a:ﬁaﬂﬁ%’umsﬁu
aNNHIBITUNAL
Negative control @
11.3 3% Real-time PCRIag laila template (laud reagens)
12 Lﬁa verify condition BUUSBELAT L3N9TYNMINagay mRNA expressive U84 Na—K
ATPase lumazdna g aodaldil
(I) mRNA expression of muscle Na-K ATPase Tunzeng 9
1. muscle ﬂuﬂﬂa‘ﬁl euthyroid (vl,ﬁﬁnﬂ case H1AANY orthopedic)
2. muscle ﬂuﬁﬁ hyperthyroid
3. muscle ﬂu‘ﬁﬁ TPP (hyperthyroid + hypo K+)
4. muscle ﬂu‘ﬁﬁ HypoPP (euthyroid + hypo K+)
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5. muscle AN euthyroid + hypo K~ a1N&NIAA ALY

Hyperaldosteronism

(1) mRNA expression of muscle Na-K ATPase ma\‘lgﬂw thyrotoxic periodic
paralysis 14 stage #1499
1. TPP in hyperthyroid stage (before treatment)
2. TPP in euthyroid stage (after treatment)

a v d' P
Nﬁ\‘l']%')ﬁ]%l‘l’llﬂ‘iﬂ

{10 condition real-time PCR 2838uns 6 Sw3susosua udamin mRNA
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;:{ﬂm Grave’s disease with hyperthyroid and without hyperthyroid (post-treatment) a9
ANl 1

n’lwﬁl 1 221U relation mRNA expression U84 Na-K ATPase (L2 LLag B1 subunit
axga%ulup&’ﬂw hyperthyroid fiawinmNLlszanns 3 WiLABLNU control uaznAUFALNG
WaIININWINNIE hyperthyroid Wi (31 1B, 1C) Twwas? o1, o3, B2 usz B3 submit
lLinumadasuutlasiouuaznassnen ﬁdfuﬁaagﬂﬁd’] mRNA exrpession U84 OL2 WA

1 subunit 289 Na-K ATPase Hanuguwusnun1sildsuuladved thyroid hormone

Tagiawe T3

Results

The characteristics of the patients are shown in Table 1. The duration of the
treatment of hyperthyroid to reach the euthyroid status ranged from 10-24 months (mean
= 13.3 months).

In hyperthyroid patients, the relative mRNA expression of the O, subunit of the
Na'- K - ATPase was increased ~ 3 folds in pre-treatment compared to post-treatment
(2.98 + 0.52 versus 0.95 + 0.40, P < 0.01) and was different compared to the normal
controls (2.98 + 0.52 versus 1.0 + 0.23, P = 0.02) (Figure 1). There was no difference in
the relative mRNA expression of the O, subunit between the post-treatment patients
(euthyroid) and the control subjects (0.95 + 0.40 versus 1.0 + 0.23, P = 0.95). For the
B1 subunit, the relative mRNA expression in hyperthyroid patients was also increased ~

2.8 folds before treatment (2.83 + 0.38 versus 1.10 + 0.27, P < 0.01) and was also
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different compared to the normal controls (2.83 + 0.38 versus 1.0 + 0.28, P < 0.01).
There was no difference in the relative mRNA expression of the B1 subunit between
euthyroid patients and control subjects (1.10 + 0.27 versus 1.0 + 0.28, P = 0.74) (Figure
1).

For the OL4,0Ls, BZ and [33 subunits, there were no differences in the relative
MRNA expression between pre- and post-treatment in hyperthyroid patients. There were
also no differences in the relative mRNA expression of the Oy, Ols, B2 or Bs subunits

between hyperthyroid patients and control subjects (Figure 1).

Correlations between thyroid hormone and the relative mRNA expression of the
Na'- K’ - ATPase

In hyperthyroid patients and control subjects, the relative mRNA expression of
the O, and B1 subunits were positively correlated to serum T3 (r= 0.75, P = 0.001 for
O, and r=0.66, P = 0.003 for B1), T4 (r=0.63, P = 0.006 for O, and r=0.48, P =
0.04 for B1) and FT4 (r=0.64, P = 0.005 for O, and r= 0.58, P = 0.01 for [31). No

correlation was found between the relative mRNA expression of the O, Ol3, BZ or B3

subunits and serum T3, T4, or FT4.

Effects of thyroid hormone on human skeletal muscle membrane Na'- K’ - ATPase
expression

The immunofluorescent staining of the OL4, Ol,, B1 and B2 subunits of the Na -
K’ - ATPase using antibody recognized human skeletal muscle Na'- K - ATPase protein
largely in the plasma membranes of muscle fibers. However, there was also some non-
specific FITC and TRITC labeling (observed as bright yellow and bright orange staining)
as this was also present in muscle sections incubated with secondary antibody alone
(Figure 2A, E, I, M). The plasma membrane staining was negative using only secondary
antibody in control muscle fibers (Figure 2A, E, I, M). The membrane protein
abundance of the O, and B1 subunits were increased in muscle fibers of hyperthyroid
patients (Figure 2 G and K) and decreased after treatment (euthyroid) (Figure 2 H and
L). There was no difference in membrane protein abundance of the O, and B1 subunits

in muscle fibers of euthyroid patients and control subjects (Figure 2 H vs. F and L vs.
J). In contrast, there was no difference in membrane protein abundance of both Ol; and

[32 subunits in muscle fibers between hyperthyroid and euthyroid patients (Figure 2 C
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vs. D and O vs. P). There was also no difference in membrane protein abundance of

both Ol; and BZ subunits in muscle fibers between hyperthyroid patients and control

subjects (Figure 2 C vs. B and O vs. N). These results were consistent with the results
from western blot analysis that showed the increase in the expression of the O, (~ 100-

105 kDa) and [3, (~ 45-52 kDa), but not O, (~ 100-105 kDa) or [3, (~ 45-52 kDa),

subunits in hyperthyroid patients and decrease after treatment (Figure 3). There was no

difference in protein abundance of the O, and B1 subunits in muscle fibers of euthyroid

patients and control subjects.
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Discussion

The present study demonstrated, for the first time, that thyroid hormone up
regulates Na+- K+ - ATPase a; - and 31 - mRNA and protein expression in human skeletal
muscles of hyperthyroid patients and the expression of the Na'- K - ATPase returns to
normal level after treatment of hyperthyroidism. In this study, the expression of the o, and
1 mRNA correlated well with thyroid hormone levels especially T3 levels. In hyperthyroid
patients, the average T3 level increased 3 folds in pre-treatment compared to post-
treatment whereas the average relative mRNA expression of the o and 1 subunits

increased ~ 3 and ~ 2.8 folds, respectively. The elevation of mMRNA expression of the OL,
and B1 subunits was confirmed in protein levels by both immunoblotting and
immunohistochemical studies. Immunohistochemical study showed that the intensity of
plasma membrane staining of the O, and B1 subunits were higher in pre-treatment and
decreased after treatment. The correlation of thyroid hormone and both mRNA and
protein abundance of the OL, and B1 subunits of the Na'- K - ATPase implied that thyroid
hormone up regulates the Na+- K - ATPase protein expression at least, in part, at mRNA
level. These results were in agreement with a previous study by Horowitz et al. and
Azuma et al. who reported the increase in the Ol,, not Ol;, mRNA and protein abundance
during transition from hypothyroid to hyperthyroid state in rat skeletal muscles. For the [3
subunit, we observed an increase in [31, not Bz, mRNA and protein abundance when
patients were hyperthyroid and a decrease to normal level after treatment. These results
contrasted to the previous study by Azuma et al. who reported the coordinate increase in
B2- not B1, mRNA and protein abundance with that of QL, isoform in transition from
hypothyroid to hyperthyroid in rat skeletal muscles. In the previous study, the investigators
used the skeletal muscle from the whole hind limb whereas vatus lateralis was used in
this study. It is known that B subunit in rat skeletal muscles is muscle-type specific.
Hundal et al. reported that pooled membrane from muscle enriched in slow twist oxidative
fibers express B1, not Bz, whereas pooled membranes from muscles composed of fast
twist glycolytic fibers express Bz, not B1. It is possible that the difference in the results of
B subunit expression in this study and the previous one might be due to the difference in
the tissue used in the particular experiment or related to the difference in isoform
expression of the muscles between rodents and humans.

In human skeletal muscle disease, thyrotoxic periodic paralysis (TPP) is typically

seen in hyperthyroid males developing hypokalemia due to shift of K" from extracellular
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water space and paralysis during the disease attacks . Thyroid hormone up regulates
the number of the Na - K~ - ATPase pump in human skeletal muscles . However, most
of the hyperthyroid patients, except TPP, do not have hypokalemia. It is possible that
there might be some defects related to the quantity or quality of the pump in muscles of
TPP patients. Studies in the effect of thyroid hormone on the Na'- K - ATPase in
muscles of TPP patients may provide knowledge to answer the above questions.

In summary, our study demonstrates that thyroid hormone up regulates mRNA
and protein expression of the O, and B1 subunits of the Na - K~ - ATPase in human

skeletal muscles and this regulation is operated at least, in part, at mRNA level.
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Table 1: The clinical features and thyroid hormones in 8 Grave’s disease patients and 10 control subjects

Grave’s disease P-value Controls P-value
Hyperthyroid Euthyroid  Hyper. VS Eu. Hyper. VS Con.  Eu. VSCon.
Age (year) 37.4+8.7 39.9 + 6.1 05
Weight (Kg) 50.4 + 6.1 59.8 + 6.3 0.9
Body mass index (Kg/m?) 235+1.2 23.2+0.7 0.5
T3 (normal 80-160 ng/dl) 262 + 75 86+ 21 0.001 89+8 0.001 0.7
Free T4 (normal 0.9-2.0 ng/dl) 34+08 12+03 0.001 1.3+0.2 0.001 0.5
T4 (normal 4.0-12.0 pg/dI) 12.1+0.3 52+15 0.005 52+0.9 0.001 0.9
TSH (normal 0.3-4.0 ulU/ml ) <0.01 12+03 0.001 12+05 0.001 0.9

Notes. Hyper. = hyperthyroid, Eu. = euthyroid, Con. = control, T3 = 3,5,3" —triiodothyronine,

T4 = thyroxine, TSH = thyroid stimulating hormone
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Figure legends

Figure 1:

O

Figure 2:

The changes of the relative mRNA abundance of the a; (A), oz (B), B1 (C),
and B, (D) isoforms of the Na'- K* - ATPase to the house keeping gene
(GAPDH) in skeletal muscles of hyperthyroid patients (Hyper, N=8) and
euthyroid patients (Eu, N=8) compared to the control subjects (Con, N=10).
The expression level obtained in control samples was set as 1 for
comparison. The values are showed in mean + SE (bars). Paired t-tests were
used for comparison (P values) between hyper- and euthyroid patients and
unpaired t-tests were used for comparison between control and hyperthyroid
or euthyroid patients. * P < 0.05 greater than euthyroid, # P < 0.05 greater
than control.

Hyperthyroid patients

Euthyroid patients

Control subjects

Immunohistochemistry of the a1, a2, B1, and B subunits of the Na*™- K* -
ATPase in 10 um transverse sections of the vastus lateralis muscle samples
from Grave’s disease patients and control subjects. Muscle sections were
fixed and either treated with no primary antibody (negative control) or with
specific antibody followed by secondary antibody. The specific antibodies
included anti-ay, anti-o.,, anti-B1, and anti-P, antibodies as described in the
in the Method. All images were visualized at a magnification of x 200.
Neg, Skeletal muscle samples from control subjects treated with only

secondary antibody (no primary antibody)

26



Figure 3:

O

Con, Skeletal muscle samples from control subjects treated with specific
primary antibody

Hyper, Skeletal muscle samples from hyperthyroid patients treated with
specific primary antibody

Eu, Skeletal muscle samples from euthyroid patients treated with specific

primary antibody

The representative of immunoblotting analysis and the relative protein
expression of the o, oz, B1, and B2 subunits of the Na*- K™ - ATPase in
skeletal muscles of hyperthyroid patients (Hyper), euthyroid patients (Eu)
and control subjects (Con).
Arrows indicated the molecular weight of the protein. kDa, kilodalton.
The bars on the right show the relative protein expression in each group.
Data are mean + SE (bars); n = 8 for hyperthyroid and euthyroid patients,
n = 10 for control subjects. All results were normalized against controls.
* P < 0.05 greater than euthyroid group. # P < 0.05 greater than control
group.

Hyperthyroid patients

Euthyroid patients

Control subjects
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Expression of Na"-K"-ATPase a, and 8, Subunits in
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Context: Thyroid hormone regulates specific Na*-K"-ATPase iso-
forms in rodent skeletal muscles. No study has examined this rela-
tionship in human tissues.

Objective: This study investigated the effect of hyperthyroid status
on the expression of the a- and B-subunits of the Na*-K*-ATPase.

Design: The vastus lateralis muscles from eight hyperthyroid pa-
tients were biopsied before and after treatment. Ten age-matched
euthyroid subjects served as controls.

Results: In hyperthyroid patients, the average Tj level was three
times higher in pretreatment compared with posttreatment (262 + 75
vs. 86 * 21 ng/dl, P = 0.001). The relative mRNA expression of the
ay, but not a; or ag, subunit was increased approximately 3-fold in

pretreatment (2.98 = 0.52 vs. 0.95 = 0.40, P < 0.01), whereas that of
B1, not B, or Bs, subunit was increased approximately 2.8-fold in
pretreatment (2.83 * 0.38 vs. 1.10 *= 0.27, P < 0.01). The relative
mRNA expression of the a, and ; subunits was positively correlated
with the serum Ty (» = 0.75, P = 0.001 and r = 0.66, P = 0.003,
respectively). Immunohistochemistry studies revealed an increase in
protein abundance of the a, and B4, but not «; or B,, subunits in the
plasma membrane of muscle fibers of hyperthyroid patients, which
decreased after treatment.

Conclusions: This provides the first evidence that, in human skel-
etal muscles, thyroid hormone up-regulates the Na*-K*-ATPase pro-
tein expression at least, in part, at mRNA level, and the a, and B,
subunits play the important role in this regulation. (J Clin Endo-
crinol Metab 92: 353-358, 2007)

HE NA"-K"-ATPase is an integral membrane protein
responsible for maintaining transmembrane ionic and
electrochemical gradients (1). The enzyme is comprised of
two subunits that are present in an equimolar ratio (2) that
is a heterodimeric molecule consisting of a catalytic c-sub-
unit and a glycosylate B-subunit (3, 4). Different species and
different tissues have different isoforms of the a- and B-sub-
units (5, 6). In mammals, the a-subunit exists in at least four
isoforms, a;—a, (7, 8). By immunological and biochemical
studies, a, is the major catalytic isoform expressed in rodent
skeletal muscles (2,9, 10). Hundal et al. (11) have also shown
that the «, subunit is a prominent subunit in human skeletal
muscles. In contrast, the B-subunit exists in at least three
isoforms, B,—B; (8, 12), and appears to be important for the
preservation of the stability of the a-subunits and transport
of mature enzyme complexes to the plasma membrane (6, 13,
14). The B, subunit is an important subunit in rodent (15, 16)
and human skeletal muscles (11, 17).
Thyroid hormone regulates the activity (18) and the number
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Abbreviations: GAPDH, Glyceraldehyde-3-phosphate dehydroge-
nase; TPP, thyrotoxic periodic paralysis.
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(19) of the Na"-K"-ATPase pumps in rodent skeletal muscles.
In human skeletal muscles, thyroid hormone correlates with the
number of the pumps (20). Isoform a,- and B,-mRNA and
protein abundance are increased significantly in rat skeletal
muscles when there is a transition from the hypothyroid to the
euthyroid stage (21). No information is currently available con-
cerning the correlation of thyroid hormone and Na'-K'-
ATPase mRNA and protein abundance in human skeletal mus-
cles. Therefore, this study aimed to examine the expression of
the a- and B-subunits of the Na*-K"-ATPase and thyroid hor-
mone levels in the skeletal muscle of hyperthyroid patients.

Subjects and Methods
Subjects

Six females and two males with first diagnosis of Graves’ disease were
enrolled for the studies. The diagnosis of Graves” disease was based on
symptoms and signs of clinical thyrotoxicosis, laboratory confirmation,
and positive antithyroid antibodies. Seven patients had medical treat-
ment with either propylthiouracil or methimazole. One patient was
treated with subtotal thyroidectomy. For a control group, 10 age-
matched subjects undergoing elective knee or hip surgery with euthy-
roid were included for the study.

Muscle biopsy

Muscle biopsies were taken before and after treatment of thyrotox-
icosis. After local anesthesia, a small incision was made through the skin
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and fascia. A vastus lateralis muscle sample was then excised and
divided into two parts for quantitative mRNA expression assay, and for
immunoblotting and immunohistochemical studies. Muscle samples
were immediately snap frozen in liquid nitrogen and stored at —80 C.
For control subjects, only skeletal muscles that showed no sign of ne-
crosis and that were judged to be well perfused and oxygenated were
used. All participants gave their written informed consent after receiv-
ing oral and written information concerning the study according to the
Declaration of Helsinki II. The study protocol was approved by the
Ethical Committee for Research Involving Human Subjects of the Ra-
mathibodi Hospital, Mahidol University.

Real-time RT-PCR study

Muscle samples were weighed and minced into small pieces. Total
RNA was extracted from 10-50 mg muscle using a commercially avail-
able kit (TRIzol; Life Technologies Inc., Carlsbad, CA). The purity of the
RNAs measured by the UV spectrophotometer 260/280 was approxi-
mately 1.8-2.0. For each sample, 1 ug of RNA was transcribed into
cDNA using the Promega AMV RT kit (Promega, Madison, WI). The
cDNA was stored at —20 C.

Specific primers and probes as previously published (22) were used
to amplify mRNA sequences of the «;, ay, and B, subunits. The primer
sequences for amplifying the as, B,, and B; subunits included 5'-AG-
ACTGTGTGCAGGGTTTGAC-3" and 5'-TGGCGTGAGTGCGTTAGG-
3, 5'-GGACTCCACCCACTATGGTTACA-3" and 5'-CATAGAAGTTG-
ATGACCCGGTTCA-3', and 5'-GTCCAGTTTATGTTGCATGTCAGTT-3’
and 5'-GGGTTTCCTTGAGAATAGCCAAAATC-3', respectively. Specific
probes of as, B,, and B; were 5'-CAAAGCCCAGGAGATCC-3’, 5'-CAG-
CCCTGTGTCTTCA-3',and 5'-CTGCATGCTTGAAGTAATGA-3’, respec-
tively. Probes were labeled with 6-carboxyfluorescein at the 5" end and
6-carboxy-N,N,N’,N'-tetramethylrhodamine at the 3" end. Glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) mRNA content was deter-
mined by using commercially available primers and probes (P/N
4326317E; Applied Biosystems, Foster City, CA). Primers and probe
optimization and validation of amplification efficiency were carried out.
The ABI7000 real-time PCR system was used for relative quantification.
The PCR and condition were used as previously published (22). The
comparative cycle threshold method (multiplex PCR, same tube) was
used to calculate the relative gene expression (Applied Biosystems). The
average cycle threshold of GAPDH mRNA in each group was 27.1 = 2.2
for ay, 27.2 * 2.2 for a,, 28.1 = 1.4 for ag, 28.2 = 1.6 for B,, 26.8 = 2.2
for B,, and 27.5 = 2.9 for B;. There was no statistical difference among
the groups (P = 0.13).

Immunohistochemistry study

Muscle samples were fixed with cryomatrix (Thermo Shandon, Pitts-
burgh, PA) at —20 C and were used to generate ultra-thin transverse
cryostat sections (10 wm). Muscle sections were then either treated with
no primary antibody or with specific antibodies overnight at 4 C. The
specific antibodies included anti-o; monoclonal antibody (lot no. 05369),
anti-a, polyclonal antibody (lot no. 06168), anti-f, polyclonal antibody
(lot no. 06170), and anti-f3, polyclonal antibody (lot no. 06171; Upstate
Biotechnology, Lake Placid, NY). The dilution of anti-«, antibody is 1:40,
anti-a, is 1:20, anti-B; is 1:40, and anti-B, is 1:100. After two washes, the
sections were incubated with secondary antibodies for 1 h at room
temperature and washed again. The secondary antibody for monoclonal
and polyclonal antibodies were fluorescein isothiocyanate-conjugated
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antimouse IgG dilution 1:100 and tetramethylrhodamine isothiocyanate-
conjugated antirabbit IgG dilution 1:50 (Dako, Glostrup, Denmark),
respectively. All sections were viewed using an inverted Nikon phase/
fluorescence microscope and photographed using Fujichrome (ISO
50/18 degree) slide color films.

Western blot analysis

Muscle samples of 30 mg were homogenized on ice in a buffer as
previously published (23). Twenty (B, and f3,) or 40 ug (o; and o) of
protein was loaded in 10% separating gel. After electrophoresis, the
protein was transferred to a nitrocellulose membrane and blocked with
blocking buffer [5% nonfat milk in Tris-buffered saline-Tween 20
(TBST)]. Membranes were incubated overnight at 4 C in primary anti-
bodies diluted in blocking solution. The dilution of anti-o; and anti-a,
antibodies was 1:2000, and the dilution of anti-$3; and anti-f3, was 1:5000.
Membranes were washed and incubated for 1 h in horseradish perox-
idase-conjugated secondary antibodies (goat antimouse or goat anti-
rabbit immunoglobulins) diluted 1:10,000 in TBST solution. After three
washes, membranes were incubated with chemiluminescent substrate
(Pierce SuperSignal, West Pico, IL). The signal was detected and imaged
(Pierce CL-X Posure). Resulting autoradiographs were densitometrically
scanned and quantified.

Statistical analysis

Statistics were analyzed with SPSS 11.0. Numerical data were shown
with mean * sp. The relative mRNA expression and protein expression
were shown in mean * sg. Comparisons used the two-tailed paired
(within group) and unpaired ¢ test (between groups). Correlations were
determined by linear regression. There was a significant difference if the
P value was less than 0.05.

Results

The characteristics of the patients are shown in Table 1. The
duration of the treatment of hyperthyroid to reach the eu-
thyroid status ranged from 10-24 months (mean = 13.3
months).

In hyperthyroid patients, the relative mRNA expression of
the a, subunit of the Na™-K*-ATPase was increased approx-
imately 3-fold in pretreatment compared with posttreatment
(298 = 0.52 vs. 0.95 = 0.40, P < 0.01) and was different
compared with the normal controls (2.98 + 0.52 vs. 1.0 = 0.23,
P = 0.02) (Fig. 1). There was no difference in the relative
mRNA expression of the a, subunit between the posttreat-
ment patients (euthyroid) and the control subjects (0.95 *
0.40 vs. 1.0 = 0.23, P = 0.95). For the B, subunit, the relative
mRNA expression in hyperthyroid patients was also in-
creased approximately 2.8-fold before treatment (2.83 * 0.38
vs. 1.10 £ 0.27, P < 0.01) and was also different compared
with the normal controls (2.83 = 0.38 vs. 1.0 = 0.28, P < 0.01).
There was no difference in the relative mRNA expression of

TABLE 1. The clinical features and thyroid hormones in eight Graves’ disease patients and 10 control subjects

Graves’ disease

P value

Controls
Hyper Eu P value Hyper vs. Eu Hyper vs. Controls Eu vs. Controls
Age (yr) 37.4 = 8.7 399 6.1 0.5
Weight (kg) 594 + 6.1 59.8 £ 6.3 0.9
Body mass index (kg/m?) 235+ 1.2 23.2 + 0.7 0.5
T3 (normal 80-160 ng/dl) 262 £ 75 86 * 21 0.001 89 £8 0.001 0.7
Free T, (normal 0.9-2.0 ng/dl) 3.4=*0.8 1.2+0.3 0.001 1.3 +0.2 0.001 0.5
T, (normal 4.0-12.0 pg/dl) 12.1 £ 0.3 52+*15 0.005 52*0.9 0.001 0.9
TSH (normal 0.3—4.0 wIU/ml) <0.01 1.2+0.3 0.001 1.2*+05 0.001 0.9

Hyper, Hyperthyroid; Eu, euthyroid.
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Fic. 1. The changes of the relative mRNA abundance of the «; (A), a,, (B), B, (C), and B, (D) isoforms of the Na*-K"-ATPase to the housekeeping
gene (GAPDH) in skeletal muscles of hyperthyroid patients (Hyper, n = 8) and euthyroid patients (Eu, n = 8) compared with the control subjects
(Con, n = 10). The expression level obtained in control samples was set as 1 for comparison. The values are shown in mean =+ SE (bars). Paired
t tests were used for comparison (P values) between hyperthyroid and euthyroid patients, and unpaired ¢ tests were used for comparison between
control and hyperthyroid or euthyroid patients. *, P < 0.05 greater than euthyroid; #, P < 0.05 greater than control. Dark gray box, Hyperthyroid

patients; light gray box, euthyroid patients; white box, control subjects.

the B, subunit between euthyroid patients and control sub-
jects (1.10 = 0.27 vs. 1.0 = 0.28, P = 0.74) (Fig. 1).

For the o, a3, B,, and B; subunits, there were no differ-
ences in the relative mRNA expression between pretreat-

Fia. 2. Immunohistochemistry of the
a;, @y, By, and B, subunits of the Na™-
K"-ATPase in 10-um transverse sec-
tions of the vastus lateralis muscle sam-
ples from Graves’ disease patients and
control subjects. Muscle sections were
fixed and treated either with no pri-
mary antibody (negative control) or
with specific antibody followed by sec-
ondary antibody. The specific antibod-
ies included anti-a;, anti-a,, anti-p,,
and anti-B, antibodies as described in
Subjects and Methods. All images were
visualized at a magnification of X200.
Neg, Skeletal muscle samples from con-
trol subjects treated with only second-
ary antibody (no primary antibody). Hyper
Con, Skeletal muscle samples from con-
trol subjects treated with specific pri-
mary antibody. Hyper, Skeletal muscle
samples from hyperthyroid patients
treated with specific primary antibody.
Eu, Skeletal muscle samples from eu-
thyroid patients treated with specific
primary antibody.

ment and posttreatment in hyperthyroid patients. There
were also no differences in the relative mRNA expression of
the ay, a3, B,, or B; subunits between hyperthyroid patients
and control subjects (Fig. 1).
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Fic. 3. The representative of immunoblotting analysis and the relative protein expression of the a;, a,, 81, and B, subunits of the Na™-K*-
ATPase in skeletal muscles of hyperthyroid patients (Hyper), euthyroid patients (Eu), and control subjects (Con). Arrows indicated the molecular
weight of the protein. The bars on the right show the relative protein expression in each group. Data are mean = SE (bars); n = 8 for hyperthyroid
and euthyroid patients, n = 10 for control subjects. All results were normalized against controls. *, P < 0.05 greater than euthyroid group; #,
P < 0.05 greater than control group. Dark gray box, Hyperthyroid patients; light gray box, euthyroid patients; white box, control subjects.

Correlations between thyroid hormone and the relative
mRNA expression of the Na"-K"-ATPase

In hyperthyroid patients and control subjects, the relative
mRNA expression of the a;, and B, subunits were positively
correlated to serum T5 (r = 0.75, P = 0.001 for «, and r = 0.66,

P = 0.003 for B;), T, (r = 0.63, P = 0.006 for «, and » = 0.48,
P = 0.04 for B;), and free T, (r = 0.64, P = 0.005 for «, and
r = 0.58, P = 0.01 for 3,). No correlation was found between
the relative mRNA expression of the «;, a3, B,, or B; subunits
and serum Tj, Ty, or free T,.
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Effects of thyroid hormone on human skeletal muscle
membrane Na*-K"-ATPase expression

The immunofluorescent staining of the a;, a,, B;, and B,
subunits of the Na*-K"-ATPase using antibody recognized
human skeletal muscle Na*-K"-ATPase protein largely in
the plasma membranes of muscle fibers. However, there was
also some nonspecific fluorescein isothiocyanate and tetra-
methylrhodamine isothiocyanate labeling (observed as
bright yellow and bright orange staining) as this was also
present in muscle sections incubated with secondary anti-
body alone (Fig. 2, A, E, I, and M). The plasma membrane
staining was negative using only secondary antibody in con-
trol muscle fibers (Fig. 2, A, E, I, and M). The membrane
protein abundance of the a, and B, subunits were increased
in muscle fibers of hyperthyroid patients (Fig. 2, G and K)
and decreased after treatment (euthyroid) (Fig. 2, H and L).
There was no difference in membrane protein abundance of
the a, and B, subunits in muscle fibers of euthyroid patients
and control subjects (Fig. 2, H vs. F and L vs. ]). In contrast,
there was no difference in membrane protein abundance of
both a; and 3, subunits in muscle fibers between hyperthy-
roid and euthyroid patients (Fig. 2, Cvs. Dand O vs. P). There
was also no difference in membrane protein abundance of
both a; and 8, subunits in muscle fibers between hyperthy-
roid patients and control subjects (Fig. 2, C vs. Band O vs. N).
These results were consistent with the results from Western
blot analysis that showed the increase in the expression of the
a, (~100-105 kDa) and B, (~45-52 kDa), but not «; (~100-
105 kDa) or B, (~45-52 kDa), subunits in hyperthyroid pa-
tients and decrease after treatment (Fig. 3). There was no
difference in protein abundance of the a;, and B, subunits in
muscle fibers of euthyroid patients and control subjects.

Discussion

The present study demonstrated, for the first time, that
thyroid hormone up-regulates Na*-K*-ATPase a,- and ;-
mRNA and protein expression in human skeletal muscles of
hyperthyroid patients and the expression of the Na"-K"-
ATPase returns to normal level after treatment of hyperthy-
roidism. In this study, the expression of the a, and 8; mRNA
correlated well with thyroid hormone levels, especially T,
levels. In hyperthyroid patients, the average T; level in-
creased 3-fold in pretreatment compared with posttreatment,
whereas the average relative mRNA expression of the a, and
jB; subunits increased approximately 3- and 2.8-fold, respec-
tively. The elevation of mRNA expression of the a, and 8,
subunits was confirmed in protein levels by both immuno-
blotting and immunohistochemical studies. Immunohisto-
chemical study showed that the intensity of plasma mem-
brane staining of the «, and B; subunits were higher in
pretreatment and decreased after treatment. The correlation
of thyroid hormone and both mRNA and protein abundance
of the a, and B, subunits of the Na*-K*-ATPase implied that
thyroid hormone up-regulates the Na"-K"-ATPase protein
expression at least, in part, at mRNA level. These results were
in agreement with previous studies by Horowitz et al. (21)
and Azuma et al. (10), who reported the increase in the a,, not
a;, mRNA and protein abundance during transition from
hypothyroid to hyperthyroid state in rat skeletal muscles (10,
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21). For the B-subunit, we observed an increase in 3;, not 3,,
mRNA and protein abundance when patients were hyper-
thyroid, and a decrease to normal level after treatment. These
results contrasted to the previous study by Azuma et al. (10),
who reported the coordinate increase in 8,, not 8;, mRNA
and protein abundance with that of «, isoform in transition
from hypothyroid to hyperthyroid in rat skeletal muscles. In
the previous study, the investigators used the skeletal muscle
from the whole hind limb, whereas vatus lateralis was used
in this study. It is known that S-subunit in rat skeletal mus-
cles is muscle-type specific (15, 24, 25). Hundal et al. (24)
reported that pooled membrane from muscle enriched in
slow twitch oxidative fibers express B;, not 3,, whereas
pooled membranes from muscles composed of fast twitch
glycolytic fibers express 3,, not B;. It is possible that the
difference in the results of B-subunit expression in this study
and the previous one might be due to the difference in the
tissue used in the particular experiment (26, 27) or related to
the difference in isoform expression of the muscles between
rodents and humans.

In human skeletal muscle disease, thyrotoxic periodic pa-
ralysis (TPP) is typically seen in hyperthyroid males devel-
oping hypokalemia due to shift of K™ from extracellular
water space and paralysis during the disease attacks (28).
Thyroid hormone up-regulates the number of the Na*-K*-
ATPase pump in human skeletal muscles (20). However,
most of the hyperthyroid patients, except TPP, do not have
hypokalemia. It is possible that there might be some defects
related to the quantity or quality of the pump in muscles of
TPP patients. Studies on the effect of thyroid hormone on the
Na*-K"-ATPase in muscles of TPP patients may provide
knowledge to answer the above questions.

In summary, our study demonstrates that thyroid hor-
mone up-regulates mRNA and protein expression of the a,
and B, subunits of the Na*-K*-ATPase in human skeletal
muscles and this regulation is operated at least, in part, at
mRNA level.
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Hypokalemic Periodic Paralysis

he group of diseases that cause periodic paralysis
are important and still problematic for the Thai
population especially in the north-eastern part of
the country. Hypokaelimic periodic paralysis is one of the
subgroups among this group. We can classify this subgroup
into 3 diseases as follows:
1. Hypokaelimic periodic paralysis (HypoPP)
2. Thyrotoxic periodic paralysis (TPP)
3. Renal tubular acidosis (RTA)

Hypokalemic periodic paralysis (HypoPP) is a genetic
disease that causes transient weakness of limb muscles
along with a low serum potassium level (hypokalemia).'
The incidence is reported to be ~ 1/100,000 in the European
population. The epidemiologic data in the Thai population
is not available. The disease is transmitted by an autosomal
dominant trait (AD). It is less penetrance and expression
in females. Female patients might not have any clinical
signs and symptoms even though there is an abnormality
of the gene. The proportion of the disease seen in male:
female is expected to be 3:1. A research by Fontaine et al,
found that the penetrance in male = 100% and female ~
80%.” The data collected from the Division of Nephrology,
Department of Medicine, Ramathibodi Hospital, Bangkok
found that this disease is less common in females. The
proportion of male to female is 13:2.° The genetic
transmission has not been clearly documented in the Thai
population. Most of the patients do not have familial
history.” HypoPP can be classified into 2 groups; 1) Familial
hypokalemic periodic paralysis (Familial HypoPP) and 2)
Sporadic hypokalemic periodic paralysis (Sporadic HypoPP).
Familial HypoPP usually occurs in patients with periodic
paralysis or proximal muscle weakness and the family
history of autosomal dominant traits. Sporadic HypoPP
does not have any family history of muscle weakness and
is much more frequent in males. The average age of onset
of the disease in Sporadic HypoPP is older than Familial
HypoPP.’

HypoPP occurs in the patients aged between 20-30
years old. Sixty percent of patients will have the first
symptoms before the age of 16. However, the author s
own experience found that in some patients the onset of
disease can occur after the age of 16 or even higher than
30 years old in the Thai population.’” The provacative
factors are; a rest after strenuous exercise, a high carbohy-
drate meal, stress, cold exposure and alcoho! intake. The
symptoms usually occur during the patient s sleep and
have a paralysis attack when they wake up. The swallowing
muscles and eye muscles are usually normal as well as
the diaphragm. The intercostal muscle may also be weak.
HypoPP does not affect the cardiac muscle, only the ECG
change due to hypokalemia can be observed.

The frequency of attack is varied between patients.
Some patients might have only one attack in their life
time while others may have almost daily attacks, which
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cause permanent muscle weakness. The pathology of the
muscle is reported to be vacuolar myopathy which is
more frequent in patients age 40-50 years old. However,
vacuolar myopathy is also found in other muscle diseases
such as end-plate myopathy, myotubular myopathy or
polymyositis. The data from the author s own observation
in Thai patients are listed in Table 1.

Fontaine et al, reported the use of positional cloning
with a linkage study in three Portuguese families who had
the disease and found positive lod-scores of markers on
Chromosome 1 [1q31-32].” The following study by Ptacek
et al, found that the HypoPP gene is the skeletal muscle
voltage gate L-type calcium channel ol-subunit gene
(CACNIAS) or dihydropyridine receptor (DHP) gene.’
Voltage-gate calcium channel consists of 4 subunits ; ol,
a2/d and B in the proportion 1:1:1:1. The al is the most
important part. It acts as the calcium channel independently.
If there is a co-expression of al with a2/0 and {3 subunits
in xenopus oocytes, it will activate their functions
dramatically.

The ol-subunit of the calcium channel consists of 4
homologous transmembrane domains. Each domain consists
of 6 transmembranes o helices (Fig 1). The amino-and
carboxy-termini and linker regions between domains are
located in cytoplasm. All four domains of the calcium
channel are encoded by the CACNIAS gene. Each domain
is located on the cell membrane and is separated by the
membrane pore (Fig 1). The forth unit of transmembrane
(S, is important for the voltage-dependence of activation.
The genetic abnormality in HypoPP patients was found to
be a mutation of an amino acid on the S, segment of the
second and fourth domains of the ol subunit, which were
changed from arginine to histidine in position 528 and
from arginine to histidine or glycine in position 1239,
(D2/S4, Arg 528 — His), (D4/S4, Arg 1239 — His) and
(D4/S4, Arg 1239 — Gly). The mutation of the calcium
channel causing familial hypokalemic periodic paralysis
surprised the medical science societies, since the clear
mechanism of hypokaelemia still cannot be explained by
this mutation (Fig 1).

The following study by Bulman, et al found that the
mutation of the a-subunit of sodium channel (SCN4A)
can also cause HypoPP.” The mutation was found on D2/
S4 Arg 669 — His and Arg 672 — Gly. Both calcium
and sodium channel mutations share the same phenotype.
Up until now there is no data to explain why the mutation
on the sodium channel and calcium channel share the
same phenotype and how they can cause hypokalemia and
periodic paralysis.

Lastly, Abbott et al, reported on two families with
HypoPP that are not related to Ca™ or Na" channel
mutation.” The mutation occurs on the voltage gate K
channel called MiRP, (Mink-related peptide-2). The mutation
changes the amino acid on position 83 from Arginine to
Histadine (R83H).



TABLE 1. Summary the clinical features of patients in HypoPP, TPP and dRTA group.

2. Skeletal muscle voltage gate
sodium channel gene (SCN4A)

HypoPP TPP dRTA mutation on:
Numbers 15 11 8 D2/S4 R669H & R672H / R672C
Male : female 13:2 10:1 1:3 3. Skeletal muscle voltage gate
Northeastern origin L1 (73%) 3 (27%) 5 (62%) potassium channel gene (KCNE3)
Positive family history 5 (33%) 1 (9%) 0 mutation on:
Age of first attack (yr) R&3H
11-20 6 1 0 The author has studied the gene-
21-40 8 6 5 tic description of HypoPP in Thai
> 40 1 4 3 patients and found that most of
Mean age of first attack (yr) 224 £ 8.0 319 = 124 408 = 11.7 HypoPP patients are male and are
Number of attacks sporadic cases. Furthermore, the
1 5 (33%) 3 (27%) 4 (50%) author has screened the reported
2-10 6 (40%) 7 (63%) 2 (25%) mutation in familial and sporadic
> 10 4 (26%) 1 (9%) 2 (25%) HypoPP in Thai patients and found
Precipitating causes of first attack that there were no common muta-
Exercise/heavy work 8 3 2 tions detected in both groups of
High carbohydrate intake 4 3 2 patients. It is possible that HypoPP
Emotional stress 2 5 0 in different ethnic backgrounds might
Alcohol intake 1 0 1 have different types of mutations.
Unknown 0 0 3 There is another disease that
Time of first attack has the same phenotype as HypoPP.
Day (6 am-6 pm) 3 (20%) 6 (54%) 3 (37:5%) Most of the patients do not have a
Night (6 pm-midnight) 3 (20%) 1 (9%) 2 (25%) family history of the disease and it
During sleep 9 (60%) 4 (36%) 3 37:5%) is 70 times more frequent in males.
Recovery time after treatment This disease is common among Asian
< 24 hours 14 9 2 countries e.g. China, Korea, Hong
1-3 day 1 2 6 Kong and Thailand. The clinical mani-
Previous history of hyperthyroidism 0 2 (18%) 0 festation usually presents with hyper-
Exopthalmos 0 2 (18%) 0 thyroid when the disease attacks.
Goiter 0 1 (9%) 0 When the hyperthyroid is under con-
Kidney stone/nephrocalcinosis 0 0 3 37%) trolled, the weakness disappears. The
Serum potassium level at the time of disease is called Thyrotoxic Periodic
presentation (mmol/L) 239 £ 046  2.61 + 0.68 2.36 £ 0.37 Paralysis (TPP). The summary of

HypoPP = hypokalemic periodic paralysis, TPP = thyrotoxic periodic paralysis

dRTA = distal renal tubular acidosis

The voltage-gate potassium channel controls the passage
of K" ions. This channel is important in controlling neurons
and muscle cells through the changes of action potential.
The voltage-gated potassium channel consists of four pore-
forming proteins call o subunits. In order to function
properly, it requires the auxiliary peptide subunit called
Mink-related peptides (MiRPs). The voltage-gated potassium
channel controls the efflux of K" at the action potential
phase. The abnormal blockage of the efflux of K" leads to
the abnormal action potential phase and muscle paralysis.’
Blockage of the K' efflux also causes hypokalemia and
further weakens the muscle strength. The skeletal muscle
a-subunit protein (pore forming subunit) called Kv 3.4 is
the product of the KCNC4 gene. The auxiliary subunit
protein called MiRP2 is derived from the KCNE3 gene.’
The mutation on KCNE3, which causes the Familial HypoPP
in these 2 families was reported by Abbott et al.” The
same researchers also reported that MiRP2 together with
Kv 3.4 forms a potassium channel.” Moreover, they also
demonstrated that the mutation on MiRP2 can cause the
abnormality of potassium current in the cell culture system.’

Therefore, there are 3 main genetic abnormalities
observed in familial HypoPP.

1. Skeletal muscle voltage gate L-type calcium channel
al-subunit gene (CACNIAS) or dihydropyridine receptor
(DHP receptor) gene mutation on the following positions:

A. D2/S4 R528H

B. D2/S4 R1239H/ R1239G

patient characteristic is in Table 1.
There were no common mutations
of CACNIAS gene observed in TPP
patients.

In RTA, the difficulties to differentiate this disease
from HypoPP and TTP is that it usually co-manifests and
shares common characteristics as follows:

1. Some RTA patients present with muscle weakness
and hypokaelemia. Some proportions of patients
have the symptoms on and off.

2. Some RTA patients have familial forms of either
AR or AD.

3. The HypoPP in Thailand is sporadic cases and
the genetic transmission is unclear.

The author s experience is based on examining 47
patients presented at Ramathibodi Hospital following the
criteria of proximal muscle weakness and serum K < 3.0
meq/L during the onset of symptoms. Thirty four patients
fall into the criteria and have been followed. Eleven patients
had abnormal thyroid function tests, defined as hyperthyroid
and were diagnosed as thyrotoxic periodic paralysis (TPP).
Eight patients had an acidification defect and were diagnosed
as distal RTA and 15 patients were classified as hypokalemic
periodic paralysis (Table 1).

In the TPP group, 2 of 11 patients (18%) had a
previous history of hyperthyroidism while the rest (82%)
never had a thyroid disease before. Seven of eleven patients
(63%) had clinically overt hyperthyroidism at presentation
while the other four patients (37%) had subtle clinical
hyperthyroidism despite biochemical confirmation of
thyrotoxicosis. This can lead to the misdiagnosis if the
thyroid function test had not been performed.
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Fig 1. L-type calcium channel ol-subunit structure

(A) Schematic representation of the ol-subunit, and localization
of the two predominant hypoPP mutations. The ol-subunit
consists of four homologous repeats (domains I-IV). Each
domain contains six spanning o-helices (S1 - S6). The
position of the SS1 and SS2 segments implicated in ion
selectivity.

(B) Schematic representation of the tertiary structure of the al-
subunit. Each homologous repeat is located within the mem-
brane surrounding a central transmembrane pore.

In the dRTA group, two patients had spontaneous
systemic acidosis. Six patients did not show metabolic
acidosis (serum bicarbonate < 18 mmol/L) at presentation,
but had abnormal long acid loading tests, which is consistent
with incomplete dRTA. Three of 8§ dRTA patients presented
with nephrocalcinosis. Five out of 8 patients showed neither
metabolic acidosis nor stone/nephrocalcinosis despite
abnormal urinary acidification. This could be implied that
more than half of the dRTA patients who presented with
hypokalemia and paralysis might have been misdiagnosed.
This finding indicated that an acid loading test should be
a part of the investigation for the syndromes of hypokalemia
and paralysis.

From the clinical manifestation we can roughly estimate
that if the patient is female, the opportunity to be dRTA
is high. For male patients, the primary diagnosis will
depend on the residential area and age. If the patient came
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from northeastern Thailand and is of a young age, HypoPP
is more likely. On the other hand, if the male patient did
not live in the northeastern area of Thailand and advanced
age, the diagnosis is more likely to be TPP.

In summary

In Thailand, a syndrome of hypokalemia and severe
paralysis may result from HypoPP, TPP, or dRTA. Most
HypoPP patients are sporadic and are not associated with
any common mutations reported previously. HypoPP in
different ethnic backgrounds may have different types of
mutations or may result from environmental factors. There
are some clinical clues, including age at onset, gender,
residence, and associated findings, for the differentiation
among HypoPP, TPP and dRTA. However, clinical features
alone cannot definitely differentiate one from the others.
The absence of any previous history of thyroid disease or
clinical thyrotoxicosis does not exclude the diagnosis of
TPP. In addition, the absence of stone/nephrocalcinosis or
metabolic acidosis does not exclude the diagnosis of dRTA.
It is emphasized that awareness of the causes and necessary
evaluations are essential for definite diagnosis.

Bunyong Phakdeekitcharoen, M.D.
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