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1. Hypokalemic periodic paralysis (HypoPP)

2. Thyrotoxic periodic paralysis (TPP)

3. Renal tubular acidosis (RTA)
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- Familial hypokalemic periodic paralysis
- Primary hyperaldosteronism (Conn’s syndrome)
- TPP (thyrotoxic periodic paralysis)
- Grave's disease (hyperthyroid)
- Normal control subject case *AﬁdLﬁuQ‘ﬂ’Jﬂmﬁ’ﬂmamﬂma Orthropedics 10 a4

2. Set up the Na-K ATPase activity (3-0-MFPase Assay) in control rat and
human muscles. la8l535 3-0-MFPase Assay (Na 'K -ATPase activity)

3. gmnﬂﬁyuuﬂaamaa Na-K ATPase activity 4 ﬂuﬂinﬁtﬁuuﬁugﬂm
hyperaldosteronism (Conn’s syndrome)

4 Qnmﬂﬁﬂuuﬂawaa Na-K ATPase mRNA lu stage @14 ¢ mww:maaé’ﬂm
Conn’s syndrome l#n132619 9 1% A7 hypertaldosteronism,
normoaldosteronism

5 Qnmﬂﬁwuﬂawm protein Na-K ATPase expression 1% stage @19 9189
Iﬂ'ﬂw Conn’s syndrome 1%n112679 9 1% A2 hypertaldosteronism,
normoaldosteronism

6 gmmz«?uw”mj‘smdwénwsLﬂﬁuuLLﬂaamao Na-K ATPase mRNA AU N3
WannuUaI89 protein Na-K ATPase expression 1u stage 6119 ﬂmao@‘”ﬂm
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Expression of muscle Na-K ATPase ‘uaopjﬂm Grave's disease b stage 6199

7.1 Hyperaldoaterone stage (before treatment)

7.2 Normoaldosterone stage (after treatment)

7.3 Hyperthyroid stage (before treatment)

7.4 Euthyroid stage (after treatment)
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1. m3¥h muscle biopsy svhiivasrhdadin o Anasanidulag un.gAna Aegan
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2. nfudlausiIeun (Vastus lateralis) v biopsy Foslianmouasil
2.1 nﬁﬁutﬁaﬁag:u?nm@aunma ladanline origin %38 insertion
2.2 Lﬂunﬁwmﬁaﬁgn involvement thunand (lailsiun wse Euuwamﬁuvlﬂ)
2.3 "lajgmm“u EM.G. Un meluszoziaaiaenin 7 34 naurh biopsy

3. 2@8111678 1% xylocain without adrenaline fUSoMfimiy uaz subcutaneous
tissue

4. Ffadefiwis ussiilofe andendaile uduszndudle Wilduwasn 2 em.
n319 0.5 cm. uazgy 0.5 cm. ﬁnmfupdn@‘hw’ﬁaﬂﬁu‘%nmﬁaﬁm sandaite 1Widen
agﬂu@ﬁgﬂamﬁaﬂaaﬁuﬁamaanmﬁmﬁ@

5. siandaiiiafile forasguUaIL NSS wenana usihaiiasdfuding AT
il mwlu 15 wifl muscle szpnudailu 3 dau fa
41 w1 v Snap Freeze
4.2 dﬁuﬁl 2 Fix 10% buffer Neutral formalin ¥11 permanent slide
43 §Wfi 3 Fix s glutaraldehyde fnIUaTIILNiaIanIIaaanasan (E.M.)

6. mudouly Request WlFuuussduiilonas pathology Wousuandoaddg (Uds,
339379018, investigation, progression LLa:msé”ﬂmﬁ"l,@T%'U)

25n1197@ Na-K ATPase activity

Set up the Na-K ATPase activity (3-0-MFPase Assay) in control rat and human muscles.
layl37F 3-0-MFPase Assay (Na K -ATPase activity) laswaiw13Iuny 3.6.35%% dasgninas,
Ma3T7 Physiology, AkEINeNeIaas, 3. uRaa

2501311 3-0-MFPase Assay

1 Frozen muscle samples in at -80°C were prepared for study.
2 Muscle sample were cut ~ 30-40 mg and blot on filter paper before weight.
3 Add homogenate buffer 0.6-0.8 ml. (5% w/v)

(Homogenate buffer = 250mM sucrose, 2mM EDTA, 10 mM Tris (pH=7.4))
4 Homogenize at 0° C for 2x20s, 20000 rpm. or 3x20 s, 16000 rpm.
5 Aliquot homogenate sample (cryotube) and freeze and stored in lig N,

6 Freeze and thaw four times and dilute 1/5 in cold homogenate buffer.
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7 Incubate 30 ul diluted homogenate sampie in 2.5 ml assay medium at 37OC, 5
min. (Assay medium = 5mM MgCl,, 1.25mM EDTA, 100mM Tris, 80nM 3-0-MF
pH=7.)

8 Add 40 ul of 10mM 3-0-MFP to initial the reaction (final conc. = 160 uM)
Measure the reaction for 60 s with continuous stirring spectrometer 37°C (A)
(Excitation wavelength was 475 nm, emission wavelength was 515 nm with 4-

nm slit widths)

9 Add 10 ul of 2.58 M KCI to stimulate K+dependent phosphate activity (final conc.

=10 mM)

10 Measure the reaction for 60 s with continuous stirring spectrometer 37°c (B)

#Na' K'-ATPase activity = B-A (nfno!e/minfg wet wt or pmole/min/mg protein)
After verify the biochemistry condition, the activity of Na—K ATPase in various
conditions will be tested.
(I) The Na—K ATPase activity of
A. Muscles from control euthyroid (Orthopedic case)
B. Muscle from hyperthyroid patients
C. Muscle from TPP patients (hyperthyroid + hypo K+)

() The Na-K ATPase activity of thyrotoxic periodic paralysis patients in each
stage
1. TPP in hyperthyroid stage (before treatment)

2. TPP in euhyroid stage (after treatment)
Summary of Methods

Na'- K’ - ATPase activity
K'- stimulated 3-O-methylfluorescein phosphatase assay (3-O-MFPase) was
used to measure skeletal muscle Na'- K' - ATPase activity as previously described by

Norgaard et al. with some minor modifications. Muscle sample (50 mg) was

homogenized in 450 LLL of homogenate buffer (30 mM histidine (pH 7.4), 2 mM EDTA

and 250 mM sucrose), freeze-thawed 4 times and then diluted 1:10 in cold homogenate

buffer. Then, 15 LLL aliquot of homogenate was added in assay solution containing 19.5

UM 3-O-methyfluorescein phosphate, 4 mM MgCl,, 1.25 mM EDTA and 80 mM Tris
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(pH 7.6). After 90 seconds, 10 LLL of 2.58 M KCI (final concentration 10 mM) was
added. Activity was calculated from the difference in the slope of fluorescence before
and after addition of KCI. Excitation wavelength was set at 475 nm and emission
wavelength 515 nm, with 5 nm-slit widths. Homogenate protein content was determined
using a BCA Assay kit (Pierce, Rockford, IL, USA). Average specific 3-O-MFPase
activity was determined from three experiments, and intra- and inter-assay variability

was ~ 9% and 5.8% respectively.
Intra-assay coefficient of variation is calculated from the formula:

Mean of the Standard Deviations of the duplicates x 100

Grand mean of the duplicates

Inter-assay coefficient of variation is calculated from the formula:
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Standard Deviation of the means of the duplicates x 100

Grand Mean of the Duplicates

INTRA INTER
1 | mean 8.12 8.12 0.46
7.75
SD. 0.71 7.27
8.51
2 | mean 7.75 8.09
SD. 0.89
3 | mean 7.27
SD. 0.89
4 [ mean 8.51
SD. 0.52
5 | mean 8.09
SD. 0.58

Intra-assay coefficient of variation
Mean of the Standard Deviations of the Duplicates = 0.72
Grand mean of the duplicates = 7.95

Intra-assay coefficient of variation = 9.0181 %

Inter-assay coefficient of variation

Standard Deviation of the means of the duplicates = 0.46
Grand Mean of the Duplicates = 7.95

Inter-assay coefficient of variation = 5.8491 %

13



This study

- ﬁﬂ‘lu%‘l{ltvlﬁ activity ~ 260 nmole/g wet wt/min

LY a 4 = 49 o | e 0
- Control 14 muscle 783au1Ind F9a:limnIfile preserve atidny Uszunm 50 %
Mliiantadasianun. 189 preserve RNaUae
Activity U84 control (human control) fagnin mamgﬂs:mm 50%
luanle activity ~ 121 nmole/g wet wt/min

msAns sl aauulalzas Na-K ATPase mRNA expression 1w conn’s

syndrome patients Tn stage A9 q&ﬁﬂuﬁ'vﬂ%ﬂina
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o A A av e & a A a .
WTwitaf ldanmisiun -80°C wiaiaioultlun13asi9ms mRNA expression
Total RNA 900 extract 1 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.

For each sample, 1 g 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 subséquent analysis.

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

The ABI 7700 real-time PCR system was used for relative quantification
Triplicate wells were run for each sample.

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

sample endogenous control.

Primer sequences (OL1-3 Lae B1-3) were designed from published sequence
Gene o

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

Reverse Primer 5- CAT GCG TTT GGC AGT AAG TGT C- 3

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

Gene o2

Forward Primer 5'- GAA TGA GAG GCT CAT CAGCAT G -3
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11.

12

Reverse Primer

Probe

Gene
Forward Primer
Reverse Primer

Probe

Gene
Forward Primer
Reverse Primer
Probe
Gene
Forward Primer
Reverse Primer

Probe

Gene
Forward Primer
Reverse Primer

Probe

5'- CAA AGT AGG TGA AGA AGC CAC CC - 3

5- CCT ACG GAC AGA TCG GGA TGA TCC AG - 3

o3

5'- GGT GGC TAT GAC AGA GCA CAA G - 3'
5'- TGC ACA CAG TGT GTG TTG TAT TTC C- 3'
5'- CAAAGCCCAGGAGATCC - 3'

B1

5'- TCA GTG AAT TTA AGC CCA CAT ATC A -§’
5'- CTT CTG GAT CTG AGG AAT CTG TGT T-5'
5'- CGA GTG GCC CCG CCA GGA T - 3

B2

5'- CCT GCC AAT TCA ACC GGA - 3'

5'- CTG TAA CCA TAG TGG GTG GAG TCC- 3
5'- CAGCCCTGTGTCTTCA - 3

B3

5- AGT CTG TCC TGA TGG AGC ACT TT- &

5- GCA TGC TTG AAG TAA TGA AAT AGG AA- 3

5’- CTGCATGCTTGAAGTAATGA - 3’

1iJa'le condition wa21i1 MRNA tiwaSeuisulass

positive control L@l skelaton muscle USIGIURUILALINUIN

11.1 case mﬁ’@ﬂ’l\‘lmﬂ%ﬂmﬂw Orthropedic 1{iN13%11 amputation

] [y va a o ! [
‘D\ﬁ]:(ﬂaﬂiﬂsunqiﬂuﬂauﬂqﬂaﬂqULLGQ

ot P [ vas a o |
11.2 W18 conn’s syndrome F99z09 leIunTin gauangig

VEUNT

Negative control @7

11.3 311 Real-time PCRlagldld template (1&g reagens)

1ila verify condition 138UTBBLAT 13192¥NMTNARAY MRNA expressive 289 Na—K

"
ATPase lun11z6n99 aadalui

(I) MRNA expression of muscle Na-K ATPase lunizeng 9

1. muscle AuUNAN normoaldosterone (16317 case 1AM
orthopedic)
2. muscle AuALldul5A conn’s syndrome nauinn

3. muscle aufildulsa conn’s syndrome #a33N1N
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Summary methods of Quantitative RT-PCR

A quantitative RT-PCR was performed as previously described. In brief, RNA
- was extracted from 10-50 mg of muscle using a commercial kit (Trizol, Life
Technologies Inc., Ohio, USA). For each sample, 1 Llg of RNA was reverse
transcribed to cDNA using a Promega avian myeloblastosis virus reverse transcription
kit (Promega, Madison, WI), and the cDNA was stored at -20 °C until analyzed.

Specific primers and probes were used to amplify mRNA of Na'- K - ATPase
oLy, O, O BL Bz and B3 subunits. Probes were 5- and 3'-labeled with 6-
carboxyfluorescein and 6-carboxy-N ,N , N’ ,N’ —tetramethylrhodamine respectively.
GAPDH mRNA content (as internal control) was determined by using commercial
primers and probes (P/N 4326317E, Applied Biosystems). Primers and probes
optimization and validation were carried out. The relative efficiency of the test targets of
all 6 subunit isoforms of Na - K - ATPase was calibrated. Validation of the different
PCR amplicon sizes were performed by electrophoresis (2% agarose gel stained with
ethidium bromide). This was used for relative quantification. Each PCR reaction
contained 1 LU of cDNA and 12.5 Ll of 2X TaqgMan Universal PCR MasterMix
(AmpliTag Gold DNA Polymerase, AmpErase uracil N-glycosylase, dNTPs with dUTP,
buffer components, ROX as passive reference; Applied Biosystems). Primers, probe,
and water were added to give a final reaction volume of 25 HLiwell.  Thermal cycling
(ABI 7000 real-time PCR system) was conducted as follows: incubation at 50 °C for 2
minutes; 95 °C for 10 minutes; and 40 cycles of 95 °C for 15 seconds, followed by 60
°C for 1 second. Each experiment was conducted in triplicate. The intra- and inter-
assay coefficients of variance for each gene was 8% and 9% for Oy, 9 % and 8% for
Oy, 10% and 8% for OLs, 9 % and 7% for [3;, 11 % and 9% for [3, and 10% and 11%
for B3, respectively. The comparative C; method (multiplex PCR, same tube) was used

to calculate the relative mRNA level (Applied Biosystems). There was no statistical

difference of the average C; of GAPDH mRNA among the samples (P = 0.13).
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msaneIn19lSenuuilasuas protein Na-K ATPase expression 11 Conn’s

syndrome patients Tn stage e ‘]Lﬁ&lﬂﬁ'ﬂﬂuﬂina

Immunoblot analysis

Immunoblotting was performed as previously described. In brief, a muscle
sample (30 mg) was homogenized on ice in a buffer (25 mM Tris-HCI (pH 6.8), 1%
SDS, 5 mM EGTA, 50 mM NaF, 1 mM sodium vanadate, 10% glycerol, 17.4 pg/mi
phenylmethysulphonyl fluoride, 10 pg/m!leupeptin and 1 pg/ml aprotinin). Twenty pg
(for ané’alysis of oy, o, and a3 subunits) or 40 pg (for analysis of B4, B, and P35 subunits)
of protein were separated by 10 % SDS-polyacrylamide gel-electrophoresis and
transferred onto a nitrocellulose membrane. The membrane was incubated for 2 h with
a blocking buffer (5% non-fat milk in Tris-buffered saline-Tween 20 (TBST)) and then
incubated overnight at 4° C in primary antibodies (anti-a, polyclonal antibody (lot no
06520), anti-at, polyclonal antibody (lot no AB9094), anti-f3; polycional antibody (lot no
06170), anti-P, polyclonal antibody (lot no 610993; Upstate Biotechnology, Lake Placid,
NY), anti-a; monoclonal antibody (lot no MA3-915; Affinity Bioreagents, Golden, CO),
and anti-B3 monoclonal antibody (lot no 610993; Transduction Laboratories)). Anti-o,
(o4 - a3) and anti-B (B4- B3) antibodies were diluted 1:2,000 and 1:5,000 respectively.
Membranes were washed in 0.05% TBST and incubated for 1 hour in horseradish
peroxidase-conjugated secondary antibodies (goat anti-mouse for monoclonal antibody
or goat anti-rabbit immunoglobulins for polyclonal antibody, diluted 1: 10,000 in TBST).
After 3 washes, membranes were incubated with chemiluminescent substrate (Pierce
SuperSignal, West Pico, IL). The signal was detected and recorded (Pierce CL-X

Posure, West Pico, IL). Resulting autoradiographs were densitometrically scanned and

quantified.
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°11m:f?lﬁsamw%mﬁaQ’ﬁﬂ’;mﬂuﬁmnu criteria VL@W]\‘JG% 24 o
- Familial hypokalemic periodic paralysis vlﬁﬁdéu 4 au
- Primary hyperaldosteronism vlﬁ'ﬁgdﬁvu 6 Al
- TPP (thyrotoxic periodic paralysis) '1@‘77‘13\1?7% 6 A
- Grave’s disease (hyperthyroid) 914 criteria "L@Tﬁaﬁwu 8 au

. A o | e i
- Normal control subject case T{ILﬂuﬁdﬁ’JUmG\@ﬂ’mﬁl’mﬂN Orthropedics 10 a4

1 6 set up the Na-K ATPase activity (3-0-MFPase Assay) in control rat and human
muscles. 1a81935 3-0-MFPase Assay (Na' K -ATPase activity) Lufisuusas

2 Qn’mﬂﬁzjuuﬂawae Na-K ATPase activity 1% ﬂuﬂsnﬁtﬁﬂuﬁugﬂm
Hyperaldosteronism (Conn's syndrome)

3 gmnﬂﬁwuﬂawao Na-K ATPase mRNA lu stage @14 ¢ mwwzmaag&?ﬂw Conn's
syndrome lun1zeng 9 1% A2 hypertaldosteronism, normoaldosteronism

4 gnmﬂﬁ BuULadT83 protein Na-K ATPase expression L1 stage 614 € LlaW1z983
;Eﬂm Conn’s syndrome %n112619 9 14 N3 hypertaldosteronism,
normoaldosteronism

5 ATIWUAMUSNWUETRNIN aldosterone WAy Na-K ATPase lunduiiiaansuss
NNl I@Umsmaaaﬁuamlﬁﬁmﬁuﬂ%LLsn’h'Luﬂé”mLf:amﬂugwﬁ aldosterone

a X a ) v A
ﬁﬂﬂ&i%ﬂ?ﬂﬂNﬂ’ﬁLW&l‘IJWDENﬂ’ﬁLLﬁﬂ\‘Jaﬂﬂﬂlﬂdtﬂi@]% Na-K ATPase DENUBENFS

o 0 A Qs ar o Qs
wiadunitsluszdl mRNA uaz Ot uaz 3 subunit iudamsdaglunmniugu

2

18



Results

Clinical features and laboratory data of 6 Conn’s syndrome patients at the first
time of diagnosis are shown in Table 1. As expected, blood pressures and HCO; levels
of Conn's syndrome patients were higher than those of normal controls. Hypokalemia
was also observed. These parameters were corrected prior to biopsy. As shown in Table
1, there are no significant differences in blood pressure, serum potassium level, acid-
base, and sodium and potassium balance among pre-adrenalectomy patients, post-
adrenalectomy patients and control subjects. In contrast, in Conn’s syndrome patients,
the average pre-surgery plasma aldosterone level (235.0 + 51.1 pg/mL) was ~ 3.5 times
higher than that of post-surgery (64.5 + 25.1 pg/mL) and of a normal control group (66.5
+13.0 pg/mL) (P < 0.01). There was_no significant difference in plasma aldosterone
level between post-surgery patients and control subjects (Table 1 and Figure 1A).

The average skeletal muscle Na'- K - ATPase activity of pre-surgery Conn’s
syndrome patients (128.7 + 12.3 nmol-mg protein'1-h'1) was about 1.6 and 1.5 times higher
than that of post-surgery (79.4 + 13.3 nrﬁol-mg protein'1-h'1) and control subjects (88.7 + 5.1
nmol-mg protein'1-h-1) respectively (P < 0.05) (Figure 1B). There was no difference in Na'- K’
- ATPase activity between post-surgery patients and control subjects. A positive correlation
existed between the plasma aldosterone level and Na'- K - ATPase activity of Conn’s
syndrome patients and control subjects (r = 0.71, P < 0.01), (Figure 2A), which implied that
the increased muscle Na - K’ ATPase activity in Conn’s syndrome may have been
upregulated by aldosterone.

In the skeletal muscle of Conn’s syndrome patients, mMRNA exbressions of Na'-K -
ATPase , and [31 subunits were higher in pre-surgery (hyperaldosterone) than in post-
surgery (normoaldosterone) biopsy samples by about 2.4 (2.45 + 0.31 vs 1.04 + 0.17, P <
0.05, for A,) and 1.9 (1.92 + 0.22 vs 1.02 + 0.14, P < 0.05, for [31) times respectively
(Figure 3). In contrast, there were no differences in O, and B1 subunit expressions between
post-surgery and control subjects. There were no changes in O, U, Bz, or B3 subunit
mMRNA levels among the 3 groups.

Elevation of , and B1 subunit MRNA expression levels resulted in a
corresponding increase in Na'- K - ATPase ., and A, subunit proteins about 2.2 (2.17
+0.33 vs 0.98 + 0.09, P < 0.05, for ;) and 1.8 (1.70 + 0.17 vs 0.90 + 0.17, P < 0.05,
for B1) times respectively, in pre-surgery compared to post-surgery (Figure 4). As
expected, there was no change in protein levels of (,, U3, Bz- or Ba subunits among

the three groups (Figure 4).
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In addition, the expression levels of Na - K - ATPase d, and [31 subunit MRNA
were positively correlated with plasma aldosterone levels (r = 0.75, P < 0.01 for O, and

r=0.78, P < 0.01 for [3,) (Figure 2B & 2C).

Discussion

Hypertension, hypokalemia, and muscle weakness are classical presentations of
Conn’s syndrome. Hypokalemia can cause muscle weakness. In general, hypokalemia
can result from potassium depletion induced by abnormal loss of potassium or by
cellular potassium redistribution. The etiology of hypokalemia varies and is based on
clinical setting and laboratory data.

Aldosterone is a critical hormone in renal handing of potassium by stimulating
Na'- K - ATPase synthesis and activity in the collecting tubules. Moreover, the role of
extrarenal mineralocorticoid in regulating potassium excretion via the gastrointestinal
(Gl) tract and potassium redistribution in many cell types has been reported. Human
skeletal muscle comprises nearly 60% of the lean body mass and contains the largest
stofe of the body's potassium as well as a major portion of Na'- K - ATPase. Thus,
aldosterone might also play an important role in modulating cellular redistribution of
potassium via Na'- K - ATPase activity.

Although it has been generally assumed that the regulation of Na'- K - ATPase
by aldosterone observed in rodent skeletal muscle or cell culture is likely to be similar to
that in human skeletal muscle, this has not been shown directly in human skeletal
tissue, especially in pathological conditions. This study demonstrated for the first time
in human skeletal muscle that Na - K~ - ATPase activity is modulated by high plasma
aldosterone levels. An increase in Na - K - ATPase activity in hyperaldosterone
(Conn’s syndrome) patients was likely due to an increase in levels of O, and [31 (but
not A, U, Bz, or 53) subunit mRNA and protein and these parameters returned to
normal levels after surgical removal of the adenoma. It is unlikely that an increase in
activity and gene expression of Na'- K’ - ATPase was due to an increase in the blood
pressure, low plasma potassium level, or acid-base disturbance since both pre- and
post-adrenalectomy groups had these parameters comparable to that of the control

group. In addition, it is unlikely that the changes observed were due to the use of
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antihypertensive agents as both nifedipine and hydralazine have been shown to have
no effect on Na - K - ATPase subunits in the cardiac muscles of rats and nifedipine
has no effect on Na'- K - ATPase activity in isolate smooth muscle membranes from
rat aorta. However, we cannot totally exclude the possibility that these drugs might
have some effects on skeletal muscle Na - K - ATPase activity. Unfortunately, we
could not obtain the appropriate controls (muscle biopsies from hypertensive patients
before and after using the same hypertensive drugs and doses), due to ethical issues,
in order to clarify this confounding factor.

The correlation of the plasma aldosterone level with both mRNA and protein
abundance of the (1, and B1 subunits implies that increased plasma aldosterone leads
to upregulation of Na- K - ATPase protein expression, at least in part, at the
transcriptional level. These results are in contrast with those of Dorup et al. who
reported that administration of aldosterone into a rat for 7 days produces hypokalemia
and a graded reduction in K™ content in skeletal muscle, which closely correlates to a
downregulation of the [3H] ouabain-binding sites, and concluded that mineralocorticoids
induce a downregulation of Na'- K - ATPase which is secondary to the concomitant K
deficiency. It is well known that hypokalemia has a major effect on the Na- K -
ATPase. In vivo study showed that hypokalemia causes downregulation in the number
of Na'- K’ - ATPase pumps in rat muscle. The relative abundance of Na'- K - ATPase
A, isoforms in hind limb muscles following 1-4 weeks on a low-K~ diet showed a
progressive decrease and disappearsed after 3 weeks. Therefore, the study by Dorup et
al. showing downregulation of Na'- K - ATPase after aldosterone ihfusion may not be
dué to the direct effect of aldosterone, but rather due to hypokalemia. To clarify this
issue, all patients in our study were corrected for hypokalemia before muscle biopsy.
This rules out the effect of hypokalemia on Na'- K - ATPase activity.

Previous studies in the mouse mammary tumor viral promoter have shown that
aldosterone regulates gene expression via its binding to, and activation of, a specific
intracellular mineralocorticoid hormone receptor (MR). In the absence of ligand, MR is
located primarily in the cytoplasm and associated with chaperone protin. Upon hormone
binding, the MR dissociates from chaperone proteins, undergoes nuclear translocation
and interacts with numerous molecular partners in a coordinated and sequential manner
to ensure appropriate transcriptional regulation. In kidney cell culture, aldosterone
affects Na'- K’ - ATPase Of and B subunits at the transcriptional, translational and

transport levels. In addition, spironolactone, an aldosterone antagonist, decreases
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basal O and B subunits of Na+- K+ - ATPase mRNA levels, and hence decreases the
relative rate of protein biosynthesis. It also blocks cell response to aldosterone in
cultured kidney cells. lIkeda et al. have demonstrated that aldosterone directly stimulates
Na'- K - ATPase a, and B1 subunit mRNA synthesis and protein accumulation in
adult and neonatal rat ventricular cardiocytes grown in defined serum-free media.
Several lines of evidence have suggested that MR mediates the action of aldosterone
and that it is expressed primarily in epithelial cells such as distal convoluted tubules and
collecting tubules. In addition, MR expression has been detected in non-epithelial
tissues including cardiomyocyte and vascular smooth muscle cells. Until now, it was
still unclear whether skeletal muscle cells expressed MR. From this point of view, the
increase in Na - K ATPase expression observed in this study might possibly be due to
the direct effect of aldosterone on MR resulting in increased biosynthesis of O, and 51
subunits of Na - K - ATPase in skeletal muscle celis. Alternatively, this observation
might be a secondary response to changes in sodium and/or potassium status in the
intracellular compartment mediated by aldosterone.

In Conn’s syndrome patients, total body potassium is likely to be significantly
decreased. Unfortunately, due to limitations of study in human, it could not be measured
in our study. We are aware that potassium replacement before adrenalectomy may not
have completely corrected total body potassium levels, despite the observed normal
serum potassium levels. Moreover, thé sodium retention associated with
hyperaldosteronism, which may not be ameliorated by anti-hypertensive agents, could
increase the intraceliular sodium level. Thus, the decreased intracellular potassium and
increased intracellular sodium could account in part for the stimulation of Na'- K -
ATPase activity in skeletal muscle cells observed in our study. Subsequently, after
adrenalectomy which corrected the high level of aldosterone, the Na'- K - ATPase
activity in the skeletal muscle cells was reduced to normal levels. Our observation has a
clinical implication for hyperaldosterone patients, especially those who cannot undergo
surgery, that have increased activity of skeletal muscle Na - K ATPase. They should
receive drugs that block the action of aldosterone and/or Na' - K ATPase to prevent
them from developing hypokalemia which partly might be due to potassium uptake into
the muscle cells. Equélly important, to maintain the equilibrium of total body potassium,
adequate potassium intake in spite of normokalemia should be recommended.

In summary, our study has provided the first evidence that increased plasma

aldosterone leads to increased Na'- K - ATPase activity in human skeletal muscles,
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possibly due to upregulation of mMRNA and protein levels of the O, and B1 (and not A,
s, Bz, and B3) subunits. Further studies on the detailed mechanismé by which
aldosterone activates human skeletal muscle Na'- K - ATPase activity under normal
physiological and pathological conditions are necessary in order to clarify the clinical

implications of this hormone.
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Figure legends

Figure 1 (A): Plasma aldosterone level in Conn’s syndrome patients and control
subjects. Data are mean + SD (bar); n = 6 for Conn’s syndrome patients, n = 10 for
control subjects. Pre, pre-surgery; Post, post-surgery; Con, control. * P < 0.05

compared with post-surgery group, # P < 0.05 compared with control group.

(B): Na'- K’ - ATPase activity in the skeletal muscle of individual Conn’s
syndrome patients and control subjects. All symbols joined by lines indicate individual
responses, while near-by symbols indicate group average as mean + SD.

Each symbol represents each patient, A control subject

Figure 2: Correlation between skeletal muscle Na'- K - ATPase activity (A), A, isoform

mRNA (B) and B1 isoform mRNA level (C) with plasma aldosterone level in pre-surgery
(N = 8), post-surgery patients (N = 6), and control subjects (N = 10), Correlation was
determined by linear regression (r value).

B - pre-surgery Conn's syndrome patient

0

A - control subject

post-surgery Conn’s syndrome patient

Figure 3: Relative mRNA level of the Na - K~ - ATPase a,, a,, d,, [31, Bz, and B3
isoforms in skeletal muscles of pre- and post-surgery patients and control subjects. Na'-
K - ATPase isoform mRNA level is expressed relative to that of GAPDH, and the
control level was set as 1 for comparison purposes. The value is shown as mean + SE
(bars). Pre, pre-surgery N = 6; Post, post-surgery N = 6; Con, control N = 10. * P <

0.05 compared with post-surgery patients, # P < 0.05 compared with controls.

Figure 4: Immunoblot of skeletal muscle Na'- K’ - ATPase a,, a,, d;, B1, Bz, and B3
isoforms of pre- and post-surgery patients and control subjects. Protein level is
expressed relative to that of [ actin as mean + SE (bar). Arrow indicates molecular
weight of the protein. The number indicates individual patient. Pre, pre-surgery N = 6;
Post, post-surgery N = 6; Con, control N = 10. * P < 0.05 compared with post-surgery

group, # P < 0.05 compared with control group.
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Table 1: Clinical features of the first presentation and comparison among pre- and post-adrenalectomies of 6 Conn’s syndrome patients and 10 controls

Patients’ characteristic Conn’s syndrome P-value Control P-value
First presentation Pre-surgery Post-surgery  Pre. versus Post. Pre. versus Con. Post. versus Con.
Age (year) ' 41.8+7.8 409+7.0 0.93
Weight (Kg) 60.8+5.2 59.8+6.7 0.74
Body mass index (Kg/m?) 23.4+0.5 232+0.7 0.39
Systolic blood pressure (mmHg) 184.1 +10.7 131.3+5.5 1312+ 6.1 0.92 128.0 +4.5 0.24 0.3
Diastolic blood pressure (mmHg) 108.8 +6.6 78.7+2.9 782+3.9 0.72 75.0+4.5 0.07 0.16
Serum sodium (mEq/L) 138.5+3.0 139.5+2.8 1388+ 1.7 0.46 139.0+2.7 0.74 0.88
Serum potassium (mEq/L) 2.8+0.29 3.95+0.18 4.02+0.13 0.34 4.04 +0.32 0.48 0.88
Serum chloride (mEq/L) : 100.0+2.3 105.8 +2.6 105.7+3.6 0.86 106.8 +22 0.47 0.5
Serum bicarbonate (mEq/L) 322435 "253+14 24.0+2.8 0.14 24.1+2.5 0.22 0.94
Total potassium intake (mEq/day) 75.5+12.7 69.3+9.8 0.2 69.8 +10.5 0.38 0.93
Total sodium intake (mEq/day) 943 +9.8 98.2+10.6 0.28 99.0+11.1 04 0.88
24-hr urine potassium (mEq/day) 652+17.8 62.8+122 557+11.6 0.14 572+11.9 0.39 0.8
24-hr urine sodium (mEq/day) 138.7+19.3 83.2+13.2 86.7+13.6 04 89.0 + 14.1 0.42 0.75
Plasma aldosterone level (N 10 — 160 pg/mL) 235.0+51.1 64.5 +25.1 <0.01 66.5+13.0 <0.01 0.86
Plasma renin activity (N 0.2 — 2.8 ng/mL/h) 0.17+£0.06
Antihypertensive agents Nifedipine (mg/day) 183+7.6
(range 10 - 30)
Hydralazine (mg/day) 33.3+303

(range 0 —75)




Notes. Pre. = pre-surgery, Post. = post-surgery, Con. = control, N = normal
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Figure 1: (A) Plasma aldosterone level in Conn’s syndrome patients and control subjects
(B) Na™- K~ - ATPase activity in skeletal muscle of individual Conn’s syndrome
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