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Changes in Erythrocyte Contents of Potassium, Sodium
and Magnesium and Na, K-pump Activity after the
Administration of Potassium and Magnesium Salts
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Low potassium and magnesium status and decreased Na, K-pump activity is an endemic condition
among rural Northeast Thais. The authors examined the effect of supplementing potassium and magnesium
on erythrocyte potassium, sodium and magnesium content and on Na, K-pump activity. Rural Northeast Thai
renal stone patients (62) were recruited, divided into four groups and supplemented for one month with
potassium chloride (Group1, n = 16), potassium-sodium citrate (Group2, n = 15), chelated magnesium
(Group 3, n =16) and potassium-magnesium citrate (Group 4, n =15) in order to achieve 40 mmol potassium,
10 mmol magnesium and 60 mmol citrate daily. After supplementation with potassium (Groups 1, 2 and 4),
plasma potassium and Na, K-pump activity rose significantly in Groups 1, 2 and 4, but erythrocyte potassium
rose only in Groups 2 and 4. When supplementing elemental magnesium (Groups 3 and 4), the chelated
magnesium caused a significant increase in plasma potassium, erythrocyte potassium, sodium and magne-
sium without a significant increase in Na, K-pump activity. By contrast, potassium-magnesium citrate caused
a significant increase in erythrocyte potassium and magnesium and Na, K-pump activity, but depressed
erythrocyte sodium. These results suggest the forms of potassium and /or magnesium salts being supple-
mented should be considered because they affect erythrocyte potassium, sodium and magnesium content and
Na, K-pump activity differently.
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Na, K-pump, also known as Na, K-ATPase
(Na+-K+-adenosine triphosphatase, EC 3.6.1.37) is an
integral membrane protein with a key role in the main-
tenance of Na+ and K+ gradients across plasma mem-
branes. To maintain low intracellular Na+ but high K+,
the pump moves K+ into cells in exchange for Na+

using Mg2+ as the activator(1). The activity of the Na,
K-pump is, therefore, related to both potassium and

magnesium status and a cellular accumulation of
sodium should indicate a decrease in its activity.

In previous studies of erythrocytes, rural
Northeast Thais exhibited low Na, K-pump activity
with elevated levels of intracellular sodium(2-4). They
also showed a high prevalence of low status of potas-
sium and magnesium(5,6). Since potassium deficiency
decreases Na, K-pump activity in skeletal muscles in
both animals and in humans(7-12), its supplementation
can significantly remedy Na, K-pump activity(13,14).
Moreover, since metabolism of potassium and magne-
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sium are interrelated, depletion of both cations fre-
quently coexists(6,15,16). In patients with combined mag-
nesium and potassium deficiency, due to long-term
treatment with diuretics, oral supplementation of mag-
nesium alone normalized both potassium and  magne-
sium  status and Na, K-pump activity in skeletal
muscles(16).

The authors’ aim was to measure the effect
of supplementing potassium and magnesium on
Na, K-pump activity and on the cellular potassium,
magnesium, sodium content in rural Northeast Thai
renal stone subjects. Relatedly, the authors evaluated
whether or not the forms of supplemented potassium
and magnesium salts gave variable results. Due to the
convenience in obtaining specimens, erythrocytes
were chosen as the model cells.

Material and Method
The present research was approved by the

Ethics Committee for Human Experiments, Khon Kaen
University, and written informed consent was obtained
from all participating subjects.

Subjects and experimental design
The authors recruited 62 rural Northeast Thai

renal stone subjects (30 males and 32 females). The
form of stones was identified by a mobile ultrasound
unit from the Faculty of Medicine, Khon Kaen
University. Subjects were randomly allocated into four
groups according to the treatment regimens. Group 1
(n =16; 10 males and 6 females); Group 2 (n =15; 5
males and 10 females); Group 3 (n =16; 8 males and 8
females); and, Group 4 (n =15; 7 males and 8 females)
were treated for one month with potassium chloride,
potassium-sodium citrate, chelated magnesium (buffered
amino acid chelate, product of Albion Laboratories,
Inc., Utah, USA), and potassium-magnesium citrate,
respectively. The treatments supplied each subject
about 40 mmol potassium in Group 1, 40 mmol
potassium and 60 mmol citrate in Group 2, 10 mmol
magnesium in Group 3 and 40 mmol potassium, 10 mmol
magnesium and 60 mmol citrate in Group 4.

The study protocol was community-based,
so participants traveled to health centers near their
home to get their supplements. Village health workers
dispensed the supplements morning and evening. The
supplementation regime lasted a month.

Statistical analysis
Descriptive statistics (range, mean + SD) were

used to describe the continuous data.

Blood collection and analysis
All four groups of subjects were organized

to have blood taken by four mobile research teams on
the same days both before and after supplementation.
Ten milliliters of fasting heparinized blood was
obtained from each subject both before and after
supplementation. Group 2 provided another blood
sample one month after supplementation was
stopped. After 10 min centrifugation at 1800 rpm in a
refrigerated centrifuge, the plasma was removed and
analyzed for electrolytes using an autoanalyzer, and
the magnesium by atomic absorption spectrophoto-
meter. After removing the buffy coat and the upper-
most layer of erythrocytes, the remaining erythrocytes
were washed three times with about 10 volumes of
ice-cold MgCl2 solution (112 mmol/L). An aliquot of
washed erythrocyte was used to analyze for the
erythrocyte content of sodium, potassium and
magnesium by the Mayer and Starkey method(17). The
rest of the erythrocytes were used to assay for Na,
K-pump activity.

Erythrocyte membrane preparation and assay for
Na, K-pump activity

The method described by Hanahan and
Ekholm(18) with slight modifications(2) was used in the
preparation of an erythrocyte membrane. After
washing with MgCl2 solution, the erythrocytes were
re-suspended in an equal volume of ice-cold saline-
histidine buffer (155 mmol/L NaCl and 3 mmol/L
histidine, pH 7.5) with an added 0.1 mg/mL of saponin
in the same buffer. The membrane was separated using
centrifugal washing five times at 23,500xg for 20 min
then re-suspended in the same saline-histidine
buffer. To the assay for Na, K-pump activity, a 100 �L
aliquot of membrane suspension was incubated at
37°C for 90 min in 400 �L of ATPase-assay medium
containing 100 mmol/L NaCl, 50 mmol/L Tris HCl, 15
mmol/L KCl, 5 mmol/L MgCl2, 5 mmol/L ATP, and 1
mmol/L EGTA. The reaction was stopped by adding
trichloroacetic acid. The protein and phosphorus
contents of the membrane in the medium were
measured using methods developed by Lowry et al(19)

and Lawrence(20), respectively. Na, K-pump activity
was expressed as nanomoles of inorganic phosphate
released per milligram membrane protein per hour
(nmolPi/mg protein/hr). Na, K-pump activity was,
thus, the difference between the inorganic phosphate
released by the action of the erythrocyte membranes
on ATP in the absence and presence of 1.0 mmol/L of
ouabain.
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Results
Baseline parameters for plasma and erythrocytes

The baseline values of plasma electrolytes,
erythrocyte content and Na, K-pump activity are
shown in Table 1. The mean (+ SD) of plasma
electrolytes of all four groups of the subjects were
within normal ranges. Erythrocyte contents of
potassium, sodium and magnesium and its Na, K-pump
activity were not significantly different among the
groups.

Statistical analysis of plasma and erythrocyte para-
meters after supplementation

Table 2 shows percentage change in plasma
and erythrocyte content and Na, K-pump activity after
supplementation. Significant increases in plasma
parameter were observed only for potassium in
Groups 1, 2 and 3 and a significant decrease of
magnesium in Group 1. In the case of the erythrocyte
content, signifi-cant increases were observed for
potassium in Groups 2, 3 and 4, for magnesium in
Groups 3 and 4, and a significant decrease of sodium
in Group 4.

Fig. 1 shows the changes in erythrocyte Na,
K-pump activity after supplementation for a period of
one month. Those supplemented with salts containing
elemental potassium (i.e. Groups 1, 2 and 4) experienced
significant, though variable, increases in Na, K-pump
activity. The supplementation of chelated magnesium
in Group 3, however, resulted in only slightly increased
Na, K-pump activity. The change of Na, K-pump
activity after the supplementation was also shown in
Table 2 as percentage.

Na, K-pump activity after withdrawal of supple-
mentation

One month after stopping potassium-sodium
citrate supplementation, Group 2 subjects were re-
examined for erythrocyte Na, K-pump activity (Fig. 2).
Mean Na, K-pump activity decreased significantly
close to baseline.

Correlations between erythrocyte Na, K-pump
activity and its contents

After the supplementing regimens, only
Group 4 had significant changes to all parameters
related to Na, K-pump activity (i.e. increased erythro-
cyte potassium and magnesium but decreased sodium
content) (Table 2). These changes also exhibited a
good correlation with the corresponding changes in
Na, K-pump activities (Fig. 3).

Fig. 1 Supplementation effects on erythrocyte Na, K-pump
activity with potassium chloride (KCl, Group1),
potassium-sodium citrate (K Na Cit, Group 2), chelated
magnesium (Che Mg, Group 3) and potassium-
magnesium citrate (K Mg Cit, Group 4)

Fig. 2 A comparison of erythrocyte Na, K-pump activity
before (Before), after supplementation with
potassium-sodium citrate (Group 2) for a period of
one month (After 1) and one month after withdrawal
of supplementation (After 2)

Fig. 3 Correlations between erythrocyte Na, K-pump
activity and its potassium (a), sodium (b) and magne-
sium (c) contents of Group 3 subjects supplemented
with potassium-magnesium citrate
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Discussion
Supplementation with an equivalent amount

of elemental potassium (40 mEq) but in three different
forms (potassium chloride, potassium-sodium citrate
and potassium-magnesium citrate) variously affected
erythrocyte Na, K-pump activity and contents of potas-
sium, sodium and magnesium. Increased potassium
status up-regulated Na, K-pump activity as expected,
but potassium-sodium citrate and potassium-magne-
sium citrate caused the greatest increase-significant
increases in intracellular potassium occurred only in
Groups 2 and 4. These observations are probably
related to the low potassium status among rural
Northeast Thai renal stone patients(6).

Potassium deficiency has been shown to
cause intracellular acidosis(21) leading to increased
renal tubular citrate oxidation and re-absorption and
finally decreased urinary citrate excretion(22). Since
rural Northeast Thai renal stone subjects have a low
potassium status associated with hypocitraturia(23),
they may also have intracellular acidosis. Sakhaee et
al(24) demonstrated that supplementation to renal stone
patients with three different forms of potassium, only
potassium citrate and potassium bicarbonate, not
potassium chloride, clearly resulted in an increase in
urinary pH and citrate excretion. These effects are due
to the pre-existing intracellular acidosis had been
corrected and largely accountable for by the provision
of an alkali load from their citrate and bicarbonate
components. Supplementation with potassium
chloride, on the other hand, did not provide such alkali
load and, thus, had no effect on acid-base status of
the cells. Despite the provision of an equal substrate
potassium, but in different forms, the present results
also demonstrated that the acid-base status of cells
had some effect on Na, K-pump activity as observed
by others(25).

Potassium and magnesium deficiencies
always coexist(6,15,16), so supplementation with extra
potassium alone, cannot correct for potassium, whereas
supplementation with magnesium can(16). This is partly
attributed to magnesium being an essential cofactor
for the Na, K-pump activity(1). For example, animals
fed magnesium-deficient fodder had concomitant
reduced muscle potassium and magnesium, but
unchanged Na, K-pump activity(26). These magnesium-
depleted muscles showed a significant increase in
potassium efflux, so when treated with magnesium a
graded decrease was observed. Thus loss of potassium

Table 2. Percentage change in plasma and erythrocyte
potassium, sodium and magnesium content and Na,
K-pump activity after supplementation with
potassium chloride (Group 1), potassium-sodium
citrate (Group 2), chelated magnesium (Group 3)
and potassium-magnesium citrate (Group 4)

     % Change

Group1 Group2 Group3 Group4

Plasma
Potassium ↑14.28a ↑13.86a ↑19.11a ↑   0.5
Sodium ↑   0.5 ↓   0.7 ↓   0.91 ↓   0.81
Magnesium ↓   5.62b ↓   4.76 ↓   2.47 ↑   2.5

Erythrocyte content
Potassium ↑   0.60 ↑   4.64c ↑   4.08d ↑   5.92e

Sodium ↓   3.47 ↑   3.64 ↑11.51a ↓11.56f

Magnesium ↓   1.12 ↑   3.05 ↑   5.34g ↑   6.90h

Erythrocyte Na, ↑15.28b ↑56.65a ↑12.38 ↑48.70a

K-pump activity (nmol Pi/mg protein/hr)

As compared to baseline values; ↑, increase;↓, decrease; a,
p =0.001; b,p =0.01; c,p =0.05; d,p =0.022; e,p =0.008; f,
p =0.004; g,p = 0.037; and h,p = 0.003

Table 1. Baseline data of plasma magnesium and electrolytes, erythrocyte contents and Na, K-pump activity of the four
groups of renal stone patients

                    X + SD
  Group 1   Group 2   Group 3   Group 4

Plasma electrolyte
Potassium (mmol/L)   4.55+0.34   4.40+0.3   4.50+0.42   4.27+0.37
Sodium (mmol/L) 139.7+1.62 139.0+1.88 140.1+1.90 140.1+2.16
Magnesium(mmol/L)   0.89+0.07   0.84+0.09   0.81+0.07   0.83+0.10
Bicarbonate (mmol/L) 20.50+1.54 18.30+2.24 17.81+1.19 16.02+1.66
Chloride (mmol/L) 106.7+2.12 104.7+3.11 102.1+2.09 105.8+2.49

Erythrocyte Content
Potassium (mmol/L)   98.6+4.26   95.5+9.30   95.5+10.02 102.3+7.93
Magnesium(mmol/L)   2.66+0.22   2.62+0.39   2.61+0.34   2.81+0.43
Sodium(mmol/L)   8.06+2.26   7.15+1.74   6.92+1.66   8.08+2.56

Erythrocyte Na, K-pump activity 195.3+34.5 167.5+40.6 170.2+55.1 190.2+67.1
(nmolPi/mg protein/hr)



1510 J Med Assoc Thai Vol. 87 No.12  2004

from skeletal muscles, seen in moderate magnesium
deficiency, cannot readily be attributed to reduced
potassium influx from the reduction of Na, K-pump
activity, rather to the increased efflux of potassium
through magnesium-sensitive potassium channels.
Similarly, Flatman and Lew(27) demonstrated that Na,
K-pump activity of human erythrocyte was not modified
by acute alterations in extracellular magnesium. The
authors also observed supplementation of chelated
magnesium (Group 3) caused a non-significant increase
in Na, K-pump activity. The lack of change in Na, K-
pump activity may also be attributed to pre-existing
intracellular acidosis similar to that observed when
supplementing with potassium chloride. However, after
chelated magnesium supplementation, the erythrocyte
content increased in magnesium and both potassium
and sodium perhaps because the increase in magne-
sium content decreased potassium efflux as observed
in skeletal muscles(26). Increased intracellular magne-
sium may affect membrane properties causing not only
a decreased potassium efflux but also increased sodium
influx just as Elloy et al(28) showed that a reduction in
erythrocyte magnesium content with EDTA and iono-
phore A23187 caused a reduction in potassium and
sodium contents via the decline in Na-K cotransporter
activity. Thus, an increase in the erythrocyte contents
of magnesium, potassium and sodium, after supple-
mentation with chelated magnesium, could be
accounted for by the magnesium loading effect and
the increase in cellular magnesium content causing a
further increase in Na-K cotransporter activity.

Potassium-magnesium citrate is a new pre-
scription drug used successfully in the treatment of
renal stone disease(29). It improves both potassium
and magnesium status and increases urinary excretions
of citrate and magnesium, both stone inhibitors(30).
This mechanism was observed in the Group 4 subjects,
who were treated with potassium-magnesium citrate,
and experienced a significant increase in both potassium
and magnesium status, Na, K-pump activity, erythro-
cyte contents of both potassium and magnesium
and a significant decrease in erythrocyte sodium.
These changes in erythrocyte contents were closely
correlated with the change in Na, K-pump activity.

The effects of supplementations, however,
are not longlasting. One month after potassium-sodium
citrate supplementation was withdrawn, Na, K-pump
activity in Group 2 subjects had returned to near
baseline values. Rural Northeast Thai stone subjects
likely suffer chronic potassium and magnesium deple-
tion and thus need longer or periodic supplementation

just as patients on long-term diuretic therapy (viz.
magnesium aspartate) where it needs as long as six
months to gain a significant increase in muscle
potassium and magnesium content(31). Since the main
factor causing low potassium status among the
presented subjects is low intake(5), long-term stability
requires a change in eating habits to foods high in
these two essential minerals.
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การเปล่ียนแปลงของปริมาณโพแทสเซียม โซเดียม และแมกนีเซียม และอัตราการทำงานของโซเดียม

ป๊ัมในเม็ดเลือดแดง หลังจากทำการเสริมด้วยเกลือต่าง ๆ  ของโพแทสเซียมและแมกนีเซียม

พจน์  ศรีบุญลือ, สุดใจ  ใจภักดี, ดุสิต  จิรกุลสมโชค, เอมอร  ไม้เรียง, ปิยะรัตน์  โตสุโขวงค์, วิทูรย์  ประสงค์วัฒนา,

สมพงษ์  สาวก

การมีภาวะโพแทสเซียมและแมกนีเซียมต่ำของร่างกายรวมทั้งภาวะการทำงานลดลงของโซเดียมปั๊ม

จะพบได้บ่อย ๆ ในกลุ่มประชาการทีเ่ป็นชาวชนบทของภาคตะวนัออกเฉียงเหนอื ในรายงานนีค้ณะวิจัยได้ศึกษาผลของ

การเสริมโพแทสเซยีมและแมกนเีซียมท่ีมีต่อปริมาณโพแทสเซยีม โซเดียม และแมกนเีซียม รวมท้ังอัตราการทำงานของ

โซเดียมปั๊มของเม็ดเลือดแดง ผู้เข้าร่วมโครงการได้แก่ กลุ่มผู้ป่วยนิ่วไต (62 คน) โดยแบ่งออกเป็นสี่กลุ่มทดลอง

แลว้ทำการเสรมิแตล่ะกลุม่เปน็ระยะเวลาหนึง่เดอืนดว้ยสารละลายโพแทสเซยีมคลอไรด ์ (กลุม่ที ่ 1,16คน) สารละลาย

โพแทสเซยีม-โซเดียม ซิเทรต (กลุ่มท่ี 2, 15 คน) ยาเม็ดคีเลตแมกนเีซียม (กลุ่มท่ี 3, 16 คน) และ สารละลายโพแทสเซยีม-

แมกนเีซยีมซเิทรต (กลุม่ที ่ 4, 15 คน) เพือ่ทีจ่ะใหไ้ดรั้บโพแทสเซยีม แมกนเีซยีม และซเิทรตคนละ 40, 10 และ 60

มิลลิโมลต่อวัน ตามลำดับ หลังการเสริมด้วยโพแทสเซียม (กลุ่มที่ 1,2 และ 4) พบว่าระดับโพแทสเซียมในพลาสมา

และอัตราการทำงานของโซเดียมปั๊มเพิ่มสูงขึ้นกว่าเดิมอย่างมีนัยสำคัญ ในกลุ่มที่ 1, 2 และ 4 ในขณะที่ปริมาณ

โพแทสเซยีมในเม็ดเลือดแดงกลบัเพ่ิมข้ึนอย่างมีนัยสำคัญเฉพาะกลุม่ท่ี 2 และ 4 สำหรับผลของการเสรมิด้วยแมกนเีซียม

(กลุ่มที่ 3 และ 4) พบว่ายาเม็ดคีเลตแมกนีเซียมมีผลทำให้เกิดการเพิ่มขึ้นอย่างมีนัยสำคัญทั้งระดับโพแทสเซียม

ในพลาสมาปริมาณโพแทสเซียม โซเดียม และแมกนีเซียมในเม็ดเลือดแดง แต่ไม่มีผลต่อการทำงานของโซเดียมปั๊ม

ในเม็ดเลือดแดง ในขณะที่สารละลายโพแทสเซียม-แมกนีเซียม ซิเทรต มีผลทำให้เกิดการเพิ่มขึ้นอย่างมีนัยสำคัญ

สำหรับแมกนีเซียมในพลาสมา ปริมาณโพแทสเซียม และแมกนีเซียมในเม็ดเลือดแดง และอัตราการทำงานของ

โซเดียมปั๊มในเม็ดเลือดแดง รวมทั้งลดปริมาณโซเดียมในเม็ดเลือดแดง ผลต่าง ๆ เหล่านี้เป็นการชี้ให้เห็นว่า

ในการที่จะทำการเสริมโพแทสเซียมและ/หรือ แมกนีเซียมจะต้องคำนึงถึงรูปของเกลือที่จะนำมาใช้เสริมให้เหมาะสม

เนื่องจากแต่ละรูปให้ผลที่แตกต่างกันต่อปริมาณโพแทสเซียม โซเดียม และแมกนีเซียมรวมทั้งต่ออัตราการทำงานของ

โซเดียมปั๊มในเม็ดเลือดแดง


