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Abnormal Cation Transport in Uremia
Mechanisms in Adipocytes and Skeletal Muscle from Uremic Rats

W. Drumi, R. A. Kelly, R. C. May, and W. E. Mitch
Division of Clinical Pharmacology, Department of Medicine, Brigham and Women's Hospital and Harvard Medical School, Boston,
Massachusetts 02115; and Renal Division, Emory University School of Medicine, Atlanta, Georgia 30322

Abstract

The cause of the abnormal active cation transport in erythro-
cytes of some uremic patients is unknown. In isolated adipo-
cytes and skeletal muscle from chronically uremic chronic
renal failure rats, basal sodium pump activity was decreased by
36 and 30%, and intracellular sodium was increased by 90 and
50%, respectively, compared with pair-fed control rats; insu-
lin-stimulated sodium pump activity was preserved in both tis-
sues. Lower basal NaK-ATPase activity in adipocytes was due
to a proportionate decline in PHiouabain binding, while in
muscle, I3HJouabain binding was not changed, indicating that
the NaK-ATPase turnover rate was decreased. Normal muscle,
but not normal adipocytes, acquired defective Na pump activity
when incubated in uremic sera. Thus, the mechanism for de-
fective active cation transport in CRF is multifactorial and
tissue specific. Sodium-dependent amino acid transport in adi-
pocytes closely paralleled diminished Na pump activity (r
= 0.91), indicating the importance of this defect to abnormal
cellular metabolism in uremia.

Introduction

Defective regulation of transmembrane ion transport due to
changes in the activity of cation transportors and/or altered
cation permeability of cell membranes could initiate or partici-
pate in many abnormalities of cellular function. The accessi-
bility of the erythrocyte has made it an obvious choice for
studying ion transport in humans. However, it is unclear
whether depressed erythrocyte sodium pump activity in ure-
mia results from fewer functionally active NaK-ATPase en-
zyme units, from a change in the rate of ion pumping (turn-
over rate) of each enzyme, or both (1-6). It is also unclear
whether the defect in active cation transport can be acquired
by normal erythrocytes upon exposure to uremic sera (7, 8).
Finally, it is uncertain whether defects in the regulation of ion
transport in erythrocytes can be generalized to nucleated cells.
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In a limited number of other tissues (9-12), there is evi-
dence that sodium pump activity may be abnormal in uremia,
and in skeletal muscle of dialysis patients, there is an abnor-
mally low resting membrane potential and increased intracel-
lular sodium, consistent with a defect in sodium pump func-
tion (13). Despite these reports, it cannot be concluded that in
uremia, all tissues will exhibit the same pathophysiology for
defective basal and/or hormonally stimulated active sodium
transport. For example, insulin-mediated potassium uptake is
normal in uremic humans (14, 15), implying that a hormon-
ally responsive subset of NaK-ATPase units is not impaired by
chronic renal failure (CRF).'

Wehave studied partially nephrectomized rats with meta-
bolic and acid-base disturbances of chronic uremia similar to
those seen in humans with chronic uremia (15). Using this
model, we examined active and passive cation transport in
skeletal muscle and adipocytes from CRFrats and from pair-
fed, sham-operated (SO) control rats. These tissues were stud-
ied because they contribute substantially to total protein and
energy metabolism, and because each has a basal NaK-ATPase
activity contributing to the resting membrane potential, as
well as an insulin-responsive subset of NaK-ATPase isoen-
zymes (16, 17). In each tissue, basal and insulin-stimulated
ouabain-sensitive and -insensitive 86rubidiumchloride (86Rb)
flux and intracellular sodium were quantified, and [3H]-
ouabain binding was measured to assess the number of sodium
pump sites. In adipocytes, changes in 86Rb transport were
compared with changes in sodium-dependent amino acid
transport. Finally, the effect of uremic serum on basal rates of
active 86Rb influx was studied in both the adipocyte and in
skeletal muscle.

Methods

Animals. Male Sprague-Dawley rats weighing 75-100 g (Charles River
Breeding Laboratory, Inc., Wilmington, MA), housed in a tempera-
ture-controlled room with a 12-h light/dark cycle, were used in all
studies. To induce CRF, rats were anesthetized (pentobarbital, 50
mg/kg i.p.) and branches of the left renal artery were ligated to infarct
about five-sixths of the kidney. One week later, a right nephrectomy
was performed through a flank incision; the right kidney of control
(SO) rats was manipulated through a laparotomy, but not injured.
Subsequently, rats were paired by weight, housed in individual meta-
bolic cages, and pair fed for at least 21 d with a diet yielding normal
growth in CRFrats and a consistent degree of uremia (18). The diet
contained 40% protein and consisted of casein, chow (RMH 3000;
Agway Country Foods, Syracuse, NY); and dextrin (40, 35, and 25%
wt/wt/wt). Pair feeding was accomplished by giving control rats the

1. Abbreviations used in this paper: CRF, chronic renal failure; KH,
Krebs-Henseleit bicarbonate; MeAIB, methylaminoisobutyric acid;
NEFA, nonesterified fatty acid; 86Rb, 86rubidium-chloride; SO, sham
operated.
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same amount of diet as eaten by CRFrats the previous day. Except for
experiments in which normal tissues were incubated in serum (see
below), all experiments were analyzed by comparing data from a CRF
animal with its pair-fed control.

Materials. 86Rb, 2-deoxy[3H]glucose, ['4C]methylaminoisobutyric
acid (MeAIB), D[U-14C]-sorbitol, 3H20, and [3H]ouabain were pur-
chased from New England Nuclear (Boston, MA). Collagenase was
obtained from Cooper Biomedical, Inc. (Malvern, PA), and bovine
serum albumin was obtained from Armour Biochemical (Kankakee,
IL). Only those lots that allowed a significant insulin-induced increase
in ouabain-sensitive 86Rb influx in adipocytes were used (16, 17,
19-21). All other chemicals were analytical grade and purchased from
Sigma Chemical Co. (St. Louis, MO).

Preparation of adipocytes. Adipocytes were isolated from epididy-
mal fat pads by a slight modification of the method of Rodbell ( 19, 20).
All procedures were carried out in polypropylene tubes. Fat pads were
incubated at 37°C for 1 h with 1 mg/ml collagenase in buffer contain-
ing millimolar: 140, NaCl; 5, KCI; 2.4, CaC12; 1, MgSO4; 1, Na H2PO4;
10, Hepes; and 4 g/dl albumin (H-A buffer) at pH 7.4. The cells were
filtered through 12X mesh silk, washed three times in H-A buffer, and
adjusted to a "lipocrit" of - 25%. To assess insulin responsiveness, 0.5
MCi 2-deoxy[3H]glucose were added for 3 min, and transport was ter-
minated by centrifuging 100 gl of adipocytes through dinonyl-
phthalate. Radioactivity in the solubilized cell pellet and supernatant
was measured by scintillation counting with correction for quenching
using an external standard.

The cell number and size were determined in each experiment
using a cell analyzer and channelizer (Coulter Electronics, Inc., Hia-
leah, FL) calibrated with latex particles of known size.

86Rb transport in adipocytes. 86Rb transport was measured using
the method of Resh (21). Briefly, adipocytes (0.5 ml, final volume)
were preincubated at 37°C for 20 min in the presence or absence of 8.5
nM insulin, 1 mMouabain, and 1 mMfurosemide. After 0.5 MCi 86Rb
was added, the mixture was incubated for 20 min in a gently shaking
water bath at 37°C and the reaction was stopped by centrifugation of
I00-Ml aliquots through dinonylphthalate oil as described by Gliemann
(22). Quadruplicate measurements were made. The tubes were cut
through the oil layer to separate the cell pellet, which was solubilized by
incubating with 0.4 ml 5%sodium lauryl sulfate, scintillation fluid was
added, and radioactivity was measured. 86Rb uptake was calculated as
picomoles per 106 cells per minute. In addition to ouabain-sensitive
flux (NaK-ATPase activity), ouabain-resistant and furosemide-sensi-
tive 86Rb uptake (Na, K, Cl co-transport), and the ouabain- and furose-
mide-resistant 86Rb uptake (passive permeability) were determined.

Influence of uremic sera on 86Rb uptake in adipocytes. The effect of
pooled sera from 12 CRFrats on Rb flux in tissues from normal rats
was compared with the effects of sera from 12 SO rats. Blood was
obtained in nonheparinized syringes, the sera were separated, pooled
into CRFand SO batches, and 0.3 mg Hepes/ml was added, the pH
titrated to 7.4 and potassium to 8 meq/liter (23). Adipocytes from six
normal rats were preincubated for 100 min with 0.4 ml (80%) of
uremic or control sera, and then in the presence or absence of l0-3 M
ouabain for 20 min. After this 100-min preincubation, 0.5 MCi 86Rb
were added and ouabain-sensitive and -insensitive uptake were evalu-
ated as described. In parallel incubations, the influence of uremic sera
on amino acid transport was investigated.

Amino acid uptake. To determine whether abnormalities in so-
dium pump activity affected a sodium-dependent, co-transport mech-
anism, amino acid uptake through system A was measured as the
accumulation of the nonmetabolizable substrate specific for system A,
MeAIB (24). 3 MAM[14C]MeAIB was added to 1 ml of an adipocyte
suspension in Hepes albumin buffer, and after a 4-min incubation,
I00-Al aliquots were centrifuged through dinonylphthlate oil (25). Up-
take was linear for 5 min.

[3H]Ouabain binding. Specific ouabain binding was measured by
incubating adipocytes for 60 min at 37°C with 5.5 X 10-7 M [3H]-
ouabain (22.1 Ci/mmol) in the presence or absence of 10' Mnonra-
dioactive ouabain (21). Radioactivity in the cell layer was then deter-

mined. To examine the effect of insulin, [3H]ouabain binding was also
determined in a separate study in the presence or absence of 1.5 X 10-6
Minsulin. The presence of insulin did not change [3H]ouabain binding
(data not shown). Results were corrected for nonspecific binding and
are presented as [3H]ouabain bound per cell.

Intracellular sodium content. The intracellular sodium concentra-
tion was determined after washing adipocytes in Hepes-albumin
buffer in which NaCl was replaced by choline-Cl. 200-MA aliquots of
adipocytes were centrifuged through oil, the cell pellet was solubilized
with Acationox (American Scientific Products, McGawPark, IL) and
the sodium content of the solubilized pellet and infranatent was deter-
mined by atomic adsorption spectrophotometry. In parallel incuba-
tions, the intra- and extracellular water space were determined from
the distribution volume of 3H20 and D[U-'4C]sorbitol, respectively.
After correcting for sodium in the extracellular space, the intracellular
sodium concentration was calculated.

86Rb transport in skeletal muscle. Intact rat epitrochlearis muscles
were incubated in Krebs-Henseleit bicarbonate (KH) buffer containing
(millimolar) 118, NaCl; 6, KC1; 1, CaC12; 1, MgSO4; 1, NaH2PO4; 25,
NaHCO3, and 2, glucose; and were gassed with 95%02, 5%CO2(pH
7.4) for 20 min in the presence or absence of 850 nM insulin and/or 1
mMouabain, with or without 1 mMfurosemide. The flasks were
regassed, and 0.5 MCi 86Rb/ml was added and incubated for another 30
min. The reaction was terminated by transferring the muscle into iced
KHbuffer, the muscles were washed four times in cold buffer, blotted,
weighed, and dissolved in scintillation vials containing 1 N NaOH.
After 30 min, scintillation fluid (dimilume; Packard Instrument Co.,
Downers Grove, IL) was added, the vials were capped, vortexed, and
scintillation was determined with correction for quenching using an
external standard. 86Rb uptake was calculated after correction for
values of tissue water and extracellular space. Ouabain-sensitive up-
take (NaK-ATPase activity) was determined, as well as ouabain-insen-
sitive, furosemide-sensitive uptake (Na, K, Cl co-transport).

Influence of uremic sera on 86Rb transport in skeletal muscle. Epi-
trochlearis muscles of 12 SOrats were preincubated for 120 min in 2.5
ml (83%) pooled sera from either CRFor SOrats. To determine oua-
bain-insensitive transport, l0-3 Mouabain was added to duplicate
flasks for the final 20 min of the preincubation. 0.5 MCi 86Rb/ml was
added, the flasks were regassed, incubated for 30 mim, and 86Rb uptake
was determined.

[3H]Ouabain binding in skeletal muscle. Specific [3H]ouabain
binding was determined by incubating epitrochlearis muscles for 120
min at 37°C in potassium-free KH buffer containing 5 mMglucose
buffer with 10-6 M[3H]ouabain in the presence or absence of 1 mM
nonradioactive ouabain (26-29). Subsequently, the muscles were
washed four times for 30 min each in iced buffer and processed as
detailed.

Intracellular sodiurn. The intracellular sodium content was deter-
mined as described by Clausen (26). Muscles were washed in buffer in
which NaCl was replaced by choline Cl, blotted, weighed, homoge-
nized in 1.5% TCA, and centrifuged. The sodium content of the su-
pernatant was determined by atomic absorption spectrophotometry. A
correction for extracellular water space was evaluated in parallel incu-
bations using D[U-'4C]sorbitol and [3H]water.

Other analytical procedures. The pH of aortic blood was measured
using a blood gas analyzer (Instrumentation Laboratory, Inc., Lexing-
ton, MA), serum sodium and potassium concentrations by flame pho-
tometry, and serum urea nitrogen fluorometrically (18). Plasma non-
esterified fatty acids (NEFA) were quantitated by an HPLCtechnique
using derivatization of plasma NEFAwith the fluorescent compound,
4-bromomethyl, 7-acetoxy coundarin (30-32). To 15-Al aliquots of
plasma, 3 nmol of heptadecanoic acid (Sigma Chemical Co.) in water
were added as an internal standard (final volume, 500 Ml); 3 ml of
chloroform containing 5 mg/dl butylated hydroxytoluene were added
and the samples were vortexed for 1 min and centrifuged. NEFAwere
separated from neutral and other polar lipids using disposable amino-
propyl columns (Bond Elut; Analytichem Intl., Harbor City, CA) as
described by Kaluzny et al. (32). 4-Bromomethyl, 7-acetoxy coumarin
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derivatized NEFAwas separated on a radial compression column (4
,um particle size, Nova Pak C 8; Waters Assoc., Div. of Millipore Corp.,
Milford, MA) and eluted by increasing the ratio of methanol to aceto-
nitrile/water. The coefficient of variation was < 5% with derivatized
samples containing at least I pmol NEFA/Ml of plasma; the detection
limit was - 10 fmol (33).

Calculations. Because the rats were pair fed, a paired Student's t test
was used for most calculations. For other comparisons, an unpaired t
test was used. As a limit for significance, a P < 0.05 was assumed.

Results

After surgery and a 2-d recovery period, CRFand SOrats were
pair fed an average of 26.6 d before experiments were per-
formed. CRFrats were azotemic and had a metabolic acidosis,
and despite the same food intake, gained slightly less weight
compared with SO rats (Table I), although their final body
weights were not different. Despite similar body weights, the
weight of epididymal fat pads expressed either as a percent of
body weight or absolute values were lower in CRF rats (P
< 0.001; Table I). There was evidence of enhanced lipolysis in
CRF rats, since the plasma concentration of NEFAwas 23%
higher in these animals (P < 0.025; Table II). Although the
concentration of total saturated NEFA was higher due to a
significant increase in palmitic (16:0) and stearic (18:0) acids,
the concentration of total unsaturated NEFAwas unchanged,
resulting in a significant increase in the saturated-to-unsatu-
rated NEFAratio in CRFanimals.

86Rb flux in adipocytes. Ouabain-sensitive 86Rb uptake by
uremic adipocytes was decreased 36% (P < 0.02) from
7.13±1.02 (SO) to 4.58±0.59 nmol/106 cells/min (CRF)
(Table III). However, the stimulatory effect of insulin on
NaK-ATPase was preserved; in CRFand in SOanimals, insu-
lin caused a 20.4 and 19.9% increase, respectively, in ouabain-
sensitive 'Rb transport. The ouabain-resistant, furosemide-
sensitive fraction of 86Rb uptake (Na, K, Cl co-transport) was
decreased 24% by CRF (P < 0.05), but passive permeability
(ouabain- and furosemide-insensitive flux) was unchanged
(Table III). Insulin did not affect ouabain-resistant 86Rb trans-
port or passive permeability (data not shown).

[3H]Ouabain binding to isolated adipocytes was decreased
by 46% in CRFanimals (P < 0.025; Table III). Consistent with

Table L Characteristics of Experimental and Control Groups

CRF Controls P

Duration of renal failure (d) 28.7±2.6
Duration of pair feeding (d) 26.6±2.6
Average food intake (gld) 13.2±0.5
Final body weight (g) 202.6±7.8 211.0±10.0 NS
Weight gain/day 3.6±0.3 3.9±0.24 NS
Serum urea nitrogen (mg/dl) 131.9±6.5 36.8±1.6 <0.001
Sodium (meqlliter) 130.5±2.2 140.3±3.1 <0.02
Potassium (meq/liter) 5.9±0.4 4.7±0.3 <0.05
Bicarbonate (mM) 14.1±0.7 19.9±0.5 <0.001
pH 7.21±0.02 7.34±0.01 <0.001
Weight of epididymal fat

pad (ug) 585.1±68.1 896.1±77.5 <0.001
Fat pad/body weight (%) 0.27±0.02 0.40±0.02 <0.001

Table H. Plasma NEFA

CRF Controls P

AM

12:0 73±0.9 77±2.1 NS
14:0 51.2±2.0 48.9±1.7 NS
16:0 289.2±14.1 235.5±11.1 <0.02
18:0 340.4±32.2 238.4±24.7 <0.05
Total saturated NEFA 688.2±41.6 530.5±89.1 <0.05

14:1 32.0±2.7 33.7±3.0 NS
18:3 3.4±0.2 4.7±0.6 <0.05
16:1 15.4±4.5 13.7±3.0 NS
20:4 12.0±2.4 13.6±2.1 NS
18:2 21.6±2.0 21.9±0.8 NS
20:3 12.7±1.7 12.6±2.1 NS
18:1 131.6±7.5 112.3±5.8 <0.05
Total unsaturated NEFA 228.7±11.2 212.5±12.6 NS

Total NEFA 916.9±45.4 743.0±36.1 <0.02
Ratio saturated/unsaturated 2.92±0.20 2.50±0.17 NS

Values from six pairs of rats are given in Mmol/liter as mean±SEM.

these results, the adipocyte intracellular sodium concentration
was increased 93% in uremic animals (P < 0.001).

To determine if these abnormalities in sodium pump activ-
ity affected transport mechanisms dependent upon the trans-
membrane sodium gradient, sodium-dependent amino acid
transport by system A was measured. CRFdecreased uptake of
MeAIB, a nonmetabolizable probe specific for system A, into
adipocytes by 43%, from 12.06±2.19, SO to 6.84±0.69
nmol/106 cells/min CRF; n = six pairs; P < 0.001). In these
experiments, 86Rb influx was also measured in another aliquot
from the same adipocyte preparation. Ouabain-sensitive 86Rb
influx was decreased by 50% (P < 0.001), and there was a high
correlation between the rate of active 86Rb transport and
amino acid uptake (r = 0.9116, P < 0.001) (Fig. 1).

To determine if the abnormality in NaK-ATPase activity
could be transferred by uremic serum, adipocytes from normal
rats were incubated with sera from CRFrats. The 2-h preincu-
bation with uremic sera did not decrease 86Rb uptake com-
pared with incubation of normal adipocytes with control sera
(Table IV). Incubation with uremic sera also did not affect the
rate of MeAIB uptake by normal adipocytes.

86Rb flux in skeletal muscle. Similarly to the data obtained
in adipocytes, ouabain-sensitive 86Rb transport in epitroch-
learis muscle was decreased 30% in CRFrats compared with
that in SOanimals (P < 0.01; Table V). The stimulatory effect
of insulin on 86Rb transport was preserved, as in adipocytes;
insulin caused a 21 and 28% rise of ouabain-sensitive 86Rb
uptake in CRF and SO rats, respectively, but did not alter
ouabain-resistant 86Rb transport. Furosemide-sensitive 86Rb
flux was decreased by 77% in CRFmuscles (P < 0.001; Table
V). Although passive permeability (ouabain- and furosemide-
insensitive 86Rb influx) was lower in CRFthan in SOmuscles,
the difference was not quite statistically significant (P < 0.10).

In contrast to the marked reduction in [3H]ouabain bind-
ing in adipocytes, [3Hlouabain binding to epitrochlearis mus-
cles was not significantly decreased (Table V), even though
intracellular sodium was 43% higher in muscle from CRFrats
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Table III. 86Rb Influx, [3H]Ouabain Binding, and Intracellular Sodium Concentration in Adipocytes

Measurement CRF Controls P

nmol/lo6 cells/min

Basal ouabain-sensitive 86Rb uptake 4.58±0.59 7.13±1.02 0.05
Insulin-stimulated ouabain-sensitive 86Rb uptake 5.45±0.66* 8.50±1.20* 0.05
Furosemide-sensitive 86Rb uptake 0.77±0.15 1.18±0.25 0.05
Ouabain and furosemide-resistant 86Rb uptake 0.45±0.66 0.59±0.08 NS

[3H]Ouabain bound X 103/cell 182.04±12.64 340.32±64.28 0.025
Intracellular sodium (meqlliter) 18.46±3.52 9.58±1.38 0.001

Values from eight pairs of rats are given as mean±SEM.
* P < 0.001 by paired analysis vs. basal ouabain-sensitive 86Rb uptake.

(P < 0.025; Table V). [3H]Ouabain binding in muscle from
both control and experimental rats was reduced compared
with values reported by others (28, 29). This may be due to
differences in the composition of our incubation media (i.e.,
we used a lower phosphate concentration and no vanadate) or
because of a difference in the type of muscle, or in the strain,
sex, or age of the rat we studied.

Again, in contrast to adipocytes, incubation of muscle
from normal rats in uremic sera decreased ouabain-sensitive
86Rb uptake by 50% (P < 0.01; Table IV). Incubation of nor-
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Figure 1. The rate of uptake of a nonmetabolizable amino acid
probe specific for the sodium-dependent amino acid uptake pathway
system A, MeAIB, is plotted against the ouabain-sensitive influx of
86Rb into adipocytes from both uremic (open circles) and pair-fed,
SOcontrol (closed circles) animals. The correlation between these
two parameters is highly significant (r = 0.91; P < 0.00 1).

mal muscle in uremic sera also decreased ouabain-resistant
86Rb transport (P < 0.001; Table IV).

Discussion

The presence of a defect in erythrocyte NaK-ATPase activity,
and perhaps other cation flux pathways in uremia, has been
extensively studied since the reports of Welt and co-workers
(1-8). However, evidence for a similar defect in nucleated,
metabolically more active cells, remains controversial. Using
an animal model of CRF, we find that ouabain-sensitive influx
of the radiolabeled potassium analogue, 86Rb, is diminished in
both isolated adipocytes and in incubated skeletal muscle
compared with results obtained from SO, pair-fed control rats.
Consistent with reduced sodium pump activity, there was an
increase in intracellular sodium in both adipocytes and skele-
tal muscle. It is unlikely that the latter abnormality was due to
a generalized increase in membrane cation permeability, as
ouabain-insensitive 86Rb influx rates, including both furose-
mide-sensitive and -insensitive 86Rb influx, were lower in both
tissues from uremic animals. The potential adverse conse-
quence of this defect in sodium pump function for normal
cellular metabolism is suggested by the high correlation we

Table IV. Effect of Uremic Sera on 86Rb Uptake and Amino Acid
Transport in Normal Adipocytes and Skeletal Muscle

Uremic sera Control sera P

nmol/lJo cells/min

Adipocytes
Ouabain-sensitive

86Rb uptake 6.29±0.18 5.76±0.24 NS
MeAIB uptake 16.31±0.43 18.78±0.94 NS

Uremic sera Control sera P

nmol/g/min

Epitrochlearis muscle
Ouabain-sensitive

86Rb uptake 29.85±5.66 60.22±4.97 <0.005
Ouabain-resistant

86Rb uptake 13.72±0.79 36.17±2.88 <0.001

Values from six pairs of rats are given as mean±SEM.
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Table V. 86Rb Influx, [3H]Ouabain Binding, and Intracellular Sodium Content of Epitrochlearis Muscle

CRF Controls P

nmol/g wet wt/min

Ouabain-sensitive 86Rb uptake 68.35±13.54 105.0±23.83 <0.025
Insulin-stimulated, ouabain-sensitive 86Rb uptake 82.68±13.1 134.2±17.3 <0.001
Basal furosemide-sensitive 86Rb uptake 2.9±1.53 13.1±2.6 <0.01
Basal ouabain- and furosemide-resistant uptake 13.01±1.9 20.9±4.15 NS

[3H]Ouabain binding (pmol/g wet wt) 70.5±8.46 83.51±8.84 NS
Intracellular sodium content (mmol/g wet wt) 18.61±2.03 13.05±1.06 <0.025

All values are from at least seven pairs of rats and are given as mean±SEM.

found between ouabain-sensitive 86Rb influx and amino acid
uptake by the sodium-dependent transporter, system A.

Recently, the reports of Marks and Seeds (34) and of
Sweadner (35), that there are at least two, and probably more,
NaK-ATPase isoenzymes, have been confirmed (16, 36). One
such isoenzyme, designated "alpha +," is found in several
mammalian tissues including neural tissue and adipocytes, but
not in erythrocytes. It appears to be responsive to insulin, at
least in adipocytes, and is distinct from the "alpha -" isoen-
zymes that account for basal sodium pump activity. Although
basal, ouabain-sensitive 86Rb influx was diminished in both
adipocytes and skeletal muscle, the percent rise in insulin-
stimulated 86Rb influx was unaffected by uremia. These find-
ings indicate that there cannot be a disproportionate decline in
the function or number of the hormonally responsive subset of
sodium pumps. The results are consistent with observations in
uremic humans that insulin-mediated potassium uptake is in-
tact (15).

Our results clearly indicate that the cause of the defect in
ouabain-sensitive cation flux in uremia is multifactorial, and
that the cellular response is tissue specific. In the adipocyte,
ouabain-sensitive 86Rb was reduced in proportion to the de-
crease in [3H]ouabain binding. In contrast, ouabain-sensitive
86Rb influx in skeletal muscle was also depressed, but there was
no significant decrease in [3H]ouabain binding. Weconclude
that uremia decreased sodium pump turnover rate only in
skeletal muscle even though in both tissues, intracellular so-
dium was higher and should have stimulated NaK-ATPase
activity. Importantly, we could not induce a measurable de-
cline in ouabain-sensitive 86Rb influx in normal adipocytes by
incubating in uremic sera (compared with incubating in sera
from normal rats adjusted to have similar concentrations of
H+ and K+). However, uremic sera induced a prompt decline
in sodium pump activity in incubated skeletal muscle. This
suggests that a factor present in serum acutely influenced the
NaK-ATPase turnover rate in skeletal muscle, similar to re-
sults obtained when normal erythrocytes were incubated in
uremic sera (2, 6-8). It is unlikely that the abrupt decline in
ouabain-sensitive 86Rb influx activity in muscle was due to
withdrawal of sodium pumps from the cell membrane; a more
likely explanation is that there was direct or indirect inhibition
of the pump turnover rate. Interestingly, compared with incu-
bation in serum-free media, serum from normal rats caused a
decline in ouabain-sensitive 86Rb flux in normal skeletal mus-
cle and in normal adipocytes, although the effect was more
marked in skeletal muscle (Table IV). Ouabain-resistant flux

rates were not affected by control sera in either tissue. These
data suggest that if normal tissue is incubated with normal sera
for 2 h, some unidentified factor reduces ouabain-sensitive
cation flux rates.

The resistance of cation transport in normal adipocytes to
the acute effects of incubating in uremic sera suggests that the
mechanism causing reduced sodium pump activity is different
from that of muscle. Despite the equal weights and nearly
equal growth rates of the pair-fed, CRF, and SOrats, there was
a significant decrease in epididymal fat pad weight and an
increase in plasma NEFA in uremic rats. These findings are
consistent with stimulation of triglyceride lipolysis similar to
that occurring in fasted normal rats; adipocytes from fasted,
normal rats also exhibit a decline in ouabain-sensitive 86Rb
influx and [3H]ouabain binding (data not shown). Thus, the
number of NaK-ATPase units in the adipocyte membrane
may be closely regulated by insulin and/or other hormonal
regulators. Finally, adipocyte NaK-ATPase turnover was rela-
tively unaffected by chronic uremia or by incubation in ure-
mic sera. In contrast, [3H]ouabain binding was unchanged in
skeletal muscle obtained from uremic animals, but the turn-
over rate was markedly reduced. This condition could be rap-
idly acquired by incubating normal muscle in uremic sera.

Note that maximal ouabain binding may not be achieved
using our methods since we used a lower phosphate concen-
tration and did not add vanadate to the incubation media (29).
However, we compared [3H]ouabain binding in paired rats
using the same technique to demonstrate a difference between
uremic and control rats in adipocytes but not muscle. Thus,
the mechanism for changes in cation transport in adipocytes in
uremia differs from that in muscle.

Welt and associates showed that, at least in a subgroup of
uremic patients, the activity of erythrocyte NaK-ATPase was
decreased, and, as a consequence, intracellular sodium con-
centration was elevated (1). Later, they demonstrated that the
defect in ion transport can be induced in normal human eryth-
rocytes by incubating in uremic sera (2). Subsequent studies
have produced conflicting results: erythrocyte NaK-ATPase
activity is reportedly decreased (1, 2, 5, 6), normal (4), or even
decreased (3), and intracellular sodium is raised, normal, or
decreased, respectively, in CRF. Several authors have been
unable to reproduce a transport defect by incubating normal
erythrocytes in uremic sera (7, 37), and it is controversial
whether the pump site number per erythrocyte is normal (6) or
decreased (5) in uremia, or whether any defect is corrected by
hemodialysis. Although there seems to be agreement that some
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proportion of CRFpatients exhibit altered active cation trans-
port, these controversial results may be explained, at least in
part, by characteristics inherent to erythrocytes. Mature eryth-
rocytes cannot synthesize NaK-ATPase units, and the pump
number is affected by cell age (38). Since their half-life is re-
duced in CRFand since many CRFpatients receive transfu-
sions, heterogeneity in age of erythrocytes makes interpreta-
tion of ion flux studies in uremia difficult.

Evidence for abnormalities of cation flux pathways in
erythrocytes, other than the sodium pump, also remains con-
troversial. Increased passive permeability of the red cell mem-
brane to sodium ions has been reported (7), as well as normal
(4) or increased (39) Na/Li countertransport. Recent reports
have described another abnormality in the regulation of cation
flux in uremic erythrocytes, reduced Na, K co-transport (4,
39). Our data confirm that 86Rb flux through this pathway in
both adipocytes and muscle is substantially reduced in uremia.
The mechanism is unknown, but chronic hyperkalemia has
been suggested as a potential cause for reduced Na, K co-trans-
port in the erythrocyte (40), and furosemide-sensitive K efflux
in erythrocytes is inversely correlated in at least one other
disease characterized by abnormal plasma K levels, Bartter's
syndrome (41). That we found markedly reduced Na, K co-
transport rates in adipocytes and muscle in hyperkalemic,
uremic rats (Table I) supports the hypothesis that this pathway
is important in K homeostasis.

It is very unlikely that a single mechanism accounts for the
changes in active cation transport we observed. Although in-
tracellular sodium is an important regulator of sodium pump
turnover rate in vivo, in adipocytes and skeletal muscle from
uremic rats, NaK-ATPase turnover rates were either normal or
low in spite of an increase in cell sodium. This indicates that
the enzyme turnover rate was affected independently of the
cell sodium concentration, and/or that the enzyme affinity for
sodium was altered by uremia. Since the isolated, reconsti-
tuted enzyme has a pH optimum of 7.4 (42), the chronic meta-
bolic acidosis characteristic of uremia might also affect sodium
pump activity in vivo, but is unlikely to explain our results, as
all and incubations were performed at pH 7.4. Vanadate, act-
ing as a nonspecific inhibitor of several cation transporting
ATPases within cells, may accumulate in CRFand could af-
fect active sodium transport (43). However, its pathophysio-
logic importance remains unproven.

Chronic endocrine abnormalities could affect sodium
pump number. Both experimental (44) and human CRF(45)
are associated with hypothyroidism, which can affect sodium
pump number directly. It seems unlikely that hypothyroidism
was a major factor in our study because there was no reduction
in [3H]ouabain binding in muscle, a tissue known to be re-
sponsive to thyroid hormones (46). Mineralocorticoids can
increase sodium pump number in several tissues, most notably
ion-secreting epithelia, probably because intracellular sodium
is increased (47). Therefore, it is unlikely that changes in cir-
culating mineralocorticoids account for our observations,
which were not linked to an increase in [3H]ouabain binding.

In conclusion, uremia induces profound alterations in cel-
lular ion transport in many tissues as well as in erythrocytes
(48). The defects cannot be explained by a single mechanism;
both a reduction in ouabain binding and basal enzyme turn-
over rates occur, but the cellular response to uremia appears to
be tissue specific. Despite a defect in basal, active cation trans-
port, the insulin-mediated increase in NaK-ATPase activity

remains unimpaired while Na, K co-transport rates are mark-
edly depressed in both adipocytes and skeletal muscle. Circu-
lating factors, as well as chronic cellular adaptations to the
uremic state, both may play a role in the pathophysiology of
ion transport defects in CRF.

Acknowledgments

Wewould like to thank Georgia Karapanos, Cyndy Perzanowski, and
Cassandra Laski for their expert technical assistance, and Paula
McColgan for her superb editorial work.

This work was supported by a grant from the Max Kade Founda-
tion to W. Druml, a Clinician-Scientist Award from the American
Heart Association to R. A. Kelly, and by grants AM-37175 and
HL-19259-09 from National Institutes of Health.

References

1. Welt, L. G., J. R. Sachs, and T. J. McManus. 1964. An ion
transport defect in erythrocytes from uremic patients. Trans. Assoc.
Am. Phys. 77:169-181.

2. Welt, L. G., E. K. M. Smith, M. J. Dunn, A. Czerwinski, H.
Proctor, C. Cole, J. W. Balfe, and H. J. Gitelman. 1967. Membrane
transport defect: the sick cell. Trans. Assoc. Am. Phys. 80:217-226.

3. Swaminathan, R., G. Clegg, M. Cumberbatch, Z. Zareian, and F.
McKenna. 1982. Erythrocyte sodium transport in chronic renal fail-
ure. Clin. Sci. 62:489-494.

4. Corry, D. B., M. L. Tuck, A. S. Brickmann, N. Yanagawa, and
D. B. N. Lee. 1986. Sodium transport in red blood cells from dialyzed
uremic patients. Kidney Int. 29:1197-1202.

5. Cheng, J.-T., T. Kahn, and D. M. Kaji. 1984. Mechanism of
alteration of sodium potassium pump of erythrocytes from patients
with chronic renal failure. J. Clin. Invest. 74:1811-1820.

6. Izumo, H., S. Izumo, M. DeLuise, and J. S. Flier. 1984. Erythro-
cyte Na, K pump in uremia. J. Clin. Invest. 74:581-588.

7. Villamil, M. F., V. Rettori, and C. R. Kleeman. 1968. Sodium
transport by red blood cells in uremia. J. Lab. Clin. Med. 72:308-317.

8. Cole, C. H., J. W. Balfe, and L. G. Welt. 1968. Induction of a
ouabain-sensitive ATPase defect by uremic plasma. Trans. Assoc. Am.
Phys. 81:213-220.

9. Edmonson, P. S., P. J. Hilton, N. F. Jones, J. Patrick, and R. D.
Thomas. 1975. Leukocyte sodium transport in uremia. Clin. Sci.
49:213-216.

10. Fraser, C. L., P. Sarnacki, and A. I. Arieff. 1985. Abnormal
sodium transport in synaptosomes from brains of uremic rats. J. Clin.
Invest. 75:2014-2023.

11. Minkoff, L., G. Gaertner, D. Manoochehr, C. Mercier, and
M. L. Levin. 1972. Inhibition of brain sodium-potassium ATPase in
uremic rats. J. Lab. Clin. Med. 80:71-78.

12. Penpargkul, S., A. K. Bhan, and J. Scheuer. 1976. Studies of
subcellular control factors in hearts of uremic rats. J. Lab. Clin. Med.
88:563-570.

13. Cotton, J. R., T. Woodward, N. W. Carter, and J. P. Knochel.
1979. Resting skeletal muscle membrane potential as an index of ure-
mic toxicity. J. Clin. Invest. 63:501-506.

14. Westervelt, F. B. 1970. Uremia and the insulin response. Arch.
Intern. Med. 126:865-871.

15. Alvestrand, A., J. Wahren, D. Smith, and R. A. DeFronzo.
1984. Insulin-mediated potassium uptake is normal in uremic and
healthy subjects. Am. J. Physiol. 246:E 174-E 180.

16. Lytton, J. 1985. Insulin affects the sodium affinity of the rat
adipocyte (Na,K)ATPase. J. Biol. Chem. 260:10075-10080.

17. Rosic, N. K., M. L. Standaert, and R. J. Pollet. 1985. The
mechanism of insulin stimulation of (Na+, K+)-ATPase transport ac-
tivity in muscle. J. Bio. Chem. 260:6206-6212.

18. May, R. C., R. A. Kelly, and W. E. Mitch. 1987. Mechanisms

1202 W. Druml, R. A. Kelly, R. C. May, and W. E. Mitch



for defects in muscle protein metabolism in rats with chronic uremia.
J. Clin. Invest. 79:1099-1103.

19. Rodbell, J. J. 1964. Metabolism of isolated fat cells. J. Bio.
Chem. 239:375-380.

20. Honnor, R. C., G. S. Dhillon, and C. Londos. 1985. cAMP-de-
pendent protein kinase and lipolysis in rat adipocytes. J. Bio. Chem.
260:15122-15129.

21. Resh, M. D. 1982. Quantitation and characterization of the
(Na-K) adensone triphosphatase in rat adipocyte plasma membrane. J.
Bio. Chem. 257:11946-11952.

22. Gliemann, J., K. Oesterlind, J. Vinten, and S. Gammeltoft.
1972. A procedure for measurement of distribution spaces in isolated
fat cells. Biochim. Biophys. Acta. 289:1-9.

23. McCaleb, M. L., R. Mevorach, R. B. Freeman, M. S. Izzo, and
D. H. Lockwood. 1984. Induction of insulin resistance in normal
adipose tissue by uremic human serum. Kidney Int. 25:416-421.

24. Shotwell, M. A., M. S. Kilberg, and D. L. Oxender. 1983. The
regulation of neutral amino acid transport in mammalian cells. Bio-
chim. Biophys. Acta. 737:267-284.

25. Grunfeld, C., and D. S. Jones. 1983. Insulin-stimulated meth-
ylaminoisobutyric acid uptake in 3T3-Ll fibroblasts and fat cells. En-
docrinology. 113:1763-1770.

26. Clausen, T., and 0. Hansen. 1977. Active Na-K transport and
the rate of ouabain binding. The effect of insulin and other stimuli on
skeletal muscle and adipocytes. J. Physiol. 270:415-430.

27. Kjeldsen, K., A. Norgaard, and T. Clausen. 1984. The age
dependent changes in the number of 3H-ouabain binding sites in
mammalian skeletal muscle. Pfluegers Arch. Eur. J. Physiol. 402: 100-
108.

28. Clausen, T. 1986. Regulation of active Na+-K+ transport in
skeletal muscle. Physiol. Rev. 66:542-580.

29. Kjeldsen, K. 1986. Complete quantification of the total con-
centrations of rat skeletal muscle Na+-K+-dependent ATPase by mea-
surements of [3H]ouabain binding. Biochem. J. 240:725-730.

30. Tsuchiya, H., T. Hayashi, M. Sato, M. Tatsumi, and W. Ta-
kagi. 1984. Simultaneous separation and sensitive determination of
free fatty acids in blood plasma by high performance liquid chromatog-
raphy. J. Chromatogr. 309:43-52.

31. Kelly, R. A., D. S. O'Hara, W. E. Mitch, and T. W. Smith.
1986. Identification of NaK-ATPase inhibitors in human plasma as
non-esterified fatty acids and lysophospholipids. J. Bio. Chem.
261:11704-11711.

32. Kaluzny, M. A., L. A. Duncan, M. V. Merrit, and D. E. Epps.
1985. Rapid separation of lipid phases in high yield and purity using
bonded phase columns. J. Lipid Res. 26:135-140.

33. Kelly, R. A., D. S. O'Hara, and V. Kelley. 1987. HPLCsepara-
tion of femtomolar quantities of endogenous carboxylic acids, includ-

ing arachidonic acid metabolites, as 4-bromomethyl, 7-acetoxycou-
marin derivaties. J. Chromatogr. 416:247-254.

34. Marks, M. J., and N. W. Seeds. 1978. A heterogenous ouabain-
ATPase interaction in mouse brain. Life Sci. 23:2735-2744.

35. Sweadner, K. J. 1979. Two molecular forms of (Na+, K') stim-
ulated ATPase interaction in mouse brain. Life Sci. 23:2735-2744.

36. Sweadner, K. J., and R. C. Gilkeson. 1985. Two isoenzymes of
the Na, K-ATPase have distinct antigenic determinants. J. Biol. Chem.
260:9016-9022.

37. Zannad, F., R. J. Royes, M. Kessler, B. Huriet, and J. Robert.
1982. Cation transport in erythrocytes of patients with renal failure.
Nephron. 32:347-350.

38. Hentschel, W. M., L. L. Wu, G. 0. Tobin, H. B. Anstall, J. B.
Smith, R. R. Williams, and K. 0. Ash. 1986. Erythrocyte cation trans-
port activities as a function of cell age. Clin. Chim. Acta. 157:22-44.

39. Trevisan, M., N. DeSanto, M. Laurenzi, M. DiMuro, F. De-
Chiara, M. Latte, A. Franzese, R. lacone, G. Capodicasa, and C. Gior-
dano. 1986. Intracellular ion metabolism in erythrocytes and uremia:
the effect of different dialysis treatments. Clin. Sci. 71:545-552.

40. Duhm, J., and B. 0. Gobel. 1984. Role of the furosemide-sen-
sitive Na+/K+ transport system in determining the steady state Na+
and K' content and volume of human erythrocyte in vitro and in vivo.
Membr. Bio. 77:243-254.

41. Korff, J. M., A. W. Siebens, A. W., and J. R. Gill. 1984.
Correction of hypokalemia corrects the abnormality in erythrocyte
sodium transport in Bartter's syndrome. J. Clin. Invest. 74:1724-1729.

42. Apell, H.-J., and M. M. Marcus. 1986. (Na+, K+)-ATPase in
artificial lipid vesicles: influence of the concentration of mono- and
divalent cations in the pump rate. Biochim. Biophys. Acta. 862:254-
264.

43. Kaji, D. M., R. Goodman, and T. Kahn. 1987. Vanadate-like
inhibition of Na-K pump in uremic erythrocytes. Kidney Int. 31 :387A.
(Abstr.)

44. Lim, V. S., C. Meuriguez, H. Seo, S. Refetoff, and E. Marhiho.
1980. Thyroid function in a uremic rat model. J. Clin. Invest. 66:946-
954.

45. Emmanouel, D. S., M. D. Lindheimer, and A. I. Katz, 1981.
Pathogenesis of endocrine abnormalities in uremia. Semin. Nephrol.
1:151-162.

46. Kjeldsen, J., A. Noergaard, C. 0. Goetzsche, A. Thomassen,
and T. Clausen. 1984. Effect of thyroid function on number of Na-K
pumps in heart and skeletal muscle. Lancet. ii:8-10.

47. Mujais, S. K., M. A. Chekal, W. S. Jones, J. P. Hayslett, and
A. I. Katz. 1984. Regulation of renal Na-K-ATPase in the rat: role of
natural mineralo- and glucocorticoid hormones. J. Clin. Invest.
73:13-19.

48. Kaji, D., and T. Kahn. 1987. Na+-K+ pump in chronic renal
failure. Am. J. Physiol. 252:F785-F793.

Mechanisms for Defective Cation Transport in Uremia 1203


