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Reports by Welt et al. (1, 2) have indi- 
cated that there is a population of severely 
uremic patients (BUN > 100 mg/100 ml) 
whose erythrocytes have a high sodium con- 
tent accompanied by a decrease in erythro- 
cyte potassium influx and sodium outflux rate 
constants and ouabain-sensitive ATPase ac- 
tivi ty. Chronic hemodialysis of several such 
patients has been followed by a reversal of 
these defects ( 2 ) .  The alterations of mem- 
brane ATPase may be induced in normal 
cells by incubation in uremic plasma (3) ;  
however, Villamil et al. (4) could not induce 
any abnormalities of flux in red blood cells 
exposed to uremic plasma. Other workers 
have suggested that some monosubstituted 
guanidines are responsible for increased in 
vitro hemolysis of normal red blood cells (5) 
and for the production of uremic symptoms 
in dogs (6, 7) .  Horowitz and co-workers have 
found increased levels of guanidinosuccinic 
acid (GSA) in uremic plasma (8) and have 
noted an inhibitory in vitro effect of  GSA on 
platelet factor I11 (9) .  Carr and Schloerb 
(10) have shown a tenfold increase in plasma 
methylguanidine (MGUA) in dogs, anuric 
for 4 days. Because of these studies, we tested 
the effect of GSA and MGUA on erythrocyte 
cation transport . 

Methods. Solutions. The incubation solu- 
tions consisted of NaCl, 140 mM; KCI, 5 
mill; sodium phosphate, 1.2 mM; CaCl?, 1.5 
mM; glycyl-glycine RlgCOs buffer 54 mM 
and 10 mM respectively; glucose, 20 mM, 
bovine albumin, 100 mg/100 ml; adenine, 3 
m M ;  and inosine, 10 mM. The proper 
amounts of guanidinosuccinic (GSA) and 
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methylguanidine-HC1 (MGUA) were added 
as water concentrates. Distilled water was 
added to the incubation medium to bring the 
osmolarity of all solutions to 295 t_ 5 mOsm. 
The final pH was 7.40 rfi 0.05. Bacterial 
contamination was avoided by either adding 
Keflin (sodium cephalothin, 20 pg/ml) to 
the solutions or by passing them through a 
Millipore membrane filter (0.45 p )  into ster- 
ilized flasks. 

Incubation, Flux, and Cation Determina- 
tions. Fresh, heparinized human blood was 
incubated either directly or after triple wash- 
ing with isosmotic MgCI2. Enough red blood 
cells were added to the incubation medium to 
yield a hematwrit of 10-15% in 50 ml of 
suspension. Unless otherwise specified, all red 
blood cell samples were maintained in a 
water-bath shaker at  37" for 40 hr. After the 
incubation, the intracellular cation measure- 
ments and the sodium 22 transport experi- 
ments were carried out according to methods 
outlined previously (11, 1 2 ) .  In order to 
minimize changes of pH and osmolarity, the 
supernatant solutions were removed after 24 
hr, by decanting or by sterile withdrawal 
with needle and syringe, and were replaced 
with fresh solution. The pH decreased to 7.25 
-+ 0.05 (SEM) after 24 hr and again after 
48 hr. Blood agar cultures of samples taken 
at  48 hr showed no significant bacterial 
growth. 

Results. Since the transport defect of ure- 
mic red blood cells is accompanied by an 
elevated sodigm concentration (Na,) and 
possibly by a diminished potassium concen- 
tration (K,), we used Na, and K, as a 
screening test to assess the potential cytotox- 
icity of GSA and MGUA. Tables I and I1 
show the results for Na, and K,, respective- 
ly, in 7 incubation experiments. No differ- 
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TABLE I. The Effect of MGUA and GSA on Red Blood Cell Sodium (Na,). 

Na, sf ter 48 hr incubation Guanidine 
compounds 

Zero time Na, Control MGUA GSA conc (mM) 

7.9 
9.9 
9.9 
8.6 
8.5 
7.3 
8.5 

Mean SEM 
8.6 k 0.4 

Pa 

9.4 
7.7 
7.7 
5.6 
5.4 
7.4 
5.4 

7.0 2 0.6 

8.9 
7.4 
9.2 
5.5 
5.1 
5.0 
5.4 

6.6 +_ 0.7 
.9 < .8 

8.8 
7.1 
7.5 
5.5 
5.4 
5.3 
4.9 

6.3 f 0.6 
.7 < .6 

0.3 
0.3 
0.3 
0.6 
1.0 
2.0 
3.0 

Nonpaired t test, MGUA and GSA vs control after 48 hr. 

ences were demonstrated between control 
cells and cells exposed to the guanidine de- 
rivatives. In a single experiment, cells were 
incubated with combinations of the guanidine 
compounds and urea (147 mg/lOO ml; 25 
m M )  and/or creatinine (20.3 mg/100 ml; 
1.8 mM) ; however, no alterations of cation 
content were found. 

Bidirectional tracer fluxes (sodium 2 2 )  
were done to eliminate the possibility that 
the guanidines might inhibit a transport pro- 
cess which does not contribute to net flux and 
hence would not be identified with determi- 
nations of Na, and K,. Table I11 shows 
these data. No significant inhibition could be 
demonstrated for either the ouabain-inhibited 
or the furosemide-inhibited fractions of sod- 
um outflux. Figure 1 depicts a typical outflux 

experiment after 48 hr exposure of normal 
cells to GSA or MGUA. The slope of the 
lines defines the outflux rate constants 
O K x h ; , ) ;  and as shown, there were no appre- 
ciable differences among the 3 groups. 

I n  addition two influx studies were done. 
Figure 2 shows one of these experiments after 
48 hr exposure at  37" to MGUA and GSA. 
Another influx was done after 9 days ex- 
posure at  3". Influx rate constants were simi- 
lar for the 3 groups of cells in both experi- 
ments. 

Discussion. Several laboratories have re- 
ported that a small population of uremic pa- 
tients have an erythrocyte transport defect 
for sodium (2, 4) and potassium ( 1). These 
selected patients have a high Na,, depressed 
sodium outflux rate constants and membrane 

TABLE 11. The Effect of MGUA and GSA on Red Blood Cell Potassium (Kc).  

K, af te r  48 h r  incubation Guanidine 
compounds 

Zero time K, Control MGUA GSA cone (mM) 

95.3 
108.1 
108.1 

96.7 
97.9 
92.0 
97.9 

Mean 3- SEM 
99.4 L- 2.4 

P" 

74.3 
93.0 
93.0 
84.3 
96.4 
87.8 
96.4 

89.3 +_ 3.0 

73.2 
93.3 
90.4 
88.5 
95.5 
89.4 
94.5 

89.3 2 2.4 

< -9 

68.5 
92.0 
94.7 

94.6 
88.8 
94.7 

88.4 

88.8 & 3.5 

< -9 

0.3 
0.3 
0.3 
0.6 
1.0 
2.0 
3.0 

a Nonpaired t test, MGUA and GSA vs control after 48 hr. 
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TABLE 111. Effects of MGUA and GSA on Sodium Outflux. 
~ ~~~ 

Control MGUA" GSA" 

Flux no. Na, Aoksal AOkSall Na, A O ~ N ~ '  A o k ~ a l l  Na, Ao7cNa1 A O ~ N ~ "  

1 11.3 0.260 0.008 10.8 0.202 0.010 10.4 0.206 0.009 
7.7 0.300 0.058 7.5 0.292 0.065 7.4 0.274 0.057 2 

3 59.0 0.154 0.030 59.8 0.150 0.028 58.9 0.159 0.022 
8.0 0.213 0.074 6.8 0.249 0.064 6.9 0.229 0.083 4 

P o  .7 < .6 .5 < .4 

a Guanidine concentrations were 0.3, 0.6, 0.3, and 2.0 m M  for fluxes 1-4. All incubations were 

AokNal and AokNalI represent the decrement in the outflux rate constant produced by ouabain 

Paired t test comparing control to MGUA- and GSA-treated cells. 

48 hr  at 37" except flux 3 which was a 9 day incubation at 3". 

and by furosemide (in the presence of ouabain), respectively. 

* Control 
.'OO t A Methylguanidine 
inn I 

0 Guanidinosuccinic acid 

I I 

0 .33 .66 I .o 

FIG. 1. This depicts a typical outflux study. The 
ordinate, - In [ l  - (Na,*/Na,*) I ,  represents the cu- 
mulative appearance of "'Na into the extracellular 
media. The specific values for the effects of ouabain 
and ouzbain + furosemide on the outflux rate con- 
stan.& are showii in Table 111, flux 2 .  I t  is apparent 
that MGUA and GSA had no effect on these frac- 
tions of outflux. 

TIME (Hours) 

ATPase, and normal or high cellular ATP 
( 1 ) .  The alterations appear to be slowly re- 
versible with effective dialytic therapy ( 2 ) .  
The other im?ortant observations, which laid 
the groundwork for the present study, were 
the investigations of Horowitz and co-workers 
(8, 9). These investigators have measured 
elevated levels of GSA (0.05 to 0.31 mM) in 

the blood of uremic patients (8) and have 
induced the "uremic type" of platelet factor 
I11 defect with GSA in vitro (8, 9 ) .  Loner- 
gan et aZ. (13) have reproduced partially the 
uremic defect of erythrocyte transketolase ac- 
tivity by exposing normal cells to GSA. 
Giovanetti et a?. have reported that several 
guanidine derivatives increase in vitro au- 
tohemolysis of human erythrocytes ( 5 )  and 
cause uremic symptoms in dogs (6 ) .  Howev- 
er Smith and Welt (14) found recently that 
incubation of healthy red blood cells with 
several guanidine compounds (GSA and 
MGUA were not tested) did not affect sodi- 
um outflux. Althmgh Carr and Schloerb (10) 
have found elevated plasma levels of MGUA 

.I2 k" (I- @) 
f 
kNa 

,* .0172 

* Control 
A Methylguanidine 

.02t rn hnnitiinnwccinic acid 

TIME (Hours) 

FIG. 2 .  This shows a representative influx. The 
ordinate, - In [l - (Na,*/Na,*)l, defines the cu- 
mulative appearance of ""a into the cells (corrected 
for simultaneous loss of tracer due to outflux). 
MGUA and GSA had no appreciable influence on 
sodium influx. 
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in anuric dogs, Stein et a2. (15) were unable 
to find any detectable increase in MGUA in 
the blood from 6 of 7 uremic patients even 
though urinary excretion of MGUA was in- 
creased in the uremic group. Wardle (16) 
has reported recently that many possible tox- 
ins of uremia have diverse effects on red 
blood cell enzymes, fragility, and metabo- 
lism. Guanidine, in concentrations of 50 
mg/100 ml (uremic dogs have levels of 0.038 
2 0.024 mg/100 ml) was reported to in- 
crease potassium influx (16), contrary to pre- 
vious work showing diminished potassium 
influx in uremic patients (1). 

The present experiments diminish the 
likelihood that GSA and MGUA are impor- 
tant determinants of erythrocyte cation 
transport in uremic patients. The major limi- 
tations of our work are the length of incu- 
bation and the unknown synergistic role of 
other compounds besides MGUA and GSA. 
Since uremia in chronic renal failure develops 
slowly, it is possible that guanidines exert a 
deleterious effect on red blood cells over a 
period of weeks rather than days. Also our in 
vitro experimznts simulate imperfectly the 
complex chemical environment of uremic 
plasma. The studies cited previously (5, 8, 9, 
‘13), which have shown some cytotoxic 
effects of GSA in vitro, used concentrations 
in the range of 0.005 to 0.9 mlM and incu- 
bation times no longer than 48 hr. We at- 
tempted to circumvent partially the limita- 
tions of the 48 hr incubation by using con- 
centrations of GSA (up to 3.0 mM) substan- 
tially in excess of the highest recorded value 
in uremic blood (0.31 mM GSA) (8) .  I n  
addition, our single 9 day incubation (Table 
ITI), which demonstrated no effects of GSA 
and MGUA, makes less likely the possibility 
of positive results with longer incubations. I t  
might also be anticipated that if GSA alters 
red blood cell Na transport in vivo the defect 
of transport would appear more constantly 
since the elevations of plasma GSA are a 
predictable result of decreased renal func- 
tion. 

Summary. Cellular abnormalities observed 
in uremic patients, have been ascribed to 
toxins, hormones, or malnutrition. Guanidine 
derivatives, which accumulate in uremia, pos- 
sess some toxic properties for platelets and 

erythrocytes. Accordingly in vitro effects of 
several guanidine compounds on cation trans- 
port in human erythrocytes were studied. 
Guanidinosuccinic acid (G,SA) and 
methylguanidine (MGUA) , in varying con- 
centrations were incubated with normal hu- 
man red blood cells. After incubations of 48 
hr, the sodium and potassium content of 
erythrocytes exposed to these compounds did 
not differ from control cells. Sodium outflux 
and influx rate constants, determined with 
sodium 22, w a e  unaffected by GSA and 
MGUA. We conclude that, under the condi- 
tions of these experiments, GSA and MGUA 
did not alter the steady state intracellular 
sodium and potassium content or the bidirec- 
tional sodium fluxes of human erythrocytes. 
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