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Abstract-The protein binding of diazepam and digitoxin in serum from uremic patients has been studied by 
equilibrium dialysis and compared to that in normal serum. Comparisons have also been made with isolated 
human serum albumin (HSA) from uremic and normal individuals. Diazepam and digitoxin are bound to 
different sites on HSA. Their binding was impaired in the serum from the patients when compared to that in 
the normal serum owing to decreased affinity constants for the binding to the primary sites on albumin. In the 
uremic serum the number of binding sites for diazepam is increased compared with the number in normal 
serum and HSA. For digitoxin the number of binding sites is larger both in the normal and the patient serum 
than that obtained with HSA. The fact that apparently an increased number of binding sites is made use of, is 
probably due to the presence of substances which inhibit the bindine, to the nrimarv sites. The bindine of the 
drugs was improved after ch~coai-treatment of the uremic aibu&r at pH 3.0. _ 

The decreased protein binding of many drugs in uremic 
patients is well established [ l-41. The decreased bind- 
ing is primarily unrelated to the low serum albumin 
concentrations often seen in these patients, but is essen- 
tially due to the presence of endogenous substances 
which inhibit the binding of the drugs to albumin [ 1,21. 
Also, in normal serum the binding of drugs is to some 
extent inhibited by endogenous substances though the 
effects are less pronounced than in uremia [ 11. 

Also in liver diseases inhibiting substances are fre- 
quently present in blood, resulting in decreased drug- 
binding capacity. However, it has recently been shown 
that the decreased binding is not a phenomenon experi- 
enced with all protein-bound drugs, but apparently a 
differentiated effect on specific bind~g sites of the 
serum albumin 151. Thus, the binding of diazepam is 
decreased as compared with that in normal serum, 
while the binding of warfarin is unaffected in liver 
cirrhosis. These results suggest that there are specific 
inhibitors present in sera from patients with liver cir- 
rhosis and that diseases might influence the binding of 
various drugs in different ways. 

Albumin is the principal binding protein for many 
drugs in serum, and at least three different specific drug- 
binding sites are recognized on the molecule 16-81. It 
has been shown that warfarin, diazepam and digitoxin. 
three drugs which are highly protein-bound. bind to 
different sites on the albumin molecule. It has also been 
shown that the binding of warfarin in uremic serum is 
inhibited, owing to a decreased afhnity constant, K,, 
of the drug-albumin complex. The decreased binding of 
diazepam has been established by ultracentrifuga- 

* To whom correspondence should be addressed. 

tion [ 91 and qualitatively by circular dichroism [ 1 I. 
The purpose of the present investigation was to study in 
more detail the influence of uremia on the binding of 
diazepam and digitoxin, representing drugs that are 
bound to other sites on albumin than warfarin. 

MATERIALS AND METHODS 

Patient material. Ten patients with uremia took part 
in the study after informed consent. Clinical data and 
drug treatment are given in Table 1. The patients were 
treated at the Renal Unit, Dept. of Internal Medicine, 
Karolinska Hospital, Stockholm, Sweden. As far as 
possible such patients were selected who were not 
treated with drugs known to act as ~hibitors of drug 
protein binding. Some of them were treated with digi- 
toxin. However, the therapeutic serum concentration is 
only 10-50 nmole/l and will thus not interfere in the in 
vitro studies. 

Serum. Serum samples were collected and stored 
frozen at -20’. After analysis, the sera were pooled to 
give two serum pools; from one pool albumin was 
separated, while the other was used for the serum 
binding studies. Serum was also collected from 10 
drug-free healthy volunteers, to give a serum pool for 
reference purposes. 

Human serum albumin. HSA was prepared from 
normal and uremic serum as described earlier [ 11. 
Some of the albumin was treated with activated char- 
coal at pH 3.0 according to Chen [ 101. 

Drugs. [ 14C1Diazepam (59.4 mCi/m-mole) was syn- 
thesized and analyzed as described earlier 151. 
[ “HlDigitoxin (7.4 Ci/m-mole) was purchased from 
the Radiochemic~ Centre, Amersham, and purified as 
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described i 61. The corresponding unlabelled drugs 
were added to the isotope solutions to achieve suitable 
drug concentrations. Unlabelled drugs were obtained as 
gifts from the manufacturers. 

Equilibrium dialysis. Serum protein binding was 
determined at 37’ as described earlier 1 Il. The time 
used for equilibration was 5 hr for diazepam and 10 hr 
for digitoxin. The drugs were dissolved in ethanol and 
suitable amounts were dispensed into glass tubes. The 
ethanol was then evaporated and serum was added. 
Controls showed that the drugs redissolved completely 
in the serum. Serum albumin concentration was deter- 
mined by immunochemical quantitation according to 
Mancini et al. [ 111 using M-Partiger? plates (Hoechst 
Behringwerke AC). The determinations were made at 
the end of the dialysis. 

ee~~ltration. Serum was fractionated by gel~l~ation 
on a Sephadex G-200 column (2.5 x 100 cm) in an 
isotonic 0.02 M sodium phosphate buffer, pH 7.4. The 
protein content of the fractions was analyzed by poly- 
acrylamide-gel electrophoresis [ 121, at pH 8.3. The 
gels were stained by Coomassie Brilliant Blue [ 131. 
Selected fractions were pooled and concentrated in a 
Diaflo” apparatus. 

~at~emati~a~ analysis. The serum protein binding 
data were analyzed in the same way as described ear- 
lier Ill. K,, the apparent association constant, ob- 
tained with the different samples, was determined from 
the Scatchard equation [ 141, 

-&=n.Kwp-r.K,,,,P (1) 

In this equation r = moles of bound drug/mole of 
albumin, [Dl = the concentration of unbound drug and 
n = the number of sites on albumin. 

The possible effects of inhibitors present in the sam- 
ples can be studied in diluted samples, as earlier ad- 
vanced Ill, by the following equation: 

Kwp=K:-Kw. C,, . I,. K, (2) 
C,, is the fractional concentration of the serum in the 
different diluted samples and 1, the initial unbound 
concentration of the inhibitor in the serum. When K,, 
is plotted against K_ s C,,, a straight line is obtained 
when the binding is competitively inhibited, and K 2, 
characterizing the particular drug-protein equilibrium, 
can be obtained from the intercept on the y-axis. The 
slope of the line (-& . K,) will be characteristic for the 
particular inhibitor-serum system. Linear regression 
analysis was used to characterize linear relationships. 
The values on the x-axis were then used as the independ- 
ent and the values on the y-axis as the dependent 
variables. 

RESULTS 

Equilibrium dialysis studies. The percentual serum 
protein binding at the lowest drug concentrations used 
are given in Table 2. where the values refer to the 
binding in undiluted serum. The binding of both diaze- 
pam and digitoxin was decreased in the uremic serum 
compared to the situation in normal serum. The Scat- 
chard plots for both diazepam and digitoxin (Figs. l-3) 
show that the decreased binding of the drugs is primar- 
ily due to a decreased binding a.tIinity. 

The Scatchard plots obtained in the biding of diaze- 
patn with HSA and normal serum, respectively, shown 
in Fig. 1, give intercepts on the r-axis close to r = 1. 

Table 2. Serum protein binding in per cent of total drug 
concentration 

Serum 

Normal 
Uremic 

Diazepam Digitoxin Serum Albumin 
0.01 mM 0.005 mM mg/ml 

98.8 95.7 39.6 
95.3 93.4 33.3 

- 

These results indicate that diazepam (under the condi- 
tions used) has one primary binding site on HSA, and 
also that albumin is the primary proteinresponsible for 
the binding in normal serum. In uremic serum, the 
binding afEnity is markedly decreased as is seen from 
the lower intercepts on the r/D axis and the lower lu,,, 
values obtained. Moreover, the intercept on the r-axis is 
increased. 

Figure 2 shows the Scatchard plots for the binding of 
digitoxin in normal serum and to isolated HSA, and 
Fig. 3 shows the binding in uremic serum. With isolated 
charcoal-treated albumin, the n-value was close to 1 
(Fig. 2). while both in normal and uremic undiluted 
serum the n-values were significantly higher. The bind- 
ing a%nity was decreased in the uremic serum when 
compared to that in normal serum. The values obtained 
from the plots are summarized in Table 3. Values 
obtained with albumin isolated from uremic serum are 

I I I 

JE 
? 
0 
2 
‘1E 

Fig. I. Scatchard plots of the binding of diazepam to 
normal serum (0 -0 undituted, A -A diluted 1 + 1. 
c;A diluted 1 + 4,o - 0 diluted I + 9). uremic 
serum (u undiluted. A---A diluted 1 + 1, 
n r diluted 1 + 4, + -- + diluted 1 + 9) and charcoal 
treated HSA (+ -+) studied by equilibrium dialysis. The 
sera were diluted with an isotonic phosphate buffer, pH 7.4. 
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Fig. 2. Scatchard plots of the binding of digitoxin to normal serum (O----O undifuted, A---A diluted 
I t 1. i ;&--Li diluted f + 4-0 __ 0 diluted 1 + 9) and to cbarcoai-treated HSA i+ -+) studied by 

equ~Iibrium dialysis. The sera were diluted with an isotonic phosphate buffer, pH 7.4. 

Fig. 3. Scatchard plots of the binding of digitoxin to uremic serum (W------O ~diluted, A- A diluted 
I -I- LB -mdiluted 1 -+ 4.0 ---0 diluted I + 9) studied by equilibrium dialysis. The sera were diluted 

with an isotonic phosphate buffer. pH 7.4. 

also included in Table 3. Compared to normal HSA the 
binding to the albumin from the uremic patients was 
decreased but was improved on charcoal treatment at 
pH 3.0. 

The binding of the two drugs was also studied at 
various dilutions in buffer of uremic and normal sera 
(Figs. l-3). The effects of the Donnan equilibrium are 
small and will not significantly influence the results [ 1 I. 

The intercept on the r/D axis (n < K,,) increased with 
increasing dilution of serum for the two drugs in both 
normal and uremic serum. 

With diazepam the r-intercept was close to 2 in 
undiluted uremic serum, but decreased with diIution 
(Fig. 1). Since n was not constant, a closer investigation 
of the mechanisms responsible for the inhibition ac- 
cording to the procedure described under “Methods” 

Table 3. Protein binding data obtained from Scatchard plots 

Normal serum pool 
Uremic serum pool 
Charcoal-treated HSA 

from normal serum 
Untreated HSA from 

uremic serum 
Charcoal-treated HSA 

from uremic serum 

Diazepam Di&OXil3 

n x Kpp R 
M.-Z x”?O-5 

8 x -Kapp R 

M-’ x 1O-s n M-’ x IO+ n M-r xspp~0-J 

1.4 1.1 1.3 3.8 1.7 2.2 
0.4 1.8 0.2 3.0 2.1 I.5 

2.2 1.0 2. I 10.8 1.1 10.0 

1.0 0.8 1.4 6.9 1.4 5.1 

1.5 0.8 1.8 8.0 0.9 8.5 
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by Plot-W Kapp vs Kapp Y C,, was not possible. Such an 
analysis could however be performed with normal 
serum as shown in Fig. 4. The experimental points fall 
on a straight line with slope Ki Y I,, (equation 2). The 
intercept on the y-axis yields K E, which coincided with 
the values obtained with charcoal-treated HSA. 

IO 

I I 
0.5 

1 
IO 

K opp x c,, x D5 

Fig. 4. Graph of Kapp vs Kapp.Cse for diazepam in normal 
serum (0 -C ). K, value for the binding of diazepam to 

charcoal-treated HSA ( ). 

The number of binding sites involved in the binding 
of digitoxin cannot apparently be limited to the primary 
site on HSA. In normal undiluted serum the r-intercept 
was close to 2, and in uremic serum it was even higher. 
In a search for proteins other than albumin capable of 
binding digitoxin in serum, the components of normal 
serum were fractionated on Sephadex G-200. As is well 
documented in other studies, such a gel filtration sepa- 
rates the serum proteins into three fractions. The first 
and third fractions showed significant binding of digi- 
toxin in equilibrium dialysis. The third fraction con- 
taining La. albumin bound digitoxin with an affinity 
constant of 1 x lo5 M’ (Table 3). The first fraction 
contains large proteins e.g. p-lipoproteins. After con- 
centration of this fraction to 1.5 mg protein/ml (about 
half the normal serum concentration) the binding of 
digitoxin was 20 per cent. In this solution no traces of 
albumin were found by quantitative immunochemical 
analysis and polyacrylamide-gel electrophoresis. A de- 
termination of the binding affinity using a Rosenthal 
plot [ 15 1 gave the K,, value 1 x lo5 M-r for the bind- 
ing of digitoxin. 

DISCUSSION 

Uremia has in several studies been shown to have a 
profound effect on the protein binding of several drugs. 
In specific cases, the increased concentration of endoge- 
nous substances, which can be removed by charcoal 
treatment ofthe serum albumin [ 1, 21. inhibits the bind- 
ing by competitive and/or allosteric mechanisms as 
exemplified with salicylic acid and warfarin [ 11. At 
least three specific drug binding sites can be identified 
on HSA [6,81 and it has recently been shown that 
diazepam, digitoxin, and warfarin are suitable markers 
for these sites. They all show impaired binding in 
uremia [ 1,2, 16, 171. So far, no detailed quantitative 
studies have been undertaken with diazepam and 
digitoxin. 

The present work has unequivocally shown that the 
impaired binding of diazepam and digitoxin in uremia is 

due to a decreased binding atlinity to HSA, established 
by a decreased K,, Also in normal serum, the binding 
is hampered due to the presence of endogenous sub- 
stances when compared to the binding to purified, 
charcoal-treated HSA. However. the mechanisms re- 
sponsible for the decreased binding in uremia are more 
complex than those earlier proposed for salicylic acid 
and warfarin. Thus, a decreased affinity constant is 
accompanied by a change of the number of binding sites 
involved in the binding of both diazepam and digitoxin. 

At low concentrations (used in the present work), 
diazepam is exclusively bound to only one site on 
HSA [ 18. 19 1 and only this site seems to be effective in 
normal serum. The same situation is valid for digitoxin 
with respect to the binding to HSA 1201, while also 
other proteins seem to play a role in normal serum, 
since n-values between 1.2 and 1.7 are found in differ- 
ent dilutions of the normal serum. Both with diazepam 
and digitoxin the n-value increases in uremic serum. 
Thus, other sites on HSA or on other proteins are made 
use of when the primary binding sites are inhibited. 
Unfortunately, this means that the earlier advanced 
procedure for studying the inhibition mechanism is not 
applicable with these drugs in uremia. In any case, it has 
been shown by dilution of the sera and by treatment of 
the albumin with activated charcoal that the inhibition 
is reversible. 

At higher concentrations of diazepam, binding to 
secondary sites on HSA can be detected [ 181 and it is 
thus feasible to speculate that these may be effective in 
uremia when the primary site is inhibited. The effect of 
uremia on the binding of digitoxin is smaller than in the 
case of diazepam, which might explain the conflicting 
results presented by other authors 12, 16. 17, 2 1, 221. 
The n-value is significantly increased in uremic serum 
and other binding sites are involved to an increasing 
extent when the binding to HSA is inhibited. The high 
molecular weight fractions of the serum proteins were 
isolated by gelfiltration, and shown to have high affinity 
for digitoxin. The binding constant was about 
1 x lo5 M-’ and the binding capacity of this protein 
fraction was high enough to give a binding degree of 
about 20 per cent at the conditions described. Our 
findings agree with those of Brock [ 23 1, who identified 
a lipoprotein fraction with digitoxin-binding properties. 

The present study shows that the binding of both 
diazepam and digitoxin to their primary binding sites 
on HSA is inhibited by endogenous substances in 
uremia. Both diazepam and digitoxin are eliminated 
mainly by hepatic metabolism and are typical expo 
nents of the group of low clearance drugs, i.e., their total 
blood clearance represents a minor fraction of the liver 
blood flow, which is approximately 1.5 l./min 1241. For 
diazepam, total blood clearance averages 0.076 l./ 
mm 1251 and for digitoxin a plasma clearance of 
0.003 l./min has been reported 1261. For such drugs it 
can be theoretically predicted that the total plasma 
clearance will increase in direct proportion to the free 
drug fraction in plasma [ 24, 271. Furthermore it has 
been shown that for drugs which. in similarity to 
digitoxin and diazepam, are extensively tissue-local- 
ized, the apparent volume of distribution (V ) will 
increase in direct proportion to the fraction of free drug 
in plasma [ 241. Since plasma clearance is the product of 
V * /I, where /I is the overall elimination rate constant, 
it can be concluded that the increased free fraction 
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observed for diazepam and digitoxin in uremic plasma 
would theoretically lead to increased volume of distri- 
bution and increased plasma clearance, but essentially 
constant biological half-life [till = 0.693/flI.This 
would only be true, however, provided that intrinsic 
clearance of free drug in the liver and tissue binding are 
constant and not affected by the diseased state. Since 
data are lacking on these points the only recommenda- 
tion that can be made is that free rather than total 
plasma levels of diazepam and digitoxin should be 
measured in uremic patients in attempts to relate 
plasma levels and drug effects. 
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