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Abstract The protein binding of diazepam, indomethacim salicylic acid, sulfadimetoxine and warfarin 
in serum of uremic patients has been studied by equilibrium dialysis and circular dichroism measure- 
ments and compared with that in normal serum. Comparisons have also been made with isolated 
human serum albumin (HSA) from uremic patients and healthy individuals. The binding of diazepam, 
salicylic acid, sulfadimetoxine and warfarin is impaired in the uremic sera, while the binding of indo- 
methacin is apparently unchanged. The apparent binding constants of salicylic acid and warfarin in 
both uremic and normal sera are affected by dilution of the sera in buffer. The binding constants 
obtained with isolated albumins, however, are unaffected by dilution. The albumin isolated from uremic 
serum shows lower binding affinity for salicylic acid and warfarin than normal HSA, but the affinity 
was normalized by charcoal treatment at pH 3.0. It is shown that the binding both in normal and 
uremic sera is impaired compared with isolated dcfatted serum albumin due to the presence of competi- 
tive inhibitors. The inhibition is more pronounced in uremic serum. In addition, the binding to albumin 
in uremic scra is impaired by strongly bound allosteric inhibitors. It is also emphasized that determina- 
tions of association constants have to be related to the dilution of the serum, plasma or blood, respect- 
ivelv. 

Plasma from uremic patients has a decreased ability 
to bind certain drugs, which was first observed for 
some sulfa d rugs [ I , 2 ] .  Reidenberg and associ- 
a tes[3]  also observed a decreased binding of 
diphenylhydantoin in uremic plasma, the unbound 
fraction of the drug being strongly correlated to the 
levels of creatinine and blood urea nitrogen. They 
concluded that the lowered binding was not explained 
by low plasma albumin levels, since it occurred also 
m uremic patients with normal albumin levels. Subse- 
quently, a decreased binding in uremic plasma or 

Table 1. The binding of various 

serum has been demonstrated for several other drugs, 
most of which have the common feature that they 
are weak acids (cf Table 1 where some earlier findings 
as well as the results from the present study are in- 
cluded). It should be observed that the bases diaze- 
pam and dapsone, which are uncharged at pH 7.4, 
contain electronegative centres, which may promote 
the binding. 

Two hypothetical mechanisms are advanced to 
explain the observed phenomenon:  (I) The serum 
from the uremic patients contains abnormal albumin 

drugs in uremic plasma or serum 

Binding compared 
Drug pK* with normal serum 

Dapsone 1.0t" decreased or unchanged 
Desmethylimipramine 10. I q" unchanged 
Digitoxin neutral decreased 
Diphenylhydantoin 8.3 ,, 
Furoscmide + 3.7 ., 
Pcntobarbital 7.9 
Quinidine 4.3"1", 8.4f increased or unchanged 
Sullaisodimidine 7.5 decreased 
Sull;amethazine 6.9 ,, 
Sulfamoxole 7.2 .. 
Triamterene 6.(/+ 
Trm3clhoprinlc 7.3";" unchunged 
Diazcpam 3.3"i- decreased 
lndomcthacin 4.5 unchanged 
Salicylic acid 3.0 decreased 
Sulfadimethoxine 5.9 ,, 
Warfarin 5. I 

Reference 

[421 
[33 

[6, 7] 
[4,<8 123 

[13] 
[5] 

[4, 12] 
[2] 
[1] 
[2] 
F4] 

[14]  
This work 

[s] 

* Approximative pK,-wdues. 
t Basic compound. The pK .  is given for the corresponding acid, HB*. 

The study was made on plasma from blood drawn immediately after hemodialysis. 
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species, ( 2 ) l ' h c  a lbumin  in the uromic SOltin1 is nor-  
nml. bt l l  the b ind ing of ¢cr iain drugs lo th0 albl. imin 
i~ impa i rod  dtlc lo lh0 prcscnco of  one or MOI'L' inhi- 
b i l in7  :.lgOllI~. Tho i n h i N t i o n  nl;.i} bc oi thor compct i -  
l i \ C  t/ l" no i lC t )Ml '~Oi ,  i l i v o .  

Tla¢ ptirl~oso o [  the pr0~;cni invost igat ion wa~ to 
Mud\  the nlcchanisl l lS responsible for the iml-~aircd 
d l t ig  b ind ing  of t i rcMi¢ sci'tli11. B ind ing  propor t ios o f  
lhrcc drtlgS w i lh  d i l l t ren t  al t ini t ics for albt i r l lh l  \~.ci-c 
studied in paral lel  b \  two dif fcront tochnictucs, namol3 
cqcl i l ibr ium dia l )s is  and c i rcu lar  dichroisrl~ IllCIISI.II-C- 
IIlCllIS. Bil~ding exper iments wore l lndcl-takcn with dif- 
[Cl-Cll[ dih. l i ions o1 S,,_'l'Llnl in btl i ] 'L ' l ' ,  '{O : ' ; I l l d \  if the 
i inpa i rcd b ind in  7 is <._ltlC.' to i nh ib i io rs  or to changed 
piOl'~crlics of  Ihc a lhumin.  

%1%lH,i:1%1,,',4 , i , \ l )  'MI£111OI)~ 

.",crum. San]pies v,crc col lected on throe occasions. 
pooled and stored l'rozci~ unt i l  the cxpcr i lnents were 
uridcrt,:/kcn. Pools 1 A and I B wcro tlsed tbr cxper i -  

ments  on intacl sortinl, t-~.oo]~; 2 :\ and 2 I~ IOl d i lu t ion  
cXpCl-inl0nts ~hi l~ l  pool~ 3 A and 3 t-/ V, ClC ll<,c_'ct I - I  
lho propara t ion  of  a lbumin.  IA dc:ncHc,~ n~Hlllal ,,ciui/l 
pool~ and 13 uremic '-;¢1lilll pool~l. 

A l loge thc r  13 hcal lhv pcr~,on,~ ;int] I $ l l rcnl lc 
pal ion ls  par t ic ipatod in tl~,: <,tud~,. N ine o l  lhm t!lCil/ic 
l)al ionts \~,¢rc lroah.'d ~it lifo Rmmll I~il i l .  Dq~mlmmnl 
o [  ln lorna l  Modic in¢.  K:uol in,~ku tto~pit~il. St<~c_k- 
h o l m .  ~Cl-~i f ]onl 4 of tlac ui-cn~ic pal ic l / l ' ,  \tClm kh~cth 
suppl iud b~ l)r~..I. Borghlr{ inl ~lncI tt. \Vohlc. Sl. I l ik~ 
Hospi ta l .  Stockholm. The diagnosis. ,,crllnl t_lCtilhlinc 
\ah.ios and ph~.unlacolht:rap~ o[  tlac ]~ctlicnt~, ti i t '  ~ i \cn 
in Table  2 as ~cl] :is the ~,Cl/inl Cl-clitininc x:lttlc,, ,~1 
the pools. Most  urcnl ic  pzilicnts inchidcd in thi-~ 'qucl\ 
wcrc selected so ~l~ to : txoid i ,a l icnls I rcMcd \tHh 
di-tlgS ~hich Iul l i l l  lhc ciitcl-i: l o [  h; ixin 7 hiL_,h lhcr;i- 
pcut ic SOltill1 lcvc_'l~, and high bh~din~ to '-,el-tin1 clllm- 
rain. The l)ro.~cnc¢ c)l ~c111111 Ii-onl chic I~tlliCld l icti lccl 
\~ith ~t sl. i l l ]m;inlido prcpmutit>i l  in I~O<,1 2 I/ \\il'~ 
l h o u ' h t  to bo of l i l t lc  quni l iccmcc h+t ll/c ,+\cl:t[I 

r~/hlc 2. ( ' l inical data of the ulcmJc Diticnt'~ 

Sc_'I" t1111 
~crunl crcatinmu :llbunlhl 

~t_'l'tl nl Individtial Pool  Po~fl 
pool ~al tnc~, "~al tlC~ '~ al tlC.~ 

iltlnlI'~cl" PtllJcilI Diagnosis (nlg 100roll (rag I(iOml) (illg roll 
I )Iti~'-, 

Ig d~t\. or:tilt I 

2 B 

3 I~ 

K.tt. ( 'hronic pycloncphritis 2(i(I 

II.V. 
\ . S .  
B.R. 

B.(). 

< 

I S.R 

S.K. 
K.tt. 

Pol3c)slic kidnc}s 
('hroni¢ pycloncphritis 
( 'hro  him 
ghm~cruloncphrili~> 

113 pol3hlslic kidney 
Ncplarosclcrosis 

2., <̀ , 
3.2 

13.h 

,,\plastic k idn% 
H ydl'oncl-dm)sis 9.2 
Dyspl~tstic kidneys 12.6 
( ' l l ronic p}elonephrifi~ 9.(I 

I l .  Chronic 
I_.< glomcruloncphrili~, "> X 

R.S.*  ( 'hronic p) c],,mcphritis X.9 

0.9 

K.[.. ( 'hronic p_~ ckmcph rills; 6.6 g.4 

I I(. Ncphro'~clcrosis 
Hypcrlcnsion 6% 

l iP .*  Po[3 c)'qic kidnc) ~, I".0 
\ .L .  ( hrcmic ncphriti~ 2t).0 

\I.B.* ( ' h r o n i c  
~lomcruhmcl'fl~rili<, 

I I ~ d r a h l / i n c  7"~ \ll~rcnoh,I 
nlS. ,Xlhq',urinol II.I lu l . .L 'midc 

I I \dra la / inc tI.IKL l tu,~.cmidc i~1 x 
Ihopra nolol I)x 

I ) i g o \ i n  ( i , t ) t } ( l l~ C\Cl \  l i l i l~ ]  CIU\. 
I" uroscnlJctc < 

31% ,,\Iph~lmcth~ld~>l-,U 15. \lh~puri,/ot 
ILl, %tlll]in+cthi/c,]c /L4 ;tnd 
Sttll~imcthox) p)r lda/ iuc ().1 c~,.'i', 
,~cc'ond da\. [)i~toxin 14 

I. t i l -O<,cnl idc. ,R I ¢ l l t ) t l h  
"qicL:i I/:.IIC ()()77 ~ 

I t'l'l't'ltl'~ htlC.'m'lI/~llc li.llT?" 
1 LI IO' ,cn l ic Ic  I ( t .  ( c i~halo<, l~or i l /  2 tl 
I)iL'o\in l)l) ( 1 ~" ( I>l'li '~OI/tlL'Cltllc' 
I) l?~. ( ' l( ' l l lt i 'qi11 (11){)~. I) ictmll i t l i<~] 

4 \ lh  purinol ()1. \~><,t_'til->lnu 
) [).liT5. l romclhci/i l lc I)l)]~ 

Bcndrollulnt_'thia/idc il n(15. 
I]~,dr~ila/il'tc (I.ti~5..\lprcmMfl tl , 
('loli/~rclic I ! 
i ) igo\ in  ().()()()l t \ini-ucilli n tt 4 
I ul-n<~cnlidc ) i)(IX 
t ) i h )  d l o l t t L ' h )  <,b.'t<fl u.(ll ,I ' 

29.5 l ) i g o \ i n  ().(l[)()l~ 4, , \ l i npL i r i i h> l  ( i l .  
. \milr i l ' , t}Im ll.(t]. Irimcthol~rlnl 
I th~ Null'<inlctho\al~lc (14 

I ) iL 'o \h l  tl.(lll(ll ~ ( !Clll~r, lin l i l l  )~. 
llronlcflhtl/inc (}.4)~4 t>rcdni.~qonc 
t1( 2 I ¢\lmlCl-il-Onl~l/hlc I I)14 
I t i~  -<midc I ~, \~.cc, il'm: :ic'itt i'~ 
\l l~humclh~hhq~ I c 
I CI'l'Otlh "~IIL'C_'illClIc' ( 1 1 } ~  

( ' c p h ~ l l c \ h l  I l L  ( ' )O l l l d l l iC  ()4 i i  

:+: These patients \~cic also trc:itcd b\ chronic intctmittcnt hcn~c, diat~sis. 



Protein binding of drugs in uremic and normal serum 12117 

results. Serum creatinine was determined according 
to Heincgard inld Tiderstr(Sm[15]. Some circular 
dichroism sitldies were also made oil individual sera 
as specitied in the ligure legends. 

t h ,nan  sermn albumin. HSA was prepared from 
nornlal blood-b, :nlk p l a s m a  by ( N H a I e S O  4 f rac t iona-  
tion and ion-exchange chromatography mainly 
according to McMenamy el al. [16]. The albumin was 
treated with activated charcoal at pH 3.0 according 
to Chen [17]. The albumin monomer wits then iso- 
lated by gel-tiltration on Sephadex G-100 in 0.02 M 
sodium phosphate buffer, pH 7.4. The concentration 
of HSA was determined from the extinction at 280 nm 
IE]II,, = 5.801. Albumin from pooled uremic serum 
was prepared by tile same method. 

Drug,s. [ace]Salicylic acid (31.4 taCt/m-mole) and 
[l~( ']warfarin (23.5naCi, n>mole) were purchased 
from The Radiochemical Centre, Amersham, Eng- 
land. l laC]lndomethacin (26.3mCim-mole)  was a 
gift from Merck. Sharpe and Dohme. The radio- 
chemical purity (>98<' . )was checked by thin layer 
chromatography. After puritication of [*~C]warthrin 
less than 0.5"<, radJochemical impurities were 
detected. The corresponding unlabelled compounds 
were added to tile isotope solutions to achieve suit- 
able drug concentrations ((i. 1 2mMI. Unlabelled 
drugs were gifts from tile different manufacturers. 

Equilihrium dialysis. Tile serum protein binding was 
determined by' equilibrium dialysis at 37 against iso- 
tonic phosphate buffer, pH 7.4 [18]. using Technicon 
Type A standard nlcnlbranes. For each drug concen- 
tration, duplicatc deternlinations rising 5001d of 
SClUn/ and bul]cr wcrc l~erformed. Tile time tiscd for 
equilibration was 5 hr for salicylic acid, 17 hr for war- 
farin and S hr tot indomethacin. After eqnilibration, 
radioactivity (expressed in dis'rain) was determined 
in duplicate with 100 t d of sample aliquots from both 
sides of the dialysis cells in 10 ml of Instagel ® (Pac- 
kard hlstrument ('onapanx) clsing a Packard Tricarb 
Scintillation Spectrometer 3375 or a Beckman Scintil- 
hilton (ounter .  LS 100-C. The binding was rehltcd 
to lhe ser t tm a l b u m i n  c o n c e n t r a t i o n ,  wh ich  was  deter-  
mined by inmmnochemical quantitation according to 
Manciui el a/. [19]. 

('ircuhu" dichroisnl (('D) II1UgISIII'CIIIdtlIs. These were 
made on a .lasco .1-20 spcctropolarimeter, .lapan Spec- 
m~scopic Co.. Tokyo. Tile instrument was calibrated 
~ith J>camphorsulphonic acid and tested daily' with 
a built-in lest-signal system. Rectangular cells with 
path-lengths of 0.5 10 illn] were tised, in ordcr to opti- 
mize Ibc measuring conditions. The temperature was 
kept bet~een 25 and 27 . 

Tile sera were diluted with 0.005 M phosphate in 
0.1 M KCI. pH 7.4, to a suitable albumin concen- 
tration. The drugs, dissohed in the same buffer or 
in a mixture of buffer and ethanol (final ethanol coll- 
ccntration ne~er exceeded 1"<,) were then added to 
the diluted sera in a 1 3-fold molar excess at pH 7.4. 

The results are expressed as molar ellipticity ',0; 
in dcgreesc ln  2.dmole ~. calculated with reference to 
tile Mbtnnin concentration, assuming a molecular 
weight of 65. I00116]. The molar ellipticity ;0; is 
defined according to the equation: 

0 .M 
',0: = 

c - / 1 0  

where 0 is the observed ellipticity in degrees. M is 
the molecuhu weight, c tile concentration in g ml and 
1 tile path-length in cm. 

MATttEMATICAI. ANALYMS 

The serum protein binding data for salicylic acid 
and warfarin were analyzed according to Scatchard. 
assuming binding mainly on albumin and assuming 
one class of bindmg sites [20]. The equation: 

I" 
" n" Kapp -- I'Kal,p I i i  

(DI 

was used where r =  moles of bound drug,moles of 
albumin~ D - moles of unbound drug, n - number 
of binding sites, K,p,, tile apparent association con- 
slant. In tile Scatchard plots, the points were filled 
to a straight line b',, linear regression using r as the 
independent and r(D) as tile dcpcndeni variable. 
Linear regression anal_~sis was also used to character- 
ize other linear relationships. 

Characturization Of inhibition Of druH hireling. When 
the binding of a ligand to a nmcromolecule is in- 
fluenced by a competitive inhibitor, the follox~ing 
relationship exists [21] between tile apparent associ- 
ation constant K,pp, determined in tile presence of 
tile inhibitor. I, and the "true' association constanL 

K.uu~ = K,', (2) 
1 + ( I ) K ,  

where K~ is the association constant lot the bmding 
of the inhibitor to the same site on lhe nlacronlolcculc 
a n d  (1) is the unbound inhibitor concentration. The 
cquation can be rearranged to: 

K .... - K~', K ( I )  K~ {3)  

The true association constant. K,~, for a particular 
drug can be obtained from a series of diluted scra 
by estimating tile apparent association constants in 
these sera. When tile concentration of the inhibitor 
is t l n k n o w n ,  it n lay be prtlciica] to iu[ rodt lcc  the 
approximate substitution ; 

11i - I<,(',<. 14) 

where I,, is the initial concentration of the inhibitor 
in the undiluted serum and ('~, is the fractional coil- 
centration of the serum in tile dilutcd samples. One 
tllen obtains: 

K, - K~', - K "C~,.I, , 'K: 151 

When K is plotted against K ( ' , , .  a straight line 
is obtained if tile binding is competitixely inhibited. 
The ordinate intercept corresponds to the K;', of the 
particular drug protein system. The slope of tile line 
( - l , K , )  is characteristic for a particuhir inhibitor 
in a particular serunl. Tile numerical xalue of thc 
slope is directly proportional to tile initial inhibilor 
concentration and tile association constant. Ks. of tile 
inhibitor for the binding to tile particular site. that 
brads tile drug. 

RFS[ L'FS 

Equilibrium dialysis .~rudius. Seri.lnl protein binding 
data for the lowest drug concentrations of indometha- 
cin, salicylic acid and warfarin tire gixen in Table 3. 
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Table 3. Serum protein binding in per cent of total drug concentration 

Salicyl ic  acid  W a r f a r i n  l n d o m c t h a c i n  
S e r u m  0.10 m M  0.13 m M  i),lt) m M  

Normal 1A 03.5 00.2 06.1 
Uremic IB 74.7 07.N o0.0 
Normal  2A 94.3 09. I U6.7 
Uremic 2B 88.0 97.5 04.3* 

*At  the time of the investigation the albumin concentration had dc- 
creased from 31.8 to 25.3 mg:ml. 

E x a m p l e s  of  the  Sca t cha rd  plots  are given in F'igs. 
1 3. As  seen f rom the  table  and  Figs. 1 and  2, the 
p ro te in  b ind ing  o f  salicylic acid and  warfar in  was 
lower in the  u remic  s e r u m  t h a n  in the  n o r m a l  se rum.  

(a) k i i ] 
4 4.0 ! 

3.0 

~-ICl 

0 
0 I 2 3 

r' 

4.0  

lb) T 

g, t 

9 
t.iO 2.0 

I.O 

O I 
0 I.o 2.0 3.0 

r, 

Fig. 1. Scatchard plots of the binding of salicylic acid to 
(a) normal  serum 2 A (OOO, undiluted; m£x~x, diluted 
1 + I; Q Z I D ,  d i lu ted  I + 4 :  + + + ,  d i lu ted  1 + 9 )  and  
(hi u r e m i c  se rum 2 B { O O O .  u n d i l u t e d :  & & & .  d i lu ted  
I + 1, mmmm, di lu ted  I + 4: + + + .  d i lu ted  1 + O) s tud-  
led by e q u i l i b r i u m  dialysis .  T h e  sera  were  d i lu ted  wi th  a n  

i so tonic  p h o s p h a t e  buffer,  p H  7.4. 

The  b ind ing  in the  scrn x~as also lower t h an  to corrc-  
spo t ld ing  a m o u n t s  of  isolated and  cha rcoa l - t r ea ted  
HSA taken  f iom n o r m a l  s e rum or  u remic  s e rum (scc 
Tg~blc 4 and  Figs. 4 and  5i. The  Sca tchard  plots  for 
warfar in  {Fig. 2) showed  a sl ightly curxed  R)rm and  
on ly  the  po in t s  with r <  0.6 were used to e s t ima te  
the p r o d u c t  n-  K , ll. and  K ~ . For  salicylic acid the 
in tercept  on  the  x-axis gave  n a r o u n d  2.5. In this  case 
the  e s t ima t ed  K , ,  (eqn. 1) is it c o m p o s e d  consHinl  

(aJ F- t . . . . . . .  q 
i 

3 . 0  d 
! 
; 

~ 2 . 0  

o ] 

" 1 
Lla 

1.0 -j 

i 

ol , J 
0 o.5 I .o 

r 

Ib) 2.0 ! 

1.5 

C" 

o i.o 

,..lr~ 

0.5 

0 ....... 
0.5 t.O 

r 

Fig. 2. S c a t c h a r d  plots  of  thc b ind ing  el" ' ,~arhuin to (tll 
n o r m a l  s e rum 2 A ( O O O .  u n d i l u l c d :  2x £;,:~',. d i lu tcd  I + I: 
l ~ - .  d i lu ted  I + 4) a n d  (h) u r emic  ,;crum 2 B I O O O .  
und i lu t ed :  A A A .  d i lu ted  I * I: I l l .  ,Ailuu.'d I ; 41 
",tudic,A by equ i l ih r iu ln  d ia l , , s i s  TI>.' >,,=ra v~clc d i tu tcd  v, ~tll 

an  i so tonic  phospha tc '  I-Jultcr. p n  7.4. 
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7 £  
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~ 4.0 
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~[c, 3.0 
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Fig. 3. Scatchard plots of the binding of indomethacin to normal  serum pools I A (G]EIK;) and 
2 A I ~ )  and uremic serum pools 1 B (OOOt  and 2 B (©O0).  

Table 4. Data obtained from Scatchard plots 

Serum pool 

Salicylic acid Warfarin 
n . K ,  K .... n 'K, .  K 

M - ~ . I O  4 n M - ~ . I O  4 M - ~ . I O - S  n M - l - l O  -5 

Normal  1A 2.3 2.9 0.8 2.2 1.3 1.8 
Uremic 1B 0.7 2.8 0.2 1.5 0.9 1.6 
Normal 2A 2.6 2.5 1.1 1.9 1.2 1.6 
Uremic 2B 1.7 2.4 0.8 1.1 1.0 1.l 
Charcoal treated HSA 

from normal  serum 4.8 2.7 1.8 3.4 1.1 3.0 
Untreated HSA 

from uremic serum 3.0 2.3 1.3 2.3 0.9 2.4 
Charcoal treated HSA 

from uremic serum 4.7 2.7 1.8 3.5 1.0 3.4 

with c o n t r i b u t i o n s  f rom at least  two b ind ing  sites. 
Th i s  m e a n s  tha t  the  m a t h e m a t i c a l  d i scuss ion  above  
g iv ing e q u a t i o n s  (21-(5) can  on ly  be used  for a com-  
pa ra t ive  s t udy  of  the  b i nd i ng  o f  salicylic acid in differ- 

t I I 

2 . 0  

o 

1 . 5  

% 

O . 5  

O i I I 

0 . 5  1.0 1.5 
koppX Cse • 10 -& 

Fig. 4. Graphs  of K~rp versus K~0 p x C~,, for salicylic acid 
in normal  serum 2 A ( A ~ A ) ,  uremic serum 2 B ( 0 0 0 ) ,  
human  serum albumin (©©O), isolated uremic albumin 
( •  • • )  and charcoal-treated uremic albumin (at at at), The 
product K,pv x C~,, in the different sera is corrected for 
the different albumin concentrations, defining C~,, = 1 as 

40 mg albumin per ml. 

cnt scra and  HSA-so lu t ions .  The  resul ts  s u m m a r i z e d  
ill Tab le  4 d e m o n s t r a t e  tha t  for bo th  warfar in  a n d  
salicylic acid there  is a s ignif icant  decrease  in K , ~  
in u remic  se rum.  T h e  decrease  in the  p r o d u c t  n . K  
is even m o r e  p r o n o u n c e d ,  due  to an  effect on  the  
n values. 

3-0 h • fl IA I o 

o 

% 

o I I 
o 1.o 2 .0  

kapp~ Cse N 10 -5 

Fig. 5. Graphs  of Kapp versus Kapp x Cs,, for warfarin in 
normal  serum 2A ( G ~ A ) ,  uremic serum 2B ( 0 0 0 ) ,  
human  serum albumin (OOO), isolated uremic albumin 
( •  • • )  and charcoal treated uremic albumin (at at at). The 
p r o d u c t  Kap p X Cs,, in the different sera is corrected for 
the different albumin concentrations, defining C~,, = 1 as 

40 mg albumin per ml. 
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In con t r a s t  to the  l indings  with salicylic acid and  
\~mfarin.  no  clear dil]'crenccs m prote in  h ind ing  of 
i n d o n w t h a c i n  could  be d e m o n s t r a t e d  hctwecn u remic  
and  n o r m a l  s e rum (Table 3. Fig. 31. T he  S c m c h a r d  
plots  indicated a cons ide rab le  con t r i bu t i on  o f  second-  
a r \  b m d i n g  sites. The  da ta  were therefl~re not  ana-  
h z c d  acco rd ing  to eqn. I. 

l h c  b ind ing  of salicylic acid and  \wtt-Luin \~as also 
s tudied  in different d i lu t ions  in bufl'er of  a u rcmic  
s e rum pool.  a n o r m a l  s e rum pool  and  HSA. T he  Scat- 
cha rd  plots  for the b m d i n g  arc s h o w n  in Figs. 1 and  
2. The  lines dra\~,n arc the l inear r cg rc s shm lincs. T he  
in lerccpts  on  the r D-axis  f rom \~hich the  a p p a r e n t  
h ind ing  cons tan t s .  K,pp. arc ob ta ined ,  c h a n g e d  with 
thc di lu l ion of  scra. while they were c o n s t a n t  within 
CXl~crimental e r rors  with dilfcrcnt c o n c e n t r a t i o n s  of 
i,,olaled lISA. \Villi increas ing  d i lu t ion  of  the  scrun~ 
/N,ll, H/crew}sod. \xhcrcas  the in tercepts  on  tile r-axis  
ICl l ] ,~ t i l ]cd  C O l l S t U i l l .  

r h c  cl]k, ct on  K,pp f r o m  the  Dol+lll,~tl] cqu i l ib r ium 
\\ill bc smal l  and  will not  cham,c  the results.  Th i s  
ix evident  f rom the resul ts  \~ith isoktted HSA giving 
thc s ame  K,p, ,-~alucs with widely difl'crcnt H S A - c o n -  
cen t r a t ions  (Figs. 4 and  5) and  f rom the fact thai  the  
ma in  p o r t i o n  o f  thc  ncgativcl} cha rged  pl-oteil3s it] 
s c rum is l ISA. as the isoelectric po in t s  of  the im- 
mutu~globulh~s var`+ a r o u n d  7. Wi th  und i lu lcd  scrunl  
s amp le s  the m a x i m a l  e r ror  in the ca lcuht t ion  of the 
c o n c e n t r a t i o n  of  the negatively chargcd ,  frec drugs .  
~111~.1 thus  the  /Q,m, \ a luc .  \~ill then  be abou t  5" .  unde r  
our  expe r imen ta l  cond i t ions ,  wl~ich appa ren t l y  will 
l )O[ signi l icanl l)  hHlucncc the resuhs .  I:igs. 4 and  5 
>,he\\ the plots  of  K ..... ,+crsus K , , , , , ( , ,  for the bind-  
ing of  salicylic acid and  warf;.trhl, respecth 'e ly ,  to ure- 
mic se rum,  n o r m a l  s e r u m  and  isohtted n o r m a l  HSA. 
All the ext )er imenta l  da ta  fail on  s t ra ight  lines. T he  
>lope o f  the  lines ob t a i ned  with tile u remic  s e r u m  
is s tccpcr  t han  \vith lhc n o r m a l  s e r u m  for bo th  drugs .  
Acco rd ing  to cqn.  5 this m e a n s  tha t  the p roduc t  K~l,, 
is larger. 

[ ' hc  ~lpp~llellt h m d i n g  COllSU.mts \ \ i l h  isohltcd HSA 
\ \ C I C  t h e  S t t l l lC  \ k i t h  dil]'crcnt c o n c e n t r a t i o n s .  F o r  h o t h  
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Fig. 6. ( ' ircular dichroisrn spectra of diluted serum from 
a uremic patient *I.B. 1 1 1 1 1  and a heahhx person 
1OOO! recorded between 200 and 250 nm m a (1.5 mm cell. 

pH 7.4. The albumin conccnlration was 0.5 m g m l .  
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t:ig. 7a. ( 'ircular dichroism >,pcctra. recorded xxith I n m m  
cells at pH 7.4. of the drug protein complexes bctv, ccn 
sulfadimcloxhl and t,ao uremic sent [roln palJcnts / ~ I [ . I 
( A ~ A )  and K.H. I O O O )  and one normal scrUl}l I O 0 0 t  
obtained as the diffcrcncc spectra aflcr sublraction of the 
( 'D-spectra for the sent alone. The albumin coucenlrathm 

,+,.';is 1.5 mg.ml and the drug alhumiu ratio was I).> 

salicylic acid and  war fa rm,  the  intercepts .  /<,~. on the 
Y-axes  comc ided  with those  fronl the  n o r m a l  sc rum.  
which  exidenll} n leans  lhat  the  b m d i n g  in file scl",l 
can be exph tmed  entirely by the  a l b u m i n  conlClltS. 
However .  the  intercepts .  KI], ob t a ined  with the txu~ 
d rugs  from the u remic  se rum pool were consider~lhh 
lower. 

In Figs. 4 and  5 the  resul ls  ob ta incd  \~ith a l b u n d n  
isolated from the u remic  s e rum pool 3 B arc also 
included.  As is evident ,  the  aMnit~ of this  a l b u m i n  
for salicxlic acid and  warfar in  v+.as significantl3 lower 
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Fig. 7b. Ch'cular dwhroism spectra, recorded with 2 m m  
cells at pH 7.4. of the drug protein complcxc>, holy, con 
salicylic acid and one uremic serum pool 1 B ( I @ @ ) a n d  
one normal serum (Lx ± AI obtained as the difl'crcncc spec- 
Ira after subtraction of the CD spectra for the scra alone. 
Thc albumin conccntration was 2 0 m g m l  and the drug 

was present in ~ 2d'old molar excess. 
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Fig. 7c. Circular dichroism spectra, recorded with 2 mm 
cells at pH 7.4, of the drug proteil~ complexes between 
warfarin and two uremic sera, pool 1 B (OOO), patient 
A . L .  {A A - ~ ) d l l d  • l i e  i1o[IIY.I1 s c r u l l l  (C;C)C)) o b h t i l l . c d  a s  

the difference spectra after subtraction of lhe ('D-spectra 
for the scra alone. The albumin concentration was 
20mgml  and the drug was present in a 2-fold molar 

e x c e s s ,  

than that  of normal  HSA. However. the binding 
properties of the albumin were the same as those of 
the normal  HSA after t reatment  with activated char- 
coal according to Chcn [17]. 

Circular dichrois'm studies. To study secondary and 
tertiary structures of tile proteins in uremic and nor- 
mal sera, tile CD spectra of the sera were recorded 
m the fin ultraviolet region at 2 0 0 2 5 0  nm. The ellip- 
ticity in this wavelength region is dominated by tile 
contr ibut ion from the :itbumin present. As is shown 
in Fig. 6, there are no significant differences between 
tile CD spectra of normal  and uremic sera. 

The binding of salicylic acid, warfarin, sulfadimeth- 
oxinc and diazepam I•  normal and uremic serum wits 
studied in the \~itxclengtll region 250 350 nm. When 
tile drugs arc bound to the proteins in the sera, new 
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Fig. 7d. Circular dichroism spectra, recorded with 10 mm 
cells at pH 7.4, of the drug protein complexes between 
diazepam and one uremic serum pool 1 B (0OO) and 
one normal serum (A A A) obtained as the difference spec- 
tra after subtraction of the ('D-spectra for the sera alone. 
l'he albumin concentration was 0.9 mg/ml and the drug 

w l t s  p r c s c n l  in a 2-fold molar excess. 

extrinsic Cot ton effects arc created at the wavelengths 
where the substances have absorpt ion maxinm. Tile 
magnitude of the extrinsic Cot ton effects are directly 
proport ional  to the concentrat ion of the drug protcin 
complexes. In Fig. 7, the difference CD spectra for 
the different drug protein complexcs are shown. Tile 
difference spectra were obtained by subtract ing tile 
CD spectra given by the respectix, e scra alone from 
those obtained when the respective drug was present. 
As is evident from the figures, the uremic sera pro- 
duced significantly smaller extrinsic Cot ton effects 
than the normal  sera. This means that they have an 
impaired binding ability. It should be pointed out 
that the HSA and drug concentrat ions were the same 
in tile two sera. 

oms( t  ssmox' 

Studies on the binding of a drug to plasma proteins 
are of fundamental  importance in pharmacokinet ic  
investigations [22] since it affects the apparent  
volume of distribution (l)) of the drug [23] a par- 
ameter which usually is based on total plasma con- 
centrat ion data. For drugs with very high protein 
binding and small Ill the binding will also have pro- 
found inlluencc on thc pharmacological cffccts and 
the elimination. One representative of this group of 
drugs is warthrin [24]. Salicylic acid, indomethaciu. 
and sulfadimetoxin, also studied in this work. are in- 
teresting as potential  displacing agents in protein 
binding interactions. Moreover. diazcpam, which is 
a weak base, uncharged at physiologic pH-wdues, is 
of great theoretical interest in this connection, since 
it is strongly bound to HSA at only one primary 
site [25 ,  26] .  

Many studies on protein binding of drugs have 
been performed on puritied plasma fractions, es- 
pecially the a lbumin fraction. While necessary for the 
understanding of the mechanism of binding, such data 
do not allow a direct extrapolation to the i~ ciro sit- 
uation. Therefore parallel studies have to be per- 
formed with serum or plasma from patients in which 
the drugs in question are used, in order to obtain 
a basis for conclusions about  the practical signilicance 
of drug protein binding. In the present study, it is 
unequivocally shown by both equilibrium dial3sis and 
circular dichroism that the binding of salicylic acid, 
warfarin, diazepam and sulfadimetoxin is impaired in 
uremic patients suffering from chronic renal failure 
of different genesis. 

In contrast  to the drugs mentioncd, the binding 
of indomethacin apparently was unchanged. An 
abnormal  binding behaviour of indomethacin has 
been described by' Mason and McQueen [27] who 
found that phenylbutazone did not displace indo- 
methacm, despite the fact that indomethacm displaces 
phenylbutazone [28]. Studies b~ Dollery e t a / .  [29] 
and Mason and McQueen [27] its well as the present 
study indicate, however, that indomethacm binds to 
several sites on HSA, which inight explain why the 
binding degree of indomethacin is not signilicantly 
changed when the binding is disturbed at one site. 

It is thus well established that the binding of certain 
drugs is significantly decreased in uremic paticnts. 
However, the mechanisms behind this effect are at 
present not well understood. Two possible explana- 
tions seem feasible, either the presence of mhibitors 
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in the serum or a modified albumin pool. The Scat- 
chard plots {Figs. I and 2} clearly show that K~,pp 
increases when the sera are diluted. This indicates the 
presence of competit ive inhibitors, the effect of which 
is decreased with dilution resulting in higher K.,p,, 
values. Even normal  serum contains inhibitors of the 
drug protein binding. This fact is hardly surprising 
considering the t ransport  function of albumin und 
must be taken into account in all drug binding studies 
with serum, plasma or blood. With the accumulat ion 
of metabolic products in uremia the 'load" on the 
a lbumin increases and predisposes to un increased in- 
hibition of drug protein binding. This concept is in 
consistence with the findings by Andrcasen. who 
obtained increased protein binding capacity of both 
normal  and uremic serum ufter in rits'o diulysis IS]. 

For  both salicylic acid and warfarin lilt  affinity 
constant  for the binding to isoh.lted HSA in buff'or 
was almost twice as high as the constant  for the bind- 
ing m normal  serurn. By successive dilution of the 
serum with buffer, the latter constant  graduull,, in- 
creased so that at infinite dilution the two constants  
became identical. These results prove that ulbumin 
is the only binding protein of importance in serum 
for these two drugs. 

The dilution experiments pcrformcd with uremic 
serum gave K:}-values at infinite serum dilution which 
were considerably lower thari thosc for normal scra. 
The decreased protein binding in uremic serum can 
thus be explained only to a certain degree by competi- 
tive inhibition. Additional tktctols must thereforc bc 
considered. The interest is then focused on the idca. 
advanced by several authors  t l , 3 ] ,  that there is a 
qualitative change in the uremic serum albumin. The 
microheterogeneity among alhumins isolated From 
serum flom normal  vohmteers and uremic patients 
obserxcd by Shoeman and Azarnoff is especially inter- 
esting in this context [6]. By isoelectrie focusing the3 
observed the presence of two separate bands  of albu- 
min, bands A and B. in plasma from normal vohin- 
leers and uremic patierlts and in commerciall ' ,  avail- 
able HSA. The relative amount  of the B-band was 
highest in normal plasma and appeared to correlate 
to the binding capacit 3. 

Also in other diseascd [30] or ubnornial  states [31 ]. 
as ;',.'ell as in normal HSA [32 34] heterogencities 
have been detected m the albumin pool. It is therefore 
not unreasonable  thai there should be u changed drug 
binding capacity of the albumin in uremic patients. 
The CD studies m the far ultraviolct region 
(200 250nm). where the conlr ibut ions  from second- 
ary and tertiary structures of the polypeptide back- 
bone of the albumin determine the ellipticity, v, erc 
performed to detect any conformaiional  differences 
between the albumin in the uremic and thc normal 
serum (Fig. 6). However, no such differences wcrc 
established. Unfortunately,  the sensitivity of the 
method is limited, and minor  changes of the confor- 
mation around the binding sites, e.g. due to an allos- 
teric inhibi t ion  or  m i n o r  a l terat ions  in the secondurv  
or tertiary structures might not be detected. This 
means that  the absence of any detectable ( ' D  diflcr- 
ences is not conclusive evidence that no conforma- 
tional differences exist. 

B,,' analogy with non-competi t ive Michaelis 
Menten kinetics, it is eas 5 to show that irreversibly 

inhibiled or allostericall~ chariged ulbumin will gixc 
constunl but lower K,,,p-values than normal :.llbumm 
:it diflcrent dilutions. At inlinite dihltion the uremic 
serum pool also ga\c iox~cr binding constants. /Q~. 
with salic)l ic acid and warfarin than those obtained 
\~iih i lorina[ sertlnl. Moreover. the bindm 7 io isolalcd 
urenlic u lbumin was impuired, but charcoal trealmcni 
of the albumin at p i t  3.0 normalized lhe binding. /X 
similar effect of the charcoal lrcatnlcni c)n the binding 
properties of neonatal plusma albumin has bccn 
obscr\.cd h )Ch igne l l  <,l <d. [35 !- Most probabl} .  II'lL" 
ehareog/l l ieainlent rcnlo,~cd strongly bound mhibi- 
iors. 

Tilt_' present shldx lhtis sllo~,~s thai the hinding of 
salic)l ic acid aild ~,~,arlalin is i lol-nlal l} considcrabl~, 
inhibited in selUlTl b )compet i t i vc  mechunisms invoh-  
mg endogenous conlpotlnds ,:is displacers. In uremic 
sera the disl~hicement is even greuler, hut the de- 
creased binding cannel be fully accounted [;,~r b~ Ihc 
presence of rcversibl 3 botJnd displacing agents. The 
possibilit 3 of distinctl\  different albunlin species is 
contradicted b,< the fact that charcoal lre:.ilmcnt of 
lhe uremic albumin :it acidic pH reslorcd thc I~inding 
properlies and />~ the unchanged ( 1 )  spectra 
oblained v, iih nremic serum or isolated uremic ulbu- 
nlin. The lindings are bcsl cxplaincd b,, the prcscllcc 
of u binding inhibitor irrcxcrsibly bound at riormal 
pH but re~ersiblx bound at pH 3.0. Studies arc under 
wa 3 to isolale and idenlif\ the inhibitorls). 

, h k m m l C d ~ l c m c n l s  Wc thank  l)r. Rent'( Nol-bcrg. 
National Bacteriological Laborator~ and l) l .  ,,\ntl-Kati 
Lcf\crl, Karolinska Hospital for lhc albun/in and cr<:ai- 
train( ~iss4i}s. rcspccti~cl). '['1~.' ~ol-k ha~> bccn ~upportcd 
b~ ihc S~cdish Mcdicl l  P, cscairch (ounci l  (pioicci Nee. 
13X-31 (>2. 04X-37021. I.l'. t oundation for Pharmacculical 
Rc:.,carch. , \polckarsociclt_'lcn ~md the Kal-olh~ska Inslilulc. 
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