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SUMMARY 

This overview on the brain-serum relationship for drugs illustrates 
the importance of the drug transporter P-glycoprotein at the blood-
brain barrier. Generally, an inverse relationship exists between the 
magnitude of the brain-serum ratio and the influence of P-glyco-
protein. Concerning the pharmacogenomics of P-glycoprotein, no 
clear effect of single nucleotide polymorphisms (SNPs) has been 
demonstrated in humans. 
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INTRODUCTION 

The blood-brain barrier (BBB) is a major impediment to the entry 
of many therapeutic drugs into the brain, and during the last decade it 
has become clear that multispecific, xenobiotic transporters play an 
important role in BBB function. The prime member of this group of 
transporters is P-glycoprotein (P-gp). P-gp exerts an important influ-
ence on the brain concentrations of many types of drugs, such as 
opioids (e.g. morphine and methadone), antidepressants (e.g. ami-
triptyline and nortriptyline), antipsychotics (e.g. olanzapine and 
risperidone), the anthelmintic agent ivermectin, the cardiac glycoside 
digoxin, HIV protease inhibitors (e.g. ritonavir and nelfinavir) and the 
new generation of antihistamines (e.g. cetirizine and loratidine) /1-5/. 
Here, we present a brief overview of the role of P-gp at the BBB with 
emphasis on the quantitative importance of P-gp with regard to drug 
distribution over the BBB and on the pharmacogenomics of P-gp. 

STRUCTURE, FUNCTION AND PHYSIOLOGY OF P-GLYCOPROTEIN 

P-glycoprotein is the product of the human MDR1 gene (recently 
renamed ABCB1) and was initially discovered for its role in the 
development of multi-drug resistance (MDR) of cancer cells 161. P-gp 
is a large, glycosylated membrane protein localized primarily in the 
plasma membrane of the cell belonging to the ABC transport protein 
family (ATP-binding cassette proteins) 111. It contains two homo-
logous, but not identical, parts joined together by a short linker region 
/8/. Each part comprises six transmembrane α-helices and an ATP-
binding site (Fig. 1). The 12 transmembrane segments fold together to 
form a barrel-like structure that traverses the plasma membrane. The 
two ATP-binding sites are located at the inner side of the plasma 
membrane, where hydrolysis of ATP provides the energy necessary for 
drug transport out of the cell 111. A suggested model of its function is 
that lipophilic drugs are intercepted when they move through the lipid 
cell membrane and are flipped from the inner to the outer leaflet and 
into the extracellular space 191. 

P-glycoprotein is located in the luminal membrane of endothelial 
cells of brain capillaries, and it limits the accumulation of drugs in the 
brain by actively pumping them back into the blood (Fig. 2) /10/. High 
levels of expression of P-gp have also been observed in the brush 
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Fig. 1: Two dimensional representation of human P-glycoprotein. The 12 trans-
membrane segments fold together to form a three-dimensional barrel-like 
structure in the membrane. N-glyc = the N-linked glycosylation 'trees' that 
are found on the first extracellular loop. Modified from /14/. 
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Fig. 2: P-glycoprotein at the blood-brain barrier. Modified from /14/. 
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border of the proximal renal tubule, on the surface of the biliary 
hepatocytes, and in the mucosa of the small and large intestines 111. In 
these locations, P-gp excretes xenobiotics and endogenous metabolites 
out of the body into urine, bile or the intestinal lumen. 

There is some species variation of P-gp. Rodents possess two 
types, coded by the MDRla and MDRlb genes, which correspond to 
the human MDR1 form. Additionally, there exists a MDR3 form, 
which is supposed to be primarily a phospholipid transporter / l l / . 

There is currently very little structural information available for P-
gp. In particular, the number and locations of the drug binding sites 
within P-gp have been the object of much speculation /12/, and as 
many as four drug binding sites have been reported /13/. Numerous 
studies have shown that P-gp substrates tend to be of amphipathic 
nature /14/. Therefore, the concentration of the P-gp substrates in the 
membrane can be far higher than in solution /15-17/. This substrate 
accumulation in the membrane may allow P-gp to recognize a wide 
spectrum of substrates with low affinity using a non-specific hydro-
phobic binding pocket, as suggested by Pawagi et al. /18/. This could 
be an explanation for the lack of clearly defined binding properties of 
substrates /19/. Hence, there may be no clear difference between 
substrates and non-substrates, but instead a gradual transition from 
substrate to non-substrate. 

QUANTITATIVE INFLUENCE OF P-GLYCOPROTEIN 
AT THE BLOOD-BRAIN BARRIER 

Prediction of drug penetration into the brain has been intensely 
investigated for decades, and some studies have shown that the water-
octanol partition coefficient (KoW) is related to the ability of com-
pounds to cross the endothelial cell membranes at the BBB /20,21/. In 
the former study, an approximately linear relationship was found 
between the log of KoW divided by the square root of the molecular 
weight (MW), i.e. log(Kow/MW'/j), and the log of the BBB perme-
ability coefficient for a number of compounds. Analogously, we 
considered the relationship between log(KoW/MW1,4) and the brain-
serum concentration ratio, and were interested in delineating the 
impact of P-gp in relation to the physical-chemical properties of drugs. 
We performed a literature search and found 57 drugs and metabolites 
that had significantly different brain-serum concentration ratios in P-
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gp knockout mice (KO mice) and wild type (WT) mice (Table 1). As a 
quantitative measure of the impact of P-gp at the BBB, we focussed 
on the brain-serum concentration ratio in KO mice divided by the 
brain-serum concentration ratio in WT mice (KO/WT ratio). Kow 

values for 46 of the 57 above-mentioned drugs were found, and log 
was calculated. Figure 3 shows plots of brain-serum ratios 

(ordinate) against the log(Kow/MW / i) value (abscissa) for KO (left) 
and WT (right) mice, respectively. We observed a considerable scatter 
with slightly positive coefficients of correlation amounting to 
0.092 and 0.046 for KO and WT mice, respectively. The coefficients, 
however, were not significantly different from zero. Thus, the 
log(Kow/MW'/2) value 

was not significantly correlated to the brain-
serum concentration ratio for the present set of drugs, irrespective of 
whether P-gp was present (WT mice) or absent (KO mice). However, 
various additional factors influence this ratio, e.g. protein binding of 
drugs in serum. A better measure for the distribution over the BBB 
might be the ratio of cerebral to free drug concentration in serum. 

As an alternative to the above-mentioned plots, we plotted the 
KO/WT ratios (ordinate) of the 57 drugs in Table 1 against the brain-
serum ratios (abscissa) of the KO and WT mice (Fig. 4 left and right, 
respectively). It is apparent that there was an inverse relationship 
between the effect (KO/WT ratio) of P-gp and the brain-serum ratios 
in WT mice (r = -0.34; ρ <0.05). Drugs with high brain-serum ratios 
tended to have low KO/WT ratios, and vice versa. For example, if we 
consider psychotropic drugs, chlorpromazine (brain-serum ratio 23 in 
WT mice) had a KO/WT-ratio of 1.3, whereas risperidone (brain-
serum ratio 0.52 in WT mice) had a KO/WT ratio of 13. Taking the 
group of drugs with brain-serum ratios exceeding one in WT mice, the 
average KO/WT ratio was 2.63 (SE 0.47, η = 21) compared to 8.98 
(SE 1.46, η = 35) for those drugs that have brain-serum ratios below 
one in WT mice. 

An explanation for the relationships outlined above may be that 
drugs with high brain-serum ratios traverse the plasma membrane too 
quickly for the P-gp mediated efflux to keep pace with the influx. On 
the other hand, low brain-serum ratios make it possible for P-gp to 
mediate a drug efflux of relatively larger importance at the BBB. This 
implies that psychoactive drugs, which tend to have high brain-serum 
ratios, are likely to be less influenced by variations in P-gp function. In 
contrast, for drugs with low brain-serum ratios, e.g. risperidone, inter-

117 
Authenticated | xajibim@mail.ru

Download Date | 6/16/12 12:11 AM



Vol. 22, No. 2-3, 2007 Relation Between Brain-Serum Concentration Ratio 
of Drugs and Influence of P-Glycoprotein 

« c 
aa ό 3 ω < -a Η 3 ο s 

OD 
3 

* 

Οι Ο — 

Η 
Ο 2 

Μ 
9 u Ο 

η ^ ^ * Μ Μ Ν Ν νο es es ττ τ»· *a· Cn) tN OO OO OO CS <N <N 

τ* VO 0\ Τ ι— «ο _ "Τ I I οο ON Μ I I (Ν (Ν I I I t- «Λ (Ν m Ο <Ν CN 

TT σν ΟΟ t» νο ΟΟ (Ν ΟΟ ^ I ι η Ο « I ι η ™ I I I νΟ Ö ι CM ο TJ- — 

„ t-; — <N γλ CT^ -- — <N — TT ti η o\ io ffi m « « J oti ö (N 
ΗΊ TT W"1 —: —; 

OO ο ο 
r-- vo ο ο —̂ — 

u-j Ο Ο «η Tf _; O — 2 ö ο ~ 

r-- — r-— vb ο (Ν 
— Γ-ΟΟ n-o 3 Ρ <N ο 

a ο α\ — ο ίο VO 

V u. § ·• 
® υ 

> .2 <u 
5 ö -S -a a £ .5 

i i '« δ Ε Ε Κ 3 es < < < « υ 

s 'S. 
Ν η ε es Λ u es 
U 

* Ν * s η 
•3 '5 § 

< α 
•α ·β 

α Ι-Ο 
α ο 

ο — υ υ υ 

ο ο ο α. α α. ε ε ε ο ο ο υ υ υ 

Q, .Ξ Έ ι- f 
es ο Ν 5 5 ^ V jo £ ο « - ε >> 41 υ ο 

118 

Authenticated | xajibim@mail.ru
Download Date | 6/16/12 12:11 AM



T.B. Ejsingetal. Drug Metabolism and Drug Interactions 

V 
J i 

g 
Μ 

3 

Η 

Μ 
O S 

Ο T t 
n N M m N N N N f N TT - Τ TJ-

C £S J N 

<n —· 
SO 00 
( Ν Γ -

m so vo 
OO 0\ f N 
—' f N —'· 

( Ν V I 
—" — On 

a\ r 
f N 

ο 
t -• f 

_ 00 

f N ^ 

0\ OO 
ο — 

r o —• r -
oo <N i n 
— —' f N 

0\ 
Ov 
f N 

T t oo m © 
— r - ·— ο ο oo 
vo •*»· ( N <N m ( N 

τ}· 
vb 

r n m Ι Λ 
κ ι η « 

^ 
f N — f N 

f N 
f N 

ΓΛ Γ--
0\ — 

8 22 
ο ο 

VO 
vd 

_ vo ο 
© f N VO 

M Ο Ö ° -
— f N 
f N © 

00 V ) f^t ο v-1 TT 2 
d d d " ~ d 

« - : ~ Ρ 2 oo 
an 

oo r - oo — 
—' d d >/-> 

^ ο O ) } S 
ο - r -

ν 
e 

α 
° E 
r 
ο 

« ® Β 
ι β s a l w c ^ 7 β 
& · 3 2 ° β 
8 S « d « 

. 2 .5? ο Τ 2 
α Q a w ω 

@ j. •« 

S · 8 % S 

« Ι ε 1 " g ΐ 
g β 2 « S > <a s s ο . ο « A M ® » U fl 
8 ° > 5 - 5 
2 = 2 « - g 

ta. fa fa SB ^ = X £ <3 

* a α ό •κ * * . 5 
« « e 

Ό Ε υ 
' 5 « ' S 
Ι - s -
β , & f 
a β « 

j s s 

• ο 
S 
« * 

I 1 

1 £ α> ο 

119 

Authenticated | xajibim@mail.ru
Download Date | 6/16/12 12:11 AM



Vol. 22, No. 2-3, 2007 Relation Between Brain-Serum Concentration Ratio 
of Drugs and Influence of Ρ-Glycoprotein 

ε 
t 
<S υ 

* * 
BO 
3 

u α 

l ^ l ^ O T l - T l - T j - T t u l r r T r vo Γ-m m 

oo VO <N 
<N On (Ν Ο 0\ Tf Ο « (Ν w-l VO m (N ·"" Γ*Ί γλ CN ci m m m 

•«J- r-i VO oo u-l 
(N fS —« m — 

c; 

ο 

fN (N <N 

^ » « JN JN rj 

Ό (Ν •Ί-

Ov 
Ö 

! Ο 

Γ-; 
fS 

ro "β oo (Ν — — <N <N <N 
(Ν — Γ̂  \ο Ο (Ν TJ-CN Μ — — —' σ\ <Ν r- TJ-

ο 
d 

ο 
ö 

ο (Ν Ο 

<Ν Ο 
{Ν Ο 

oo <Ν 
Ο 

(Ν 
Ö 

00 — Ρ» ο νο ο 

<Ν Ο 
ci — f> (Ν 

Ζ ® 

α> Β 
I α Έ 
Γ ο Ζ 

® ν 
4» * 
Ξ Β α. 
δ Μ 
S 2 — α Ο β. 

-Μ 9 
Ε; "β 

Ο -Β * Ο 
Ί & s 73 

Χ η £ 
α. Β g 

- 2 Ä ? 
α. α, Ο1 ac 

41 Β Ο 
"2 Έ υ α 

ο •ο 

Χ 
Ο ι ο\ 

® υ Β 
1 Ό > α « £ 
§ « 
2 Ε 
et ύ 

120 

Authenticated | xajibim@mail.ru
Download Date | 6/16/12 12:11 AM



Τ. Β. Ejsing et al. Drug Metabolism and Drug Interactions 

01 ο Β 01 u 
ώ 
υ 
OS 

* 
Μ 

3 

Η 
1 1 
Ο 2 

ε 
Η 

Ε * 
s L. υ 

Μ 
9 
h α 

r» VO 

ts 
Ö 

> Λ 
α 
3 σ-α c« 

τ)· οο σ\ ττ ο ^ m η Μ ^ 

Γ- (Ν ΟΟ σ\ — m 

ο » -
νο νο —! 

ο 
οι 

- ^ 
«η ο ο 

00 
ο 

— Tf 
ττ r-i 

— ° 

% 

00 r-
ο 
ο 

u-1 m 
ο - ν£> 
Ο Ο —ι 

u «? « Γ" ο. Η 
ΙΛ (Λ 

•β 
'Ü 
'5. 
"3 
c« 

•Ί- τΤ — ττ IN Μ t Μ 

— -τ »Ν r-tJ· Ο TT Ο m οο (Ν m 

γ-ι-» Ov TT 
Ν (N 

Ov Ο 
~ v£> 

Ο 
C-J 
ö 

TT Tf 
•»Ι-
Ο 

® CA 
a 
Β 

IL 
ο 
2 
Η 

<N r»> 
Ö 

Κ 

υ 
α 
Ή 
a 
a 

Ε Λ 
α. Μ 

γμ οο r- · -f — ^ · - — 

•Ο 
α 

> > > 

Ε υ •ο 
'β. 

α. Χ υ 
Ι ι-Ο 

3 
j= υ « 

α. 
οο ι ο. 

I ι 
δ ζ 
>» ΰ — (Λ 

•S <4-
ο υ &ο <α ο. υ 
ε ο J= 
υ 
•S 

-a υ (Ν 
_3 is" 
"ο CJ e •α 
υ ο 

ο 
ω 00 » 
υ υ "η 3 
ε σ-υ 
ο ο 
^ χ> 

S α 3 Ο 
•ö χ: CA 
ε — Ο ο -ο 
CA ο [Λ _ο ε 

3 
Λ 
ε ο U § 4J 

C 1) 
ΐ 

ίβ 
ύ. 1—' α> 
Ο Έ •σ § te 

-D 
C -ο '5 Ε J3 

* g 
-ό Ο ο 
Ji 

β" C υ Ό 
C υ Ό 

ε Ο 

1 

.is υ 

ο 
Q 
ka 
•s χ 
.13 « u -σ 
ε ·ε 
ο ϊ 
«b I 
Ο 01 u 

υ υ > 
> c 

Ί * 

οο ^ 

υ S 

Ο 
ε 
υ k. υ 

υ 
ε 

£ ·Β 
8 S c α. 
ΰ -ω Ο <β £ υ 5 

Β ° ω 
13 * 
II 

U 
υ 
•β 
α ιι 
c β J u ο ^ 
Μ Ο 8 
« -c S ω -C* 
J3 e Ό 
« " 5 

& 3 ιι 
!3 u S? :> 
" « y 
Ε - ϊ = 
£ S i 

-f ·δ ι, 
Ü J* ο 
3 r * 
a ; Μ 
s ε .sp 

•2 £ 
2 J J 
Η (β 3 
£ 
S s i ο „ υ > II ί s £ 
® s s 

121 

Authenticated | xajibim@mail.ru
Download Date | 6/16/12 12:11 AM



Vol. 22, No. 2-3, 2007 Relation Between Brain-Serum Concentration Ratio 
of Drugs and Influence of P-Glycoprotein 

t 
s 

8 8 S 

eoiuj ΧΛΛ " ! 0'(BJ OJRJQS-UIBJg 

υ <υ 
u is 
Β M 
G c/2 

^ <υ 

! - £ 
£ Η —' fl> 

S 2 

t ? <3 

o Q 

£ £ 
Ξ t 
ω <υ 
c/i ο 

c u 

2 § 
« £ 
Ή c3 
ob β. 

2 ö 

> ο 
£ ο 

J s 

ω Ii 

| 

y 
00 sz 
a 'ob 

•O ' 5 
υ > 
e ? 

ω ο 
Υ CJ 

' I I 

S 11 

I 

jn Ο κι O m 

eo ju j 0 » u ! o i ) e j Lunjes-uiBJa 

Ο s 

' S ^ 

ο ' S 

| J TO *—' 
>- oo 
e ο 

" . s - e 

. s S i H 
cd Λ g 

® ' S 's 

Ai M-l D . ΕΛ 

« 

Λ 

ώ 

Ε 

122 

Authenticated | xajibim@mail.ru
Download Date | 6/16/12 12:11 AM



Τ. Β. Ejsing et al. Drug Metabolism and Drug Interactions 

OIIBJ1ΛΛ/ΟΧ 

- τ 
ώ 

i l 

123 

Authenticated | xajibim@mail.ru
Download Date | 6/16/12 12:11 AM



Vol. 22, No. 2-3, 2007 Relation Between Brain-Serum Concentration Ratio 
of Drugs and Influence of Ρ-Glycoprotein 

individual variations in P-gp expression or function could be of 
importance with respect to failure of treatment or occurrence of 
unexpected adverse effects. 

PHARMACOGENOMICS OF P-GLYCOPROTEINP 

The pharmacogenomics of the human P-gp gene, MDR1 (ABCB1) 
has been studied intensely in recent years. Since psychoactive drugs 
are P-gp substrates, variations in P-gp expression and/or function at 
the BBB could, at least in part, be a factor with regard to inter-
individual variation in response or occurrence of side effects at 
identical drug serum concentrations. The human MDR1 gene harbours 
approximately 30 single nucleotide polymorphisms (SNPs) /42/. SNPs 
in exons 21 and 26 are of particular interest, as these have been 
associated with differences in P-gp expression in humans /43/. The 
majority of SNP-related reports are concerned with the silent C3435T 
SNP of exon 26. This SNP has been associated with both increased 
and decreased levels of P-gp in the intestines, and with changed 
absorption patterns for digoxin and fexofenadine /44-46/. With regard 
to the effect of the C3435T SNP on P-gp at the BBB, few studies are 
available. In a study concerning depressed patients, Roberts et al. IM I 
found no difference in serum levels of nortriptyline between C/C, C/T, 
and T/T genotypes. They did, however, report that there was an 
increased occurrence of postural hypotension for the patients homo-
zygous for T. In another study, de Luca et al. /48/ investigated the 
involvement of the C3435T SNP in antidepressant-induced mania in 
depressed patients. The study included 55 patients treated with fluoxe-
tine, fluvoxamine, sertraline, Imipramine, moclobemide, venlafaxine, 
paroxetine, nefazodone, or combination therapy with fluoxetine/ 
fluvoxamine. They found no association, but the large number of 
different drugs included in the study is a problem, since, for example, 
sertraline and fluoxetine are at best poor substrates of P-gp /24,49/. 
Thus, further studies are warranted to elucidate the possible influence 
of the C3435T SNP at the BBB on the effect of psychotropic drugs. 
Generally, the majority of studies concerning the effect of P-gp 
polymorphisms on adverse effects or brain penetration of drugs do not 
show any significant effects. Interestingly, no loss-of-function muta-
tion has been described for MDR1 in humans 1501. In collie dogs, on 
the other hand, lack of functional P-gp occurs frequently. About one-
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third of collie dogs have no functional P-gp because of a four base-
pair deletion in the gene. When these collie dogs are treated with 
standard doses of loperamide, they are subject to several neurotoxic 
side effects, including mydriasis, ataxia, prostration and disorientation 
/51,52/. Likewise, ivermectin gives rise to neurotoxicity when these 
dogs are treated for mite infections /53/. 

CONCLUSION 

The present overview on the brain-serum concentration relation-
ship for a number of important drugs illustrates the importance of the 
drug transporter P-gp at the BBB. Generally, an inverse relationship 
exists between the magnitude of the brain-serum ratio and the 
influence of P-gp, as expressed by the relative difference between 
brain-serum ratios in KO and WT mice (KO/WT ratios). Although the 
pharmacogenomics of P-gp has been the focus of much interest, no 
clear effect of SNPs on the function of P-gp at the BBB has been 
demonstrated in humans. However, the possible effects of SNPs in the 
MDR1 gene is an area that deserves further attention. 
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