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Differential lipid affinity of xenobiotics and natural compounds
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Abstract Octanol-1/water partitioning currently provides the
most widely used model system to simulate both phospholipid
target lipids and triglyceride storage lipids. A differentiation
between the two lipid classes is now achieved by making use
of a water-induced lipid phase separation. Coefficients (Kt /pc)
for partitioning between trioleoylglycerol (TG) and phosphati-
dylcholine (PC) were determined for 20 xenobiotics and two
biological lipids. Krg/pc values are related to Kow through
the relationship, log Kr¢/pc =0.33 log Kow—1.078. The present
results will allow better predictions on whether drugs and xeno-
biotics are bioaccumulated, degraded or reach toxicity-related
sites. In addition, applications to natural lipophilic compounds
and disease-related proteins are discussed.

© 2003 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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1. Introduction

The importance of the lipophilicity of chemicals for passive
membrane permeation and narcotic activity was recognized
more than 100 years ago (Meyer—Overton rule, reviewed
[1,2]). Olive oil (triglyceride)/water [1-3], biomembrane/water
[1,2], phospholipid/water [1,2,4] and octanol-1/water [1,3,5,6]
partitioning coefficients have been used to characterize lipo-
philicity. Octanol-1/water partitioning coefficients (Kow) be-
came the most widely used lipophilicity parameter that has
been employed in the systematic analysis of quantitative struc-
ture—activity relationships (QSAR) [7-10]. Hundreds, if not
thousands, of pharmacokinetic and physiological processes
have in this way been positively correlated with lipophilicity.
However, it has usually been ignored that the two major bio-
logical lipid classes (phospholipids, triglycerides) have oppos-
ing functions. Triglycerides predominate in adipose tissue and
in fat droplets. Their main pharmacokinetic function is stor-
age and bioaccumulation of lipophilic xenobiotics and drugs.
In contrast, phospholipids predominate in biological mem-
branes where many of the target proteins and metabolic en-
zymes for lipophilic chemicals are located. Often, there is an
obligatory functional dependence on phospholipids [11]. The
opposing functions of the two major lipid classes have been
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recognized in ecotoxicological studies where target lipids
(phospholipids) and non-target lipids (triglycerides) have
been distinguished [12,13]. Any prediction of the biological
activity and fate of lipophilic drugs and xenobiotics, as well
as natural compounds, clearly requires knowledge of their
differential affinity for either phospholipid or triglyceride.
Such data are presented here for the first time.

2. Materials and methods

2.1. Materials

Partitioning was carried out between trioleoylglycerol (TG; Sigma
No. T-7140) and either egg yolk phosphatidylcholine (PC; Sigma No.
P-4279) or 1-palmitoyl-2-oleoyl-PC (Sigma No. P-3017). Results with
the two types of PC were closely similar. Defined solutions of TG
were prepared gravimetrically, whereas PC solutions were quantitated
by phosphorus determination. Substances to be partitioned were pur-
chased in “C- or 3H-labeled form. Purities of TG, PC and of the
radioactive chemicals were checked by thin layer chromatography
[14,15].

2.2. Partitioning procedure

The radioactive test substance (0.2-10 nmol, 20 000-100 000 dpm, in
5-10 pl ethanol, propanol-2 or n-hexane) was mixed in 1 ml polycar-
bonate ultracentrifugation tubes with 3800 nmol PC in 30 pl ethanol
and 4170 nmol TG in 30 pl n-hexane. The mixture was frozen in
liquid nitrogen and lyophilized. A 300 ul aliquot of 100 mM nitro-
gen-saturated potassium phosphate buffer of pH 6.6 and 600 pl nitro-
gen-saturated water were added. The tube was gassed with nitrogen,
sealed with Parafilm and shaken with maximal power for 30 s on a
Vortex mixer. This treatment resulted in a heavy emulsion. The sam-
ple was incubated under nitrogen for 7-15 h at 25°C in a shaking
water bath and then ultracentrifuged for 20 h at 20°C (Beckman rotor
25, 25000 rpm). This resulted in separation of a TG-rich lipid layer at
the top and a PC-rich lipid layer at the bottom of the tube. The tube
was frozen in liquid nitrogen and dissected manually with a small saw
into five slices whose radioactivity was determined using a detergent-
containing scintillation fluid. A tube slice containing the TG layer was
followed by three control slices containing water phase and the bot-
tom tube slice containing the PC layer. External standardization of
counting rates was checked by internal standardization using toluene
standards of known radioactivity. Each substance was examined in
4-12 independent experiments; the relative standard deviation was
+10-15%. In control experiments the amounts of TG or PC were
varied between 0.5- and 2-fold and Krg/pc values were found to
remain the same. In many cases, the amount of test substance was
increased up to 50 nmol, again without significant effect on Krg/pc.

3. Results

3.1. Basis of differential lipid partitioning

Preliminary experiments to determine coefficients (Ktg/pc)
for partitioning of lipophilic chemicals between TG and PC
have been described [14], but the physical basis of the proce-
dure remained undefined. The phase behavior of TG and PC
has now been determined in the absence and presence of
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Fig. 1. Phase separation of egg PC and TG. Absence of water (tube
depicted on the left): The tube received 215 pmol I-palmitoyl-2-
oleoyl-PC and 189 pumol TG that were lyophilized together from
n-hexane solutions. ['*C]1-Palmitoyl-2-oleoyl-PC or ['*C]TG markers
(~0.5 nmol, 70000 dpm) had been added. After lyophilization, the
dried lipids were thoroughly dispersed on a Vortex mixer and incu-
bated under nitrogen in a shaking water bath at 25°C (12 h). Ultra-
centrifugation of the dried lipid mixtures in a Beckman 50Ti rotor
at 33000 rpm resulted in an upper oil phase and a semi-solid bot-
tom phase. The associated radioactivities were determined so that
the indicated mol% mutual miscibilities could be calculated. Four
independent experiments with closely similar results (S.D., *8%)
were performed. Presence of water (tube depicted on the right): The
standard TG/PC-partitioning procedure described in Section 2 was
performed with inclusion of the same two '“C-lipid markers. Mol%
mutual miscibility is shown (=4, S.D., *11%).

water. As depicted in Fig. 1, a phase separation of TG and PC
occurs upon addition of aqueous buffer. Only one of the four
parameters of Fig. 1, association of TG with PC in the pres-
ence of water, has previously been determined in the literature

Table 1
Experimental Ktg/pc values

Chemical KT()/pC value
1. DDE 9.8
2. DDT 9.3
3. DEHP 9.3
4.  PCB-Cls 5.9
5. DDD 5.0
6. Methoxychlor 3.8
7. Aldrin 3.5
8. HCB 33
9.  Dieldrin 2.8
10. Lindane 2.7
11.  Biphenyl 2.5
12.  Parathion 1.9
13.  Kelthane 1.4
14.  Dichlobenil 0.59
15.  Benzylalcohol 0.58
16.  2,4,6-Trichlorophenol 0.48
17.  Carbaryl 0.32
18.  2-Nitrophenol 0.28
19.  4-Nitrophenol 0.14
20. Phenol 0.105

The standard partitioning procedure of Section 2 was employed.
The dpm ratios between the TG- and PC-rich lipid phases were con-
verted to molar fraction ratios by taking the mutual lipid contami-
nation into account. The values were not corrected for dissociation
of functional groups. The common designations of xenobiotics are
used; the corresponding chemical designations have been listed [45].
The least lipophilic chemical was phenol with Krg/pc =0.105. Xeno-
biotics with still lower lipophilicity such as 2,4-D, 2,4,5-T, DDA,
MEHP and phthalic acid showed distinct lipid associations, in par-
ticular to PC, but the elevated aqueous radioactivities prevented a
reliable determination of Ktg/pc values.
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Fig. 2. Relationship between log Krg/pc (values derived from Table
1) and log Kow. The latter values were adopted from [19] that
states that errors in reported data are identified and ‘best’ values
are reported. Xenobiotics were numbered according to Table 1.
Xenobiotic No. 13 of Table 1 was not plotted because no log Kow
value could be found. The regression line conforms to the equation,
log Krg/pc =0.33 log Kow—1.078. The correlation coefficient was
0.77. The log Kow regions of preferential partitioning into PC or
TG are labelled.

[16,17]. The association of PC with TG may in part be due to
the well-known monolayer coverage of TG droplets [17,18].
The importance of the phase separation process for the differ-
ential partitioning between TG and PC was further shown by
the failure of the two lipophilic chemicals, cholesterol
(Ktg/pc,» 0.12) and oleoyl-cholesterol (Ktg/pc, 25), to equili-
brate through the water phase. These substances were dried
with either PC or TG and were then dispersed in aqueous
buffer containing a dispersion of the second lipid. After incu-
bation and ultracentrifugation, radioactivity of the TG and
PC layers was determined. In all cases, the test substances
remained completely associated with the lipid initially em-
ployed. The standardized protocol of Section 2 was used in
these and all subsequent experiments.

3.2. Partitioning values of xenobiotics

The Krg/pc values of 20 radioactively labelled xenobiotics
were determined, as summarized in Table 1. A linear relation-
ship between log Ktg/pc and published values of log Kow [19]
appeared to exist (Fig. 2). Chemicals with log Kow below 3.3
had a higher affinity for PC, those with log Kow above 3.3
partitioned preferentially into TG. The noticeable scatter of
the data (correlation coefficient, 0.77) may be due to the rel-
atively high standard deviation (% 10-15%) of the partitioning
procedure, and to the recently discussed unreliability of re-
ported Kow values [20]. The slope of the regression line was
only 0.33 and was thus significantly lower than the slope of
1.0 that has been documented in numerous studies of narcosis
and QSAR studies [1-10]. Slope values near 1.0 are expected
from the Meyer-Overton rule due to the dominating ‘hydro-
phobic effect’ that arises from interactions with water [21]. In
contrast, partitioning between TG and PC appears to involve
more subtle free energy increments that result from differences
between anisotropic phospholipid bilayers and isotropic tri-
glyceride droplets. It has previously been determined for
long-chain alcohols that the transfer free energy increment
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per methylene group was only —40 cal/mol in the TG/PC-
partitioning system [15], compared to some —800 cal/mol
for partitioning systems involving a water phase [21]. Log
Kow values above ~5 are difficult to determine experimen-
tally [7,8], and TG/PC partitioning may be used for substan-
ces of high lipophilicity.

4. Discussion

Log Kow has been well documented to be linearly related to
bioaccumulation of DDT and other persistent xenobiotics
[3,7-10], as well as to rate and equilibrium constants of nu-
merous physiological and pharmacokinetic processes that are
influenced by xenobiotics and drugs [1,2,5-10]. Typically, nu-
merous lipid-related steps exist, such as membrane permea-
tion, binding to membranes and serum lipoproteins, binding
to membrane-localized receptors and enzymes, bioaccumula-
tion in adipose tissue and lipid droplets. Multiple partitioning
steps between target versus non-target lipids thus occur, but
could so far not be simulated. This limitation is overcome by
the present partitioning assay involving PC and TG. At the
same time, the widespread use of Kow receives new support
because Krg/pc values can be calculated from existing Kow
values on the basis of the relationship given in Fig. 2. Below a
transition point near log Kow 3.3, octanol-1 acted as a model
for PC, above log Kow 3.3, as a model for TG.

Bioaccumulating xenobiotics are known to reach ppb or
ppm levels in adipose lipids as well as the lipid droplets of
human milk [22,23]. On the basis of lipid content, human
brain contains much lower levels of these xenobiotics
[22,24]. These observations may be due to the presence of
only ~0.6% triglycerides in brain lipids, compared, for exam-
ple, to ~48% triglycerides in liver lipids [25]. Krg/pc values
may also be applied to analyze the functional role of natural
compounds. For example, cholesterol and oleoyl-cholesterol
are both practically water-insoluble but on the basis of their
log Krg/pc values of —0.92 and 1.40, respectively, are pre-
dicted (cf. Fig. 2) to have greatly different biological func-
tions. In fact, cholesterol, but not its esters, is specifically
associated with biomembranes and the outer layer of soluble
lipoproteins, whereas cholesterol esters occur as characteristic
interior components of soluble lipoproteins [26]. With regard
to other natural compounds, the partitioning of cannabinoid
drug analogues into mouse brain has been correlated with
their Ktg/pc values [27,28]. The lipid-related pharmacoki-
netics of lipophilic food constituents that activate nuclear re-
ceptors has been reviewed [29]. The uptake and differential
lipid partitioning of carotenoids has been studied in particular
detail, including the use of TG/PC emulsions [30,31].

The self-assembly of blood lipoproteins from TG, choles-
terol esters, cholesterol and phospholipids and the apopro-
teins has been well studied [32-35]. Phospholipids are known
to play a chaperone-like role in the membrane incorporation
of integral membrane proteins [36], although some membrane
proteins, such as the nicotinic acetylcholine receptor [37], re-
quire the presence of sterols in addition to phospholipids. In
loose analogy to the soluble lipoprotein complexes of blood,
cellular TG droplets are known to be associated with charac-
teristic proteins [38]. More recently, certain disease-related
proteins, such as the hepatitis C virus capsid protein [39],
o-synuclein [40], a cancer-related placental protein [41] and
caveolins [42], have been found to differentially interact with
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cellular TG droplets or biomembranes. Differential lipid/pro-
tein interactions may also be involved in the formation, ag-
gregation and clearance of B-amyloid peptides involved in
Alzheimer’s disease. The presence of the apolipoprotein E4
allele or lowered cholesterol levels are known to lead to high-
er, respectively lower, disease incidence [43,44].

In conclusion, differential interactions with TG- or PC-rich
lipid phases may be important not only for drugs and xeno-
biotics, but also for lipophilic natural compounds and pro-
teins. Ktg/pc values may be applied in analogy to the theo-
retical plate numbers used to describe chromatographic
processes: multiple partitioning steps between TG- and PL-
rich phases decide whether lipophilic chemicals and proteins
will be bioaccumulated, degraded or reach toxicity-related
target sites.
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