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INTRODUCTION

Plasma lipoproteins are macromolecular complexes of
lipid and protein mainly involved in the transport of lipids
through the vascular and extravascular body fluids (1) and other
processes including immune reactions, coagulation and tissue
repair (2—-4). Recently, plasma lipoproteins have been impli-
cated in the transport of a number of water-insoluble agents
resulting in the modification of their pharmacokinetics, tissue
distribution and pharmacological activity (5,6).

The plasma lipoprotein separation techniques currently
available were designed to separate, isolate, and purify individ-
ual lipoprotein subclasses from plasma and not to determine
the lipoprotein distribution of drugs or drugs incorporated
within lipid-based vesicles. These techniques including ultra-
centrifugation, sequential precipitation, size exclusion chroma-
tography, affinity chromatography, fast protein liquid
chromatography, and gel electrophoresis are designed to sepa-
rate plasma lipoproteins based on their differences in density,
molecular size, surface charge or protein content (7).

Ultracentrifugation (UC) appears to be the most acceptable
and widely used technique in the separation of different lipopro-
tein subclasses due to its ease of use, equipment availability
and reproducibility (7). There are two main types of UC used,
step-gradient and sequential density UC. Each UC method has
differences in UC time, rotor speed, volume of sample required,
and temperature at which the lipoprotein separation occurs, all
which may influence the result (7). Numerous investigations
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establishing the optimal conditions for lipoprotein separation
from plasma with minimal contamination or overlap between
lipoprotein fractions have been done by our laboratory (Tables
1 and 2) and others (7,8). However, both UC techniques have
been used indiscriminately by others in determining the lipopro-
tein distribution of drugs, such as cyclosporine (9-11), with
little thought about possible differences in results. In addition,
to date, no specific studies have investigated this possible con-
cern with lipid-based drug products. Furthermore, without the
appropriate controls to confirm that plasma lipoprotein distribu-
tion of a specific compound is not a function of the technique
used, erroneous conclusions about the drug’s lipoprotein distri-
bution may be made.

We conducted studies to determine the human plasma
distribution of free and liposomal nystatin (Nys) and
cyclosporine (CSA) by step-gradient and sequential density
UC. Our working hypothesis was that similar drug lipoprotein
distribution profiles would be observed when plasma was parti-
tioned into its different lipoprotein and lipoprotein-deficient
components by either step-gradient or sequential density UC.
These studies were designed to assess the similarities and differ-
ences of drug lipoprotein distribution when plasma was parti-
tioned by different UC separation techniques and to develop
the appropriate controls that would account for non-specific
drug flotation, elution or binding.

MATERIALS AND METHODS

Chemicals and Plasma

Free (Nys) and liposomal Nys (L-Nys), formulated as
previously described (12), were provided by Aronex Pharma-
ceuticals Inc. Radiolabeled CSA ([mebmt-B-*H] Cyclosporin A;
Specific Activity, 7.39 mCi/mg) was purchased from Amersham
Life Science (Buckinghamshire England). Liposomal *H-CSA
(L-*H-CSA) was formulated as previously described by Ouyang
and coworkers (13). Drug-free vehicles used to reconstitute
Nys, L-Nys, *H-CSA and L-*H-CSA did not alter lipoprotein
lipid and protein composition and concentration (9,12). Metha-
nol, tetrahydrofuran and other organic solvents were purchased
from Fisher Scientific Canada (Toronto, Ontario, Canada).
Sodium bromide was purchased from Sigma Chemical Com-
pany (St. Louis, MO). Normolipidemic fasted human plasma
was obtained from the Vancouver Red Cross (Vancouver, British
Columbia). Ten .l of 0.4M ethylenediaminetetraacetic acid pH
7.1 (EDTA, Sigma Chemical Company) was added to 1.0 ml
of whole blood.

Lipoprotein Separation

Sequential Ultracentrifugation (UC)

Human plasma (2.0 ml) samples were placed into centri-
fuge tubes, and their solvent densities were adjusted to 1.006-
g/ml by the addition of sodium bromide 1.478-g/ml solution
and then mixed. These centrifuge tubes were placed in a TLA
100.3 fixed-angle rotor. Following centrifugation (TLA-100
tabletop ultracentrifuge; Beckman Canada) at 100,000 rpm
(645,000g; *k factor = 10; *k factor is the relative pellet
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Table 1. Total and Lipoprotein Plasma Cholesterol (Esterified + Unesterified) and Triglyceride Concentrations of Human Plasma Following
Separation by Step-Gradient and Sequential Ultracentrifugation (UC)

Triglyceride rich Low density High density
lipoproteins lipoproteins lipoproteins Total
Patient profile mg/di mg/di mg/dl mg/dl
Cholesterol (esterified + unesterified)
Step-gradient UC 205 £ 1.8 48.0 = 49 39.0 £ 07 124.3 = 48
Sequential UC 175 £ 1.0 50.1 =13 334 = 1.4* 1244 =13
Triglyceride
Step-gradient UC 470 £ 53 21.1 = 2.1 32313 1212 2170
Sequential UC 416 £ 2.2 235 + 1.7 23.3 x 2.3* 1242 * 6.5

Note: Data is expressed as mean * standard deviation; (n = 6).
*p < 0.05 vs. step-gradient UC.

efficiency of each rotor) for 18 hours at 4°C the very low-
density lipoprotein (VLDL)-rich and VLDL-deficient plasma
fractions were recovered. The VLDL-deficient plasma fraction
was readjusted to a homogenous density of 1.063-g/ml and
respun at 50,000 rpm for 18 hours at 4°C to separate the low-
density lipoprotein (LDL)-rich and VLDL/LDL-deficient
plasma fractions. The VLDL/LDL-deficient plasma fraction
was subsequently readjusted to a homogenous density of 1.21-
g/ml and respun at 50,000 rpm for 20 h at 4°C to separate the
high-density lipoprotein (HDL)-rich and lipoprotein-deficient
plasma (LPDP) fractions (14). Sodium bromide solutions were
prepared as previously described (12,14).

Step-Gradient Ultracentrifugation (UC)

Human plasma (3.0 ml) samples were placed into centri-
fuge tubes, and their solvent densities were adjusted to 1.25-
g/mi by the addition of solid sodium bromide (0.34g/mL of
plasma). Once the sodium bromide had dissolved into the
plasma, 2.8 mli of the highest density sodium bromide solution
(density of 1.21-g/ml, which represents the HDL fraction) was
layered on top of the plasma solution. Then, 2.8 ml of the
second sodium bromide solution (density of 1.063-g/ml, which
represents the LDL fraction) was layered on top of the sample,
followed by 2.8 ml of the third sodium bromide solution (density
of 1.006-g/ml, which represents the VLDL and chylomicron
fraction). Upon completion of layering with the sodium bromide
density solutions, four distinct regions of progressively greater
densities (from top to bottom of the tube) were observed (12).
All sodium bromide solutions were kept at 4°C prior to the
layering of the density gradient. The centrifuge tubes were
placed in an SW 41 Ti swinging bucket rotor (Beckman Canada)
and centrifuged at 40,000 rpm (288,000g; k factor = 128), at

a temperature of 15°C for 18 hr (L8-80 M; Beckman Canada).
Following UC, each density layer was removed using a Pasteur
pipette and the volume of each lipoprotein fraction measured.

Nystatin (Nys), 3H-CSA, Lipid and Protein
Quantification

Nys was extracted from each lipoprotein and lipoprotein-
deficient fraction and the concentration in each fraction deter-
mined by high-pressure liquid chromatography methods pre-
viously described (12). *H-CSA recovery within each
lipoprotein and lipoprotein-deficient fraction was determined
by scintillation counting and calculating the amount of *H-
CSA within each fraction using external calibration/quenching
standard curves (9). Total and lipoprotein plasma triglyceride,
cholesterol, and protein concentrations were determined by
enzymatic assays purchased from Sigma Chemical Co. as pre-
viously described (9,12).

Experimental Design

Nys, L-Nys (at 20 pg of Nys/ml), *H-CSA and L-*H-CSA
(at 1 pg of SH-CSA/ml) were incubated in human plasma and
lipoprotein-deficient human plasma for 60 minutes at 37°C.
Following incubation, the plasma samples were partitioned into
different densities using step-gradient or sequential density UC
and each density fraction was assayed for drug by HPLC or
radioactivity. In human plasma the 1.0—1.006-g/ml density frac-
tion represents VLDL and chylomicrons, the 1.006-1.063-g/ml
density fractions represents LDL, the 1.063-1.21-g/ml density
fraction represents HDL, and the greater than 1.21 g/ml density
fraction represents the LPDP fraction composed of mostly albu-
min and alpha-1 glycoprotein. Each lipoprotein fraction was

Table 2. Plasma Lipoprotein Composition of Human Plasma Following Separation by Step-Gradient and Sequential Ultracentrifugation (UC)

Triglyceride rich lipoproteins

Low density lipoproteins

High density lipoproteins

TC/TP TG/TP TC/TG TC/TP TG/TP TC/TG TC/TP TG/TP TC/TG
(wt/wt) (wt/wt) (wt/wt) (wt/wt) (wt/wt) (wt/wt) (wt/wt) (wt/wt) (wt/wt)
Step-gradient UC 2.0 £ 0.1 47*05 0401 1402 06=x01 23*x02 03=x01 0301 12=x01
Sequential UC 1301* 3202 0401 1301 06=x01 22*x02 0501 03=xx01 14=*0.1

Note: Data is expressed as mean * standard deviation, (n = 6).

*p < 0.05 vs. step-gradient UC; TC, total cholesterol (esterified + unesterified); TG, total triglycerides; TP, total protein; wt/wt, weight/weight.
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analyzed for total cholesterol (esterified & unesterified),
triglyceride, protein, total cholesterol: total protein ratio, total
triglyceride: total protein ratio, and total cholesterol: total tri-
glyceride ratio.

Statistical Analysis

Differences in plasma lipoprotein lipid and protein concen-
tration and composition following separation by step-gradient
and sequential density UC and differences in drug distribution
following separation using both UC methods were determined
by a one-way analysis of variance (InStat; GraphPad Software).
Critical differences were assessed by Tukey posthoc tests. Dif-
ferences were considered significant if p was < 0.05. All data
are expressed as mean * standard deviation.

RESULTS AND DISCUSSION

A number of preliminary studies have been done in order
to establish the optimal conditions (i.e. ultracentrifuge rotor
type, length of spin, temperature, rotor speed, sample volume,
type of ultracentrifuge method) for lipoprotein separation from
human plasma with minimal contamination between different
lipoprotein subclasses and aqueous plasma proteins (7,8,14,15).
Two methodologies have emerged from these studies, step gra-
dient and sequential UC.

When human plasma was separated into its different lipo-
protein subclasses by step-gradient and sequential UC the fol-
lowing differences were observed. HDL cholesterol and
triglyceride concentrations were significantly lower following
sequential separation than following step-gradient separation
(Table 1). Furthermore, the triglyceride rich lipoproteins (which
contains VLDL and chylomicrons) total cholesterol: total pro-
tein and total triglyceride: total protein ratios were significantly
lower following sequential separation than following step-
gradient separation (Table 2). All other lipoprotein lipid parame-
ters measured were not significantly different (Tables 1 and 2).

Once it was confirmed that these methods separated lipo-
proteins in a similar fashion, a direct comparison of their ability
to determine the lipoprotein distribution of different hydropho-
bic compounds was assessed. When human plasma containing
Nys, L-Nys (Table 3), *H-CSA and L-*H-CSA (Table 4) were
separated into their lipoprotein and lipoprotein-deficient frac-
tions by step-gradient and sequential density UC significant
differences in drug distribution were observed. The rationale
for incubating these compounds in lipoprotein-deficient plasma
was to determine if drug recovery within each of the different
density fractions was a result of the drug’s association with a
specific lipoprotein and not due to its formulation density.

Upon separation by sequential UC, at least 14% of the
initial concentration of Nys and L-Nys incubated in lipoprotein-
deficient plasma were recovered in each density fraction (Table
3). In addition, the distribution profile of Nys and L-Nys in
lipoprotein-deficient plasma (Table 3) was similar to their distri-
bution profile in human plasma (Table 3). Similar results were
observed for *H-CSA and L-*H-CSA within density fractions
less than 1.063 g/ml (Table 4). These findings suggest that we
are not able to determine the lipoprotein distribution of these
compounds using sequential UC since we cannot distinguish
if drug recovered within each density fraction was due to its
association with a specific lipoprotein or due to its formula-
tion density.
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However, following step-gradient UC separation of drug-
containing lipoprotein-deficient plasmas, the majority of free
and liposomal Nys (Table 3) and *H-CSA (Table 4) were recov-
ered in the most dense fraction (>1.210 g/ml) with total recov-
ery greater than 96%. Unlike the sequential UC method, the
distribution profile of these compounds when incubated in
lipoprotein-deficient plasma is significantly different from their
distribution profile in human plasma when separation was per-
formed using step-gradient UC (Tables 3 & 4). These findings
suggest that drug recovery within each of the lipoprotein density
fractions may be a result of its association with that specific
lipoprotein and not because of its formulation density.

An explanation for the discrepancies between the step-
gradient and sequential density UC methods may be a result
of how the different density fractions are prepared and utilized.
In sequential UC the density of drug-containing plasma is
adjusted to 1.006-g/ml (representing VLDL and chylomicrons)
with a sodium bromide solution (assuming plasma has a density
close to 1.00-g/ml). This results in a one phase sodium bromide-
plasma solution in which drug from the plasma is solubilized
and homogeneously dispersed throughout the solution [The
aqueous solubility of Nys and CSA are | mg/ml and 0.1 mg/
ml respectively (Wasan et al.; unpublished findings)]. Theoreti-
cally, following centrifugation only particles with a density less
than 1.006-g/mi [i.e., chylomicrons and VLDL] within this
solution would rise to the top (14). Subsequently this layer is
removed and the remaining solution was readjusted to a new
density, and centrifuged to float the next lipoprotein fraction
to the top. Since the drug was homogeneously dispersed within
this solution after each subsequent spin a proportion of drug
was removed independent of lipoprotein association (Tables
3 & 4). However in step-gradient UC, drug-containing plasma
is placed on the bottom of the centrifuge tube and the density
is readjusted to 1.25-g/ml with solid sodium bromide. Unlike
the method of sequential UC the drug-containing plasma is not
redispersed to form a homogenous sodium bromide-plasma
solution. The different density fractions are layered on top of
the plasma so that following a single spin, particles of different
densities rise to their respective density fraction (7,8). There-
fore, as demonstrated with the lipoprotein-deficient plasma dis-
tribution profiles (Tables 3 & 4), the recovery of drug within
each of these density fractions appears to be due to its associa-
tion with lipoproteins and not a result of its formulation density.

Additional aspects of these two methods as they relate to
the different results obtained need to be considered. Conceptu-
ally, step gradient UC is less arduous in terms of technique
manipulation than sequential density UC (i.e. decreased UC
time, less volume of sodium bromide density solutions
required), which is an advantage. Furthermore, stability of lipo-
proteins and plasma proteins (i.e. albumin and alpha-t glycopro-
tein) is a potential issue with the sequential method due to
the prolonged period of time required for completion of the
centrifugation. The centrifugation temperatures are different for
the two methods as well. This could possibly further account
for differences between the distribution studies obtained by
the two methods. Although neither method is performed at a
physiological temperature, UC is performed at temperatures
below the transition temperature of lipoproteins, which is
between 27°C-34°C (15). During the transition, cholesteryl
esters within the lipoprotein core exist as an isotropic solution,
whereas below this temperature they form disordered liquid
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Table 3. Distribution of Free and Liposomal Nystatin at 20 g Nystatin/ml Within Human Plasma and Lipoprotein-Deficient Human Plasma
Following Incubation for 60 Minutes at 37°C

<1.006 g/ml 1.006~1.063 g/ml 1.063-1.210 g/ml >1.210 g/ml Percent
fraction fraction fraction fraction recovery
%° % % % %*
Free Nystatin
I. Human plasma
Step-gradient UC 3724 6.0 2.8 314 £ 107 58.7 £ 34 99.8 + 10.8
Sequential UC 17.1 = 2.3* 21.1 = 1.3* 184 = 0.1* 51.8 = 4.6 108.4 = 8.0
II. Lipoprotein-deficient plasma
Step-gradient UC ND ND 145 =23 84.6 = 6.1 99.1 + 8.2
Sequential UC 226 =19 145 =15 9.1 = 0.5* 36.2 + 3.3* 824 *+ 7.2%
Liposomal nystatin
I. Human plasma
Step-gradient UC 15+ 1.2 1.5 =27 458 = 3.8 39.6 £ 2.6 88.4 = 103
Sequential UC 149 * 1.3* 149 *+ 2.0* 25.5 = 0.7* S1.5 = 5.0* 106.8 = 9.2
II. Lipoprotein-deficient plasma
Step-gradient UC ND ND 120 = 20 85.0 = 5.1 97.0 £ 7.1
Sequential UC 142 = 3.2 11318 19.8 = 4.0* 419 + 5.2* 87.2 = 142

Note: After incubation samples were partitioned into different densities using step-gradient versus sequential ultracentrifugation (UC) and each

fraction was assayed for nystatin by high pressure liquid chromatography. Data expressed as mean * standard deviation.

*p < 0.05 vs. step-gradient ultracentrifugation, (n = 6).

@ percent of the initial amount of nystatin incubated in human plasma.

b percent of initial drug incubated; ND, not detectable. In human plasma the <1.006 g/ml fraction represents very low density lipoproteins
and chylomicrons, the 1.006~1.063 g/ml fraction represents intermediate and low-density lipoproteins, 1.063-1.210 g/ml fraction represents
high-density lipoproteins and the >1.210 g/ml fraction represents albumin and alpha-1 glycoprotein.

crystals (15). In this liquid crystalline state the lipoproteins are easily
separated from one another. However, when the lipoproteins exist
as an isotropic solution you may have cross-contamination between
density layers. In addition, preliminary work has been done by our
laboratory which demonstrates that drug does not redistribute into

different lipoprotein fractions at 4°C and 15°C (5). Therefore, follow-
ing the incubation of the drug at 37°C the plasma is cooled down
to at least 15°C to prevent any drug redistribution prior to UC.
The importance of these findings can be illustrated by the
foliowing example. A number of different research groups have

Table 4. Distribution of Free and Liposomal *H-Cyclosporine (*H-CSA) at 1 pg CSA/ml Within Plasma and Lipoprotein-Deficient Human

Plasma Following Incubation for 60 Minutes at 37°C

<1.006 g/ml 1.006-1.063 g/ml 1.063-1.210 g/ml >1.210 g/ml Percent
fraction fraction fraction fraction recovery
%" % % % %"
*H-CSA
1. Human plasma
Step-gradient UC 112+ 1.0 297 = 1.0 474 + 35 45 0.8 929 + 4.1
Sequential UC 11.6 = 0.6 253 = 0.3* 44.1 = 0.8 50 * 09 86.0 = 1.4*
II. Lipoprotein-deficient plasma
Step-gradient UC 5307 8.0 =03 23*15 84.7 = 3.9 100.3 = 4.7
Sequential UC 14.1 = 0.3* 23.6 = 0.4* 147 = 3.3* 33.7 = 5.2% 86.1 = 7.8*
Liposomal *H-CSA
I. Human plasma
Step-gradient UC 41.8 + 34 17.6 = 0.2 30.2 £ 0.6 28 £ 0.3 943 + 3.6
Sequential UC 22.1 * 4.2% 194 = 1.8 50.1 = 4.5* 79 + 3.6* 99.5 £ 7.8
II. Lipoprotein-deficient plasma
Step-gradient UC 76 =09 42 +03 99 +09 750 £ 5.0 96.7 £ 6.0
Sequential UC 15.6 = 0.6* 21.8 = 0.6* 222 + 1.9% 38.1 = 4.8% 97.7 = 3.3

Note: After incubation samples were partitioned into different densities using step gradient ultracentrifugation versus sequential ultracentrifugation

(UC) and each fraction was assayed for *H-CSA by radioactivity. Data expressed as mean * standard deviation.

*p < 0.05 vs. step-gradient UC, (n = 6).

@ percent of the initial amount of *H-CSA incubated in human and lipoprotein-deficient plasma.

b percent of initial drug incubated; ND, not detectable. In human plasma the <1.006 g/ml fraction represents very low density lipoproteins
and chylomicrons, the 1.006—1.063 g/ml fraction represents intermediate and low-density lipoproteins, 1.063-1.210 g/ml fraction represents
high-density lipoproteins and the >1.210 g/ml fraction represents albumin and alpha-1 glycoprotein.
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in human plasma (5,9-11). However, the relative percentage
of association to specific lipoproteins reported varies from study
to study. This may have to do with the varying lipid content
of the plasma used from one study to the next (9). Alternatively,
this may also be a result of indiscriminate use of different
ultracentrifugation techniques (i.e., sequential ultracentrifuga-
tion was used in studies reported in reference 10, while step-
gradient ultracentrifugation was used in studies reported in
references 9 and 11). The consequences of erroneously reporting
differences in CSA association with different lipoprotein frac-
tions could have implications in interpreting CSA’s therapeutic
or toxic affects. This concern may be justified by recent studies
that observed decreases in CSA activity within patients that
have elevated plasma triglyceride levels and increases in CSA
toxicity in those with low plasma cholesterol levels (5,9).

In conclusion, these findings suggest that incubating
hydrophobic compounds in human and lipoprotein-deficient
plasma and separating the lipoprotein and lipoprotein-deficient
fractions by step gradient and sequential density UC may yield
different drug distribution profiles. These differences are
important to consider when comparing resuits from different
studies.
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