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The objective of the proposed study was to determine the distribution in plasma lipoprotein of free all-trans
retinoic acid (ATRA) and liposomal ATRA (Atragen; composed of dimyristoyl phosphatidylcholine and soy-
bean oil) following incubation in human, rat, and dog plasma. When ATRA and Atragen at concentrations of
1, 5, 10, and 25 pg/ml were incubated in human and rat plasma for 5, 60, and 180 min, the majority of the
tretinoin was recovered in the lipoprotein-deficient plasma fraction. However, when ATRA and Atragen were
incubated in dog plasma, the majority of the tretinoin (>40%) was recovered in the high-density lipoprotein
(HDL) fraction. No differences in the plasma distribution between ATRA and Atragen were found. These data
suggest that a significant percentage of tretinoin associates with plasma lipoproteins (primarily the HDL
fraction) upon incubation in human, dog, and rat plasma. Differences between the lipoprotein lipid and protein
profiles in human plasma and in dog and rat plasma influenced the plasma distribution of ATRA and Atragen.
Differences in lipoprotein distribution between ATRA and Atragen were not observed, suggesting that the
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drug’s distribution in plasma is not influenced by its incorporation into these liposomes.

All-trans-retinoic acid (ATRA) has been proven effective
against a variety of malignancies in isolated tissue culture sys-
tems and in human clinical trials (7, 13, 17, 21, 25). However,
ATRA has a limited duration of action (17) and many patients
relapse after a remission of short duration (7). In these pa-
tients, ATRA concentrations in plasma were found to be very
low and the biological activity of ATRA appeared to be greatly
impaired by the induction of retinoic acid binding protein (7)
and increased drug catabolism by cytochrome P-450-mediated
reactions (7, 25). A number of pharmacokinetic studies have
shown that drug exposure in plasma declines substantially and
rapidly when ATRA is administered in a long-term daily reg-
imen (25). These observations have led to the hypothesis that
the rapid development of acquired clinical resistance to ATRA
may have a pharmacological basis and results from an inability
to present an effective drug concentration to the leukemia cells
during continuous treatment (25). The incorporation of ATRA
into liposomes has allowed the preparation of a new intrave-
nous ATRA formulation (7, 8, 17) that may significantly im-
prove the potency and duration of ATRA’s activity in cases of
leukemia and potentially other malignancies.

Previous studies have shown that liposomal ATRA (L-
ATRA) effectively induces differentiation in human myeloid
leukemia cell lines (HL-60, KG-1, and THP-1) and is as effec-
tive as free ATRA in inducing differentiation of cells from
patients with acute promyelocytic leukemia (7). Parthasarathy
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and coworkers demonstrated that L-ATRA containing diphos-
phatidyl palmitoylcholine and stearylamine (9:1 [wt/wt]) had
optimal drug incorporation, high stability, and minimal toxicity
toward erythrocytes, while delivering a sufficiently high con-
centration of ATRA to inhibit the growth of a squamous-cell
carcinoma cell line, MDA 886Ln (21). Mehta and coworkers
reported that when L-ATRA was administered to rats over a
prolonged period, the levels of the drug in the blood did not
change over time (17). In vitro studies of isolated liver micro-
somes revealed that the catabolism of the drug was not altered
in rats that were repeatedly given the L-ATRA formulation
(17) whereas microsomes isolated from animals that were
orally administered free ATRA the same number of times with
the same doses showed a significant increase in the metabolism
of the drug (17).

For most hydrophilic compounds, intravenous administra-
tion results in an instantaneous distribution of the compound
within the blood. This is a consequence of homogeneous mix-
ing of the compound with the aqueous components of the
bloodstream (26). However, when compounds are hydropho-
bic in chemical nature or are incorporated into lipophilic car-
riers (liposomes), their distribution within the bloodstream
may not be instantaneous. The interaction of these compounds
with nonaqueous components of the bloodstream, including
lipoproteins, appears to be an explanation for this observation.

Plasma lipoproteins are macromolecules of lipid and protein
that transport polar and nonpolar lipids through the vascular
and extravascular body fluids (10, 34). However, it is well
known that plasma lipoprotein profiles vary considerably be-
tween different animal species (9). In addition, disease states
can significantly influence plasma lipoprotein profiles, possibly
resulting in altered therapeutic outcomes. Current research
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has shown that lipoprotein binding of drug compounds can
significantly influence not only the pharmacological and phar-
macokinetic properties of the drug but also the relative toxicity
(1, 2, 4, 11, 14, 15, 18-20, 22, 24, 31, 38). An example of one
such compound is amphotericin B (AmpB), a polyene antibi-
otic used in the treatment of systemic fungal infections.

There is growing evidence that increases in cholesterol con-
centrations in serum increase the renal toxicity of AmpB. Our
laboratory has previously observed that AmpB is more neph-
rotoxic when it is administered to hypercholesterolemic insu-
lin-dependent diabetic rats than when it is administered to
nondiabetic rats (35). Koldin and coworkers demonstrated el-
evated AmpB-induced nephrotoxicity when AmpB bound to
low-density lipoproteins (LDL) was administered to hypercho-
lesterolemic rabbits (12). Lopez-Berestein observed that when
AmpB was administered to patients with leukemia (16) and
immunocompromised patients who exhibited lower cholesterol
concentrations in serum, AmpB-induced renal toxicity de-
creased (23). Chabot and coworkers observed no measurable
renal toxicity when AmpB was administered to cancer patients
who exhibited hypocholesterolemia (5). We have further re-
ported that patients with a higher percentage of AmpB bound
to serum LDL are more susceptible to AmpB-induced kidney
toxicity (32).

The studies presented in this manuscript determine the
plasma lipoprotein distribution of free ATRA and L-ATRA
(Atragen; Aronex Pharmaceuticals Inc.) following incubation
in human, rat, and dog plasma and address the role of lipopro-
tein lipid and protein content in the distribution of ATRA to
plasma lipoproteins.

MATERIALS AND METHODS

Chemicals, lipids, and plasma. [*H]Atragen (specific activity, 49 pCi/mmol;
lot no. 1051.85.1) was provided by Aronex Pharmaceuticals Inc. All-trans-
[11,12(n)-*H]retinoic acid ([*H]ATRA,; specific activity, 49 Ci/mmol; 5 mCi/ml in
ethanol) was purchased from Amersham. Human plasma was provided by British
Columbia Red Cross (blood samples are pooled from a variety of nondiseased
human volunteers). Rat plasma was obtained from fasted Sprague-Dawley rats
(250 to 300 g). Dog plasma was purchased from Harlan Bioproducts (Indianap-
olis, Ind.). Organic solvents (e.g., ethanol) were purchased from Fisher Canada.
Ultracentrifugation supplies (centrifuge tubes and density gradient solutions,
etc.) were purchased from Beckman Canada. Lipid and protein analysis kits were
purchased from Sigma Chemical (St. Louis, Mo.). Affinity lipoprotein separation
kits were purchased from Isolab Inc. (St. Louis, Mo.).

Atragen was manufactured in accordance with good manufacturing practices
at BenVenue Laboratories as a lyophilized product containing tretinoin, dimy-
ristoyl phosphatidylcholine (DMPC), and soybean oil. Following reconstitution
with sterile saline, each vial of Atragen contains 2 mg of tretinoin per ml. This
formulation was identical to that which was used in all preclinical and clinical
studies.

[*H]Atragen was manufactured at Aronex Pharmaceuticals as a lyophilized
product containing nonradiolabeled and all-trans-[11,12(n)-*H]retinoic acid,
DMPC, and soybean oil. This formulation was identical to that of the nonradio-
labeled Atragen used in clinical studies, except that it contained [*H]tretinoin.
The purity of the tretinoin in the [*H]Atragen was 99.5% by high-performance
liquid chromatography UV analysis and 91.1% by high-performance liquid chro-
matography radioactivity analysis (Aronex certificate of analysis).

[PHJATRA (51 Ci/mmol) was manufactured by Amersham and was combined
with nonradiolabeled tretinoin to make a final solution for injection containing
2 mg of tretinoin per ml and 11.13 pCi of [*'HJATRA per ml (51 Ci/mmol) in
phosphate-buffered saline. [PHJATRA contributed less than 1% to the total
concentration of tretinoin (2 mg/ml) in the reconstituted [PHJATRA.

Dose preparation. For [*H]Atragen, 50 ml of 0.9% sterile saline for injection
(USP) was added to a vial containing 100 mg of [*H]Atragen. The vial was
shaken thoroughly to form the liposomal suspension and was used immediately.
For [PHJATRA, a stock solution of ATRA dissolved in ethanol (995 ul), spiked
with 5 ul of the [PHJATRA reconstituted in ethanol, was prepared. The final
concentration of this solution was 12.5 mg/ml.

Harvesting of plasma from blood. Blood collected from healthy human vol-
unteers (screened by British Columbia Red Cross) was placed in drug-free glass
test tubes which contained 0.05 M EDTA and was centrifuged by use of a
tabletop centrifuge for 10 min at 2,000 rpm; the plasma was stored at —20°C until
used in the study.
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Lipoprotein separation. The plasma was separated into its high-density li-
poprotein (HDL), LDL, very low density lipoprotein (VLDL), and lipoprotein-
deficient plasma (LPDP) fractions by step gradient ultracentrifugation with so-
dium bromide (29). Briefly, human (3.0-ml), rat (1.5-ml), or dog (1.5-ml) plasma
samples were placed in centrifuge tubes and readjusted to 1.25 g/ml by the
addition of sodium bromide. Once the sodium bromide was dissolved in the
plasma, 2.8 ml of the sodium bromide solution with the highest density (density
of 1.21 g/ml, which represents the HDL fraction) was layered onto 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 onto 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). All sodium bromide solutions
were kept at 4°C prior to the layering of the density gradient.

The sample-containing ultracentrifuge tubes were placed into individual tita-
nium buckets (Beckman Canada Inc.), balanced, and capped. The buckets were
then placed into their respective positions on a swinging-bucket rotor (SW 41 Ti;
Beckman Canada Inc.) and centrifuged at 40,000 rpm (relative centrifugal field
[X g] at ry. of 285,000) at a temperature of 15°C for 18 h in a high-speed
ultracentrifuge (L8-80 M; Beckman Canada Inc.). After ultracentrifugation, the
samples were carefully removed from the titanium buckets. Each density layer
was removed with a Pasteur pipette, and the volume of each lipoprotein fraction
was measured.

To ensure that the distribution of tretinoin found in each of these fractions was
a result of its association with each lipoprotein or lipoprotein-deficient fraction
and not a result of the density of the formulation, the densities of free ATRA
reconstituted in methanol and of the [*H]Atragen formulation reconstituted in
0.9% sodium chloride (USP) following incubation for 1 h at 37°C in LPDP were
determined by ultracentrifugation (28).

Determination of triglyceride, cholesterol, and protein concentrations in
plasma lipoprotein. Concentrations of total triglycerides (TG), cholesterol, and
protein in the human, rat, and dog plasma used were determined by enzymatic
assays purchased from Sigma Diagnostics (St. Louis, Mo.). Briefly, TG were first
hydrolyzed by lipoprotein lipase to glycerol and free fatty acids. Glycerol was
then phosphorylated by ATP, forming glycerol-1-phosphate and ADP in the
reaction catalyzed by glycerol kinase. Glycerol-1-phosphate was then oxidized by
glycerol phosphate oxidase to dihydrooxyacetone phosphate and hydrogen per-
oxide. A quinoneimine dye was produced by the peroxidase-catalyzed coupling of
4-aminoantipyrine and sodium N-ethyl-N-(3-sulfopropyl)m-anisidine with hydro-
gen peroxide. This dye shows a maximum absorbancy at 500 nm, and its intensity
is directly proportional to the triglyceride concentration of the sample. Absor-
bancies of plasma and lipoprotein samples were determined and compared to an
external calibration curve for TG (linear range of 10 to 300 mg/dl; > = 0.95).

In the determination of cholesterol concentrations, cholesterol esters were
first hydrolyzed to cholesterol by cholesterol esterase. The cholesterol was then
oxidized by cholesterol oxidase to cholest-4-en-3-one and hydrogen peroxide. A
quinoneimine dye was produced by the peroxidase-catalyzed coupling of 4-ami-
noantipyrine and p-hydroxybenzenesulfonate with hydrogen peroxide. This dye
shows a maximum absorbancy at 500 nm, and its intensity is directly proportional
to the cholesterol concentration of the sample. Absorbancies of plasma and
lipoprotein samples were determined and compared to an external calibration
curve for cholesterol (linear range of 10 to 450 mg/dl; 7> = 0.96).

In the determination of protein concentrations, an alkaline cupric tartrate
reagent complexes with the peptide bonds and forms a purple dye when the
phenol reagent is added. This dye shows a maximum absorbancy at 750 nm, and
its intensity is directly proportional to the protein concentration of the sample.
Absorbancies of plasma and lipoprotein samples were determined and compared
to an external calibration curve for protein (linear range of 5 to 160 mg/dl; r* =
0.97).

Tretinoin quantification. [PHJATRA and [°H]Atragen were quantitated in
each lipoprotein and LPDP fraction by radioactivity analysis. All samples were
counted in a scintillation counter and analyzed against an external standard
calibration curve for each lipoprotein and lipoprotein-deficient fraction to cor-
rect for any quenching.

Experimental design. To assess the distribution of [PH]JATRA and [*H]Atra-
gen within rat, dog, and human plasma, ATRA and [*H]Atragen (1, 5, 10, and 25
ug of tretinoin/ml of plasma) were incubated in rat, dog, and human plasma for
5, 60, and 180 min at 37°C. (It is important to note that 5 to 20 g of tretinoin/ml
of plasma is a concentration close to the peak levels in blood on days 1 and 15,
respectively, that were observed in humans after administration of L-ATRA at
concentrations of 90 to 175 mg/m? [8]. The time required to reach peak levels
following administration has been reported to be approximately 60 min [8]).
Plasma samples were removed and assayed for drug in each of the lipoprotein
and LPDP fractions. Control experiments were done; in these, ethanol and 0.9%
sodium chloride without drug were incubated in plasma. Previous studies have
demonstrated that ethanol at the incubation volume needed to delivery 100 ug
of tretinoin per 1 ml of plasma does not alter the composition or concentration
of plasma lipoproteins. Tretinoin is light sensitive; therefore, all the experiments
were done under subdued light. All tubes containing tretinoin were protected
from light at all times.

Statistical analysis. Differences in the distribution of [PHJATRA, [*H]Atragen
and rat, dog, and human lipoprotein lipid and protein concentrations in plasma
were determined by analysis of variance without repeated measures (INSTAT;
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TABLE 1. Concentrations of cholesterol (esterified plus unesterified), triglyceride, and protein in
plasma lipoproteins from three different species”

Lipid or protein and

Concn (mg/dl) in: Total lipoprotein

plasma type TRL? LDL HDL concn (mg/dl)

Cholesterol (esterified + unesterified)

Human 304 £3.7 505 3.7 28.7 32 109.7 = 6.7

Dog 44+ 1.4° 35.8 £ 6.3¢ 164.9 = 20.9¢ 205.1 = 17.3¢

Rat 11.7 = 1.3 21.1 £5.8° 453 + 7.4°4 78.2 + 4,204
Triglyceride

Human 303 +23 20.0 = 1.6 29.4 £ 8.5 79.8 = 10.6

Dog 13.5 = 3.6¢ 18.9 = 6.9 26.1 = 8.8 58.5+17.8

Rat 27.7 = 2.3 72+ 1.1 202 £2.1 55.1 £ 1.7
Protein

Human 95+32 354 4.0 350.6 = 111.3 4245.6 = 314.3

Dog 35 £22° 40.4 = 15.6 729.0 = 76.7° 4,855.5 = 2415

Rat 4.6 = 1.1¢ 19.2 = 10.8 106.0 = 7.1°4 4,940.8 = 203.2

“ Data are expressed as means * standard deviations (n = 11 for human and dog plasma; n = 6 for rat plasma).

? TRL include VLDL and chylomicrons.
¢ P < 0.05 compared to value for human plasma.
4P < 0.05 compared to value for dog plasma.

Human Systems Dynamics). Critical differences were assessed by the Newman-
Keuls and Tukey post hoc tests. A difference was considered significant if the
probability of chance explaining the results was reduced to less than 5% (P <
0.05). All data were expressed as means * standard deviations.

RESULTS

Analysis of human, dog, and rat plasma lipoprotein lipid
and protein content. The total cholesterol (esterified and un-
esterified), triglyceride, and protein concentrations within hu-
man, dog, and rat plasma lipoproteins are reported in Table 1.
Differences in total and lipoprotein fraction concentrations of
cholesterol, triglyceride-rich lipoproteins (TRL), which include
VLDL and chylomicrons, HDL protein, and TRL triglyceride
between human, dog, and rat plasma samples were observed.
The lipoprotein compositions of human, dog, and rat plasma
are reported in Table 2. Differences in TRL and HDL lipid and
protein contents between human, dog, and rat plasma were
observed.

Effect of liposomal incorporation on ATRA distribution with
lipoproteins. Incubation of ATRA (25 pg of tretinoin/ml) with
human plasma for 5 min at 37°C resulted in 4.6% = 0.2% of
the initial tretinoin concentration in the TRL fraction, 8.0% =+
0.3% in the LDL fraction, 34.0% = 1.3% in the HDL fraction,
and 54.5% = 1.8% in the LPDP fraction (Fig. 1A). The dis-
tribution of tretinoin following incubation of L-ATRA (Atra-
gen) in human plasma for 5 min was 4.5% = 0.2% in the TRL
fraction, 8.2% = 0.5% in the LDL fraction, 35.4% =+ 4.0% in
the HDL fraction, and 53.9% =+ 4.6% in the LPDP fraction
(Fig. 1A).

Incubation of ATRA (25 ng of tretinoin/ml) with human
plasma for 60 min at 37°C resulted in 5.2% = 0.6% of the
initial tretinoin concentration in the TRL fraction, 13.6% =+
1.7% in the LDL fraction, 37.2% = 1.9% in the HDL fraction,
and 45.6% * 1.2% in the LPDP fraction (Fig. 1B). The dis-
tribution of tretinoin following incubation of L-ATRA (Atra-
gen) in human plasma for 60 min was 5.2% = 1.4% in the TRL
fraction, 11.7% = 1.5% in the LDL fraction, 38.0% * 1.8% in
the HDL fraction, and 47.6% =+ 2.7% in the LPDP fraction
(Fig. 1B).

Incubation of ATRA (25 pg of tretinoin/ml) with human
plasma for 180 min at 37°C resulted in 5.4% = 0.7% of the
initial tretinoin concentration in the TRL fraction, 9.4% =

0.7% in the LDL fraction, 36.8% = 0.9% in the HDL fraction,
and 49.6% = 1.4% in the LPDP fraction (Fig. 1C). The dis-
tribution of tretinoin following incubation of L-ATRA (Atra-
gen) in human plasma for 180 min was 4.3% = 0.2% in the
TRL fraction, 7.8% =+ 0.6% in the LDL fraction, 33.4% =+
1.6% in the HDL fraction, and 55.8% =+ 2.3% in the LPDP
fraction (Fig. 1C). Similar results were observed following the
incubation of 1, 5, and 10 pg of free ATRA or Atragen per ml
(data not shown). The incubation of tretinoin-free liposomes at
5, 60, and 180 min concurrently with free ATRA did not alter
ATRA distribution in human plasma (data not shown).
ATRA and Atragen distribution in human, dog, and rat
plasma. To determine the distribution of ATRA and Atragen
in plasma lipoproteins, [’H]JATRA and [*H]Atragen (1, 5, 10,
and 25 pg of tretinoin/ml) were incubated for 5, 60, and 180
min at 37°C in plasma samples from a nonfasted normolipi-

TABLE 2. Lipoprotein composition of plasma
from three different species

Lipoprotein fraction
and component

Results for plasma from®:

ratio (wt/wt)* Human Dog Rat
TRL
TC/TP 35+12 1.5 +0.9¢ 26*04
TG/TP 35+ 1.1 32+ 1.7 6.2 = 1.04
TG/TC 1.0 0.1 3.0 % 1.1¢ 2.4 *=0.1¢¢
LDL
TC/TP 1.4 +02 1.0 = 0.2¢ 0.2 += 0.1
TG/TP 0.6 =0.1 0.5+0.3 0.07 = 0.01¢
TG/TC 0.4 + 0.04 0.5+02 0.35 + 0.07
HDL
TC/TP 0.09 +0.03  0.23 = 0.04° 0.10 * 0.002¢
TG/TP 0.09 +0.03  0.04 =0.01°  0.004 + 0.001
TG/TC 1.0 =03 0.2 *0.1° 0.5 + 0.03%¢

“TC, total cholesterol (esterified plus unesterified); TG, total triglycerides;
TP, total protein.

? Data are expressed as means * standard deviations (n = 11 for human
plasma; n = 10 for dog plasma; n = 6 for rat plasma).

¢ P < 0.05 compared to value for human plasma.

4P < 0.05 compared to value for dog plasma.
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FIG. 1. Distribution of free ATRA and Atragen (25 wg/ml) in human plasma following incubation for 5 (A), 60 (B), and 180 (C) min at 37°C. Data are expressed
as percentages of total tretinoin distributed into TRL, LDL, HDL, and LPDP fractions and are reported as means =+ standard deviations (error bars) (n = 6). *, P <

0.05 compared to value for ATRA.

demic human, a nonfasted-dog, and a nonfasted CD 1 rat.
Data for results with the 5-pg/ml concentration are presented
in Table 3. Data for the 25-pg/ml concentration are presented
in Fig. 2. Data for concentrations of 1 and 10 wg/ml are not
shown. Incubation of ATRA in human, dog, and rat plasma

resulted in a higher percentage of tretinoin recovered in dog
and rat plasma HDL than in human plasma HDL (Fig. 2A and
Table 3). A significantly lower percentage of tretinoin was
recovered in the LPDP fractions of dog and rat plasma than in
the same fraction of human plasma (Fig. 2A and Table 3). A
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TABLE 3. Distribution of ATRA and Atragen at 5 pg of tretinoin/ml within human, dog, and rat plasma
following incubation for 5, 60, and 180 min at 37°C*

Drug and plasma Incubation time

% of drug” recovered from:

Total % of drug

type (min) TRL fraction LDL fraction HDL fraction LPDP fraction recovered
ATRA

Human 5 4303 10.0 = 0.9 25.0 £ 0.3 56.7 = 1.8 95.9 + 2.1

60 45+04 10.4 = 0.8 28.0 £ 1.8 56.1 £3.1 99.0 £5.9

180 5.0=0.5 10.8 = 0.2 28.0 = 1.8 548 +2.4 98.6 = 1.2

Dog 5 0.6 = 0.1¢ 6.1 £2.3 63.9 = 0.9¢ 32.1 = 1.6° 102.7 £ 2.6

60 0.5 £ 0.2¢ 4.6 = 1.0° 60.2 = 7.9¢ 36.4 = 2.5¢ 101.7 £ 9.5

180 0.5 *=0.1¢ 34 +0.3° 532+ 0.7 38.9 = 2.7¢ 95.9 + 3.1

Rat 5 3.7*x23 12.3 + 3.4 41.0 + 3.9¢4 40.5 + 1.3%4 975+ 1.3

60 2.1 +0.2¢¢ 8.3 +1.0¢ 37.9 + 0.8¢ 459 + 334 942 2.7

180 1.6 £0.3¢ 92+ 1.1¢ 38.9 x 3.5¢4 49.4 + 454 99.1 + 3.1

Atragen

Human 5 4.7 =04 10.1 £ 0.2 252 +0.9 58.5 0.6 98.5 £ 0.9

60 4.6 £ 0.5 9.6 £0.2 28.5 £ 0.5 60.1 £ 3.5 102.8 = 3.8

180 4.6*=0.2 10.1 £ 0.5 26.1 £ 1.0 55320 96.3 £ 1.6

Dog 5 1.0 = 0.1° 6.0 = 0.8° 57.0 = 3.0¢ 35.5 £2.5¢ 99.5 + 3.1

60 0.9 = 0.1¢ 6.0 = 0.4¢ 514 = 4.1° 42.0 £ 1.9° 100.4 = 2.6

180 0.9 +0.2¢ 4.1+ 1.3¢ 48.5 = 2.0¢ 447 = 1.0¢ 98.2 + 1.8

Rat 5 3.5 + 0.04%¢ 11.8 = 0.9¢ 37.1 = 2.2¢4 45.2 + 1.2¢4 97.6 2.2
60 2.4 + 044 9.1 +1.4¢ 35.0 = 3.9¢ 50.8 £ 8.0 97.3 £ 13.6

180 1.6 + 0.01¢ 9.9 +2.2¢ 34.8 + 0.9 50.7 £ 3.7 97153

“ Following incubation, plasma samples were assayed by radioactivity for drug in each of the lipoprotein and LPDP fractions. Plasma was separated into its lipoprotein

and lipoprotein-deficient fractions by density gradient ultracentrifugation.

® Data are expressed as means = standard errors of the means (n = 3). Percentages shown are percentages of initial tretinoin amount.

¢ P < 0.05 compared to human plasma distribution value.
4P < 0.05 compared to dog plasma distribution value.

significantly higher percentage of tretinoin was recovered in
human and rat plasma TRL than in dog plasma TRL. These
findings were similar regardless of the incubation time or drug
concentration used. Furthermore, plasma distributions of treti-
noin were similar following 5 to 180 min of incubation for all
plasma types tested.

Incubation of Atragen in human, dog, and rat plasma re-
sulted in a higher percentage of tretinoin recovered in dog and
rat plasma HDL than in human plasma HDL at concentrations
of 1 pg/ml (data not shown), 5 pg/ml (Table 3), and 10 pg/ml
(data not shown) but not at a concentration of 25 pg/ml (Fig.
2B). The percentage of tretinoin recovered in the LPDP frac-
tions of dogs and rat plasma samples was significantly lower
than that recovered from human plasma (Fig. 2B and Table 3).
A significantly higher percentage of tretinoin was recovered in
human and rat plasma TRL than in dog plasma TRL. These
findings were similar regardless of which incubation time or
drug concentration was used. Furthermore, plasma distribu-
tions of tretinoin were similar following 5 to 180 min of incu-
bation for all plasmas tested.

Based on the correlations calculated between the amounts
of tretinoin recovered within the TRL, HDL, and LDL plasma
fractions following incubation of free ATRA (25 pg/ml) for 60
min at 37°C and the amounts of cholesterol (esterified and
unesterified), triglyceride, and protein within these fractions
for human, dog, and rat plasma, the following relationships
were observed. As the amounts of cholesterol, triglyceride, and
protein in the TRL fraction from dog plasma (lowest), rat
plasma, and human plasma (highest) increase, the amount of
tretinoin recovered within this fraction increases proportion-

ally (Table 4). As the amounts of cholesterol and triglyceride in
the LDL fraction from rat plasma (lowest), dog plasma, and
human plasma (highest) increase, the amount of tretinoin re-
covered within this fraction proportionally increases (Table 4).
As HDL cholesterol from human plasma (lowest), rat plasma,
and dog plasma (highest) increases, the amount of tretinoin
recovered within this fraction proportionally increases (Table
4). When correlations between the amounts of tretinoin recov-
ered in each lipoprotein fraction and the lipoprotein compo-
sitions were determined, the following relationships were ob-
served. As the ratio of total cholesterol to total protein in the
TRL fraction increased, the amount of tretinoin recovered in
this fraction increased, while as the TG/total cholesterol ratio
increased, the amount of tretinoin recovered decreased (Table
4). When the total cholesterol/total protein ratio increased, the
amount of tretinoin recovered in the HDL fraction propor-
tionally increased (Table 4).

Based on the correlations calculated between the amounts
of tretinoin recovered within the TRL, HDL, and LDL plasma
fractions following incubation of Atragen (25 pg of tretinoin/
ml) for 60 min at 37°C and the amounts of cholesterol (ester-
ified and unesterified), triglyceride, and protein within these
fractions for plasma from all three species, the following rela-
tionships were observed. As cholesterol, triglyceride, and pro-
tein in the TRL fraction from dog plasma (lowest), rat plasma,
and human plasma (highest) increase, the amount of tretinoin
recovered within this fraction proportionally increases (Table
4). As cholesterol and triglyceride in the LDL fraction from rat
plasma (lowest), dog plasma, and human plasma (highest) in-
crease, the amount of tretinoin recovered within this fraction
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FIG. 2. Distribution of free ATRA (A) and Atragen (B) (25 pg/ml) in human, dog, and rat plasma following incubation for 60 min at 37°C. Data are expressed
as percentages of total tretinoin distributed into TRL, LDL, HDL, and LPDP fractions and are reported as means =+ standard deviations (error bars) (n = 6). *, P <
0.05 compared to value for human plasma; **, P < 0.05 compared to value for dog plasma.

proportionally increases (Table 4). As cholesterol in the HDL
fractions from human plasma (lowest), rat plasma, and dog
plasma (highest) increases, the amount of tretinoin recovered
within this fraction proportionally increases (Table 4). When
correlations between the amount of tretinoin recovered in each
lipoprotein fraction and the lipoprotein composition were de-
termined, the following relationship was observed. As the total
cholesterol/total protein ratio increased in the HDL fraction,
the amount of tretinoin recovered in HDL proportionally in-
creased (Table 4). Correlations calculated by using free ATRA
and Atragen concentrations of 1, 5, and 10 pg/ml resulted in
similar findings (data not shown).

DISCUSSION

The purpose of these studies was to determine the lipopro-
tein distribution of free ATRA and L-ATRA (Atragen) fol-
lowing incubation in human, rat, and dog plasma and to ad-

dress the role of lipoprotein lipid and protein content in the
distribution of tretinoin to plasma lipoproteins. We observed
that the incorporation of tretinoin into liposomes did not alter
the distribution of the drug in plasma. Increases in lipid and
protein concentrations in the TRL fraction from one species to
another increased the amount of tretinoin recovered in this
fraction following the incubation of free ATRA and Atragen in
human, dog, and rat plasma. Increases in LDL lipid and HDL
cholesterol concentrations from one species to another in-
creased the amount of tretinoin recovered in those fractions
following the incubation of free ATRA and Atragen in human,
dog, and rat plasma.

We have previously observed that AmpB predominantly as-
sociates with HDL in human serum and that the amount of
AmpB associated with HDL increases when AmpB is incorpo-
rated into liposomes containing DMPC and dimyristoyl phos-
phatidylglycerol (DMPG) (31, 38). When annamycin (Ann), an
anticancer anthracycline analog, and nystatin (Nys) were in-
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TABLE 4. Correlation between the amount of tretinoin recovered
in each lipoprotein fraction and lipid and protein concentrations and
compositions in plasma lipoprotein from humans, dogs, and rats
following incubation with [’HJATRA and [*H]Atragen®

Drug and lipoprotein Correlation with amt of tretinoin recovered from’:

component or

ratio” TRL fraction LDL fraction HDL fraction
[3H]ATRA
TC 0.994 0.914 0.95¢
TG 0.98¢ 0.794 0.24¢
TP 0.88¢ 0.04¢ —0.49¢
TC/TP 0.874 0.59¢ 0.95¢
TG/TP —0.12¢ 0.51¢ —0.15¢
TG/TC —0.88¢ 0.20° —0.60°
[*H]Atragen
TC 0.924 0.914 0.92¢
TG 0.90¢ 0.714 0.53¢
TP 0.864 —0.22°¢ —=0.57¢
TC/TP 0.29¢ 0.68° 0.98¢
TG/TP —0.44¢ 0.35¢ 0.14¢
TG/TC —0.64¢ -0.10° —-0.47°

“[PHJATRA or [*H]Atragen was incubated at a concentration of 25 pg of
tretinoin/ml in either human, dog, or rat plasma for 60 min at 37°C.

? TC, total cholesterol; TG, total triglycerides; TP, total protein.

¢ Data are given as Pearson correlation coefficients (r) between amount of
tretinoin associated with lipoproteins and lipid and protein concentrations and
compositions in plasma lipoproteins.

4 Significant at P < 0.05.

¢ Not significant.

corporated into liposomes with the same phospholipid compo-
sition, the majority of Ann and Nys was recovered in the HDL
fraction (30, 33, 36). Since HDL and LDL are found not in an
equimolar ratio in human plasma but at LDL/HDL ratios
ranging from 4:1 to 6:1 (37), these data suggest that a mecha-
nism(s) besides random probability or mass lipoprotein lipid
levels must drive these drug-liposome complexes towards HDL
rather than LDL. One such mechanism appears to be related
to liposome composition. We have observed that the DMPG
component of liposomal AmpB and Ann distributes predom-
inantly into HDL because of its interaction with the protein
components (apolipoproteins Al and AIl) of HDL (38).

However, in the present study, no differences in plasma
lipoprotein distribution of tretinoin were observed following
the incubation of free ATRA or L-ATRA (Atragen) in human
plasma (Fig. 1 and Table 3). These findings suggest that a
liposome-lipid acts as a solubilizing agent and does not influ-
ence the distribution of tretinoin in plasma. Furthermore, L-
ATRA (Atragen), unlike liposomal AmpB, Ann, and Nys, does
not contain DMPG in its formulation. Thus, the increased
distribution of AmpB, Ann, and Nys into the HDL fraction
observed when these drugs were incorporated into liposomes
containing DMPG was not reported when tretinoin was incor-
porated into liposomes. In addition, we have previously ob-
served that increases in the HDL protein concentration in
humans increased the amount of free Nys recovered in this
fraction (3). Similarly, it is possible that the greater recovery of
tretinoin in human HDL than in TRL and LDL (Fig. 1 and
Table 3) may be due to a higher protein content within HDL
than within TRL and LDL (Table 1).

Previous studies with AmpB have suggested that an alter-
ation in lipid concentrations in plasma modify this drug’s phar-
macological behavior. Chavanet and coworkers have demon-
strated that an increase in the triglyceride concentration in
plasma leads to a reduction in AmpB toxicity (6). These find-
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ings suggested that triglycerides, or their main vehicle in se-
rum, chylomicrons, as well as LDL and VLDL were involved in
the protective effect against AmpB toxicity. Souza and cowork-
ers have further shown that a triglyceride-rich emulsion that
behaves in vivo like chylomicrons was able to reduce the in vivo
and in vitro toxicity of AmpB (27). Our laboratory has recently
shown enhanced AmpB-induced kidney toxicity within patients
who exhibited elevated LDL cholesterol concentrations in se-
rum (32).

In the present study, we have observed differences in the
distribution of tretinoin in plasma when free ATRA and Atra-
gen were incubated in human plasma compared to that in dog
or rat plasma (Fig. 2 and Table 3). It appears that these dif-
ferences can be attributed to differences in the species lipopro-
tein lipid and protein concentration (Table 1) and composition
(Table 2) profiles. In particular, increases in HDL cholesterol
found in dog plasma resulted in the recovery of more tretinoin
from this fraction than from the same fraction from human or
rat plasma (Fig. 2 and Table 3). Furthermore, increases in TRL
lipid and protein and LDL lipid concentrations from plasma
from the different species resulted in more tretinoin recovered
in these fractions (Table 4). These findings suggest that treti-
noin distribution in lipoprotein may be partially regulated by
lipoprotein cholesterol, triglyceride, and to a lesser extent pro-
tein concentrations in plasma.

In addition, we observed that increasing the total cholester-
ol/total protein ratio within the TRL and HDL fractions, de-
creasing the TG/total cholesterol ratio within the TRL fraction
for free ATRA (Table 4), and increasing the total cholesterol/
total protein ratio within the HDL fraction only for Atragen
(Table 4) resulted in the recovery of more tretinoin from these
fractions. These findings suggest that in addition to lipid, pro-
tein mass, and lipoprotein composition, the type of lipoprotein
in which these changes occur is another possible factor in de-
termining to which lipoprotein tretinoin binds.

In conclusion, we have determined that the plasma distribu-
tion of tretinoin does not change when the drug is incorporated
into liposomes composed of DMPC and soybean oil. Further-
more, the distribution of tretinoin among plasma lipoproteins
of different species is defined by the relative levels of individual
lipoproteins as well as their lipid and protein composition,
possibly an important consideration when evaluating the phar-
macokinetics, toxicity, and activity of these compounds follow-
ing administration to different animal species.
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