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Fullerenes are the recently discovered third allotropic form of carbon. The biological activities of these
compounds are being studied for various purposes. The bis(monosuccinimide) derivative of p,p’-bis(2-amino-
ethyl)-diphenyl-C, (MSAD-C,,) is a water-soluble fullerene derivative. MSAD-Cg, has been shown to have
antiviral activity against human immunodeficiency virus types 1 and 2 in vitro and to have virucidal and
anti-human immunodeficiency virus protease activities. Moreover, MSAD-C,, has been shown to be well
tolerated in mice after intraperitoneal administration. The purpose of the present study was to develop a
high-performance liquid chromatographic analytical methodology for MSAD-C,, and to characterize the
preclinical pharmacokinetics of the compound in rats. Following intravenous administration of the fullerene
derivative at a dose of 15 mg/kg of body weight, the concentrations of MSAD-C,, in plasma declined either bi-
or triexponentially. The mean terminal-phase half-life of MSAD-C,, was 6.8 = 1.1 h (mean *= standard
deviation). Binding studies indicated that the compound is greater than 99% bound to plasma proteins. The
average total clearance of the compound was 0.19 = 0.06 liters/h/kg. Urine samples obtained 24 h after
intravenous administration did not contain detectable levels of the compound, indicating the absence of a
significant renal clearance mechanism. The steady-state volume of distribution of MSAD-Cg, averaged 2.1 =
0.8 liters/kg, indicating that the compound distributes into tissues. At a dose of 15 mg/kg, MSAD-C,, appeared
to be well tolerated. However, a dose of 25 mg/kg resulted in shortness of breath and violent movement of the
rats, followed by death within 5 min of dosing. Further controlled toxicity studies are needed to fully evaluate

the toxicity of the compound.

Buckminsterfullerene (Cgy) is a recently discovered third
allotropic form of carbon. Cg, and clusters with higher num-
bers of carbon atoms are commonly referred to as fullerenes.
Fullerenes have been found to occur naturally in the geological
environment of Shunga in Karwelia, Russia (5). These com-
pounds have elicited intense interest among physicists and
chemists for the past 10 years, and a recent report on the
macroscopic production of Cy, provided the impetus needed
for increased research efforts (9). However, biological studies
have been hindered because of the hydrophobic nature of
fullerenes. In an effort to overcome problems associated with
the insolubility of Cg, in aqueous solutions, several strategies
have been attempted. These strategies include derivatization
with water-soluble moieties or the formation of complexes with
cyclodextrin, liposomes, and polyvinylpyrrolidone (1, 3, 8, 22).
Currently, water-soluble C,, and C,, are the only fullerenes
being actively pursued in biological studies.

Friedman et al. (6), using molecular modeling, suggested
that fullerene derivatives should inhibit human immunodefi-
ciency virus (HIV) protease primarily because of steric inter-
actions between C, and hydrophobic active-site surfaces. The
in vitro antiviral properties of fullerenes were verified by syn-
thesizing a water-soluble fullerene derivative, a bis(monosuc-
cinimide) derivative of p,p’-bis(2-aminoethyl)-diphenyl-Cg,
(MSAD-Cq) (15, 16). The structure of MSAD-Cy, is illus-
trated in Fig. 1. MSAD-C,, possesses antiviral activity against
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HIV type 1 (HIV-1) and HIV-2 (50% effective concentration,
6 wM) in acutely and chronically infected cells and has similar
activity against HIV-1 reverse transcriptase and DNA poly-
merase in a cell-free system. Its primary mechanism of action
is inhibition of the HIV protease, with a 50% inhibitory con-
centration of 2.0 pM against recombinant HIV-1 protease
(15). MSAD-Cg, has also been shown to have virucidal prop-
erties (14, 15).

Investigations on the photophysical properties of fullerenes
suggest that these compounds have a strong potential to cause
photodynamic damage to biological systems (2). However, not
all fullerenes have photochemical properties. Further studies
by Tokuyama et al. (17) confirmed that a fullerene carboxylic
acid exhibited cytotoxicity against HeLLa S3 cells and cleaving
activity against supercoiled pBR322 DNA when it was exposed
to fluorescent light but not in the dark. Because of this prop-
erty, certain fullerene derivatives may find a use in photody-
namic therapy.

Yamago et al. (21) reported total radioactivity levels follow-
ing the administration of '*C-labeled C, derivatives to rats.
However, to date, no investigations concerning the disposition
of intact Cgq, by analytical methods specific for the adminis-
tered compound have been reported. Acute and subchronic
toxicity studies with mice indicate that Cy, does not have any
acute toxic effects when it is applied to mouse skin (12). Fur-
thermore, no apparent toxic effects were observed after intra-
peritoneal administration of 50 mg of MSAD-C,, per kg of
body weight per day for 6 days to mice (14). These results were
encouraging, so a specific analytical methodology for MSAD-
Cso was developed, and the pharmacokinetics of this novel
fullerene compound were characterized in rats.
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FIG. 1. Structure of MSAD-Cg,.

MATERIALS AND METHODS

Chemicals. MSAD-Cg, was synthesized as described previously (15, 16). Di-
ethylstilbestrol dipropionate (DESD), used as an internal standard, was pur-
chased from Sigma Chemical Co. (St. Louis, Mo.). Acetonitrile and methanol,
high-performance liquid chromatography (HPLC) grade, and other chemicals,
analytical grade, were purchased from J. T. Baker (Phillipsburg, N.J.).

Pharmacokinetic study design. Five adult male Sprague-Dawley rats (Harlan
Sprague-Dawley, Inc., Indianapolis, Ind.) with an average weight of 287 = 12 g
(mean * standard deviation) were used for the pharmacokinetic studies. The
rats were maintained at the University of Georgia College of Pharmacy Animal
Care Facility, which is fully accredited by the American Association for the
Accreditation of Laboratory Animal Care. The animals were housed in an
environment with a 12-h light and 12-h dark cycle and a constant temperature
(22°C) and had free access to standard laboratory chow and water. Rats were
acclimatized to this environment for 1 week prior to the experiments. The animal
studies were approved by the University of Georgia Animal Care and Use
Committee and were conducted in accordance with guidelines established by the
Animal Welfare Act and the Guide for the Care and Use of Laboratory Animals
of the National Institutes of Health (11).

On the day before the experiment, a cannula was surgically implanted in the
right jugular vein under ketamine-acepromazine-xylazine (50:3.3:3.3 mg/kg) an-
esthesia. Rats were fasted overnight; however, water was available ad libitum. On
the day of the experiment, the animals were placed in individual metabolic cages.
MSAD-Cy, (8.6 mg/ml), dissolved in 0.5 ml of dimethyl sulfoxide (DMSO), was
administered intravenously at a dose of 15 mg/kg of body weight. The cannula
was flushed with an additional 50 pl of DMSO and then saline. Food was
withheld for the first 2 h after dosing, but water was available ad libitum. Blood
samples (0.25 ml) were collected from the cannula into heparinized polypro-
pylene microcentrifuge tubes prior to and at 0.08, 0.25, 0.50, 1.0, 1.5, 2, 3, 4, 5, 6,
8, 12, 16, and 24 h after drug administration. Preliminary studies demonstrated
that MSAD-Cq, did not adsorb to the cannulas. Blood was replaced with an
equal volume of normal saline. The blood samples were immediately centrifuged
at 9,000 X g for 10 min, and the plasma was separated. Urine samples were
obtained 24 h after dosing, and the urine volume was recorded. Plasma and urine
samples were stored at —20°C until analysis.

Protein binding. The plasma protein binding of MSAD-Cy, was determined by
ultrafiltration. To 500 pl of blank plasma, 6 to 10 wl of MSAD-Cg, in DMSO was
added to yield concentrations of 10 and 100 wg of MSAD-Cg, per ml. The plasma
samples were placed into a Centrifree micropartition system (Amicon, Beverly,
Mass.) and were centrifuged at 1,500 rpm for 5 min. Preliminary studies con-
ducted with buffer indicated about 15% adsorption to the membrane. The ul-
trafiltrate was injected directly onto the HPLC column.

Analytical methodology. Standard solutions of MSAD-Cg, were prepared in
DMSO. The standard curve concentration of MSAD-Cg, prepared in blank rat
plasma ranged from 1 to 15 pg/ml (0.86 to 12.9 uM). Plasma samples (100 pl)
were placed in 15-ml glass extraction tubes to which 200 pl of ethyl acetate was
added. This was followed by the addition of 100 wl of internal standard (5 wg/ml),
and the contents of the tube were vortexed briefly. One hundred microliters of
10 N hydrochloric acid was added; this was followed by vigorous mixing for 30 s.
MSAD-Cq, was then extracted twice with 10 ml of ethyl acetate. The extraction
tubes were shaken for 10 min at low speed; this was followed by centrifugation
at 2,000 X g for 10 min. The organic layer was removed and evaporated under a
gentle stream of nitrogen gas at ambient temperature. The residue was recon-
stituted in 5 mM phosphate buffer—acetonitrile-triethylamine (1:4:0.125). Since
the drug is photosensitive, exposure to white light was avoided and the assay was
performed under yellow light.

Standard curves for the analysis of urine samples were prepared with the
analyte in the solvent mixture used for reconstitution. The standard curve con-
centrations for the determination of the MSAD-Cy, concentration in urine
ranged from 0.5 to 15 wg/ml (0.43 to 12.9 uM). To 300 pl of the diluted urine
sample, 100 pl of internal standard (5 pg/ml) was added, the contents were
vortexed, and 200 pl was injected onto the HPLC column.

A Hypersil octyldecyl silane (C,g) reversed-phase column (15 by 0.45 cm)
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packed with 5-wm particles (Alltech, Deerfield, Ill.) with a C,3 guard column was
used for the separation of the compounds. Chromatography was performed at
ambient temperature. The mobile phase consisted of 5 mM dibasic sodium
phosphate-methanol-acetonitrile (35:4:61; vol/vol). The pH of the phosphate
buffer was adjusted to 7.5 with 10% phosphoric acid prior to preparation of the
mobile phase. The flow rate of the mobile phase was 1.7 ml/min. The wavelength
of detection was 270 nm, and the detector was set at 0.005 absorbance unit, full
scale.

Standard curves were prepared by plotting the peak area ratio (drug/internal
standard) versus the standard drug concentration. Slope values were determined
by linear regression analysis with a weighting factor of 1/x2. Use of this weighing
factor generated a normal distribution of weighted residuals around the standard
curve over the entire range of drug concentrations.

Pharmacokinetic analysis. Area-moment analysis was used to calculate the
pharmacokinetic parameters for MSAD-Cg,. The area under the plasma con-
centration-versus-time curve (AUC) and the area under the first moment curve
(AUMC) were determined by Lagrange polynomial interpolation and integra-
tion from time zero to the last measured sample time (13), with extrapolation to
time infinity by using the terminal slope (\,) generated by weighted (1/C) NON-
LIN least-squares regression (10). Total clearance (CL) was calculated from
dose/AUC, steady-state volume of distribution (V) was calculated from dose X
AUMC/AUC?, and half-life (¢,,,) was calculated from 0.693/\.. Renal clearance
(CLg) was calculated as 4,/AUC, where A, is the amount of MSAD-Cyg, ex-
creted unchanged in the urine. Nonrenal clearance (CLyg) was determined as
the difference between CL and CLg. The mean residence time in the body
(MRT) was calculated as AUMC/AUC. Furthermore, the mean residence time
in the central compartment (MRT.) was calculated by AUC/C,°, where C, is
the plasma MSAD-Cg, concentration at time zero. The mean residence time in
the peripheral compartment (MRT)p) was calculated as the difference between
MRT and MRT (20).

RESULTS AND DISCUSSION

Fullerenes are being evaluated for a variety of biological
activities. Toniolo et al. (18) reported the synthesis and eval-
uation of a hydrophilic fullerene peptide conjugate which ex-
hibited potent chemotactic activity in a human monocyte che-
motaxis assay. This compound also weakly inhibited HIV-1
protease. The fullerene was made water soluble by the covalent
linking of a fullerene derivative to a peptide. Another study
illustrated the promoting action of fullerene in chondrogene-
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FIG. 2. Chromatograms obtained from blank rat plasma (A), blank rat
plasma to which MSAD-Cq, (curve 1) and the internal standard, DESD, were
added (curve 2) (B), and a rat plasma sample obtained after the intravenous
bolus administration of 15 mg of MSAD-Cq per kg (C).
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FIG. 3. Mean * standard deviation concentrations of MSAD-C, in plasma
as a function of time following the intravenous bolus administration of 15 mg of
MSAD-Cy, per kg to rats.

sis. In that study, Cg, solubilized with polyvinylpyrrolidone
showed a promoting action in a rat embryonic limb bud cell
differentiation system (19).

MSAD-C,, a water-soluble fullerene derivative, has sub-
stantial activity against HIV-1 and HIV-2 in acutely and chron-
ically infected cells. A direct interaction between the hydro-
phobic fullerene and the hydrophobic cleft of HIV-1 protease
has been suggested as a mechanism for the virucidal properties
of MSAD-Cg,. This compound also inhibits HIV-1 reverse
transcriptase and DNA polymerase «, and MSAD-Cg, selec-
tively inhibits HIV-1 protease in cell-free systems (15). Fur-
thermore, toxicity studies after intraperitoneal administration
of MSAD-Cq, to mice (50 mg/kg) did not indicate any appar-
ent toxicities (14). The purpose of the present study was to
characterize the preclinical pharmacokinetics of this fullerene
derivative in rats.

Chromatograms obtained from blank rat plasma (Fig. 2A),
blank rat plasma to which MSAD-Cg, and internal standard
were added (Fig. 2B), and a rat plasma sample obtained after
the intravenous bolus administration of 15 mg of MSAD-C60
per kg (Fig. 2C) are depicted in Fig. 2. The retention times of
MSAD-C,, and the internal standard, DESD, were 7.6 and
14.0 min, respectively. There were no interfering peaks from
endogenous compounds. Standard curves in plasma were lin-
ear over the range from 1 to 15 pg/ml. The extraction recovery
of MSAD-Cg, ranged from 73% at 15 pg/ml to 100% at 1
pg/ml. The extraction recovery of the internal standard was
99%. The intraday relative standard deviations were between 9
and 11% over the concentration range of 1 to 15 pg/ml. The
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interday relative standard deviations ranged from 14.5% at the
lowest concentration (1 pg/ml) to 8.5% at the highest concen-
tration (15 pg/ml).

The mean concentrations of MSAD-C, in plasma as a func-
tion of time following the intravenous administration of 15 mg
of MSAD-C, per kg to rats are illustrated in Fig. 3. The
concentrations of the fullerene derivative in plasma declined
rapidly in a bi- or triexponential manner, as determined by the
F test (4). Plasma protein binding studies indicated that the
compound was highly protein bound (>99% bound). The con-
centrations of the fullerene derivative in plasma were greater
than the in vitro median effective concentration (6 wM; 7
wg/ml) for 2 to 3 h following the intravenous administration of
15 mg/kg; however, its effectiveness might be limited by the
high degree of protein binding.

The values of the pharmacokinetic parameters of MSAD-
Cq are listed in Table 1. The mean CL of MSAD-C,, was
0.19 = 0.06 liter/h/kg. Urine samples collected 24 h after ad-
ministration of the fullerene derivative did not contain any
detectable levels of the compound, indicating the absence of
significant CLy mechanisms for MSAD-Cg,. Thus, the CL of
MSAD-Cq, reflected the CLyg of the compound. The CL of
MSAD-Cq, was low compared with the hepatic blood flow rate
(2.9 liters/h/kg) in rats (7). The V,, of MSAD-Cg, in rats was
2.1 = 0.8 liters/kg. This value is nearly threefold greater than
the total body water content (0.70 liter/kg) in rats (7), indicat-
ing an extensive distribution of MSAD-Cg, in tissue. Further-
more, the MRT. and MRT,, were 1.1 + 0.5 and 10.3 * 1.8 h,
respectively, indicating that an average MSAD-Cy, molecule
spends approximately 10-fold more time in the peripheral tis-
sue compartment than in the central compartment. Thus, tis-
sues possess a greater affinity for MSAD-C,, than do plasma
proteins.

The mean values of the pharmacokinetic parameters are
reported in Table 1; however, there appeared to be a dichot-
omy in CL and V values. In two rats (rats 3 and 5) CL and V'
values were nearly twofold lower than those in the other three
rats (rats 1, 2, and 4). No differences in ¢,,s or MRTs were
evident. With highly protein bound drugs, small differences in
the degree of binding can result in relatively large differences
in pharmacokinetic parameters. Since MSAD-Cg, is highly
bound to plasma proteins, this dichotomy is probably due to
slight differences in protein binding of the fullerene.

In a previous study, Yamago et al. (21) examined the dispo-
sition of total radioactivity following the intravenous and oral
administration of another water-soluble fullerene derivative to
rats. Similar to the results presented here for MSAD-C, the
compound distributed rapidly and was eliminated slowly. High
concentrations of the fullerene were observed in various tis-
sues, especially the liver. The levels of the fullerene derivative

TABLE 1. Values of pharmacokinetic parameters of MSAD-Cy, following intravenous administration of 15 mg/kg to rats

AUC cL v,
Rat no (mg - hliter) (iiters/h/kg) (iiters/kg) fiz () MRT (h) MRTc (1) MRTy (h)
1 69.3 0.22 22 6.7 10.1 1.1 9.0
2 68.2 0.22 28 7.1 12.8 16 112
3 1234 0.12 1.7 8.0 13.9 1.6 123
4 59.3 0.25 3.0 7.0 11.8 0.7 1.1
5 124.1 0.12 1.0 5.0 8.6 0.7 7.9
Mean 88.9 0.19 2.1 6.8 11.4 11 103
SD 321 0.06 0.8 1.1 2.1 0.5 18
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in tissue declined slowly, consistent with the relatively long
MRT, of MSAD-C, compared with the MRT,..

Plasma samples obtained until 4 h after the administration
of 15 mg of MSAD-C,, per kg appeared reddish in color,
suggesting hemolysis of erythrocytes. Plasma samples obtained
after 4 h appeared normal. Similar hemolysis was also noted in
control animals receiving the same volume of DMSO alone;
thus, this hemolysis can likely be attributed to DMSO. Previous
studies have shown that Cg, does not cause hemolysis (22). No
other overt toxicities were noted at this dose. A higher dose of
25 mg of MSAD-C, per kg administered by bolus intravenous
injection to two rats resulted in shortness of breath and violent
movement of the rats; this was followed by death within 5 min
of dosing. When the rats were dosed with an equal amount of
DMSO, no toxicities were observed. Thus, it appears that the
toxicity was due to the compound and that it is dose depen-
dent. The possibility that the toxicity was due to an interaction
between MSAD-C,, and DMSO, however, cannot be ruled
out. No toxicity was reported after intraperitoneal administra-
tion of 50 mg of MSAD-Cy, per kg per day for 6 days to mice
(14). Yamago et al. (21) also did not note any severe toxicities
following the administration of a water-soluble fullerene to
mice and rats. However, they did observe a transient withering
and stretching of the trunk immediately following intraperito-
neal administration of 200 to 500 mg/kg to mice. Further con-
trolled toxicity studies are needed to fully evaluate the toxici-
ties of fullerene derivatives.
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