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ABSTRACT
Certain natural fatty acids are taken up avidly by
tumors for use as biochemical precursors and energy
sources. We tested in mice the hypothesis that the conjugation of docosahexaenoic acid (DHA), a natural fatty acid,
and an anticancer drug would create a new chemical entity
that would target tumors and reduce toxicity to normal
tissues. We synthesized DHA-paclitaxel, a 2ⴕ-O-acyl conjugate of the natural fatty acid DHA and paclitaxel. The data
show that the conjugate possesses increased antitumor activity in mice when compared with paclitaxel. For example,
paclitaxel at its optimum dose (20 mg/kg) caused neither
complete nor partial regressions in any of 10 mice in a
Madison 109 (M109) s.c. lung tumor model, whereas DHApaclitaxel caused complete regressions that were sustained
for 60 days in 4 of 10 mice at 60 mg/kg, 9 of 10 mice at 90
mg/kg, and 10 of 10 mice at the optimum dose of 120 mg/kg.
The drug seems to be inactive as a cytotoxic agent until
metabolized by cells to an active form. The conjugate is less
toxic than paclitaxel, so that 4.4-fold higher molar doses can
be delivered to mice. DHA-paclitaxel in rats has a 74-fold
lower volume of distribution and a 94-fold lower clearance
rate than paclitaxel, suggesting that the drug is primarily
confined to the plasma compartment. DHA-paclitaxel is stable in plasma, and high concentrations are maintained in
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mouse plasma for long times. Tumor targeting of the conjugate was demonstrated by pharmacokinetic studies in
M109 tumor-bearing mice, indicating an area under the
drug concentration-time curve of DHA-paclitaxel in tumors
that is 8-fold higher than paclitaxel at equimolar doses and
57-fold higher at equitoxic doses. At equimolar doses, the
tumor area under the drug concentration-time curve of
paclitaxel derived from i.v. DHA-paclitaxel is 6-fold higher
than for paclitaxel derived from i.v. paclitaxel. Even at 2
weeks after treatment, 700 nM paclitaxel remains in the
tumors after DHA-paclitaxel treatment. Low concentrations
of DHA-paclitaxel or paclitaxel derived from DHA-paclitaxel accumulate in gastrocnemius muscle; which may be
related to the finding that paclitaxel at 20 mg/kg caused hind
limb paralysis in nude mice, whereas DHA-paclitaxel caused
none, even at doses of 90 or120 mg/kg. The dose-limiting
toxicity in rats is myelosuppression, and, as in the mouse,
little DHA-paclitaxel is converted to paclitaxel in plasma.
Because DHA-paclitaxel remains in tumors for long times at
high concentrations and is slowly converted to cytotoxic
paclitaxel, DHA-paclitaxel may kill those slowly cycling or
residual tumor cells that eventually come into cycle.

INTRODUCTION
Many anticancer drugs kill cycling cells in either the S or
G2-M phases of the cell cycle while sparing quiescent, mostly
normal, cells in G1 or G0 (1). The fraction of a tumor’s cells that
are cycling at any time varies depending upon tumor type and
the growth stage of the tumor. In general, faster-cycling tumors
(e.g., lymphomas, testicular tumors, and some childhood tumors) are more susceptible to chemotherapy than are the more
common types of solid tumors with slowly cycling or noncycling cells (1). Because some normal cells such as bone marrow
and intestinal mucosa also cycle rapidly, they often become
dose-limiting for therapy (1).
The differences in cell kinetics between slowly and rapidly
cycling tumor cells, combined with the upper dose limits imposed on antitumor drugs by proliferating normal cells, may
partially explain the rather modest success that even new chemotherapeutic drugs have achieved against solid tumors.
One key to more successful chemotherapy is to find a
unique property of tumor biochemistry or physiology that can be
exploited to target drugs to tumors to maintain higher concentrations of cytotoxic drug for longer times and thereby create a
greater therapeutic advantage. Tissue-isolated hepatomas with a
single arterial inflow and a single venous outflow have been
used to study the uptake of fatty acids and other metabolic
precursors (2–5). In these systems, some, but not all, natural
fatty acids are taken up avidly by tumors from the arterial blood,
presumably for use as biochemical precursors and energy
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disassembly (9, 15, 16) and stored at in liquid nitrogen in MES
buffer [0.1 M MES, 1 mM EGTA, and 0.5 mM MgCl2 (pH 6.6)]
containing 3 M glycerol. The concentration of tubulin in MTP
was ⬃85%. Antimouse-␣-tubulin monoclonal antibody was obtained from Sigma Chemical Co. All chemicals for synthetic
procedures, other than DHA and paclitaxel, were obtained from
Sigma Chemical Co.-Aldrich Co.

sources (2–5). We hypothesized that conjugating DHA,2 a natural fatty acid, to paclitaxel might create a drug that targets
tumors. We define tumor targeting to mean that the drug-fatty
acid conjugate reaches higher tumor concentrations for longer
times than does the unconjugated, parent drug.
To test this hypothesis, we synthesized DHA-paclitaxel, a
2⬘-O-acyl conjugate of the natural fatty acid DHA and paclitaxel
(Fig. 1).
Paclitaxel, a complex taxane diterpene, was originally isolated from Taxus brevifolia (6, 7) and is the active compound in
Taxol® which is one of the most effective and widely used
anticancer drugs (6, 8). It has been approved for use in the
United States against ovarian, breast, and lung cancers and
Kaposi’s sarcoma. It binds to ␤-tubulin in microtubules and
stabilizes them (9, 10), thereby repressing dynamic instability
(11, 12), causing the formation of parallel bundles of microtubules and inhibiting cell division at the G2-M phase of the cell
cycle (10 –12).
DHA is an -3, C22 natural fatty acid with six cis double
bonds. It is a constituent of cell membranes in the brain and
elsewhere, and it is used as a precursor for metabolic and
biochemical pathways (13, 14). DHA is found in human milk, is
added to infant formula in Europe, and is classified as a nutritional additive by the United States Food and Drug Administration. On the basis of its safety, DHA and its metabolites
should contribute little if any additional toxicity to paclitaxel.

MATERIALS AND METHODS
Materials
Paclitaxel was obtained from Hauser Chemical Company
in Boulder, CO. DHA was obtained from Martek Biosciences
Corp., Columbia, MD. GTP was purchased from Sigma Chemical Co. and dissolved in distilled water at a concentration of 100
mM for tubulin polymerization assays. MTP was prepared from
calf brain by two cycles of temperature-dependent assembly-

2
The abbreviations used are: DHA, docosahexaenoic acid; MTP, microtubule protein; NCI, National Cancer Institute; PG, percentage of cell
growth; Pgp, P-glycoprotein; Cmax, maximum plasma concentration;
Tmax, time to maximum concentration; AUC, area under the drug
concentration-time curve; MTD, maximum tolerated dose; OD, optimum dose.
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Fig. 1 Structure, molecular formula, and molecular weight of DHApaclitaxel.

Methods
Synthesis of DHA-Paclitaxel. DHA-paclitaxel was synthesized from paclitaxel and DHA in a single step that coupled
DHA to paclitaxel at the 2⬘-hydroxyl position. To a solution of
paclitaxel (35 mg; 41 mol) in methylene chloride (2.5 ml)
under argon were added 4-dimethylaminopyridine (5 mg; 41
mol), 1,3-dicyclohexylcarbodiimide (16.9 mg; 82 mol), and
DHA (13.5 mg; 41 mol). The reaction mixture was stirred at
ambient temperature for 2 h. After dilution with diethyl ether,
the reaction mixture was washed with 5% aqueous hydrochloric
acid, water, and saturated aqueous sodium chloride. The mixture
was dried (sodium sulfate) and concentrated. Radial chromatography (silica gel; ethyl acetate-hexane) of the residue gave 45
mg (94%) of solid DHA-paclitaxel. In all experiments presented
here, both paclitaxel and DHA-paclitaxel were formulated in
10% Cremophor EL-P/10% ethanol/80% normal saline.
Growth Inhibition in Human Tumor Cell Lines.
DHA-paclitaxel was tested against a panel of 56 human tumor
cell lines from a spectrum of different tumors, including leukemias, melanomas, lung, colon, central nervous system, ovarian,
renal, prostate, and breast tumors, using the United States NCI
screening procedures described previously (17, 18). Cell suspensions derived from each tumor cell line to be tested were
inoculated into 96-well microtiter plates. Cell suspensions were
preincubated for 24 h at 37°C to allow the cells to attach to the
surface of the plates and to stabilize. Five concentrations of
DHA-paclitaxel or paclitaxel were added to cell cultures and
incubated for 48 h under standard assay conditions (17, 18). The
number of cells remaining on the dish after 2 days in the
continuous presence of the compound was estimated by measuring the amount of protein remaining on the plate with the
sulforhodamine B assay (17, 18). These results were graphed so
that the PG was plotted against the drug concentration, creating
a dose-response curve. Concentrations were determined where
the interpolated dose-response curves intersect at the following
points: (a) at 50% PG, defined as growth inhibition 50; (b) at 0%
PG, defined as total growth inhibition; and (c) at ⫺50% PG,
defined as lethal concentration 50. The values of growth inhibition 50, total growth inhibition, and lethal concentration 50
were calculated and used to compare the response of each cell
line with each compound.
Other in vitro assays were performed with SKOV3, a
human ovarian cancer cell line, and A549, a human non-small
cell lung cancer cell line. SKOV3 was maintained in ␣-MEM
plus ribonucleotides, deoxyribonucleotides, 15% fetal bovine
serum, and 1% penicillin-streptomycin (Life Technologies, Inc.)
at 37°C in 5% CO2. A549 cells were maintained in RPMI 1640
with 10% fetal bovine serum and 1% penicillin-streptomycin
(Life Technologies, Inc.) at 37°C in 7% CO2. Cells were seeded
into six-well plates at densities of 4 ⫻ 104 cells/well or 1 ⫻ 104
cells/well, respectively, and allowed to attach for 24 h, at which
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M109 model and results obtained with it have been described
previously (23–25). Each dose group contained 10 mice. Mice
were killed whenever tumors became too large or ulcerated.
Drugs were administered through the tail vein (i.v.) as a bolus
once a day for 5 consecutive days at 0.1 ml/10 g body weight.
Dosing of the drugs usually started on day 7 after tumor inoculation, when the tumors weighed ⬃65–100 mg. Each tumor
was measured in two dimensions by caliper, and the recorded
measurements were converted to tumor mass using the formula
for a prolate ellipsoid: [V ⫽ (a ⫻ b2)/2], where a is the longer,
and b the shorter dimension.
A 1:6 homogenate of the HT-29 human colon carcinoma
was implanted s.c. into female or male BALB/c-nu/nu mice, and
mice were randomized to different treatment groups of 5 animals. DHA-paclitaxel and paclitaxel were injected into different
groups of animals once a day for 5 days starting on day 14 after
tumor implantation, when the median tumor volume was between 62.5 and 150 cubic mm. Compounds were administered
i.p. at 0.1 ml/10 g body weight. Animal husbandry and tumor
volume measurements were as above.
Measurements of DHA-Paclitaxel and Paclitaxel Concentrations in M109 Tumors, Plasma, and Gastrocnemius
Muscle. The concentrations of paclitaxel and DHA-paclitaxel
were measured in the tumors, plasma, and gastrocnemius muscles of female CD2F1 mice bearing M109 tumors weighing
⬃100 mg. Paclitaxel or DHA-paclitaxel were injected at zero
time into the tail veins of mice as a single bolus. The doses
injected were: 20 mg/kg of paclitaxel; 27.4 mg/kg of DHApaclitaxel, a dose equimolar with 20 mg/kg of paclitaxel; and
120 mg/kg of DHA-paclitaxel, a dose equitoxic with 20 mg/kg
of paclitaxel. Mice were killed, and tumors, plasma, and muscle
were harvested as a function of time after injecting each drug.
Each time point represents 10 samples from 10 different mice.
Tissues were flash-frozen in liquid nitrogen and stored at
⫺80°C.
The frozen tissues were thawed in acidified acetonitrile and
homogenized, and the organic phase was extracted. This method
was validated to quantitatively extract both bound and free
paclitaxel and DHA-paclitaxel. The samples were loaded onto a
Keystone fluorophase 5-m column (100 mm ⫻ 2 mm) and
separated by washing the column, first with 30% mobile phase
A (1% acetic acid in acetonitrile) and 70% phase B [5 mM
ammonium acetate (pH 6.8)] for 3 min and then a linear gradient
to 95% A in 5 min at a flow rate of 0.25 ml/min. tandem mass
spectrometry analysis was conducted with a PE-Sciex API 3000
Triple Quadrupole Mass Spectrometer. The eluant from the
high-performance liquid chromatography was sprayed to a Turboion spray source set at 450°C, and data were collected in the
positive polarity mode.
Mean plasma, muscle, and tumor concentrations at each
sampling point were calculated for both DHA-paclitaxel and
paclitaxel. Pharmacokinetic parameters were calculated from
mean DHA-paclitaxel and paclitaxel concentration-time data
using noncompartmental methods as implemented by the program WinNonlin version 2.0 (Pharsight Corp., Mountain View,
CA). Cmax and Tmax were the observed values. The AUC was
calculated using the linear trapezoidal method and was extrapolated to infinity (AUCinf) by dividing the last measured concentration by the terminal rate constant, z, which was deter-
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time drugs were added to each well, and the cells were incubated
for an additional 72 h. Cell number was determined either by the
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy-phenyl)-2(4-sulfonyl)-2H-tetrazolium-based colorimetric method (Promega, Inc.) or with a Coulter counter.
Immunofluorescence. SKOV3 cells were grown to subconfluency on glass coverslips in 35-mm plastic Petri dishes and
then incubated with drugs for 14 h. Cells were extracted with
0.5% Triton X-100 in PEM microtubule stabilizing buffer [100
mM PIPES, 2 mM EGTA, and 2 mM MgCl2 (pH 6.8)] for 4 min,
fixed in 3% formaldehyde in PEM for 40 min, blocked with
20% normal goat serum for 30 min and incubated with 1:100
␣-tubulin monoclonal antibody for 1 h. Cy-3 conjugated goat
antimouse IgG (Cappal; 1:200) was used as the secondary
antibody. Samples were mounted on coverslips in 30% glycerol
in PBS containing ␤-phenylene diamine (1 mg/ml). The presence of microtubule bundles after treatment with 100 nM of
paclitaxel or 5 M of DHA-paclitaxel was determined by observation with a Zeiss Axioskop microscope.
Tubulin Polymerization Assay. Assembly and disassembly of MTP was monitored spectrophotometrically
(UVIKON; Research Instruments International, San Diego, CA)
by recording changes in turbidity at 350 nm at 37°C (8, 9). MTP
was diluted to 1 mg/ml in MES buffer containing 0.1 M MES, 1
mM EGTA, 0.5 mM MgCl2, and 3 M glycerol (pH 6.6). GTP or
the compounds to be evaluated in the absence of GTP were
added to MTP and incubated at 37°C, and their turbidity was
monitored as a measure of microtubule assembly (19). Aliquots
were taken from each reaction and loaded onto 300-mesh electron micrograph grids for analysis on a JEOL 100 CX electron
microscope at 80 kV. In the experiment, MTP (1 mg/ml) was
incubated with either 1 mM GTP, 10 M paclitaxel, or 10 M
DHA-paclitaxel at 37°C.
Cell Cycle Analysis. A549 cells were grown to subconfluency and then incubated with 5 M of either paclitaxel or
DHA-paclitaxel for 24 h. Cells were trypsinized, collected by
centrifugation, resuspended, and fixed in 70% ethanol at 4°C for
1 h. After centrifugation, cells were washed twice in PBS and
resuspended in 1 ml of PBS containing 20 g/ml of propidium
iodide and 5 Kunitz units of DNase-free RNase A. The samples
were incubated at 37°C for 30 min and analyzed using a FACS
Star Plus flow cytometer.
MDR-1 Shift Assay. The assay measures a compound’s
binding affinity for Pgp, one of the proteins modulating multidrug resistance. The monoclonal antibody UIC2 binds more
avidly to a Pgp epitope that is altered during drug efflux. The
percentage shift in PE-UIC2 fluorescence intensity in a flow
cytometer was measured in the presence and absence of test
compounds. The methods have been described in detail elsewhere (20 –22).
Growth Inhibition of M109 and HT-29 Tumors in
Mice. All animal procedures were carried out under the guidelines and approval of the animal care and use committee of the
institution that performed the studies. Mice were humanely
killed whenever they seemed moribund, had ulcerated tumors,
or had tumors that impeded movement.
A brei (0.2 ml) of the M109 tumor, prepared from freshly
harvested M109 tumors growing in mice, was inoculated s.c.
into the flank of female CD2F1 mice weighing ⬃22 g. The
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RESULTS
NCI Human Tumor Lines
DHA-paclitaxel was tested in the 56 human tumor cell line
screen of the NCI that included cell lines derived from human
leukemias, melanomas, lung, colon, central nervous system,
ovarian, renal, prostate, and breast tumors. A comparison of the
dose-response curves for paclitaxel and DHA-paclitaxel shows
that DHA conjugation lowers the cytotoxicity of DHA-paclitaxel in comparison to paclitaxel (data not shown). Whereas
paclitaxel is cytotoxic to a variety of human tumor cell lines at
⬃10⫺9 M, DHA-paclitaxel is active in the 10⫺6 M range.
The dose-response curves of DHA-paclitaxel in the NCI
studies were summarized in a statistical analysis called “Compare Correlation.” That analysis showed that microtubule agents
such as vinblastine, vincristine, maytansine, and paclitaxel appeared in the list of agents most closely related to DHApaclitaxel, which suggests that DHA-paclitaxel may also have a
microtubule-based mechanism of action.
Microtubule Assembly in Solution
The assembly and disassembly of microtubule protein prepared from calf brain was monitored spectrophotometrically by
recording changes in turbidity caused by incubation with either
paclitaxel or DHA-paclitaxel. The results (data not shown)
indicate that paclitaxel at 10 M caused microtubule protein to
assemble in the absence of GTP that is normally required for
assembly, whereas DHA-paclitaxel has no effect.
Flow Cytometry Studies
A proliferating culture of A549 was incubated with 5 M of
paclitaxel or 5 M of DHA-paclitaxel for 24 h. The cells were
then fixed, stained with propidium iodide, and analyzed by
FACS. The data (Fig. 2) show that both drugs arrested cell cycle
progression at the G2-M phase of the cell cycle.
Microtubule Bundle Formation as Determined by
Immunofluorescence
A proliferating culture of SKOV3 cells was treated with
100 nM paclitaxel or 5 M DHA-paclitaxel for 14 h. Cells were

Fig. 2 DHA-paclitaxel arrests cells at the G2-M phase of the cell cycle.
A549 cells were treated with either paclitaxel or DHA-paclitaxel for
24 h before fixation and propidium iodide staining. Samples were
analyzed by flow cytometry.

fixed in formaldehyde, stained with an anti-␣-tubulin antibody,
and examined for the formation of microtubule bundle formation by fluorescence microscopy. The photographs show that
both paclitaxel (Fig. 3B) and DHA-paclitaxel (Fig. 3C) induced
the formation of microtubule bundles.
MDR1-Shift Assay
Table 1 shows the percentage shift in the peak of the flow
cytometric profile of the phycoerythrin-labeled UIC2 fluorescence intensity in the presence and absence of test compounds in
the wild-type MCF 7 cell line that does not express Pgp and in
three cell lines that express increasing amounts of Pgp. The data
show that DHA-paclitaxel is a relatively weak substrate for Pgp,
and that paclitaxel and vinblastine are up to 4 and 13 times
better substrates, respectively.
Acute Toxicity of DHA-Paclitaxel to Mice, Rats, and Dogs
The MTDs of paclitaxel and DHA-paclitaxel in mice, rats,
and dogs are shown in Table 2. The dose ratio of DHApaclitaxel to paclitaxel for the MTDs, based on taxane molarity,
is 4.4 for mice, 3.6 for rats, and 2.9 for dogs. Thus, DHApaclitaxel is much better tolerated than paclitaxel in three animal
species. The dose-limiting toxicity of DHA-paclitaxel in rats
and dogs was myelosuppression. At the highest doses tested,
which were just sublethal, mucositis, enteropathy, atrophy of
lymphoid organs, small testes, atrophy of epididymides, lower
liver weights, lower terminal body weights, and increases in
total cholesterol and liver transaminases were noted. These
toxicities were also seen in similar acute toxicity studies of
paclitaxel (6), and no new toxicities arose in the DHA-paclitaxel
studies relative to those known for paclitaxel. All toxicities
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mined from the slope of the terminal phase of the plasma
concentration-time curve. A weighting factor of 1/C2 was used.
The terminal half-life (t1/2) was calculated as 0.693 divided
by z.
Pharmacokinetics of Paclitaxel and DHA-Paclitaxel in
Rats. The plasma pharmacokinetic profiles of paclitaxel (5.0
mg/kg) and DHA-paclitaxel (6.8 mg/kg; equimolar with 5.0
mg/kg paclitaxel) were studied in male CR/CD rats. The drugs
were injected into the tail vein as an infusion lasting 3 min. The
plasma concentrations of paclitaxel and DHA-paclitaxel were
quantitated by extracting the samples as above, and then by
high-performance liquid chromatography separation using a
Keystone Hypersil octadecyl silane (20 ⫻ 2 mm; 3 m). The
mobile phase solvent system consisted of 10 mM methanol/water
(pH 5.5; A) and acetonitrile (B). A short, linear gradient from
5% B to 85% B in 1.4 min was used at a flow rate of 0.3 ml/min.
Mass spectral analysis of the eluant was conducted on a PESciex API III Plus mass spectrometer using ion spray interface
in positive-ion mode.
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Table 1 MDR1 shift assay
The % shift refers to the changes as function of drug binding in the
peak of fluorescence intensity in a flow cytometric assay for the amount
of phycoerythrin-labeled UIC2 antibody bound to Pgp. Less shift means
less interaction of the test compound with Pgp.
% Shift of PE-UIC2 fluorescence
intensity in the presence of drug
vs. no drug

associated with DHA-paclitaxel occurred at higher doses of
taxane than with paclitaxel.
M109 Mouse Lung Tumor
Range finding studies showed that the OD, defined as the
dose that causes the best therapeutic activity without formulation- or drug-related deaths, for paclitaxel in female CD2F1
mice is 20 mg/kg delivered through the tail vein once a day for
5 days. The CD2F1 mice developed hind-limb paralysis at 20
mg/kg of paclitaxel. Other investigators have delivered higher
doses of paclitaxel than in our study, often by heating the drug
to higher temperatures, but found no more activity than that
reported at the 20 mg/kg dose (26).
The OD for DHA-paclitaxel in female CD2F1 mice is 120
mg/kg delivered through the tail vein once a day for 5 days. No
mice developed hind-limb paralysis after treatment with DHApaclitaxel.
The results show that paclitaxel did not eliminate any
M109 tumors at any dose up to the OD of 20 mg/kg for 5 days

Pgp expression
(molecules/cell)

DHApaclitaxel

Paclitaxel

Vinblastine

MCF7-WT
MCF7-P4
MCF7-P10
MCF7-P19

0
7,500
14,500
60,000

0
12
44
15

0
38
63
65

0
111
72
200

(Fig. 4). The growth of the tumor was slowed for about 10 days
and then continued at the same rate as the untreated control.
In contrast, DHA-paclitaxel eliminated all measurable tumor masses for 60 days in 10 of 10 mice at the OD of five daily
doses of 120 mg/kg, in 9 of 10 mice at 90 mg/kg ⫻ 5 days, and
in 4 of 10 mice at 60 mg/kg ⫻ 5 days (Fig. 4). Thus, DHApaclitaxel eliminates tumors at doses that are as low as 50% and
75% of the OD.
Neither paclitaxel at its OD (20 mg/kg ⫻ 5 days; 100% of
OD) nor DHA-paclitaxel at an equimolar dose (27.4 mg/kg ⫻ 5
days; 23% of OD) eliminated any tumors, although DHApaclitaxel at 23% of its OD is as active as paclitaxel at 100% of
its OD (Fig. 4).
The time course for tumor weight in individual animals
(not shown) indicates that the tumors grow to about double their
initial size during the 2 weeks after the five daily doses of
DHA-paclitaxel treatment. Then, between one measurement and
the next (usually 2– 4 days), the tumors disappear, although the
last drug treatment occurred 2 weeks previously. Histological
analysis of the tissues in the area where the tumors had regressed at 60 days after tumor implantation showed either
normal skin or the final stages of resorption of necrotic tissue
but no evidence of tumor cells.
In separate experiments, neither the free acid nor the ethyl
ester of DHA altered the growth curves compared with controls
of the M109 tumors (data not shown). The free acid of DHA was
lethal to CD2F1 mice at doses ⬎60 mg/kg i.v. for 5 days,
whereas the ethyl ester was not toxic at a dose of 120 mg/kg i.v.
for 5 days. Both the free acid and the ethyl ester of DHA were
formulated in 10% Cremophor EL-P/10% ethanol/80% normal
saline.
HT-29
The results of the HT-29 human colon carcinoma studies
are shown in Fig. 5. DHA-paclitaxel had more antitumor activity than paclitaxel in this assay. At the high dose, 100 mg/kg i.p.
for 5 days, DHA-paclitaxel caused two complete responses and
three partial responses of long duration of five animals. In
contrast, paclitaxel at the high dose in these studies of 24 mg/kg
in five mice caused only temporary growth delays and no
responses at any dose and one death.
DHA-paclitaxel caused no hind-limb paralysis in the
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Fig. 3 Microtubule bundle formation induced by paclitaxel and DHApaclitaxel in cultured cells. SKOV3 cells were incubated with ␣-tubulin
antibody after exposure to paclitaxel and DHA-paclitaxel for 14 h. A,
control (solvent); B, paclitaxel (100 nM); C, DHA-paclitaxel (5 M).

Cell line
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Table 2

The MTD’s of paclitaxel and DHA-paclitaxelin mice, rats, and dogs
Dose (mg/kg)

Dose ratio: DHA-paclitaxel:paclitaxel

Species

DHA-paclitaxel

Paclitaxel

Based on weight

Based on taxane
molaritya

Mouse
Rat
Dog

MTD ⫽ 120 ⫻ 5 ⫽ 600
Est LD40b ⫽ 420
MTD ⫽ 80

MTD ⫽ 20 ⫻ 5 ⫽ 100
LD40 ⫽ 85
Est MTD ⫽ 20

6.0
4.9
4.0

4.4
3.6
2.9

a
b

MW of DHA-paclitaxel ⫽ 1164; MW of paclitaxel ⫽ 854. MW ratio of paclitaxel:DHA-paclitaxel ⫽ 0.73.
LD40, lithol dose at which 40% of animals die.

HT-29 assay at any dose, whereas paclitaxel, at its mid- and
high doses, caused severe hind-limb paralysis in some or all
animals, respectively.
Pharmacokinetics of DHA-Paclitaxel
Rats. The pharmacokinetic profiles of paclitaxel (5.0 mg/
kg) and DHA-paclitaxel (6.8 mg/kg) were studied in normal
rats. The drugs were administered through the tail vein. Animals
were killed as a function of time after injecting the drug. The
volume of distribution for paclitaxel is 4.3 liters/kg and for
DHA-paclitaxel, 0.058 liters/kg, which is 74-fold lower. The
clearance rate for paclitaxel is 28.2 ml/min/kg, and for DHApaclitaxel, 0.3 ml/min/kg, which is 94-fold lower. These differences suggest that most of the DHA-paclitaxel is confined
within the intravascular plasma volume, whereas paclitaxel is
rapidly cleared from plasma and distributed into a large volume
of peripheral tissue space.
Pharmacokinetics of Paclitaxel and DHA-Paclitaxel in
Tumors, Plasma, and Muscle of M109 Tumor-bearing Mice.
To test the hypothesis that DHA conjugation to paclitaxel increases antitumor efficacy and decreases toxicity because of

drug targeting, we studied the pharmacokinetics of paclitaxel
derived from a single i.v. dose of DHA-paclitaxel in tumorbearing mice. Paclitaxel at 20 mg/kg, DHA-paclitaxel at 27.4
mg/kg (a dose equimolar with 20 mg/kg of paclitaxel) and
DHA-paclitaxel at 120 mg/kg (a dose equitoxic with 20 mg/kg
of paclitaxel) were injected through the tail vein of mice bearing
M109 tumors weighing ⬃100 mg.
As shown in Fig. 6 and Table 3, the concentration in
plasma of paclitaxel derived from i.v. paclitaxel rises to a Cmax
of 42 M within 5 min after injection and then falls quickly to
⬍5 nM after 16 h. In contrast, paclitaxel derived from DHApaclitaxel at an equitoxic dose of 120 mg/kg, reaches a lower
Cmax in plasma of 7.5 M at 30 min after injection and declines
more slowly. The plasma paclitaxel AUC derived from i.v.
paclitaxel or DHA-paclitaxel are 34 and 61 M ⫻ h, respectively.
The Cmax of DHA-paclitaxel in plasma after administration
of 120 mg/kg of DHA-paclitaxel is 2,595 M at 0.5 h after
injection, with a half-life of 122 h and an AUC of 12,803 M ⫻
h (Fig. 6 and Table 3). Because the intact DHA-paclitaxel
molecule has no microtubule assembly activity in cell-free so-
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Fig. 4 Comparison of the antitumor activity of paclitaxel
and DHA-paclitaxel in M109
mouse lung carcinoma. Both
paclitaxel and DHA-paclitaxel
were injected once a day for 5
days at the indicated daily
doses in mg/kg into the tail vein
of CD2F1 mice starting on day
7 after tumor inoculation, when
the tumors weighed ⬃65 mg.
The median weight of tumors
from each group of 10 animals
is plotted. Histological analysis
of the tissues in areas where
tumors had regressed showed
either normal skin or the final
stages of resorption of necrotic
tissue.
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Fig. 6 Plasma:mean concentration time
profiles of paclitaxel and DHA-paclitaxel
in the plasma of M109 tumor-bearing
mice treated with i.v. paclitaxel and i.v.
DHA-paclitaxel. Both paclitaxel and
DHA-paclitaxel were injected once at the
indicated doses in mg/kg into the tail
vein of CD2F1 mice when the tumors
weighed ⬃100 mg. The mean concentration of each drug from 10 animals/time
point is plotted. The lower limit of detection was 5 ng/ml.

lution and presumably no toxicity, we presume that the high
AUCs of DHA-paclitaxel do not contribute to toxicity.
As shown in Fig. 7 and Table 3, the concentration in M109
tumors of paclitaxel derived from i.v. paclitaxel rises to a Cmax
of 9.2 M within 30 min after injection and then falls rapidly
over 24 h, becoming undetectable after 168 h. In contrast,
paclitaxel derived from DHA-paclitaxel at an equitoxic dose of
120 mg/kg rises slowly to a lower Cmax of 4.8 M at 72 h after
injection and remains high out to 336 h after injection, when
0.73 M of paclitaxel are still present in tumors. The AUC in
tumors for paclitaxel derived from i.v. paclitaxel and i.v. DHApaclitaxel were 175 and 1013 M ⫻ h, respectively. Thus, at
equitoxic doses, DHA-paclitaxel treats M109 tumors with a
6-fold higher AUC for paclitaxel than does paclitaxel itself.
Also, the time at which the concentration of paclitaxel is ⬎2.0
M is ⬃20 h for paclitaxel-derived i.v. paclitaxel, but ⬃240 h
for paclitaxel derived from i.v. DHA-paclitaxel.
As shown in Fig. 8, DHA-paclitaxel accumulates in M109
tumors for much longer durations and at higher concentrations

than paclitaxel. The AUC of DHA-paclitaxel at a 27.4 mg/kg
dose in M109 tumors is 1326 M ⫻ h, whereas that of paclitaxel
at an equimolar dose of 20 mg/kg is 175 M ⫻ h, an 8-fold
increase of the AUC for DHA-paclitaxel relative to paclitaxel
(Table 3). At equitoxic doses, the AUC increase is 57-fold
greater for DHA-paclitaxel than for paclitaxel. Such large increases in the AUC for DHA-paclitaxel relative to paclitaxel
show that DHA-paclitaxel is targeted much more specifically to
tumors than is paclitaxel. The targeting of the nontoxic DHApaclitaxel to tumors in combination with its conversion to the
cytotoxic paclitaxel within the tumors, but only slightly in
plasma, is consistent with the large increase in efficacy and the
concomitant decrease in toxicity of DHA-paclitaxel.
Because mice treated with paclitaxel developed severe
hind-limb paralysis, whereas those treated with DHA-paclitaxel
at tumoricidal doses did not, we wondered whether gastrocnemius muscle would show different paclitaxel pharmacokinetics
after i.v. paclitaxel and DHA-paclitaxel injections, which might
account for the differences in paralysis. As shown in Fig. 9 and
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Fig. 5 Comparison of the antitumor activity of paclitaxel and DHA-paclitaxel
in HT-29 human colon carcinoma cells.
Both paclitaxel and DHA-paclitaxel were
injected once a day for 5 days at the
indicated daily doses in mg/kg into the
tail vein of CD2F1mice starting on day
14 after tumor inoculation, when the tumors weighed ⬃100 mg. The median
weight of tumors from each group of five
animals is plotted.
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Table 3 Pharmacokinetic parameters of paclitaxel (Pac) and DHA-paclitaxel (DHA-pac) in M109 tumor-bearing mice
Plasma
Cmax
Drug
Pac
DHA-pac
DHA-pac

Dose
DHA(mg/kg) Paca pac
20
27.4
120

Tmax
Pac

42
0.083
3
638 0.5
7.5 2595 0.5

Muscle
AUC

Cmax

Tmax

DHADHADHApac Pac pac Pac pac

Pac

34
7.6
29 2229 0.22
61 12803 0.34

0.5
120
8

0.5
0.5

9.1
14.9

Tumor
AUC

Cmax

Tmax

AUC

DHADHADHADHADHApac Pac pac Pac pac Pac pac
Pac
pac
120
8

22
9.6 472
45
1576

9.2
2
4.8

27
107

0.5
72
72

8
8

175
300 1326
1013 10028

a
The pharmacokinetic parameters were calculated from the data in Figs. 6 –9 by a model-independent method utilizing WinNonlin as described
in “Materials and Methods.” Cmax is the maximum concentration achieved in M; Tmax is the time in hours at which Cmax occurred: AUC is the area
under the concentration-time curve, in units of M ⫻ h in plasma, muscle, and tumor.

Table 3, the concentration in gastrocnemius muscles of paclitaxel derived from i.v. paclitaxel at 20 mg/kg rises to a Cmax of
7.6 M within 30 min after injection and then falls until it is
undetectable after 3 days. In contrast, paclitaxel derived from
DHA-paclitaxel at an equitoxic dose of 120 mg/kg rises slowly
to a 22-fold lower Cmax of 0.34 M at 8 h after injection and then
falls out to 336 h after injection (Fig. 9). The AUCs in muscle
for paclitaxel derived from either 20 mg/kg i.v. paclitaxel, 27.4
mg/kg, or 120 mg/kg DHA-paclitaxel are 22, 9.6, and 45 M ⫻
h, respectively (Table 3). Thus, the AUCs differ by about 2-fold,
whereas the Cmax values differ by 22-fold. High paclitaxel Cmax
may cause damage to the nerves innervating the muscle, which
might result in hind-limb paralysis. This analysis suggests that
the hind-limb paralysis may be a function of the 22-fold higher
Cmax for paclitaxel than for DHA-paclitaxel in muscle, and that
low concentrations of paclitaxel for long times are better tolerated in normal, nondividing tissues.

DISCUSSION
Paclitaxel is one of the most effective cytotoxic anticancer
drugs, and it is relatively water insoluble, requiring a surfactant
such as Cremophor EL-P to be optimally formulated. Compared
with water-soluble drugs, paclitaxel has a smaller volume of distribution and a lower clearance rate, and, as seen in Figs. 6 and 7,
it is retained in tumors longer than in plasma. This modest tumor
retention may account, in part, for the drug’s superior antitumor
efficacy compared with previous generations of antitumor drugs.

We synthesized DHA-paclitaxel with the aim of improving
the targeting of paclitaxel to tumors so as to increase its efficacy
and decrease its toxicity. Fatty acids are required for tumor
growth and are rapidly accumulated by tumors from blood
(2–5). Our hypothesis was that a conjugate of DHA, a natural
fatty acid, and paclitaxel would increase the AUC of the conjugate in tumors and reduce toxicity to normal tissues. The data
in this report support this hypothesis.
DHA is covalently linked to paclitaxel at the 2⬘-hydroxyl
position. Acylation there has been shown to eliminate the microtubule assembly activity of paclitaxel (27). By attaching
DHA at the 2⬘-position on paclitaxel, we hoped to create an
inactive drug that would require hydrolysis back to paclitaxel to
be cytotoxic. The in vitro mechanistic studies support this hypothesis. Because the conjugate has no microtubule assembly
activity in solution, and yet seems by the Compare Analysis to
be most closely related to other microtubule-active drugs, it is
most likely that the conjugate is indeed inactive until converted
to a microtubule-active agent. The flow cytometry studies show
that DHA-paclitaxel, like paclitaxel, arrests cell cycle progression at the G2-M phase of the cell cycle after 24 h. The
immunofluorescence studies show that DHA-paclitaxel, also
like paclitaxel, causes SKOV3 cells to form microtubule bundles after 14 h. Again, taken together, these studies support the
conclusion that DHA-paclitaxel, although inactive as a microtubule agent in solution, must be converted to paclitaxel or some
other active taxane within cells to be cytotoxic.
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Fig. 7 Tumor:mean concentrations of paclitaxel derived from
i.v. paclitaxel and i.v. DHA-paclitaxel in the tumors of M109
tumor-bearing mice treated with
i.v. paclitaxel and i.v. DHApaclitaxel. Both paclitaxel and
DHA-paclitaxel were injected
once at the indicated doses in
mg/kg into the tail vein of
CD2F1 mice when the tumors
weighed ⬃100 mg. The mean
concentration in the M109 tumors of paclitaxel derived form
each drug from 10 animals/time
point is plotted. The lower limit
of detection was 5 ng/gm.
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Fig. 9 Muscle:concentrations of paclitaxel
and DHA-paclitaxel in the gastrocnemius
muscle of M109 tumor-bearing mice treated
with i.v. paclitaxel and i.v. DHA-paclitaxel.
Both paclitaxel and DHA-paclitaxel were injected once at the indicated doses in mg/kg
into the tail vein of CD2F1 mice when the
tumors weighed ⬃100 mg. The mean concentration in the gastrocnemius muscle of
each drug from 10 animals/time point is plotted. The lower limit of detection was 5
ng/gm.

The toxicity studies in mice, rats, and dogs (Table 2) show
that DHA-paclitaxel is less toxic than paclitaxel by 3– 4.4-fold on
a molar basis. Yet, the dose-limiting toxicity for both drugs is
myelosuppression. No new toxicities were seen with DHA-paclitaxel that have not been noted with paclitaxel. However, hind-limb
paralysis in mice, presumably a predictor of peripheral neuropathy,
was not seen after DHA-paclitaxel treatment at its OD but was seen
after paclitaxel treatment in all animals at its OD. Because peripheral neuropathy is a significant problem with paclitaxel in clinical
use (28 –30), this finding in animals may translate into a significant
clinical advantage for DHA-paclitaxel.
As seen in Fig. 4 and 5, DHA-paclitaxel has much greater
antitumor activity than paclitaxel. In the M109 tumor model
(Fig. 4), DHA-paclitaxel eliminated all palpable and histologically detectable tumors at the OD of 120 mg/kg i.v. for 5 days,
whereas paclitaxel at its OD of 20 mg/kg eliminated no tumors
and only slowed the tumor growth rate for about 10 days.
DHA-paclitaxel also eliminated tumors in 9 of 10 mice at 90
mg/kg ⫻ 5 days and in 4 of 10 mice at 60 mg/kg ⫻ 5 days (Fig.

4). Thus, DHA-paclitaxel eliminates tumors at doses that are as
low as 50% and 75% of the OD. In the HT-29 human colon
carcinoma model, DHA-paclitaxel was also more active than
paclitaxel, causing 2 of 5 complete responses and 3 of 5 partial
responses compared with 0 of 5 responses for paclitaxel (Fig. 5).
We sought to answer the question of whether the increased
antitumor activity of DHA-paclitaxel was attributable to tumor
targeting and improved pharmacokinetics. To answer that question,
we compared the pharmacokinetics of paclitaxel and DHA-paclitaxel in the plasma, gastrocnemius muscle, and tumors of mice
bearing M109 lung tumors. The results (Table 3) show that the
AUCs of DHA-paclitaxel and the paclitaxel derived from it are
much higher than the AUCs of paclitaxel itself, which supports the
concept that DHA conjugation to paclitaxel targets the drug to
tumors.
Total AUC probably is not the only parameter that explains
the greater antitumor activity of DHA-paclitaxel in comparison
with paclitaxel. What may be of more importance is the much
longer time at which the concentration of paclitaxel remains
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Fig. 8 Tumor:mean concentrations
of paclitaxel and DHA-paclitaxel in
the tumors of M109 tumor-bearing
mice treated with i.v. paclitaxel and
i.v. DHA-paclitaxel. Both paclitaxel
and DHA-paclitaxel were injected
once at the indicated doses in mg/kg
into the tail vein of CD2F1 mice when
the tumors weighed ⬃100 mg. The
mean concentration in the M109 tumors of each drug from 10 animals/
time point is plotted. The lower limit
of detection was 5 ng/gm.
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high in tumors after DHA-paclitaxel than after paclitaxel. For
example, paclitaxel remains above 2 M in tumors for only 16 h
after 20 mg/kg of i.v. paclitaxel, whereas paclitaxel derived
from 120 mg/kg of i.v. DHA-paclitaxel remains above 2 M for
⬃240 h (Fig. 7). Tumors started to grow once the concentration
of paclitaxel, derived either from paclitaxel or DHA-paclitaxel,
fell to below about 2 M (data not shown), so this concentration
may be critical for antitumor activity. Because most cells in a
tumor are in G1 or G0 during any 16-h period, they will survive
paclitaxel treatment. In contrast, with DHA-paclitaxel maintaining concentrations of paclitaxel ⬎2 M for 240 h, many of the
cells in even a slow-growing tumor will come into the cell cycle
during that time and be killed. The concentrations of DHApaclitaxel and paclitaxel were measured in tumors after a single
i.v. dose. Repeated doses would be expected to produce even
higher intratumor concentrations.
The decreased dose-limiting toxicity and hind-limb paralysis of DHA-paclitaxel compared with paclitaxel also may be
explained by the pharmacokinetic studies. Although the AUC in
plasma of paclitaxel derived from DHA-paclitaxel at 120 mg/kg
is almost twice that of paclitaxel at 20 mg/kg, the Cmax is
5.5-fold less (Table 3), yet the dose-limiting toxicities of myelosuppression are similar. In muscle, where the AUC of paclitaxel derived from DHA-paclitaxel at 120 mg/kg is about twice
that of the AUC of paclitaxel at 20 mg/kg, the Cmax is 22-fold
less (Table 3). Yet paclitaxel causes hind-limb paralysis, and
DHA-paclitaxel does not. One conclusion from these results is
that peripheral nerve toxicity is more closely related to Cmax
than to AUC, especially when the higher AUC is caused by low
concentrations of drug for longer periods of time.
In conclusion, the conjugation of DHA to paclitaxel creates
a new chemical entity, DHA-paclitaxel, that targets syngeneic
and xenogeneic tumors in mice and results in less toxicity and
more therapeutic efficacy. DHA-paclitaxel has entered full clinical development, a Phase I study has been completed, and a
number of Phase II studies for different cancers have begun.

