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Synthesis and preliminary antitumor activity evaluation of a
DHA and doxorubicin conjugate
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Abstract—A conjugate of DHA and doxorubicin (DHA–Dox) was synthesized, and its antitumor activity was evaluated in vitro
against L1210 leukemia cells and in experimental animal tumor models including L1210 leukemia and B16 melanoma. DHA–
Dox showed a greatly improved antitumor efficacy compared to free doxorubicin.
� 2006 Elsevier Ltd. All rights reserved.
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Cancer is the second major cause of death in the
majority of the developed countries. Although there
has been significant progress in the treatment of can-
cer during the last several years, there are still no
cures for most forms of human cancer. The main rea-
son for the difficulty in treatment of cancer is that
most chemotherapeutic drugs lack specificity toward
cancer, that is, while cancer cells are killed, normal
tissues/cells are damaged at the same time. These side
effects often limit dose intensification.1 One strategy to
circumvent this problem is to deliver the chemothera-
peutic agents specifically to tumor tissue through the
use of drug conjugates.

Essential fatty acids have been found to exhibit anti-
cancer activities in vitro and in experimental animal
tumor models as well as in patients with cancer. In
addition, certain essential fatty acids have synergistic
effects with anticancer drugs. Consumption of diets
containing n-3 fatty acids such as cis-4,7,10,13,16,19-
docosahexenoic acid (DHA) was found to inhibit
tumorigenesis,2,3 the growth of rodent tumors,4 and hu-
man breast cancer xenografts.5,6 Inhibition of tumor
growth by n-3 fatty acids was mediated through the
binding of n-3 fatty acids to their receptors on tumor
cells, leading to a decrease in intracellular cyclic AMP
via a Gi protein-coupled signal transduction pathway.7

Experiments demonstrate that tumors take up a large
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proportion of certain kinds of natural fatty acids from
blood for use as biochemical precursors and energy
sources.8

Bradley et al. reported the synthesis of DHA–paclitaxel,
a 2 0-O-acyl conjugate of DHA and paclitaxel (Fig. 1), to
target paclitaxel to tumors to decrease toxicity to
normal tissues and increase the therapeutic index rela-
tive to free paclitaxel.9 DHA is an x-3 fatty acid, a con-
stituent of cell membranes in the brain and elsewhere,
and is used as a precursor for metabolic and biochemical
pathways.4 Because DHA is found in human milk, and
is added to infant formula in Europe and the United
States, it should not have any additional toxicity to
paclitaxel.
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Figure 1. Structures of DHA and DHA–paclitaxel.
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Pharmacokinetic studies of paclitaxel and DHA–paclit-
axel in normal rats suggest that most of the DHA–pac-
litaxel is confined within the intravascular plasma
volume, whereas paclitaxel is rapidly cleared from plas-
ma and distributed into large volumes of peripheral
tissue space.9 When paclitaxel at 20 mg/kg, DHA–paclit-
axel 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 approximately 100 mg, the plasma concentra-
tion of paclitaxel remained >2 lM for only 16 h. In con-
trast, paclitaxel derived from DHA–paclitaxel at an
equitoxic dose of 120 mg/kg remained >2 lM for 10
days after injection (tumors grow at concentration
below 2 lM).9 Although less potent than free paclitaxel,
DHA–paclitaxel has a significantly higher therapeutic
index than free paclitaxel in mice bearing tumors. In
addition, DHA–paclitaxel has decreased side effects.

We have recently reported the synthesis and antitumor
efficacy evaluations of DHA–HCPT, a conjugate of
DHA and 10-hydroxycamptothecin (HCPT) (Fig. 2).10

DHA–HCPT showed greatly improved therapeutic effi-
cacies in tumor models tested, compared to the free
HCPT.10 For example, DHA–HCPT (ILS: 154% and
two long-term survivors) was at least twice as effective
as the free HCPT (ILS: 77% and no long-term survivor)
in the L1210 leukemia mouse model at optimal dose.
Based on these experimental results, we think that con-
jugating DHA to existing anticancer drugs might be a
valid strategy to further improve the drug’s anticancer
efficacy. Herein, we report a novel conjugate of DHA
and doxorubicin (Dox), DHA–Dox, (Fig. 3), in which
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Figure 2. Structures of HCPT and DHA–HCPT.
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Figure 3. Structures of DHA–Dox and Dox.
DHA was used as a carrier to deliver Dox to tumors
to increase its therapeutic index.

Dox is one of the most widely used anticancer agents for
the treatment of human cancers including leukemia,
lymphoma, breast and ovarian carcinomas, and many
other solid tumors.11,12 Although Dox has been used
extensively in clinics over the past three decades, its
use is still limited by severe acute and chronic systemic
toxicities including myelosuppression, gastrointestinal
disorders, stomatitis, cumulative cardiotoxicity, and
extravasation.12 Based on the fact that conjugates of
DHA with paclitaxel and HCPT have better therapeutic
efficacy than their corresponding free drugs, it is reason-
able to believe that a conjugate of DHA and Dox may
have superior therapeutic efficacy to free Dox.

DHA–Dox is designed to be double tumor-selective.
First, because of the presence of DHA, it should be
selectively accumulated in tumors, leading to a selective
tumor cell killing. Second, the hydrazone bond used to
link DHA and Dox is expected to be selectively cleaved
in tumor cells, leading to a selective toxicity to tumor
cells. Like other hydrazone-linked Dox derivatives,
DHA–Dox is expected to be stable at physiologic pH
and is decomposed to release free Dox at a lower pH.
For example, Kaneko et al.13 reported that the hydra-
zone linker was almost completely broken within 4 h
to release free Dox at pH 4.5 at 37 �C. In contrast, there
was little decomposition within 5 h at pH 7.4 at 37 �C.
The hydrazone bond has been used in Mylotarg, a clin-
ically used drug for treatment of leukemia, and in other
drugs such as the Br96–Dox conjugate and other Dox
analogues.14 Because the pH in tumors is lower than
in normal tissue,15–18 more free Dox is expected to be
released from DHA–Dox in tumors than in normal tis-
sue, leading to a selective toxicity to tumors. Because of
the double tumor-selectivity, DHA–Dox is expected to
be superior to free Dox.

DHA–Dox was synthesized as illustrated in Scheme 1.19

The commercially available DHA (1) and Boc-protected
hydrazine (BocNHNH2) (2) were coupled in the pres-
ence of 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide
(EDCI) affording compound 3 with a 80% yield. The
Boc-protected group of the latter compound was
removed with gaseous hydrogen chloride in ethyl acetate
affording compound 4 with a 95% yield. The targeted
DHA–Dox was synthesized by treatment of Dox and
BocNHNH2+
a
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Scheme 1. Synthesis of DHA–Dox. Reagents: (a) EDCI, DMF; (b)

HCl/EtOAc; (c) Dox, CH3CN, TFA.



Table 3. Antitumor activity in mice bearing B16 melanomaa

Compound Dose

(mg/kg)

% weight

changeb

Tumor

weight (g)

% TGIc P valued

Control — — 2.38 ± 1.21 — —

DHA–Dox 30 �6 0.72 ± 0.34 70 <0.01

20 �6 1.13 ± 0.46 53 <0.01

Dox 5 �10 1.54 ± 0.48 35 <0.01

a Male BDF1 mice (7/group) were injected sc with 106 cells on day 0.

Drugs were administered ip on days 1 and 5.
b Group bodyweight change was between days 0 and the day at which

time the group of mice had the lowest weight.
c % tumor growth inhibition (TGI) = [1 � (T/C)] · 100, where T and C

are the median tumor weights of the treated groups and the control

group, respectively.
d Comparing to the control.
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compound 4 in the presence of trifluoroacetic acid
(TFA) in acetonitrile with a 49% yield.

The antitumor activity of DHA–Dox was first tested
in vitro against L1210 leukemia cells, and the results
are shown in Table 1. The IC50 values of DHA–Dox
and free Dox are 1.4 and 0.15 lM, respectively. These
results are expected because prodrugs are generally less
potent than their corresponding free drugs.

DHA–Dox was then tested against L1210 leukemia in
mice, and the results are shown in Table 2. At an opti-
mal dose of 16 mg/kg, DHA–Dox produced an ILS of
107%, which is twice of that produced by the free Dox
(ILS: 53% at 5 mg/kg). Furthermore, DHA–Dox
(weight loss: 4%) was less toxic than Dox (weight loss:
7%) to the host animals. On a molar basis, approximate-
ly 5-fold more DHA–Dox (32 mg/kg) can be safely
administered compared with the free Dox (5 mg/kg).
At doses that produced the same therapeutic efficacy
(ILS of 53%), DHA–Dox (8 mg/kg, weight loss: 2%)
was much less toxic to the animals than the free Dox
(5 mg/kg, weight loss: 7%). These results demonstrate
that DHX–Dox is more efficacious than the free Dox,
suggesting that the former is more tumor-selective than
the latter.

The antitumor activity of DHA–Dox was then tested in
mice bearing B16 melanoma, and the results are shown
in Table 3. DHA–Dox was once again proven to be
Table 1. Cytotoxicity against L1210 leukemia cells in vitroa

Compound IC50
b (lM)

Dox 0.15 ± 0.01

DHA–Dox 1.4 ± 0.35

a The assay was set up in triplicate in 96-well flat-bottomed microtiter

plates. All cells were seeded at 5000 cells/well in RPMI-1640 plus 10%

FCS. Drugs were added, and the total volume was adjusted to

0.2 mL/well. Total incubation time was 48 h with the addition of 3H

thymidine for the last 24 h of incubation. The assay was harvested

and radioactivity was counted.
b IC50 values are defined as the minimal drug concentration necessary

to inhibit incorporation of [3H] thymidine by 50% and are averages

of three experiments.

Table 2. Antitumor activity in mice bearing L1210 leukemiaa

Compound Dose

(lg/kg)

% weight

changeb

% ILSc 30-day

survivors

DHA–Dox 32 �11 80 0

16 �4 107 1

8 �2 53 0

Dox 8 �19 53 0

5 �7 53 0

a Male BDF1 mice (6/group) were injected ip with 105 cells on day 0.

Drugs were administered ip on days 1 and 5. The median number of

days of survival of the vehicle-treated mice was 7.5.
b Group bodyweight change between days 0 and the day at which time

the group of mice had the lowest weight.
c % increase in life span (ILS) = [(T/C) � 1)] · 100, where T and C are

the median survival times of the treated groups and the control

group, respectively.
twice as efficacious as Dox in the B16 melanoma model.
At an optimal dose of 30 mg/kg, DHA–Dox produced a
70% tumor growth inhibition (TGI), while the free Dox,
at a dose of 5 mg/kg, only had a 35% TGI. Furthermore,
DHA–Dox (weight loss: 6%) was much less toxic to the
animals than the free Dox (weight loss: 10%). These re-
sults demonstrate, once again, that the therapeutic index
of DHA–Dox is significantly higher than that of the free
Dox.

We have synthesized a conjugate of DHA and Dox. In
animal tumor models, DHA–Dox is significantly more
efficacious than free Dox. It is not clear, however, if this
increased therapeutic efficacy is due to an increased up-
take of DHA–Dox by tumors, an increased half-life of
DHA–Dox or other reasons. These data and those
reported previously suggested that DHA may be used
as a vehicle to target anticancer drugs to tumors to
increase their therapeutic efficacy.
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