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Abstract. Docetaxel (DTX) is currently used as a first- or
second-line drug treatment for patients with lung cancer,
however, it is less effective for the treatment of patients with
bone metastasis of lung cancer. This is primarily due to the
fact that docetaxel is nonspecific. In the present study, doco-
sahexaenoic acid (DHA) was selected as a tumor-targeting
ligand, and DHA-conjugated DTX (DTX-DHA) was prepared
for inhibiting lung cancer metastasis to bone. The anti-cancer
activity assay revealed that DTX-DHA exhibited a similar
antitumor efficacy to DTX in vitro. The maximum tolerated
dose of DTX-DHA was increased compared with that of DTX.
The present study results indicated that DTX-DHA exhibited
an improved inhibition efficacy of lung cancer metastasis to
bone in comparison with DTX in vivo. Encouragingly, the
mean survival time of the DTX-DHA group (30.60 days)
was increased compared with the DTX group (26.10 days;
P<0.01). Furthermore, the results of cell migration and osteo-
clast-induced formation assays suggested that DTX-DHA
inhibited lung cancer metastasis to bone primarily by
affecting lung cancer cell migration. These results indicate
that DTX-DHA may exhibit a potential therapeutic effect
against lung cancer metastasis to bone.

Introduction
Among patients with lung cancer, ~40% develop bone metas-

tasis with a relatively short median survival time in Japan in
1981, and the metastatic disease currently lacks an effective
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therapeutic strategy (1). Bone-modifying agents (diphospho-
nates) reduce skeletal-associated events (pathologic fracture,
spinal cord compression and radiation or surgery to bone),
however, they do not significantly improve overall survival (1).
Therefore, novel and effective therapeutic approaches for the
metastatic disease are urgently required.

Docetaxel (DTX; Fig. 1A) is currently used as a first- or
second-line treatment for patients with lung cancer, however,
it is less effective for the treatment of patients with bone
metastasis of lung cancer (2,3). Since DTX may cause serious
bone marrow inhibition in patients, it is unable to reach
a therapeutic concentration at the lesion sites of skeletal
metastases (4). Therefore, the lack of discrimination of DTX
between neoplastic and healthy cells is a key reason that it
demonstrates poor efficacy in the treatment of lung cancer
metastasis to bone.

Lung cancer is highly heterogeneous histologically and
molecularly, and as a result, only a small number of drug
targets for lung cancer have been identified (5,6). Fortunately,
phosphatidylethanolamine becomes exposed on the tumor
vascular endothelium of lung tumors, and not on normal
vessels and cells (7,8). Notably, it has been identified that
docosahexaenoic acid (DHA; Fig. 1B) is a ligand of phospha-
tidylethanolamine (9). Furthermore, DHA is safe for clinic
application as it is an endogenous compound (10).

It has previously been identified that DHA is an inhibitor
of breast cancer metastasis to bone (11). It has also been
demonstrated that DHA supplementation increases first-line
chemotherapy efficacy in patients with advanced non-small
cell lung cancer (12,13). A possible underlying molecular
mechanism is that DHA significantly reduces E-selectin
expression at the endothelial cell surface (14,15). Since DTX,
which is conjugated to DHA, may be hydrolyzed back to
DTX and DHA in vivo, DHA is not only a tumor-targeting
ligand, but also a synergist of DTX for inhibiting lung cancer
metastasis to bone (12,16).

An innovative DTX-loaded bovine serum albumin
(BSA)-coupled DHA nanoparticle (DTX-DHA-BSA-NP)
for inhibiting lung cancer metastasis to bone was success-
fully prepared by the authors' research group. A previous
study identified that the mean survival of the nanoparticles
was longer than that of DTX (17). However, due to the
immunogenicity of BSA, intravenous administration of
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DTX-DHA-BSA-NPs in humans may cause allergic reac-
tions. Furthermore, DTX-DHA-BSA-NPs are difficult
to produce on an industrial scale due to their complex
preparation process (18,19). Based on the clinical studies on
DHA-paclitaxel for the treatment of metastatic malignant
melanoma, esophago-gastric cancer and advanced non-small
cell lung cancer, DHA was conjugated to DTX (DTX-DHA,
Fig. 1C) by chemical means, in order to explore its effect on
lung cancer metastasis to bone (20-23).

Materials and methods

Materials. DHA was purchased from Nu-Chek Prep Inc.
(Elysian, MS, USA). DTX was provided by Shanghai Jinhe
Bio-Technology Co., Ltd. (Shanghai, China). 1,3-dicyclo-
hexylcarbodiimide was purchased from J&K Scientific
Ltd. (Beijing, China). Methylene chloride and 4-dimeth-
ylaminopyridine were purchased from Aladdin Bio-Chem
Technology Co., Ltd. (Shanghai, China). A tartrate-resistant
acid phosphatase (TRAP) kit (cat. no. CS0740-1KT) was
purchased from Sigma-Aldrich (Merck KGaA, Darmstadt,
Germany). Macrophage colony-stimulating factor (M-CSF)
and receptor activator of nuclear factor-kB ligand (RANKL)
were provided by R&D Systems, Inc. (Minneapolis,
MN, USA). C57BL/6 mice were purchased from Harbin
Veterinary Research Institute (Harbin, China). Dulbecco's
modified Eagle's medium (DMEM) and RPMI-1640
media were purchased from HyClone (GE Healthcare Life
Sciences, Logan, UT, USA). A549 human lung carcinoma
cells and LLC murine Lewis lung carcinoma cells were
purchased from the Affiliated Tumor Hospital of Harbin
Medical University (Harbin, China). RAW 264.7 murine
macrophage cells were purchased from Shanghai Institutes
for Biological Sciences (Shanghai, China). An alkaline
phosphatase (ALP) assay kit (cat. no. AP0100-1KT) was
purchased from Sigma-Aldrich (Merck KGaA). All other
materials were purchased from Beyotime Institute of
Biotechnology (Haimen, China).

Synthesis of DTX-DHA. DTX-DHA was synthesized from
DTX and DHA with a one-step reaction that coupled DHA
to DTX at the 2'-hydroxyl position. In brief, DHA (13.5 mg),
1,3-dicyclohexylcarbodiimide (16.9 mg) and 4-dimethylami-
nopyridine (5 mg) were added to the solution of DTX (33 mg) in
dichloromethane (2.5 ml) under nitrogen. The reaction mixture
was stirred at room temperature for 2 h. Following dilution
with ethyl ether (1:10), the reaction mixture was washed with
5% aqueous hydrochloric acid, distilled water and saturated
aqueous sodium chloride in turn at room temperature. The
mixture was concentrated by evaporating under a vacuum at
40°C with anhydrous sodium sulfate as the desiccant. Column
chromatography (10 g silica gel stationary phase; 60 ml acetic
ether-hexane mobile phase) of the residue produced 43 mg
(95%) solid DHA-DTX at room temperature. In all experi-
ments described subsequently, DTX and DTX-DHA were
formulated in a 50% Tween-80/ethanol/normal saline mixture
(2:1:97, respectively) (24).

Cell lines. A549 and LLC cells were used to perform cell
migration and cell proliferation assays. RAW 264.7 and LLC

JIANG et al: DTX-DHA INHIBITED LUNG CANCER METASTASIS TO BONE

cells were used to perform the osteoclast-induced formation
assay. All cells were cultured in RPMI-1640 or DMEM with
10% heat-inactivated fetal bovine serum (FBS) and 0.1% anti-
biotics, and incubated in a humidified 5% CO, atmosphere at
37°C.

Determination of anti-cancer activity in vitro. DHA-DTX was
evaluated in vitro for anti-proliferative activity against LLC
and A549 cells using an MTT assay. Tumor cells were seeded
into sterile 96-well plates (1x10* cells/well) in RPMI-1640 or
DMEM (10% FBS) medium and incubated at 37°C for 24 h.
The DTX-DHA and DTX were first dissolved in dimethyl sulf-
oxide (DMSO), then diluted in RPMI-1640 or DMEM medium
culture solution with final DMSO concentration of 0.5% (v/v).
The tumor cells were treated with DTX or DTX-DHA at five
different concentrations (0, 0.005, 0.05, 0.5 and 5 M), with
three replicates, and incubated for 48 or 72 h. Then, 10 ul MTT
was added to the cell culture medium prior to incubation for a
further 4 h. Subsequently, the supernatants were replaced with
DMSO. The optical density was determined using a Microplate
Reader (MD SpectraMax M5) at 490 nm (25).

Cell migration assay. A Transwell migration assay was
performed using LLC cells. First, LLC cells (1x10°) were
seeded in the upper cell chamber with 600 pl serum-free
DMEM, 50 nM DTX or 50 nM DTX-DHA, and incubated
at 37°C for 48 h before fixing with 4% paraformaldehyde
at 4°C for 30 min. LLC cells that migrated from the cell
upper chamber to the 6-well plates were observed under a
light microscope (magnification, x200) following staining
with crystal violet at room temperature for 30 min (26). The
transmittance was calculated according to the following equa-
tion: Transmittance=(cells -CellSrug aroup)/CS onirol aroup
x100%.

control group

Osteoclast-induced formation assay. In vitro osteoclastogen-
esis assays were performed to assess the effects of DTX-DHA
on osteoclast differentiation. A total of 2.5x10° RAW 264.7
cells and LLC cells (10:1) were incubated at 37°C for 48 h in
48-well plates. Subsequently, the cells were incubated at 37°C
in complete cell culture medium containing 10 ng/ml murine
recombinant RANKL and 10 ng/ml murine recombinant
M-CSF following proliferation in 48-well plates for 24 h.
Then, the cells were treated with RPMI-1640 culture medium,
50 nM DTX, 50 nM DTX-DHA or 250 nM DTX-DHA for
72 h. Subsequently, TRAP staining was performed according
to the manufacturer's protocol (26).

Evaluation of maximum tolerated dose (MTD). All animal
procedures were performed following the protocol approved
by the Institutional Animal Care and Use Committee
at The State Engineering Laboratory of Bio-Resources
Eco-Utilization, Northeast Forestry University (Harbin,
China). Initial evaluation of tolerability of DTX-DHA
and DTX were determined in healthy 6-week-old female
C57BL/6 mice (18-22 g). A total of 42 mice were caged in
groups of three, provided with ad libitum commercial mouse
chow and water, and maintained on a 12 h light-dark cycle at a
temperature of 23+1°C. The dose of DTX in the in vitro assay
for anti-cancer activity was 5 gmol/kg, and 5 pmol/kg was
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Figure 1. Chemical structure of DTX, DHA and DTX-DHA. (A) DTX. (B) DHA. (C) DTX-DHA. DTX, docetaxel; DHA, docosahexaenoic acid; DTX-DHA,

docosahexaenoic acid-conjugated docetaxel.

selected as the minimum dose for the DTX-DHA to indicate
the MTD. Furthermore, 10, 15, 20, 25, 30 and 35 ymol/kg
were selected as the other six doses. Mice were administered
intravenously with DTX or DTX-DHA. Drug effects were
determined daily by monitoring of survival, body weight
and overall health. The MTD was defined as the highest dose
that caused neither toxic mortality nor >10% body weight
loss within a week of administration (27). The health of the
mice was monitored daily via bodyweight measurement and
observation of signs of distress, including apathy, loss of
appetite, catatonia and prostration. Humane endpoints for this
study included body weight loss >20% and excessive signs of
toxicity (pica behavior, lethargic or unresponsive).

Invivo assay of anti-cancer efficacy on lung cancer metastasis
to bone. Ten female C57BL/6 mice (as described above) were
used as a blank group for this study. All mice were injected
with LLC cells (10 pl, 1x10° cells/ml) in the tibia of the right
hind limb, then divided randomly into five groups (n=20 per
group): Control group, DTX group (5 umol/kg), DTX-DHA
group (5 umol/kg) and DTX-DHA group (10 ymol/kg). The
treatments were administered intraperitoneally once daily for
10 days. The status of the mice was observed every day and the

mice were weighed every 4 days. Tumors were measured daily
using a caliper until the mice succumbed. Tumor volumes
were estimated from two-dimensional measurements using
the formula: Tumor volume (mm?®)=[length (mm) x width?
(mm?)]/2. A total of 14 days subsequent to injection with LLC
cells, 3 mice from each group had blood extracted from their
tails. Serum ALP concentration in the mice was determined
according to the ALP activity detection kit (100T) protocol
prior to sacrificing the mice (11,27). Humane endpoints
include body weight loss >20% and excessive signs of toxicity
(Pica behavior, lethargic, unresponsive).

X-ray radiography. Four weeks after the initial dose, mice
were imaged using an X-ray machine (BL-X5, Zhengzhou
Tianjie Electronic Equipment Co., Ltd., Zhengzhou, China)
and the X-ray radiography images (4x3 cm) revealed the bone
injuries. The radiolucent osteolytic areas of bone metastasis
were quantified for murine Lewis lung carcinoma cells using
Quantity One 1-D analysis Software (version 4.6.9; Bio-Rad,
Laboratories, Inc. Hercules, CA, USA) (11,28).

Histopathological identification. Four weeks after the initial
dose, the right hind limb bone of mice from the four groups
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Table I. Cytotoxic effects of DTX and DTX-DHA on LLC and
A549 cell lines.

IC5, (M) + SD, time=48 h

Sample LLC A549
DTX 0.054+0.002 9.780+0.046
DTX-DHA 0.045+0.001 8.160+0.029
IC5, (uM) = SD, time=72 h
DTX 0.023+0.002 5.813+0.022
DTX-DHA 0.018+0.001 4951£0.015

Data are expressed as mean + SD. Data were analyzed using one-way
analysis of variance and Student's t-test, n=3, P<0.05 vs. control
group. DTX, docetaxel; DTX-DHA, docosahexaenoic acid-conju-
gated docetaxel; SD, standard deviation.
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Figure 2. Microcopy images exhibiting cell migration. (A) LLC murine
Lewis lung carcinoma cells that migrated from the chamber of the cell culture
inserts to the 6-well plates and were stained with crystal violet following
treatment with serum-free medium. (B) LLC murine Lewis lung carcinoma
cells that migrated from the chamber of the cell culture inserts to the 6-well
plates and were stained crystal violet following treatment with 50 nM DTX.
(C) LLC murine Lewis lung carcinoma cells that migrated from the chamber
of the cell culture inserts to the 6-well plates and were stained with crystal
violet following treatment with 50 nM DTX-DHA. (D) Cell transmittance of
DTX and DTX-DHA. Each value represents the mean + standard deviation
of two independent triplicate cultures. Data were analyzed using one-way
analysis of variance with Newman-Keuls post-hoc test. “P<0.01 vs. Control;
#P<0.01 vs. 50 nM DTX. Magnification, x200. DTX, docetaxel; DTX-DHA,
docosahexaenoic acid-conjugated docetaxel.

was excised, fixed in 10% formalin in PBS (pH 7.2) at 4°C for
48 h, then decalcified in 14% EDTA solution with agitation
at room temperature for 2 weeks. Subsequently, samples were
dehydrated in a graded series of ethanol (70, 80, 96 and 100%)
for 1 h each at 4°C, embedded in paraffin and cut into 4.5-ym
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Figure 3. The osteoclast-induced formation assay with TRAP staining was
performed in vitro. RAW 264.7 murine macrophage cells were dyed with
TRAP following treatment with saline, 50 nM DTX, 50 nM DTX-DHA and
250 nM DTX-DHA. Each value represents the mean =+ standard deviation
of two independent triplicate cultures. Data were analyzed using one-way
analysis of variance with Newman-Keuls post-hoc test. “P<0.01 vs. control.
DTX, docetaxel; DTX-DHA, docosahexaenoic acid-conjugated docetaxel;
TRAP, tartrate-resistant acid phosphatase.

thick sections. Samples were then deparaffinized in xylene
at room temperature for 30 min, stained with Mayer's hema-
toxylin solution at room temperature for 15 min and washed
in water at room temperature for 20 min. Then, samples were
counterstained with 0.5% eosin for 1 min, dehydrated in 95%
ethanol and absolute ethanol for 4 min at room temperature,
and cleared in xylene at room temperature for 4 min. Then, the
samples were observed under a light microscope (magnifica-
tion, x200) and tumor areas were quantified using Image-Pro
Plus software (version 6.0; Media Cybernities, Silver Spring,
MD, USA) (27,28).

Statistical analysis. Data are presented as the
mean + standard deviation. Data were analyzed using
one-way analysis of variance with Newman-Keuls post-hoc
test. P-values were calculated using log-rank (Mantel-Cox)
tests on Kaplan-Meier survival curves. All statistical analysis
was performed using SPSS software (IBM SPSS 19.0;
https://myibm.ibm.com/products-services/products). P<0.05
was considered to indicate a statistically significant difference.

Results

Determination of anti-cancer activity in vitro. The 1Cs, values
of A549 cells and LLC cells treated with DTX and DTX-DHA
were calculated and are presented in Table I (OD data not
shown). The IC, values of DTX-DHA were similar to those
of DTX for A549 and LLC cells, indicating that the in vitro
anti-cancer activities of DTX-DHA were similar to those of
DTX (24).

Cell migration assay. Migration ability was measured in
LLC murine Lewis lung carcinoma cells and compared with
tumor cells administered with 50 nM DTX or DTX-DHA
using a Transwell migration assay (Fig. 2A-C). Treatment
with DTX-DHA significantly inhibited tumor cell migration
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Table II. Determination of MTD following intravenous injection of DTX or DTX-DHA.

Compound Dosage, pmol/kg Observation post injection Lethality Weight change, % MTD, pmol/kg
DTX 5 Well tolerated 0/3 +1.1 15
10 Loss of appetite 0/3 -3.2
15 Apathy, Catatonia 0/3 -5.8
20 Apathy, Catatonia 0/3 -10.5
25 Prostration 173 -14.5
30 Apathy, prostration 3/3 >-20
35 Apathy, Catatonia, prostration 3/3 >-20
DTX-DHA 5 Well-tolerated 0/3 +30.9 25
10 Well-tolerated 0/3 +28.4
15 Well-tolerated 0/3 +25.6
20 Well-tolerated 0/3 +11.6
25 Well-tolerated 0/3 +2.6
30 Loss of appetite 0/3 -10.8
35 Apathy, Catatonia 1/3 >-20

DTX, docetaxel; DTX-DHA, docosahexaenoic acid-conjugated docetaxel; MTD, maximum tolerated dose.
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Figure 4. Two weeks after the initial dose, the serum ALP concentrations
of the mice were determined prior to sacrifice. The mice from blank group
were not implanted with murine Lewis lung carcinoma cells, and the mice
from other groups were implanted with murine Lewis lung carcinoma cells
subsequent to being injected with normal saline, 5 gmol/kg DTX, 5 gmol/kg
DTX-DHA, 10 ymol/kg DTX-DHA. n=3/group. Each value represents the
mean + standard deviation. Data were analyzed using one-way analysis
of variance with Newman-Keuls post-hoc test. "P<0.01 vs. blank group.
ALP, alkaline phosphatase; DTX, docetaxel; DTX-DHA, docosahexaenoic
acid-conjugated docetaxel.

("P<0.01 vs. control). The cell transmittance of the 50 nM
DTX-DHA group was 36.46+3.56%, and that of the 50 nM
DTX group was 81.62+3.52% (Fig. 2D).

Osteoclast-induced formation assay. The osteoclast-induced
formation assay was performed with TRAP staining. The
majority of cells in the negative control group were stained
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Figure 5. The body weight of C57BL/6 mice implanted with murine Lewis
lung carcinoma cells subsequent to being injected with normal saline,
5 umol/kg DTX, 5 ymol/kg DTX-DHA and 10 gmol/kg DTX-DHA. The
body weight of the mice was measured once daily until the mice succumbed.
n=20/group. Each value represents the mean + standard deviation. Data
were analyzed using one-way analysis of variance with Newman-Keuls
post-hoc test. “P<0.01, "P<0.03, vs. 5 ymol/kg DTX group. DTX, docetaxel;
DTX-DHA, docosahexaenoic acid-conjugated docetaxel.

light red, and the majority of cells in the 50 nM DTX group,
50 nM DTX-DHA group and 250 nM DTX-DHA group were
stained purple. In total, 246+5, 151+6, 154+7 and 149+5 osteo-
clast cells/cm? were generated in the negative control group,
50 nM DTX group, 50 nM DTX-DHA group and 250 nM
DTX-DHA group respectively. This indicated that DTX and
DTX-DHA exerted similar inhibiting effects on RAW 264.7
murine macrophage cells forming osteoclasts (Fig. 3).

Evaluation of MTD. In order to further develop the targeted
drug into a clinically applicable form, a series of preclinical
animal studies were performed. The MTD of DTX-DHA
and DTX administered intravenously was determined in



2916

—u— Control
44 |—*—5umolkg DTX

T —a— 5 umol/kg DTX-DHA
% 34 |—v— 10 umolkg DTX-DHA
£
=
g 2-
5}
S _
F 14 & oA
_.4 —a— 1“'1 5
e e R
04 ._____.__.-' bl ¥ F *
0 2 4 6 8 10

Time (days)

Figure 6. The tumor volume of the C57BL/6 mice implanted with LLC
murine Lewis lung carcinoma cells subsequent to being injected with normal
saline, 5 ymol/kg DTX, 5 pmol/kg DTX-DHA and 10 gmol/kg DTX-DHA.
n=20/group. Each value represents the mean + standard deviation, data
were analyzed using a one-way analysis of variance with Newman-Keuls
post-hoc test. "P<0.05, “P<0.01 vs. 5 gmol/kg DTX group. DTX, docetaxel;
DTX-DHA, docosahexaenoic acid-conjugated docetaxel.
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Figure 7. Kaplan-Meier survival curves of the C57BL/6 mice implanted
with LLC murine Lewis lung carcinoma cells following treatment with
saline, 5 pmol/kg DTX, 5 pmol/kg DTX-DHA and 10 ymol/kg DTX-DHA.
n=20/group. Each value represents the mean + SD. Data were analyzed using
a one-way analysis of variance with Newman-Keuls post-hoc test. "P<0.01
vs. control group, “P<0.01 vs. 5 ymol/kg DTX group. DTX, docetaxel;
DTX-DHA, docosahexaenoic acid-conjugated docetaxel.

C57BL/6 mice. The MTD of DTX-DHA was determined
by a dose escalation study followed by daily body weight
measurement and observation of general signs of toxicity.
The results indicated that the MTD of DTX was 15 gmol/kg
and the MTD of DTX-DHA was 25 pmol/kg (Table II). The
MTD of DTX-DHA was increased by 1.5-fold compared
with DTX.

In vivo assay of anti-cancer efficacy on lung cancer metas-
tasis to bone. Serum ALP functions as a sensitive index for
evaluating whether a bone metastasis model has been success-
fully established. The ALP concentration in each group is
presented in Fig. 4. The results indicated that the serum ALP
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concentration of the four model groups (negative control group,
DTX group, 5 umol/kg DTX-DHA group and 10 ymol/kg
DTX-DHA group) was increased compared with the blank
group (not implanted with LLC cells). Mice implanted with
LLC cells exhibited an increased ALP concentration, which
suggested that the model of bone metastasis of lung cancer in
the C57BL/6 mice had been successfully established.

To investigate the activity of the targeted drug on lung
tumor growth and metastasis, the aforementioned bone
metastasis of lung tumor model was employed. The observa-
tions of mice indicated that they started losing hair at day 7,
beginning with the right hind limb. The mice moved less
with swollen right hind limbs. There was no obvious weight
loss in the mice in the DTX-DHA-treated group during the
administration period. However, DTX significantly decreased
the body weight of animals on day 12, indicating that DTX
was toxic to the animals (Fig. 5) (P<0.01 vs. control). The
tumor volumes in the untreated control group were increased
compared with the drug-treated control group and the DTX
group (Fig. 6). Once the mice had been intraperitoneally
administered for 10 days, the mean tumor weight of the control
group (3.96+0.24 cm®) was greatest, followed by the 5 pmol/kg
DTX group (2.31£0.14 cm?), then the 5 gmol/kg DTX-DHA
group (1.05+0.13 cm?). The lowest tumor weight was in the
10 pmol/kg DTX-DHA group (0.55+0.10 cm?). The mean
survival of the mice in the negative control group, 5 ymol/kg
DTX group, 5 umol/kg DTX-DHA group and 10 ymol/kg
DTX-DHA group was 20.7+4.17, 26.1+5.68, 29.6+5.28 and
30.6+4.76 days, respectively (Fig. 7). The overall survival of
the DTX-DHA group was increased compared with that of
the positive control (DTX) group. The results demonstrated
that the mice with bone metastasis of lung cancer treated with
DTX-DHA survived significantly longer compared with those
treated with DTX ('P<0.01 vs. DTX group).

X-ray radiography. Four weeks after the initial dose, the
X-ray radiography images of the four model groups were
captured (Fig. 8A-D). A total of 20, 12, 8 and 7 mice had
severe tissue injury in the negative control group, posi-
tive control group (5 ymol/kg DTX group), 5 pgmol/kg
DTX-DHA group and 10 gmol/kg DTX-DHA group, respec-
tively (Fig. 8; white arrow). The radiolucent osteolytic areas
of bone metastasis were quantified for murine Lewis lung
carcinoma cells using a computer-assisted Quantity One
analysis program (Fig. 8E). The results demonstrated that
DTX-DHA exerts a greater anti-cancer efficiency on bone
metastasis compared with DTX.

Histopathological identification. Four weeks after the initial
dose, mice were sacrificed and bones were collected and fixed
in formalin. Following decalcification, paraffin-embedded
bone sections were prepared and stained with H&E to deter-
mine the lung tumor burden in bones. The images obtained
from H&E staining are presented in Fig. 9A-D. Tumor areas
were quantified using Image-Pro Plus software. There were
fewer healthy cells in the negative control group and positive
control group (5 pmol/kg DTX group) compared with the two
DTX-DHA groups (Fig. 9E), which further suggested that
the mice with bone metastasis of lung cancer treated with
DTX-DHA had less bone tissue damage.
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Figure 8. X-ray radiography images of the four model groups, indicating osteolytic lesions. Four weeks after the initial injection, mice were imaged using
X-ray machines and representative images from the (A) control, (B) 5 gmol/kg DTX, (C) 5 ymol/kg DTX-DHA and (D) 10 gmol/kg DTX-DHA groups are
presented. Magnification, x1. (E) The radiolucent osteolytic areas of bone metastasis were quantified for LLC murine Lewis lung carcinoma cells using a
computer-assisted Quantity One analysis program. n=4/group. Each value represents the mean + standard deviation. Data were analyzed using a one-way
analysis of variance with Newman-Keuls post-hoc test. "P<0.05 vs. control group, “P<0.01 vs. control group, “P<0.05 vs. 5 ymol/kg DTX group, #P<0.01
vs. 5 umol/kg DTX group. DTX, docetaxel; DTX-DHA, docosahexaenoic acid-conjugated docetaxel.

Discussion

DTX exhibits a broad spectrum of activity against a variety
of tumor types, particularly non-small cell lung cancer, breast
cancer and esophago-gastric cancer (29). However, DTX is
nonspecific and toxic; and its efficacy is dose-dependent and
is primarily limited by hematological and cardiac toxicities.
A tumor-targeted drug delivery system that enhances cytotox-
icity of DTX to tumor tissue while sparing normal tissues has
the potential to increase survival (29).

Phosphatidylethanolamine, a DHA receptor, is
overexpressed on tumor cells (9). Furthermore, phosphati-
dylethanolamine becomes exposed on the tumor vascular
endothelium of lung tumors, but not on normal vessels
and cells (7,8). Therefore, DHA was selected as a targeting
ligand, and DHA-conjugated DTX was prepared through an
ester bond to the DTX 2'-hydroxyl for inhibiting lung cancer
metastasis to bone (24,30).

Paclitaxel exhibits cytotoxic effects against multiple
cancer cell lines in the nM range, but DHA-paclitaxel is
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Figure 9. Four weeks after the initial injection, light microscopy images were obtained indicating the HE-stained bones of mice implanted with murine Lewis
lung carcinoma cells. (A) Normal saline, (B) 5 ymol/kg DTX, (C) 5 pmol/kg DTX-DHA and (D) 10 zmol/kg DTX-DHA. Magnification, x200. (E) Tumor areas
were quantified using Image-Pro Plus software. n=4/group. Each value represents the mean + standard deviation. Data were analyzed using a one-way analysis
of variance with Newman-Keuls post-hoc test. "P<0.05 vs. control group, “P<0.01 vs. control group, #P<0.01 vs. 5 umol/kg DTX group. DTX, docetaxel;

DTX-DHA, docosahexaenoic acid-conjugated docetaxel.

active at the M range (24,25). By contrast, the IC;, values
of DTX-DHA were similar to those of DTX for A549 and
LLC cells (Table I). A possible reason for this is that a longer
retention time of DTX-DHA in tumor cells is beneficial to
hydrolyze DTX-DHA back to DTX (24,31). The MTD of
DTX-DHA in vivo was increased compared with DTX,
thus it is speculated that DTX-DHA is primarily confined
to the plasma compartment of mice and DTX is released
slowly (3).

The mice with bone metastasis from lung cancer that were
treated with DTX-DHA lived significantly longer compared
with those treated with DTX. It is possible that DTX-DHA
exerts its effects not only by targeting tumor tissues, but also
via its hydrolysis products (DHA and DTX), which may
exhibit a synergistic antitumor effect (12,13).

Lung cancer cells growing in bone cannot directly destroy
the bone tissue, but they may induce osteoclasts to partici-
pate in bone resorption by releasing specific cell stimulating
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factors (32,33). In order to further identify the targeting cells
of DTX-DHA, osteoclast-induced formation and tumor cell
migration assays were performed (33). LLC cell migration was
inhibited to a greater extent in the DTX-DHA group compared
with the positive control group (DTX group), but DTX and
DTX-DHA possessed a similar inhibitory effect induction of
RAW 264.7 cells to osteoclasts. DTX-DHA inhibited bone
metastasis of lung cancer primarily through affecting lung
cancer cell migration, which indicated that DTX-DHA could
target the tumor cells (34,35). Therefore, it is not surprising that
DTX-DHA significantly improved overall survival and exhib-
ited decreased bone tissue damage (P<0.01 vs. DTX group).
For a bone-modifying agent targeting osteoclast cells instead of
tumor cells, the bone-modifying agent can reduce skeletal-asso-
ciated events but not improve overall survival significantly (36).
In the present study, DTX-conjugated DHA was successfully
prepared using a chemosynthesis technique. The toxicity studies
performed in mice indicated that DTX-DHA is less toxic than
DTX. DTX-DHA had an increased tumor-targeting capacity,
stronger anti-cancer activity in vivo and superior efficiency for
inhibiting lung cancer metastasis to bone compared with DTX.
Furthermore, the overall survival of the DTX-DHA group was
significantly increased compared with the DTX group. These
results suggest that DTX-DHA may provide a promising thera-
peutic approach for treating lung cancer metastasis to bone.
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