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Abstract Purpose: Ascorbic acid (AA), the natural anti-
oxidant, has been demonstrated to exert an antimeta-
static action; however, AA is quite unstable in
physiological condition. The aim of the present study is
to investigate the stability, the antioxidation and the
antimetastatic effects of three lipophilic AA derivatives
in vitro as well as in vivo. Methods: The 95D cells were
treated with ascorbic acid-2-O-phosphate-6-O-laureate
(AA2P6L), ascorbic acid-2-O-phosphate-6-O-myristate
(AA2P6M) and ascorbic acid-2-O-phosphate-6-O-stea-
rate (AA2P6S). AA derivatives’ stability in medium
under cell culture condition, in the presence and in the
absence of 95D cells, was assessed by high-performance
liquid chromatography assay. Cell viability and intra-
cellular oxidative stress were measured by MTT assay
and CDCFH assay, respectively. Wound healing assay
and cell adhesion assay were used to investigate the
antimetastatic activities against 95D cells in vitro, and
the C57BL/6 mice model was used to evaluate the an-
timetastatic action in vivo. Results: All the three AA
derivatives exhibited excellent stability, significantly
different from AA. Results of MTT assay showed that
1C5o values of the cytotoxicity of those AA derivatives,
namely AA2P6L, AA2P6M and AA2P6S, were 38.46,
28 and 22.97 pg/ml, while the CDCFH assay indicated
that ECs, values of antioxidant effects on 95D cells were
31.12, 33.51 and 38.31 pg/ml, respectively. Through the
ratio of ICsy vs ECsy for AA derivatives, AA2P6L was
demonstrated to be the most effective AA derivative,
which retained the antioxidant ability as well as low
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cytotoxicity. AA2P6L dose-dependently inhibited 95D
cells’ migration and adhesion, by 50% at the concen-
tration of 20 and 57 pg/ml, respectively. In the animal
experiment, intraperitoneal administration of 75 mg/kg
AA2P6L decreased the number of metastatic nodules by
62% and elevated the survival rate of C57BL/6 mice
about onefold compared to the control group. Conclu-
sion: AA2P6L, a lipophilic AA derivative with antioxi-
dation, is shown to be a potent antimetastatic agent
through the inhibition of tumor invasion. These results
support future investigations on the feasibility of cancer
chemotherapy with AA2P6L.
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Introduction

Metastasis is one of the major causes of mortality in
cancer patients [15, 18]. The inhibition of invasion and
metastasis of cancer cells is of great significance in
cancer treatment. However, the treatment towards
metastasis is still far from satisfactory. Lack of effective
drugs is responsible for this worrisome phenomenon. So
it is critical to find new potent drugs with low cytotox-
icity and high efficiency to fight metastasis [9, 19, 23].

The effects of reactive oxygen species (ROS) on tu-
mor invasion and metastasis have increasingly drawn
people’s attention. Recently, some reports have pointed
out that ROS plays an important role in cellular DNA
synthesis and proliferation of cancer cells [2, 13, 14].
ROS is produced by human cancer cells themselves [36].
Tumor metastasis may be correlated to ROS [32, 34].
The superoxide anion released from cancer cells is pos-
sibly vital in basement membrane degradation [34].
Therefore, the inhibition of ROS generation by cancer
cells themselves may inhibit invasion and metastasis [11,
12, 28].

Ascorbic acid (AA), the natural antioxidant, has been
suggested to exert an antitumor action [4, 22], inhibit



DNA synthesis of cancer cells [1, 17], enhance the
tumoricidal action of another antitumor agent [39] and
control metastatic colony formation [38]. Moreover, the
antitumor effect of AA is closely related to its antioxi-
dation [10].

Nevertheless, previous studies have emphatically
demonstrated that AA is not stable, which hindered its
use for therapy of cancer patients [7]. Therefore, three
new AA derivatives were obtained through chemical
modifications based on AA. Among the three AA
derivatives, we seek to establish the most effective one
having antioxidant ability coupled with high stability
and low cytotoxicity, and further to evaluate its anti-
metastatic activities in vitro as well as in vivo.

Materials and methods
Materials

Ascorbic acid-2-O-phosphate-6-O-laureate (AA2P6L),
ascorbic acid-2-O-phosphate-6-O-myristate (AA2P6M)
and ascorbic acid-2-O-phosphate-6-O-stearate
(AA2P6S) were obtained from the Institute of Bioengi-
neering, East China University of Science and Tech-
nology. AA was purchased from Sigma (St. Louis, MO,
USA). AA derivatives were added from an absolute
DMSO stock solution, and the control cells were treated
with the same amount of vehicle. The final DMSO
concentration never exceeded 0.5% (v/v). Chemical
structures of AA and AA derivatives are shown in
Fig. 1.

Cells and animals

Highly metastatic human lung carcinoma 95D cells and
the highly metastatic substrain BI6BL6 of mouse mel-
anoma B16 cells were obtained from the Cell Bank of
the Chinese Academy of Sciences, then were cultured in
RPMI 1640 medium (GIBCO BRL, Grand Island, NY,
USA) and 10% dialyzed heat-inactivated fetal bovine
serum (FBS) (GIBCO BRL) at 37°C in a humidified
atmosphere of 95% air and 5% CO,. Male C57BL/6
mice (6 weeks old) were purchased from the Animal
Center of the Chinese Academy of Sciences and main-
tained on standard chow and water.

Analysis of AA derivatives’ stability in medium

AA and AA derivatives (10 pg/ml) were incubated in
serum-free RPMI 1640 medium with 10% FBS at 37°C,
95% humidity and 5% CO,. At different time points,
aliquots were taken and used for a high-performance
liquid chromatography (HPLC) assay with a reversed
phase column (ZORBAX, Eclipse XDB-Cg, 5 um,
4.6x250 mm, Agilent, USA). Chromatography was
carried out with isocratic flow program. The flow rate of
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Fig. 1 (a) Ascorbic acid (4A4); (b) ascorbic acid-2-O-phosphate-6-
O-laureate (4A2P6L); (¢) ascorbic acid-2-O-phosphate-6-O-myri-
state (4A4A2P6M); (d) ascorbic acid-2-O-phosphate-6-O-stearate
(4A42P6S)

mobile phase (A, methanol; B, tricthylamine; A/
B=40:60, v/v) was kept constant at 0.75 ml/min and the
peaks were detected at 254 nm.

Intracellular AA derivatives concentration

A total of 2x10* 95D cells were placed in culture dish
(6 cm), and treated with and without AA derivatives
(10 pg/ml) for 24 h. Then the culture medium was re-
moved and cells collected with cell-police. After rinsing
three times with PBS, the cells were crushed by ultr-
asonication for 30 min. After centrifugation (14,000 g,
30 min), the supernatant was used for the HPLC assay,
in a similar manner to analysis of AA derivatives’ sta-
bility in medium. The penetration ratio is defined as the
ratio of a derivative’s intracellar concentration vs its
extracellar concentration.

Cell viability assay

Cell viability was determined by the MTT assay [31].
Briefly, 100 pl cells (10° cells/ml) were incubated in 96-
well culture plates, with and without increasing amounts
of AA derivatives. After 24 h of incubation, 10 mM of
MTT (diluted in PBS) was added to each well for an
additional 4 h. The blue MTT formazan precipitate was
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dissolved in 100 pl of DMSO and measured on a mi-
croplate reader model 550 (Bio-Rad, CA, USA) at the
absorbance wavelength of 570 nm and reference wave-
length of 630 nm.

In situ detection of intracellular oxidative stress

Treatment of 95D cells with AA derivatives was carried
out in the same manner as was done for cell viability
assay. Cells in the presence and in the absence of AA
derivatives were rinsed twice by PBS and were replaced
by phenol red-free RPMI 1640 medium contain-
ing 10 uM 6-carboxy-2",7’-dichlorodihydrofluorescein
(CDCFH). After 50 min of incubation, the supernatant
was removed, and phenol red-free fresh medium was
added to the plate well for measurement of the intra-
cellular oxidative stress. The fluorescence intensity was
measured by a fluorescence plate reader CytoFluor2350
(Millipore, Bedford, MA, USA) with excitation and
emission wavelengths of 485 and 538 nm, respectively.

Wound healing assay

For the wound healing assay, 95D cells were seeded into
24-well culture plates. A plastic pipette tip was drawn
across the center of the well to produce a clean 1-mm-
wide wound area after cells had reached confluence.
After a 24 h culturing at 37°C in RPMI 1640 medium
containing 10% FBS and different concentrations of
AA2P6L, the migration distances between the leading
edge of the migrating cells and the edge of the wound
were compared. Migration rate = (migration distances
of drug-treated cells/migration distances of untreated
cells)x100%.

Cell adhesion assay

The 95D cells were pretreated with and without different
concentrations of AA2P6L for 24 h. The cells were
suspended in serum-free RPMI 1640 medium to form a
single-cell suspension, then 200 pl cells (10° cells/ml)
were seeded into 96-well culture plates, which had been
pre-coated with matrigel (Collaborative Research, Bed-
ford, MA, USA). After a 45 min incubation at 37°C, the
wells were washed three times with PBS to remove non-
adherent cells. Then 10 uM of MTT was added to each
well for an additional 4 h. The blue MTT formazan
precipitate was dissolved in 100 pul of DMSO and the
absorbance at 570/630 nm was measured on a micro-
plate reader model 550 (Bio-Rad).

Assay of tumor metastasis in an animal model

For injection into mice, cultured B16BL6 cells were de-
tached with trypsin solution, washed twice with PBS,

and made up to the cell density of 5x10° cells/ml in PBS.
A portion (0.2 ml) was inoculated into 6-week-old male
C57BL/6 mice through the tail vein. Next day, the drug
treatment was started. The animals were divided into
five groups of seven animals each. Drugs were dissolved
in normal saline containing 0.4% Tween-80. AA2P6L
was injected intraperitoneally (i.p.) into mice once a day
for 2 weeks at a dose of 25, 50 or 75 mg/kg. The positive
control was i.p. administrated vinblastine at a dose of
2 mg/kg, which was commonly used in patients with
metastatic cancer [16, 26, 30]. The control group was i.p.
administrated vehicle alone. After three weeks, the mice
were sacrificed and their lungs were excised, rinsed and
fixed in Bouin’s solution. The total number of visible
nodules on the lung surface per mice was counted.

Statistical analysis

Experimental values are expressed as the mean =+ SD.
The scientific statistical software GraphPad Instat ver-
sion 2.04 was used to evaluate the significance of dif-
ferences between groups with statistical significance
considered as ~ p<0.05, " p<0.01 or © p<0.001 and
comparable variances were tested for significance by
Student’s ¢ test.

Results

Analysis of AA derivatives’ stability and intracellular
concentration

The stability of AA derivatives under cell culture con-
ditions was analyzed (Fig. 2a). In RPMI 1640 medium
at 37°C and 5% CO,, all three AA derivatives were quite
stable and their amounts were still more than 80% of the
original ones at the end of this experiment, while AA
was unstable with a half-life <24 h and totally disap-
peared within 72 h.

For the analysis of intracellular concentration
(Fig. 2b), penetration ratio of different AA derivatives
(AA2P6L, AA2P6M and AA2P6S) into 95D cells were
similar: 27.3, 26.4 and 27.7%, respectively; however, it
was only 4.1% for AA.

From the results above, it is obvious that AA
derivatives (AA2P6L, AA2P6M and AA2P6S) are of
higher stability than AA, which makes it clear that the
chemical modification on structures of AA is highly
successful.

Effects of AA derivatives on viability and intracellular
ROS of 95D cells

Effects of AA derivatives on the viability of 95D cells are
presented in Fig. 3a. The data indicated that the cyto-
toxicity of AA derivatives was dose-dependent. As a
result, the half inhibitory concentrations (ICsg) values of
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Fig. 2 Analysis of AA and AA derivatives’ stability and intracel-
lular concentration. a AA derivatives were incubated in serum-free
RPMI 1640 medium with 10% FBS at 37°C, 95% humidity and 5%
CO,. At different time points, aliquots were taken and used for
HPLC assay. b 95D cells were exposed to different concentrations of
AA and AA derivatives for 24 h. Intracellular contents of AA and
AA derivatives or their metabolites were quantified by HPLC. Data
were presented as the mean £ SD of five parallel samples. a Signif-

icantly different from three ~AA  derivatives groups:
»<0.001. b Significantly different from the AA group:
p<0.001

AA2P6L, AA2P6M and AA2P6S were 38.46, 28 and

22.97 pg/ml, respectively.

According to the graph (Fig. 3b), the level of intra-
cellular ROS in 95D cells was reduced with treatment of
different AA derivatives in a dose-dependent way. The
half effective concentration (ECsy) values of AA2P6L,
AA2P6M and AA2P6S were as follows: 31.12, 33.51 and
38.31 pg/ml.

When counting up the above-mentioned results, the
ratios of ICsy vs ECsy for AA derivatives (AA2P6L,
AA2P6M and AA2P6S) were 1.236, 0.836 and 0.6,
respectively, and followed the order: AA2-
POL > AA2P6M > AA2P6S, successively.

Our study pointed out that, in the course of scav-
enging ROS in 95D cells, AA2P6L was the most effective
one among the three AA derivatives, which had both
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Fig. 3 Effects of AA derivatives on viability and intracellular ROS
of 95D cells. a Cells were treated for 24 h in the presence and in the
absence of AA derivatives in RMPI 1640 medium with 10% FBS at
37°C, 95% humidity and 5% CO,. Cell viability was then
determined by the MTT assay. b Cells were pretreated with and
without different concentration of AA derivatives for 24 h, given
CDCFH-DA, and incubated for 60 min, followed by measurement
of absorbance at excitation and emission wavelengths of 485 and
530 nm. Data were presented as the mean+SD of five parallel
samples. Significantly different from the untreated group: * p <0.05,

* p<0.01, " p<0.001

characteristics such as low cytotoxicity and high effi-
ciency of decreasing the ROS level in tumor cells. Since
it is acknowledged that the level of ROS in cancer pa-
tients was closely interrelated to the metastatic capabil-
ity of tumor, and the antitumor action of AA chiefly
depended on its antioxidation, so next we examined the
antimetastatic effect of AA2P6L on 95D cells in vitro
and in vivo.

Effects of AA2P6L on migration and adhesion
of 95D cells in vitro

To evaluate the antimetastatic activity of AA2P6L, we
first assessed the inhibitive effect of AA2P6L on the
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migration of 95D cells by the wound healing assay. As
shown in Fig. 4a, the cellular motility was evidently
controlled in a dose-dependent manner by AA2P6L;
AA2P6L at 20 pg/ml significantly inhibited the migra-
tion of 95D cells by 50% (p <0.001).

Similarly, the results of the adhesion experiment also
displayed that AA2P6L was able to inhibit matrigel-
mediated attachment of 95D cells dose-dependently, by
50% at 57 ug/ml AA2P6L in Fig. 4b. In addition, such
inhibitory ability of AA2P6L is not attributable to direct
cytotoxic action as determined by the trypan blue
exclusion assay (data not shown).

Migration rate (%)

On the basis of the wound healing assay and matri-
gel-mediated adhesion experiment, it can be concluded
that AA2P6L could effectively inhibit the migration and
invasion of 95D cells.

Effects of AA2P6L on pulmonary metastasis and host
survival in vivo

As is known, lung metastasis of mouse melanoma is
often a useful animal model on metastasis research,
therefore, we chose this to further test the antimetastatic
capability of AA2P6L in vivo. After inoculation with
mouse melanoma BI16BL6 cells, pulmonary metastatic
foci were markedly scavenged by i.p. administration
with AA2P6L on the experimental animals. And, as can
be seen in Table 1, this inhibitory effect on pulmonary
metastasis of AA2P6L was distinctly observed in a dose-
dependent way. The inhibitory rate of metastatic nod-
ules formation reached 62% in the case of administra-
tion with 75 mg/kg AA2P6L. Furthermore, the survival
rate of mice was elevated from 43% (group 1, negative
control) to 50% (group 2), 67% (group 3) and 83%
(group 4) when the experiment was concluded. Mean-
while, AA2P6L did not cause body weight loss in mice
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Concentration (ug/ml) Metastasis is one of the important factors related to
cancer therapeutic efficacy and prognostic survival [37].
B In cancer research, concerted efforts are on to develop
1004 #—_ novel antimetastatic drugs with low toxicity and high
efficiency [9, 19, 23]. Previous studies have shown that
—~ 80 Hk AA could inhibit tumor metastasis [38]. However, it is
X unusable in cancer patients, as it is unstable. In order to
;’ enhance AA’s stability, we obtained three lipophilic AA
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Table 1 Effect of AA2P6L on pulmonary metastasis and host
survival in vivo
20 T T T " T " T Group Treatment Number of Survival
0 20 40 60 80 lung nodules® rate® (%)
Concentration (ug/ml) 1 Control 72001690 43
2 AA2P6L (25 mg/kg) 64.00£11.70 50
Fig. 4 Effects of AA2P6L on migration and adhesion of 95D cells. 3 AA2P6L (50 mg/kg) 48.00+13.10" 67
a Effect of AA2P6L on migration was tested by wound healing 4 AA2P6L (75 mg/kg) 27.50 +5.43""" 83
assays. A wound was introduced by scraping with a pipette tip 5 Vinblastin (2 mg/kg) 15.75+8.98"™" 86

when the cells had reached confluence. After 24 h incubation with
and without different concentrations of AA2P6L, the migration
distances were measured. b Effect of AA2P6L on cell adhesion on
matrigel. 95D cells were treated with and without different
concentrations of AA2P6L for 24 h and placed onto the wells
precoated with matrigel. After a 45 min incubation at 37°C, the
percentage of adhering cells were determined by MTT method.
Data were presented as the mean+SD of five parallel samples.
Significantly different from the untreated group: = p<0.01,

stk

£<0.001

Seven C57BL/6 mice per group were inoculated i.v. with B1I6BL6
cells (10° cells per mouse) and then injected i.p. with drugs once a
day for 2 weeks. Experiments were repeated twice with similar re-
sults.
% The number indicated the percentage of surviving mice at the end
of the experiment.
® Mean + SD for each group of mice significantly different from the
control group. s

p<0.05,  p<0.01,  p<0.001.



three lipophilic AA derivatives could keep over 80% of
the original concentration after 5 days in cell culture
condition, and effectively penetrate across the cell
membrane as well. The additional lipophilic structure of
AA derivatives may have contributed to the improve-
ment of their stability. Moreover, with the help of action
between the lipophilic structure and the lipophilic cell
membrane, AA derivatives were capable of penetrating
into the tumor cells successfully and exert the antitumor
activity more effectively.

AA is known for its antioxidation, which is the main
reason for many of the physiological functions of AA [4,
10, 39], including the antimetastatic effect [38]. Whether
these AA derivatives could decrease the ROS levels in
tumor cells is necessary to be established for confirming
their antitumor activities. In the present study, all the
three AA derivatives used by us could markedly scav-
enge ROS of 95D cells. Nowadays, the antimetastatic
pharmaceuticals under development are rapidly shifting
from tumoricidal toxins to non-cytocidal or carcino-
static natural endogenous compounds [9, 19, 23].
Therefore, we also examined the ICsy values of AA
derivatives’ cytotoxicity on 95D cells. Then by the ratio
of ICso vs ECsq of antioxidation, AA2P6L was deter-
mined as the most effective AA derivative for its lowest
cytotoxicity and highest efficiency of reducing the level
of ROS in tumor cells. As a result, it is considered
worthwhile exploring the antimetastatic capability of
AA2P6L in vivo as well as in vitro.

During the complicated multi-step processes of can-
cer metastasis, tumor cell invasion of the basement
membrane is one of the earliest critical steps [24, 35, 42]
to occur, and several reports indicated that adhesive
interactions of tumor cells with extracellular matrix
(ECM) components play a key role in the establishment
of metastasis [18, 27, 40]. In our study, cell adhesion
assay indicated that AA2P6L could counteract the effect
of adhesion on matrigel. At the same time, AA2P6L was
also able to demonstrably inhibit migration and invasion
of 95D cells in vitro by 50% at 20 pg/ml through the
wound healing assay.

The formation of metastasis is the result of a series of
complex interactions between the tumor cells and envi-
ronment in the host [3, 8, 42]. That is to say, the envi-
ronment in host influences the process of drug getting to
its target, too. So taking the influence of host into ac-
count, we further tested the antimetastatic activity of
AA2P6L in animal model. In line with the results in
vitro, AA2P6L also could actively control cancer
metastasis in vivo. These results above showed for the
first time that AA2P6L has notable antimetastatic and
anti-invasive capability in vitro as well as in vivo.

ROS is associated with cancer invasion and metas-
tasis, while suppression of ROS had an inhibitory effect
on tumor metastasis and invasiveness [20, 29, 33]. ROS
is the critical messenger molecule in downstream sig-
naling pathways, ultimately leading to the induction of
invasion-related genes [5, 6, 21]; ROS is involved, at
least in part, in the activation of nuclear factors kappa B
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(NF-xB) and matrix metalloproteinases (MMPs) [25, 34,
41]. According to results of our work in this article, the
antimetastatic effect of AA2P6L possibly is because of
its antioxidation. Further studies are now in progress in
our laboratory to throw light on the antimetastatic
mechanisms of AA2P6L, such as MMPs gene expression
and the distribution of NF-xB between cytoplasm and
nucleus.

In summary, our results indicated that the adhesive
and invasive properties of tumor cells were reduced by
AA2P6L derived from AA. These observations may
suggest a mechanism for the action of AA2P6L in
reducing the rate of lung metastasis in vivo. Based on the
results of Fig. 3a and b, AA2P6L could decrease the
ROS level of tumor cells, which may play an important
part in the antimetastatic capability in this study.
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