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Abstract:

Reactive oxygen species (ROS) are believed to play a role in development of several diseases. L-ascorbic acid (AsA) is a kind of

excellent antioxidant, but its instability in solution and hydrophilicity limits the wide use of it. Structural modifications of AsA by the

introduction of lipophilic moieties can lead to derivatives with increased stability against thermal and oxidative degradation. In this

study, a series of 6-O-acyl-L-ascorbic acid-2-O-phosphates (6-Acyl-AA-2Ps) were synthesized from a stable AsA derivative,

L-ascorbic acid-2-phosphate ester magnesium (AA-2P) and long-chain fatty acids, act as radical scavengers for ROS and free

radicals. ROS scavenging ability was investigated by CDCFH method in 95-D cells. The effect of 6-Acyl-AA-2P series on viability

of 95-D cells was also studied by MTT method. All the synthesized compounds show stronger ROS scavenging ability and

cytotoxicity than those of AsA. High-performance liquid chromatography assay demonstrates that 6-Acyl-AA-2Ps are stable in

RPMI-1640 medium and can easily permeate cell membrane and be converted into AsA and L-ascorbic acid-2-phosphate ester. The

results also show that the activity of 6-Acyl-AA-2Ps increases with a decrease in the length of the alkyl chain but cytotoxicity

decreases. The optimum length of alkyl side chain is 12 carbons. In summary, 6-Laur-AA-2P should be one of the best candidates for

the development of an efficient new AsA derivative and should be further investigated in detail.
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Abbreviations: AA-2P – L-ascorbic acid-2-phosphate ester

magnesium, 6-Acyl-AA-2P – 6-O-acyl-L-ascorbic acid-2-O-

phosphate, AsA – L-ascorbic acid, 95-D – the highly metastatic

human lung carcinoma cells, 6-Laur-AA-2P – 6-O-dodecanoyl-

L-ascorbic acid-2-O-phosphate, 6-Myri-AA-2P – 6-O-tetradeca-

noyl-L-ascorbic acid-2-O-phosphate, 6-Palm-AA-2P – 6-O-

hexadecanoyl-L-ascorbic acid-2-O-phosphate, ROS – reactive

oxygen species, 6-Stea-AA-2P – 6-O-octadecanoyl-L-ascorbic

acid-2-O-phosphate

Introduction

There is a growing body of evidence that reactive

oxygen species (ROS), such as superoxide, hydrogen

peroxide, hydroxyl radical, and ferryl radical, etc., as

well as free radicals are involved in aging and various

kinds of diseases [1]. Under normal conditions, cellu-
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lar components are protected from the ROS-induced

damage by various enzymes such as superoxide dis-

mutase (SOD), catalase (CAT), and peroxidases.

Some low molecular weight compounds [e.g. �-toco-

pherol, glutathione and L-ascorbic acid (AsA)] also

possess ROS-scavenging activity [20].

Vitamin C (AsA) is not only used as a nutritional

supplement but also plays an important role in the

prevention and treatment of a large number of chronic

diseases such as cancer, heart disease, brain dysfunc-

tion, diabetes, atopic dermatitis and AIDS [8]. It is

a cofactor of hydroxylases and monooxygenase en-

zymes involved in the synthesis of collagen, carnitine

and neurotransmitters [10]. AsA also could enhance

the availability and absorption of iron from non-heme

iron sources [4]. All these important physiological

functions of AsA are largely dependent on its unique

2,3-enediol moiety in the five-membered lactone ring,

which exhibits a strong electron-donating ability.

However, its susceptibility to thermal and oxidative

degradation together with its poor liposolubility make

it difficult to maintain its physiological value over

a long period of time and permeate through cell mem-

brane. To solve these problems, a number of novel

AsA derivatives have been developed by modifying

hydroxyl groups of vitamin C [4, 9, 15, 16, 21].

Among these derivatives, the phosphate esters of AsA

show AsA activity after enzymatic degradation to free

AsA in vivo, and increased stability upon exposure to

alkali, oxidation, and prolonged storage [8]. L-ascorbic

acid-2-phosphate ester magnesium (AA-2P) is one of

the most promising AsA derivatives. It has been re-

ported to possess the strongest inhibitory effect on

cell transformation [19]. But it still serves as a hydro-

philic antioxidant. Fatty acids are nontoxic, biode-

gradable and biologically active compounds. Fatty

acid esters of carbohydrates have been used as surfac-

tants and emulsifiers by food, detergent, and cosmetic

industry for a number of years [13]. Acylation of

AA-2P with long-chain fatty acids can enhance its lipo-

philicity. 6-Palm-AA-2P-6-O-herdecanoyl-L-ascorbic

acid-2-O-phosphate (6-Palm-AA-2P) has been syn-

thesized successfully in our lab and shows a good

ROS scavenging ability [2].

In this study, a series of AsA derivatives, 6-O-

acyl-L-ascorbic acid-2-O-phosphates (6-Acyl-AA-

2Ps), were synthesized and their cytotoxicity on 95-D

cells was investigated. At the same time, the stability

in neutral solution, ROS scavenging activity and cell

permeability were also investigated.

Materials and Methods

Materials

Reagents: AA-2P, lauric acid, myristic acid, palmitic

acid and stearic acid were purchased from Sigma

Chemical Co (USA). MTT [3-(4,5-dimethylthiazol)-

2,5-diphenyl-tetrazolium bromide] and CDCFH

(6-carboxy-2’,7’-dichloro-dihydrofluorescein) were

bought from Bioseen Technology Inc. Methanol and

triethylanine were bought from TEDIA Company Inc

(USA).

The highly metastatic human lung carcinoma cells

95-D were purchased from Cell Bank of Chinese

Academy of Science.

Synthesis of 6-Acyl-AA-2Ps

AA-2P was coupled with lauric acid, myristic acid,

palmitic acid and stearic acid in concentrated sulfuric

acid. The chemical structures of each compound were

confirmed by 1H NMR analysis after isolation and pu-

rification. The yield of the synthesized compounds

could reach the maximum value when the ratio of

fatty acid to AA-2P is larger than 1.2. The structures

of AsA and 6-Acyl-AA-2P are shown in Figure 1.
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6-O-dodecanoyl-L-ascorbic acid-2-O-phosphate

(6-Laur-AA-2P). A mixture of AA-2P (10 mmol) and

lauric acid (12 mmol) in concentrated sulfuric acid

(50 ml) were stirred for 30 h at room temperature and

then diluted with ice water (250 ml). The precipitate

was then filtered off and washed with a small amount

of cold water. The solid was extracted with dry di-

ethyl ether three times. The extracts were combined

and dried over anhydrous Na2SO4. After the solvent

had been evaporated in vacuo, the residue was

washed with n-hexane and then dried under reduced

pressure, 2.5 g white powder 6-Laur-AA-2P was ob-

tained (57% yield); mp 172–175°C. 1H NMR (400 MHz,

CD3OD) �: 0.88 (3H, t, J = 6.9 Hz), 1.27 (16H, s),

1.60 (2H, hep, J = 7.3 Hz), 2.37 (2H, t, J = 7.3 Hz,),

4.10–4.29 (3H, m, 5, 6-H), 4.85 (1H, t, J = 1.7Hz,

4-H). 13C-NMR (100 MHz, CD3OD) �: 14.41, 23.67,

25.90, 30.12–30.66 (6C), 32.98, 34.82, 65.54 (6-C),

67.87 (5-H), 77.25 (4-C), 115.24 (2-C), 160.57 (3-C),

170.55 (1-C), 175.07.

6-O-tetradecanoyl-L-ascorbic acid-2-O-phosphate

(6-Myri-AA-2P). The synthetic reaction was essen-

tially the same as for 6-Laur-AA-2P, except for using

myristic acid in place of lauric acid. 2.84 g 6-Myri-

AA-2P as white powder was obtained (61% yield);

mp 166–169°C. 1H NMR (400 MHz, CD3OD) �: 0.88

(3H, t, J = 6.9 Hz), 1.29 (20H, s), 1.60 (2H, hep,

J = 7.3 Hz), 2.36(2H, t, J = 7.3 Hz,), 4.13–4.27 (3H,

m, 5, 6-H), 4.85 (1H, t, J = 1.7 Hz, 4-H). 13C-NMR

(100 MHz, CD3OD) �: 14.43, 23.68, 25.92,

30.15–30.70 (8C), 33.00, 34.84, 65.55 (6-C), 67.89

(5-H), 77.26 (4-C), 115.27 (2-C), 160.59 (3-C),

170.56 (1-C), 175.09.

6-O-hexadecanoyl-L-ascorbic acid-2-O-phosphate

(6-Palm-AA-2P). The synthetic reaction was essen-

tially the same as for 6-Laur-AA-2P. From AA-2P

(10 mmol) and palmitic acid (12 mmol), 3.46 g 6-Palm-

AA-2P was obtained (70% yield), white powder, mp

161–163°C. 1H NMR (400 MHz, CD3OD) �:

0.90(3H, t, J = 6.8 Hz), 1.29 (24H, s), 1.63 (2H, hep,

J = 7.3 Hz), 2.38(2H, t, J = 7.4 Hz,), 4.11–4.29 (3H,

m, 5, 6-H), 4.87 (1H, t, J = 1.7 Hz, 4-H). 13C-NMR

(100 MHz, CD3OD) �: 14.44, 23.69, 25.93,

30.15–30.72 (10C), 33.01, 34.85, 65.57 (6-C), 67.91

(5-H), 77.28 (4-C), 115.27 (2-C), 160.61 (3-C),

170.59 (1-C), 175.13.

6-O-octadecanoyl-L-ascorbic acid-2-O-phosphate

(6-Stea-AA-2P). The synthetic reaction was essen-

tially the same as for 6-Laur-AA-2P. From AA-2P

(10 mmol) and stearic acid (12 mmol), 3.91 g 6-Stea-

AA-2P was obtained (75% yield), mp 157–159°C.1H

NMR (400 MHz, CD3OD) �: 0.90 (3H, t, J = 6.8 Hz),

1.29 (28H, s), 1.61 (2H, hep, J = 7.2 Hz), 2.38 (2H, t,

J = 7.3 Hz,), 4.11–4.32 (3H, m, 5, 6-H), 4.86 (1H, t,

J = 1.7 Hz, 4-H). 13C-NMR (100 MHz, CD3OD) �:

14.46, 23.72, 25.95, 30.17–30.74 (12C), 33.03, 34.89,

65.61 (6-C), 67.93 (5-H), 77.30 (4-C), 115.31 (2-C),

160.64 (3-C), 170.61 (1-C), 175.16.

Cells and cell culture

95-D cells were cultured in RPMI Medium 1640

(GIBCO BRL, Grand Island, NY, USA) and 10% dia-

lyzed heat-inactivated bovine serum (BS) (GIBCO

BRL) at 37°C in a humidified atmosphere of 95% air

and 5% CO2 .

Cell viability assays

Cell viability was determined by MTT method. MTT

can be reduced into formazan by mitochondrial dehy-

drogenases, being active only in live cell [5]. 95-D

cells were seeded in 96-well plates and incubated in

RPMI-1640 medium at a density of 1 × 105 cells per

ml for 4 h, then were pretreated with various concen-

trations of antioxidants for 24 h. After that, 5 mg/ml

of MTT was added. Four hours later, the formazan

crystals were extracted with dimethyl sulfoxide, and

the absorption values were read at 550 nm on an auto-

mated Bio-Rad 550 �l plate reader.

Intracellular ROS level assays

In order to investigate the influence of AsA and

6-Acyl-AA-2Ps on ROS level in 95-D cells, we intro-

duced CDCFH as a redox indicator and used fluo-

rometry as a detection system. CDCFH absorbed in

cells is esterolyzed to be membrane impermeable, and

oxidized to highly fluorescent CDCFH by ROS [17].

The cells were treated in the same way as in the cell

viability assays. The cultures were rinsed with PBS

and incubated in phenol red-free PBS solution con-

taining 10 �M CDCFH solution for 3 h. The super-

natant was discarded, and PBS was added to the plate

wells for the measurement of the intracellular oxida-

tive stress. The fluorescence intensity was measured

with a fluorescence plate reader Ascent software with

excitation and emission wavelengths of 485 nm and

538 nm, respectively [11].
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High-performance liquid chromatography (HPLC)

assays

Antioxidants were dissolved in RPMI-1640 medium

with 15% dialyzed heat-inactivated bovine serum to

give 0.5 mM solution, and incubated at 37°C in a hu-

midified atmosphere of 95% air and 5% CO2 for 5 days.

The solution was centrifuged with 12,000 rpm for

10 min. The supernatant was assayed by HPLC to test

the stability of antioxidants. AsA and 6-Acyl-AA-2P

contents were determined from the peak area of the

samples with reference to the calibration of authentic

AsA and 6-Acyl-AA-2P.

Cells were pretreated with various concentrations

of antioxidants for 24 h. After the designed time, the

cells were rinsed with PBS three times and then col-

lected. The obtained cells were re-suspended in PBS

and centrifuged at 1,000 rpm. The cells were crushed

and extracted with dimethyl sulfoxide, and centri-

fuged at 14,000 rpm for 30 min again. The super-

natant was assayed by HPLC to examine the perme-

ability of antioxidants.

Supernatant (10 �l) was injected into an octadecyl-

silica gel-prepacked column ZORBAX SB-Aq (4.6

× 250 mm, 5 �, Agilent Technology Co. USA) con-

nected to a dual pump system (LC-ATVP, Shimadzu,

Japan) followed by development with the mobile

phase of methanol: 20 mM triethylamine solution (2:

3 v/v), at a flow rate of 0.75 ml/min. 6-Acyl-AA-2Ps

were detected with SPD-10AVP (Shimadzu). Ultra-

violet detection was operated at wavelength of 190 nm.

6-Laur-AA-2P, 6-Myri-AA-2P, 6-Palm-AA-2P, 6-Stea-

AA-2P were shown by a retention time of 3.4 min,

4.3 min, 6.5 min, 7.3 min (not shown in this paper), re-

spectively, under the chromatographic conditions em-

ployed.

Statistical analysis

Mean values and standard deviations were analyzed

by the Student’s t-test. The criterion of statistical sig-

nificance: p < 0.05.

Results

Effect of 6-Acyl-AA-2Ps on viability of 95-D

cells

As shown in Figure 2, cell viability, as measured by

MTT reduction, was declined by increasing quantity

of 6-Acyl-AA-2Ps, whereas AsA showed little effect

on it within the given concentration range, suggesting

that the AsA derivatives synthesized in this study are

cytotoxic to 95-D cells and inhibit the cells growth.

The 50% growth-inhibitory concentration (IC50) was

calculated from Figure 2, and listed in Table 1. The

data show that the cytotoxic effect of 6-Laur-AA-2P

on 95-D cells is the weakest.

ROS scavenging ability of AsA and 6-Acyl-AA-

2Ps

It could be seen in Fig. 3 that ROS level in the cells

decreased significantly when the cells were treated

with different concentrations of 6-Acyl-AA-2Ps.

However, when the cells were treated with different
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6-Myri-AA-2P 5.3 6.5 0.82

6-Palm-AA-2P 4.7 6.9 0.68

6-Stea-AA-2P 4.4 7.3 0.60



concentrations of AsA, ROS level decreased slowly,

which suggested that the ROS scavenging ability of

AsA on 95-D cells was very weak at low concentra-

tion. The 50% effective concentration (EC50) of

6-Acyl-AA-2Ps was calculated according to Figure 3,

and listed in Table 1. The data were very close, which

indicated that all the AsA derivatives synthesized in

this work had no significant effect on ROS scaveng-

ing ability.

Stability of 6-Acyl-AA-2Ps and AA in RPMI-1640

medium

The stability of 6-Acyl-AA-2Ps and AsA in RPMI-

1640 medium at 37°C was evaluated on the basis of

remaining ratio measured by HPLC, and showed in

Figure 4. AsA was very unstable and its content de-

creased to less than 50% in a day and almost disap-

peared after 3 days. However, the remaining ratio of

6-Acyl-AA-2P still kept a high level (83%–88%) after

5 days. The difference in stability among these AsA

derivatives was limited. The result indicated that

6-Acyl-AA-2P were stable under nonenzymatic con-

dition and can be more hopeful as a substitute for an

AsA.

Permeability of 6-Acyl-AA-2Ps

The cells were cultured in RPMI-1640 medium with

various concentrations of antioxidants for a period of

time. The intracellular amount of antioxidants was

measured by HPLC. The permeation values of 6-Acyl-

AA-2Ps were evaluated from a total amount of each

of them and its metabolites, AA-2P and AsA, to com-

pare their ability as an AsA source. The penetration

ratios of AsA and its derivatives in 95-D cells were

listed in Table 2. It was found that the peak area of

6-Acyl-AA-2Ps in cells was very small, and the major

antioxidants in cells were AsA and AA-2P. It sug-

gested that most of 6-Acyl-AA-2Ps had been con-

verted to AsA and AA-2P assumedly by cellular es-

terase and phosphatase after they entered the cells.

The AsA and AA-2P formed from 6-Acyl-AA-2Ps

could scavenge ROS in the cytoplasm. The amount of

AsA in cells pretreated with AsA was very small,

which indicated that it is difficult for AsA to permeate

through cell membrane. Therefore, AsA showed weak

antioxidant activity at low concentration.
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Discussion

ROS and lipid-free radicals are thought to be respon-

sible for oxidative injury of enzymes, lipid mem-

branes, and DNA in living cells and tissues, though

the mechanisms of the oxidative injury are still not

well understood [7]. There has been reports that

higher ROS level will induce a series of dysfunctions

of cells, even apoptosis [12]. Numerous investigations

at the cell, tissue, whole animal, and human popula-

tion levels support the general concept that the prob-

ability of certain diseases is inversely correlated with

levels of antioxidants in the body. Therefore, to de-

velop new antioxidants with powerful ROS scaveng-

ing ability is of great value.

As a good antioxidant and radical scavenger, AsA

has attracted worldwide attention. But its instability in

solution and hydrophilicity limited the wide use of it.

Chemical modification of AsA is proven to be the

most effective method to solve the problem. The

study indicated that the stability of AsA derivatives

esterified with phosphoric acid at the C-2 hydroxyl

group was the best.

Lipophilicity is a well-known major factor in the

controlling of bio-activities. Introducing lipophilic

groups to the hydroxyls of AsA could enhance its

lipophilicity. In this study, we synthesized a series of

AsA derivatives with long alkyl side chains at the C-6

hydroxyl group. The results show that all the synthe-

sized compounds have superior lipophilicity to AsA

and can permeate cell membrane easily. Therefore,

ROS scavenging ability of 6-Acyl-AA-2Ps is more

powerful than that of AsA.

It has been reported that there was a relationship

between structure and activity, namely, the activity

decreased with the decrease in the length of the alkyl

chain [7]. Elmar et al. believed that the structure-

activity relationship revealed the requirement of an al-

kyl side chain of at least 16–18 carbons [3]. It is true

that lipophilicity seemed to be an important determi-

nant of antioxidant activity as it can regulate mem-

brane mobility and component distribution in lipid bi-

layer membrane [14]. Further, too long alkyl side

chain or too high lipophilicity of the compound per-

haps results in the decreased mobility of the radical

scavenger in the lipid bilayer. Coupled with a long al-

kyl chain, AsA became a surfactant with a polar head

group and a hydrophobic tail. When the AsA deriva-

tives are added to solution, they will aggregate to

form many micelles. The longer the alkyl chain was,

the bigger the micelle size was. Before entering lipid

bilayer, micelles must be dissolved. Too long alkyl

chain would make dissolution more difficult. Accord-

ingly, the alkyl chain should not be too long once the

AsA derivatives have enough lipophilicity.

In this paper, all the synthesized compounds ex-

hibit superior ROS scavenging ability, stability and

permeability to AsA, except cytotoxicity. The main

mechanism of enhancement of cytotoxicity is not

clear. It is presumably explained that the long side

chain of 6-Acyl-AA-2Ps would affect the structure of

cell membrane when it penetrates into cell, and longer

side chain would destroy cell membrane more se-

verely. Further exploration is needed, because no

clear correlation could be established between the

length of side chain of the compounds and their activ-

ity in reducing ROS according to the results in this pa-

per. In order to evaluate the compounds comprehen-

sively, we introduced a new parameter, the ratio of

IC50 to EC50, as shown in Table 1. The bigger this

value for the compound is, the higher the activity and

the lower cytotoxicity are. The data reported in Table

1 indicate that the value of the ratio increases with the

decrease in the length of the alkyl chain. Taking these

data into account, we consider that 12 carbons is the

optimum length of alkyl side chain.

Our present study demonstrates that 6-Acyl-AA-

2Ps exert a significant antioxidant effect on 95-D cells

and shows excellent stability and permeability. The

study also indicates that the key points in drug design

for the antioxidants are their stability against auto-

oxidation and molecular lipophilicity. The relation-

ship between structure and activity is very important,

and its elucidation is helpful for designing novel and

promising antioxidants. 6-Laur-AA-2P has been con-

sidered a promising AsA derivative and is widely

used [11]. According to the results in this paper,

6-Laur-AA-2P seems to be a better candidate for the

development of an efficient new ascorbic acid deriva-

tive, and would be very useful in the treatment of dis-

eases involving ROS.
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