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Antioxidant capacities of captopril (CAP), 6-mercaptopurine (6-MP) and 9-(b-D-ribofuranosyl)-
6-mercaptopurine (6-MPR) were investigated by interacting them with 2,20-diphenyl-1-picrylhydrazyl
(DPPH), galvinoxyl radical, and 2,20-azinobis(3-ethylbenzothiazoline-6-sulfonate) cation radical
(ABTSþ�), and by protecting DNA and erythrocyte against 2,20-azobis(2-amidinopropane hydrochloride)
(AAPH) induced oxidation. It was found that CAP possessed the highest ability to donate the hydrogen
atom in –SH to DPPH and galvinoxyl, while 6-MPR had the strongest ability to reduce ABTSþ�. In the
process of protecting DNA and erythrocytes against AAPH-induced oxidation, CAP can trap 0.5 and 1.3
radicals, 6-MP can trap 0.6 and 2.2, and 6-MPR can trap 1.0 and 3.0 radicals, respectively. CAP can also
protect erythrocytes against hemin-induced hemolysis.

� 2009 Elsevier Masson SAS. All rights reserved.
1. Introduction

Captopril (CAP, D-3-mercapto-2-methylpropanoyl-L-proline), an
angiotensin converting enzyme (ACE) inhibitor, is widely used in
the treatment of hypertension and congestive heart failure, and in
the inhibition of proliferation of a variety of cell lines [1]. Nowadays,
researches have been focused on the evaluation of the toxicity of
CAP derivative in vivo [2], and on the design of novel drugs derived
from CAP [3]. 6-Mercaptopurine (6-MP) is an effective drug in the
treatment of inflammatory bowel disease, in which some allergic
symptoms are found clinically [4]. The investigation of 6-MP on
human embryonic kidney cell line reveals that it is able to inhibit
the methylation of global DNA [5]. It is also proved that 6-MP may
induce apoptotic cell death in neural cells in vivo [6], and its inosine
monophosphate dehydrogenase may affect the de novo biosyn-
thesis of guanine nucleotides and thiopurines metabolism [7].
The mechanism of 6-MP together with 9-(b-D-ribofuranosyl)-
6-mercaptopurine (6-MPR) to prevent cancer is clarified recently
[8], and 6-MP and 6-MPR are also found to repair the damage of
DNA induced by the irradiation of ultraviolet [9].

2. Chemistry

In addition to the aforementioned cytotoxic studies on various
cell lines, it is necessary to compare the free-radical-scavenging
properties of CAP, 6-MP and 6-MPR chemically since SH group in CAP
x: þ86 431 88499159.
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attaches to an aliphatic chain while SH group in 6-MP attaches to an
aromatic ring. Hence, CAP, 6-MP and 6-MPR react with galvinoxyl
[10], 2,20-diphenyl-1-picrylhydrazyl (DPPH) [11], and 2,20-azino-
bis(3-ethylbenzothiazoline-6-sulfonate) cationic radical (ABTSþ�)
[12] to screen the abilities of SH in CAP, 6-MP and 6-MPR to donate its
hydrogen atom to O-centered, N-centered and oxidant-type radical,
respectively. The aim of this test is to give direct evidence for CAP,
6-MP and 6-MPR to trap radicals (Scheme 1).
3. Pharmacology

Chemical kinetic deduction gives the relationship between the
concentration of an antioxidant and the inhibition period generated
by the antioxidant to protect linoleic acid against the oxidation
induced by 2,20-azobis(2-amidinopropane hydrochloride) (AAPH)
as shown as Eq. (3) (vide post) [13]. We have applied this equation to
treat the obtained data from AAPH-induced oxidation of DNA [14]
and erythrocytes [15] in the presence of antioxidants. The applica-
tion of chemical kinetic equation to treat the obtained data obtained
from DNA and erythrocytes is beneficial to give the number of
radicals trapped by SH group in CAP, 6-MP and 6-MPR. Moreover,
AAPH-induced oxidation of DNA and hemolysis of erythrocytes are
in vitro experimental systems to mimic DNA and erythrocytes
undergoing radical-induced oxidative stress. So, another aim of this
work is to introduce this in vitro experimental method to be
employed in the research of pharmacology. Finally, the stabilization
effects of these thiols on erythrocyte membrane are evaluated in
hemin-induced hemolysis of erythrocytes. The structures of radicals
and hemin used in this work are illustrated in Scheme 2.
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G.-X. Li, Z.-Q. Liu / European Journal of Medicinal Chemistry 44 (2009) 4841–48474842
4. Results and discussion

4.1. CAP, 6-MP, and 6-MPR scavenge radicals

Fig. 1 outlines the percentages of DPPH, galvinoxyl, and ABTSþ�

scavenged by various concentrations of CAP, 6-MP, and 6-MPR, and
the concentrations when 50% radicals are trapped (IC50) are listed
in Table 1.

The sequences of IC50 are found as CAP<MP< 6-MPR when
they react with DPPH, and CAP< 6-MPR< 6-MP when they react
with galvinoxyl. Low values of IC50 of CAP indicate that CAP donates
it hydrogen atom in SH group to either N-centered or O-centered
radicals more readily than 6-MP and 6-MPR. This is because the
hydrogen atom in SH attaching to an aliphatic carbon chain can
donate to radicals directly, whereas, as shown in Eq. (1), the
hydrogen atom in SH attaching to an aromatic ring may tauto-
merize to form a N–H [16], whose hydrogen atom cannot be
abstracted by DPPH and galvinoxyl as easy as the hydrogen atom in
SH.
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Furthermore, IC50 of 6-MP reacting with DPPH is lower than that of
6-MPR, indicating that 6-MP donates its hydrogen atom more easily
than its riboside does. This is because 6-MP does not only donate its
hydrogen atom from SH group, but also from two N–H bonds [17].
However, 6-MPR donates its hydrogen atom only from SH group
and one N–H bond as shown in Eq. (2).
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On the contrary, when 6-MP and 6-MPR react with galvinoxyl, the
IC50 of 6-MPR is lower than that of 6-MP, indicating that 6-MPR
donates its hydrogen atom more readily to O-centered radical in
galvinoxyl. This may be due to more hydroxyl groups contained in
riboside that have high ability to exchange its hydrogen in O–H
with O-centered radicals [18]. A converse sequence of IC50,
6-MPR< 6-MP< CAP, is found when these thiols react with ABTSþ�.
Low value of IC50 of 6-MPR reveals that 6-MPR possesses the
highest ability to reduce ABTSþ� since the voltammetric determi-
nation of 6-MPR indicated that the reduction peak of 6-MPR is as
low as�1.6 V [19]. Therefore, SH attaching to aliphatic carbon chain
possesses relatively high ability to donate its hydrogen atom,
whereas, SH attaching to aromatic ring has high ability to reduce
radical. Whether this conclusion is still available in biological
experimental system is another concern in this work. So, radical-
induced oxidations of erythrocyte and DNA act as in vitro models of
biological samples under oxidative stress to compare the antioxi-
dant capacities of these thiols.

4.2. CAP, 6-MP, and 6-MPR protect DNA against AAPH-induced
oxidation

The decomposition of AAPH at 37 �C forms a C-centered radical
that converts into peroxyl radical (ROO�) by combining with
oxygen. ROO� can abstract H atom from the C-40 atom of DNA and
cause strand breaks [20]. The further oxidation of linear DNA
generates more than 20 carbonyl species, which can react with
thiobarbituric acid (TBA) to form colorful thiobarbituric acid
reactive substance (TBARS, lmax¼ 535 nm) [21]. As can be seen in
Fig. 2, in the blank experiment the increase of the absorbance of
TBARS indicates that more carbonyl species are generated with
the reaction period increasing. The slope of the line can be
regarded as the formation rate of the carbonyl species during the
oxidation of DNA. However, the additions of thiols bend the
increase line of TBARS. With the concentrations of thiols
increasing, the absorbance at the first point rises remarkably. This
may be due to the reaction between thiols and TBA to form
colorful product measured at 535 nm. With the reaction time
increasing, the colorful product formed from the interaction
between thiols and TBA decreases to a minimum value. Then,
TBARS generated from the oxidation of DNA increases with the
same rate as blank experiment. As shown in Fig. 2, the time cor-
responding to the cross point of two tangents (dot lines) can be
regarded as the inhibition period (tinh) derived from the addition
of thiols. Fig. 3 illustrates that tinh increases with the concentra-
tion of thiols employed. The quantitative equation between tinh

and the concentration of thiols can be obtained by linear regres-
sion analysis, and listed in Table 2.

In order to understand the meaning of the equation of
tinh w [thiols], as shown as Eq. (3), chemical kinetic equation
related to the concentration for antioxidant (AH) [22] is applied to
treat the results from the oxidation of DNA inhibited by thiols.

tinh ¼ ðn=RiÞ½AH� (3)

The stoichiometric factor (n) can be regarded as the radicals trap-
ped by one molecule of antioxidant, and therefore, used as
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a quantitative index to express the ability of an antioxidant to
inhibit the radical-induced oxidation. Ri is the initiation rate of
a radical-induced reaction. If Ri is known, n can be obtained by the
product of Ri multiplying the coefficient in Eq. (3). However, it is
difficult to measure Ri directly. So, in order to apply Eq. (3) to
calculate n of an antioxidant, trolox (6-hydroxyl-2,5,7,8-tetrame-
thylchroman-2-carboxylic acid) is assigned to be the reference
antioxidant, and various tinh generated by different concentrations
of trolox are first measured. Then, Ri results from the equation of
tinh w trolox in the case of taking n of trolox as 2 [23]. Accordingly,
trolox is applied in our experimental system. But the addition of
trolox to AAPH-induced oxidation of DNA as a reference antioxi-
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dant does not generate tinh (data not shown) although trolox was
reported to protect DNA against radical-induced oxidation [24]. In
this report, electrophoresis was used to observe that trolox protects
super coiled DNA not to transform to open circular or linear chains.
And we herein measure the formation of TBARS to follow the
oxidation of DNA. So, different determination method employed
may provide different observation.

In order to apply Eq. (3) to calculate n of thiols in this case, Ri

should be obtained firstly. According to our previous report [25], Ri is
equal to the rate of the radical generated (Rg) from the decomposi-
tion of AAPH (Rg¼ (1.4� 0.2)� 10�6[AAPH] s�1 [26]) when Eq. (3) is
utilized to treat the results from biological samples. This is because
both DNA and AAPH are dissolved in PBSo, radicals generated from
the decomposition of AAPH can attack DNA at the same phase. It is
safe to assume that Ri is equal to Rg in AAPH-induced oxidation of
DNA [25]. As listed inTable 2, the values of n of thiols are the products
of coefficients in the equation of tinh w [thiols] multiplying
Ri¼ Rg¼ 1.4�10�6� 40 mM s�1¼3.36 mM min�1. Therefore, n is
a relative value to compare the antioxidant abilities among these
thiols. It can be found in Table 2 that 6-MPR can trap w1 radical,
6-MP can trap 0.6 radical, and CAP can trap 0.5 radical in protecting
DNA. 6-MPR possesses the highest ability to protect DNA just due to
a riboside contained. This is because the riboside benefits for 6-MPR
to incorporate into DNA [27]. Although CAP was reported to be
a prooxidant in the media of iron- and copper-induced oxidative
injury by using deoxyribose as the oxidizable substrate in the
presence of physiological phosphate concentrations [28], we herein
still find that CAP can protect DNA against AAPH-induced oxidation
of DNA even though the value of n of CAP is as low as 0.5. The anti-
oxidant property of SH group attaching to aromatic ring like 6-MP
and 6-MPR is higher than SH attaching to aliphatic carbon chain
because the S-centered radical can be stabilized by aromatic ring via
resonance structures as shown in Eq. (4).
4.3. CAP, 6-MP, and 6-MPR protect erythrocytes against AAPH-
induced hemolysis

When erythrocyte encounters an overwhelming external
oxidative stress initiated by radicals, the plasma membrane is the
initial site of damage, and the ensuing peroxidation of membrane
lipids contributes to progressive hemolysis. So, AAPH-mediated
hemolysis is a convenient in vitro experimental system to mimic
erythrocytes undergoing oxidative stress [29]. Fig. 4 outlines the
hemolysis process in the presence of thiols.

As the blank experiment shows, hemolysis does not occur at
the beginning of the reaction because the endogenous antioxi-
dants defense the attack from radicals. When the endogenous
antioxidants are exhausted completely, hemolysis takes place,
generating a lag time (tlag). The tlag is prolonged by the addition of
exogenous antioxidant. Fig. 5 illustrates the relationship between
tlag and the concentrations of thiols, and the quantitative equa-
tions of tinh w concentration of thiols are involved in Table 2 as
well.

We have demonstrated that Ri¼ Rg in AAPH-induced hemolysis,
so, Ri¼ Rg¼ 1.68 mM min�1 when 20 mM AAPH is employed to
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Fig. 1. The percentage of DPPH, galvinoxyl, and ABTSþ� scavenged by various
concentrations of thiols.

Table 1
IC50 of CAP, 6-MP, and 6-MPR reacting with DPPH, galvinoxyl, and ABTSþ�.

IC50 (mM)

React with DPPH React with galvinoxyl React with ABTSþ�

CAP 43 7.1 6.5
6-MP 65 188 4.7
6-MPR 180 65 3.9
Troloxa 22.8 11.6

a Cited from Ref. [34].
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Fig. 2. The increase of the absorbance at 535 nm in the absence and presence of
various concentrations (as shown in the panels) of thiols when 2.0 mg/ml DNA is
oxidized by 40 mM AAPH at 37 �C.
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haemolyze erythrocytes by using trolox as standard antioxidant [30].
The n values of thiols can be calculated by multiplying the coefficients
in the equation of tinh w [thiols] and Ri¼ Rg¼ 1.68 mM min�1. The
results are involved in Table 2 as well. It can be found in Table 2 that 6-
MPR can trap w3 radical, 6-MP can trap 2.2 radical, and CAP can trap
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1.3 radical in protecting erythrocytes against AAPH-induced oxida-
tion. Riboside in 6-MPR also enhances the ability of 6-MPR to protect
erythrocytes because riboside improves the transport of 6-MPR to
erythrocyte membrane [31]. CAP can also protect erythrocytes against
AAPH-induced hemolysis, which is in agreement with previous report
[3]. The obtained result still demonstrates that the antioxidant
property of SH group attaching to aromatic ring is higher than SH
attaching to aliphatic carbon chain.
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4.4. CAP, 6-MP, and 6-MPR protect erythrocytes against hemin-
induced hemolysis

The hydrophobic hemin is able to intercalate into lipid part of
membranes, to accelerate the potassium leakage, to dissociate
skeletal proteins in membrane, and to prohibit some erythrocyte
enzymes, leading to hemolysis eventually [32]. Therefore, hemin-
induced hemolysis can be an in vitro experimental system to detect
whether a compound can stabilize erythrocyte membrane. Fig. 6
illustrates the percentage of hemolysis of erythrocytes inhibited by
various concentrations of thiols.

It can be found in Fig. 6 that hemin-induced hemolysis is pro-
hibited efficiently with the concentration of CAP increasing. The
hemolysis is inhibited w80% by 0.6 mM CAP, demonstrating that
CAP possesses the highest efficiency to stabilize erythrocyte
membrane. On the other hand, with the concentration of 6-MP
increasing, 6-MP promotes the hemin-induced hemolysis slightly.
6-MPR exhibits slight protective effect on erythrocytes still owing
to a riboside involved.
Table 2
The equations of tinh w [thiol], and n of thiols in protecting DNA and erythrocytes.

Protect DNAa Protect erythrocytesb

Thiol tinh (min)¼ (n/Ri) [thiol
(mM)]þ Cc

n tlag (min)¼ (n/Ri) [thiol
(mM)]þ Cc

n

CAP tinh¼ 0.15 [CAP]þ 41.8 0.50 tlag¼ 0.79 [CAP]� 151.8 1.33
6-MP tinh¼ 0.18 [6-MP]� 86.2 0.61 tlag¼ 1.33 [6-MP]� 192.2 2.23
6-MPR tinh¼ 0.29 [6-MPR]� 48.4 0.97 tlag¼ 1.82 [6-MPR]� 197.4 3.07

a Ri¼ Rg¼ 1.4� 10�6[AAPH] s�1¼ 3.36 mM min�1 when [AAPH]¼ 40 mM in pro-
tecting DNA, thus, n¼ coefficient� 3.36 mM min�1.

b Ri¼ Rg¼ 1.4� 10�6[AAPH] s�1¼ 1.68 mM min�1 when [AAPH]¼ 20 mM in pro-
tecting erythrocytes, thus, n¼ coefficient� 1.68 mM min�1.

c C is the constant generated from the linear regression analysis.
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Fig. 4. The process of hemolysis in the absence and presence of various concentrations
of thiols when erythrocytes (3.0% suspension in PBSa) are haemolyzed by 20 mM
AAPH at 37 �C.
5. Conclusion

The ability of SH group attaching to aliphatic carbon chain to
trap radicals is higher than that attaching to aromatic ring. On
the contrary, SH group attaching to aromatic ring has higher
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ability to protect DNA and erythrocytes against radical-induced
oxidations. Especially, riboside enhances the antioxidant ability
of 6-MPR in biological samples. SH group attaching to aliphatic
carbon chain improves the ability of CAP to stabilize erythrocyte
membrane.

6. Experimental protocols

6.1. Materials

AAPH, ABTS, DPPH, galvinoxyl, hemin, naked DNA sodium salt,
CAP, 6-MP, and 6-MPR were purchased from ACROS Co. (Switzerland)
and used as received, and other reagents with analytical grade were
purchased from Beijing Chemical Reagent Co. (China) and used
without further purification. Erythrocytes were provided by Haoyue
Cattle Co. Ltd, Changchun, China, and washed by phosphate-buffered
saline (PBSa: 150 mM NaCl, 8.1 mM Na2HPO4, 1.9 mM NaH2PO4,
10 mM EDTA) to remove plasma. At the last washing, erythrocytes
were centrifugated at 1700� g for exact 10 min to obtain compacted
volume for the usage in the experiment [33].
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Fig. 6. The relationships between tinh and the concentrations of thiols in hemin-
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6.2. CAP, 6-MP, and 6-MPR scavenge DPPH, galvinoxyl, and ABTSþ�

The experiments of thiols to trap galvinoxyl, DPPH, and ABTSþ�

followed previous reports [34]. DPPH and galvinoxyl were dis-
solved in ethanol to make the absorbance (Absref) w 1.00 at 517 nm
and 428 nm, respectively. Two milliliters of 4.0 mM ABTS aqueous
solution was oxidized by 1.41 mM K2S2O8 for 16 h, then 100 ml of
ethanol was added to make the absorbance of ABTSþ� (Abs-
ref) w 0.70 at 734 nm. Various concentrations of thiols (dissolved in
ethanol) were added to the solutions of DPPH, galvinoxyl, and
ABTSþ�. The absorbances of DPPH, galvinoxyl, and ABTSþ� solutions
decreased to a stable value (Absdetect). The percentages of DPPH,
galvinoxyl, and ABTSþ� scavenged by thiols were calculated by
(1� Absdetect/Absref)� 100, and plotted vs the concentrations of
thiols to obtain 50% inhibition concentration (IC50).

6.3. CAP, 6-MP, and 6-MPR protect DNA against AAPH-induced
oxidation

The oxidation of DNA induced by AAPH was performed as
described in the literature [21] with a little modification [25]. DNA
and AAPH were dissolved in phosphate-buffered solution (PBSo:
8.1 mM Na2HPO4, 1.9 mM NaH2PO4, 10.0 mM EDTA) to a final
concentration at 2.0 mg/ml and 40 mM, respectively, to which
various concentrations of CAP (dissolved in PBSo), 6-MP, and 6-MPR
(dissolved in dimethyl sulfoxide, DMSO) were added. Then, the above
solution was dispensed into test tubes to a final volume of 2.0 ml. All
the tubes were incubated in a water bath at 37 �C to initiate the
reaction. Three tubes were taken out at appropriate interval and
cooled immediately, to which 1.0 ml thiobarbituric acid (TBA) solu-
tion (1.00 g TBA and 0.40 g NaOH dissolved in 100 ml PBSo) and
1.0 ml trichloroacetic acid (3.0% aqueous solution) were added. The
tubes were heated in a boiling water bath for 15 min. After cooling,
1.5 ml n-butanol was added and shaken vigorously to extract thio-
barbituric acid reactive substance (TBARS, lmax¼ 535 nm). The
absorbance of TBARS was plotted vs incubation time to indicate the
amount of DNA oxidation.

6.4. CAP, 6-MP, and 6-MPR protect erythrocytes against AAPH- and
hemin-induced hemolysis

Erythrocytes were suspended in PBSa. AAPH and CAP were
dissolved in PBSa, and 6-MP and 6-MPR were dissolved in DMSO.
AAPH and various concentrations of PBSa solution of CAP, and
DMSO solutions of 6-MP and 6-MPR were added to erythrocyte
suspension to a final concentration of erythrocyte and AAPH at 3.0%
(v:v) and 20 mM, respectively. The above mixture was shaken
gently to form homogenous suspension, and then incubated at
37 �C to initiate the hemolysis. Aliquots (1.5 ml) were taken out at
appropriate intervals and centrifuged at 1700� g to obtain the
supernatant, in which hemoglobin leaked out of erythrocytes was
dissolved after hemolysis took place. The absorbance of the
supernatant (lmax¼ 535 nm) was measured and plotted vs incu-
bation time to express the hemolysis process.

The experiment of hemin-induced hemolysis of erythrocytes
was performed as described as our previous report [35]. Briefly,
hemin was dissolved in 5 mM NaOH to reach 1.0 mM before use.
Erythrocytes were suspended in phosphate-buffered saline without
EDTA (PBSe, 150 mM NaCl, 8.1 mM Na2HPO4, 1.9 mM NaH2PO4, pH
7.4), to which various concentrations of PBSe solution of CAP, and
DMSO solutions of 6-MP and 6-MPR were added. The mixture was
shaken gently to form homogenous suspension, and incubated at
37 �C for 0.5 h, and hemin was added finally. The final concentra-
tions of erythrocytes and hemin were 1.0% (v:v) and 10.0 mM,
respectively. After 0.5 h, the mixture was centrifuged at 1700� g to
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obtain the supernatant. The absorbance of the supernatant
(lmax¼ 535 nm) was measured. The absorbance in the blank
experiment was designed as Abs0, and the absorbance in the
presence of various concentrations of thiols was designed as Abs.
The percentage of thiols to inhibit hemolysis was calculated by
(1� Abs/Abs0)� 100. It was worthy to note that the same volume of
DMSO (less than 1.0% to the total volume) was contained in all the
experiment to eliminate its influence on the experiment [36].

6.5. Statistical analysis

All the data were the average value from at least three inde-
pendent measurements with the experimental error within 10%.
The equations were analyzed by one-way ANOVA using Origin 6.0
professional Software, and p< 0.001 indicated a significance
difference.
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