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AbstractÐIn a systematic search for novel dual function antioxidants with potent anti-HIV activity, we evaluated 9 rationally
designed non-nucleoside inhibitors (NNI) of HIV-1 RT for antioxidant and anti-HIV activities. Our lead phenethyl-5-bromopyridyl
thiourea (PEPT) compounds, N-[2-(2-methoxyphenylethyl)]-N0-[2-(5-bromopyridyl)]-thiourea (2) and N-[2-(2-chlorophenylethyl)]-
N0-[2-(5-bromopyridyl)]-thiourea (9), inhibited the oxidation of ABTS to ABTS�+ by metmyoglobin in the presence of hydrogen
peroxide with EC50 values of 79 and 75 mM, respectively. Both compounds e�ectively inhibited the oxidation-induced green ¯uo-
rescence emission from the free radical-sensitive indicator dye 20,70-dichlorodihydro¯uorescein diacetate in CEM human T-cells and
Nalm-6 human B-cells exposed to hydrogen peroxide. To our knowledge, compounds 2 and 9 are the ®rst NNI of HIV-1 RT with
potent anti-oxidant activity. Furthermore, the activity center was de®ned as the sulfhydryl group since alkylated PEPT derivatives
were inactive. The presence of a free thiourea group was also essential for the anti-HIV activity of the PEPT compounds. # 1999
Published by Elsevier Science Ltd. All rights reserved.

Introduction

Free radicals and other reactive oxygen species (ROS)
are constantly generated in the human body and are
involved in various physiologically important biologic
reactions. However, high levels of free radicals (i.e. oxi-
dative stress) can cause oxidative damage to biomole-
cules such as lipids, proteins and DNA within cells.1

The oxidation of these biomolecules may play an
important role in the pathogenesis of in¯ammatory dis-
eases, atherosclerosis, aging, Alzheimer's disease, Par-
kinson's disease, stroke, cancer and AIDS.2±4 Living
organisms have antioxidant defense systems to remove
excess damaging free radicals. Superoxide dismutases,
catalases, glutathione peroxidases and glutathione
reductase are such enzymatic defense systems. In addi-
tion, there are a variety of small molecules distributed
widely in biological systems capable of scavenging free
radicals non-enzymatically. These small molecules
include glutathione, vitamin C, a-tocopherol (vitamin
E), b-carotene, uric acid, taurine and hypotaurine. Syn-
thetic or natural antioxidants are important in the
management of severe oxidative stress conditions where
oxidative stress cannot be adequately managed by the

various components of the endogenous antioxidative
defense system. Synthetic antioxidants that are currently
being developed as therapeutic agents against oxidative
stress include derivatives of natural antioxidants (e.g. a-
tocopherol analogues), phenolic antioxidants (such as
Probucol and Nitecapone), sulfhydryl-containing com-
pounds (thiazolidine, ebselen, dithiolethiones) and inor-
ganic coordination complexes as superoxide dismutase
mimics.5 Recent evidence suggests that oxidative stress-
induced apoptosis of T-lymphocytes may also play an
important role in the pathophysiology of AIDS. HIV-
infected patients have subnormal levels of natural anti-
oxidants in their plasma.6±8 Therefore, oxidative stress-
induced apoptosis may contribute to T-lymphocyte
depletion in HIV-infected patients. Oxidative stress also
contributes to the rising viral load in HIV-infected
patients by activating NF kappa B, a cellular factor
necessary for HIV transcription and replication.9,10 A
known antioxidant, N-acetylcysteine (NAC), exhibits
potent antiviral activity in vitro by inhibiting these pro-
cesses.9,11±13 Consequently, dietary supplementation
with vitamins E and C produces a trend toward a
reduction in viral load.14 In this study we evaluated the
antioxidant activity of a series of phenethyl-5-bromo-
pyridyl thiourea (PEPT) compounds with potent anti-
HIV activity in order to identify new anti-HIV agents
with antioxidant characteristics. All of our PEPT
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compounds exhibited signi®cant antioxidant activity.
These agents may be particularly useful in the treatment
of AIDS due to their dual function.

Cell-free assays of antioxidant activity

The antioxidant activity of the test compounds was
measured using the total antioxidant status kit from
Calbiochem, San Diego, CA, USA. This spectro-
photometric assay relies on the ability of antioxidants in
the sample to inhibit the oxidation of ABTS (2,20-azino-
di-[3-ethylbenzthiazoline sulphonate]) to ABTS�+ by
metmyoglobin in the presence of hydrogen peroxide.15

The amount of ABTS�+ produced was monitored at
620 nm using an ELISA plate reader every 5 min for
90 min. The rate of ABTS�+ production as �OD620/min
was plotted against drug concentrations (170, 80, 40 and
20 mM) for the determination of the EC50, the con-
centration of the drug necessary for 50% inhibition of
ABTS�+ production. Experiments were performed in
triplicate.

Cellular assays of antioxidant activity

20,70-Dichlorodihydro¯uorescein diacetate (H2DCFDA)
(Molecular Probes, Eugene, OR, USA) is a free radical-
sensitive indicator dye, which has been extensively used
for evaluation of oxidative stress in cells.16±19 This non-
¯uorescent dye emits green ¯uorescence upon oxidation
by reactive oxygen species. CEM human T-cells
(CCRF-CEM; ATCC, Rockville, MD, cat# CCL-119)
and Nalm-6 human B-cells were incubated with the test
compounds 1±9 (250 mM, 2 h incubation at 37�C in the
dark), washed with fresh culture medium and then
loaded with 20 mM H2DCFDA for 30 min in the dark.
Cells were washed to remove excess H2DCFDA
and exposed to 1 mM hydrogen peroxide for 15 min.

Green ¯uorescence was measured by quantitative ¯ow
cytometry, as previously reported.16±19 The percent
reduction of H2O2-induced H2DCFDA ¯uorescence
was calculated using the formula: % Reduction=
100ÿ[100 (Icompound+H2O2

ÿIcontrol)/(IH2O2
ÿIcontrol)], where

Icompound+H2O2
, IH2O2

, Icontrol are the mean H2DCFDA
¯uorescence in cells treated with compound+H2O2,
with H2O2 alone, or untreated, respectively.

Results and Discussion

Thiourea and 1,3-dimethyl-2-thiourea (DMTU) are
e�ective scavengers of reactive oxygen intermediates
(ROI).20±24 DMTU was reported to be capable of pre-
venting ROI-induced lung injury in vitro and in
vivo.21,25 In this study, we determined the antioxidant
activities of a series of novel PEPT compounds with
potent anti-HIV activity.26±28

The PEPT compounds that have been recently designed
and synthesized in our laboratory are composed of a 5-
bromopyridyl moiety and a substituted phenylethyl
linked by a thiourea group.26,27 The pyridylthiourea
group in PCPT as well as in S-alkylated derivatives
forms an intramolecular hydrogen-bonded heterocyclic
ring observed by X-ray crystallography (Fig. 1), which
would facilitate the formation of the sulfhydryl form
(II) of the compounds (Scheme 1). Furthermore, in
tautomer I the proton on N2 is expected to be more
labile (relative to N3) due to the 5-bromopyridyl group
and thus would be more involved in the formation of
tautomer II. The existence of the sulfhydryl tautomeric
form (II) was supported by the successful synthesis of S-
alkylated PEPT derivatives (Table 1, compounds 10±13)
and consistent with the crystal structure of 13 (Fig. 1)
which shows the deprotonated N2 and the protonated
N3 (involved in a hydrogen bond with N1).

Figure 1. ORTEP drawing of compound 13 with atom-labeling scheme (30% probability ellipsoids, temp.=296(2) K). Selected bond lengths (AÊ ) are
as follows: (C(6)±S(1), 1.776(4); C(6)±N(2), 1301(5); C(6)±N(3), 1.329(4); N(1)...N(3), 2.656(4). R=0.052, 3565 indep. Re¯ections, 191 parameters,
goodness of ®t on F2=0.908, l=0.71073 AÊ .
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As shown in Table 1, all phenethyl-5-bromopyridyl
thiourea compounds (1±9), exhibited antioxidant activ-
ity against the metmyoglobin/hydrogen peroxide-
induced oxidation of ABTS at micromolar concentra-
tions and also showed potent anti-HIV activity. The
most active antioxidants, N-[2-(2-methoxyphenylethyl)]-
N0-[2-(5-bromopyridyl)]-thiourea (2, EC50=79 mM) and
N - [2- (2-chlorophenylethyl)] -N0 - [2- (5-bromopyridyl)]-
thiourea (9, EC50=75 mM), were more active than the
unsubstituted parent compound (1, EC50=98 mM). S-
Alkylation eliminated the antioxidant activity and the
anti-HIV activity of the compounds (10±13), which
indicated that the unalkylated thiourea group is critical
to both antioxidant activity and anti-HIV activity. We
also compared side by side the antioxidant activity of
vitamin E and propyl gallate to estimate the potency of
our sufhydryl-containing PEPT derivatives. As shown
in Table 1, PEPT derivatives showed potent antioxidant
activity of similar magnitude as vitamin E and propyl
gallate. We examined the e�ects of the compounds on
H2O2-induced oxidative stress in human lymphocyte cell

lines, because oxidative stress-induced apoptosis may
contribute to lymphocyte depletion. As shown in
Figure 2 and Table 1, compounds 2 and 9 e�ectively
inhibited the oxidation-induced green ¯uorescence emis-
sion from the free radical-sensitive indicator dye 20,70-
dichlorodihydro¯uorescein diacetate in CEM human
T-lymphocytes exposed to hydrogen peroxide. The
antioxidant activity of these compounds was not limited
to T cells since similar e�ects were also observed in
NALM-6 human pre-B-cells (Table 1). The values for
the percent reduction of H2DCFDA¯uorescence intensity
(as measured by the mean channel of green ¯uorescence)
by compound 2 were 72.3% in CEM cells and 94.2% in
NALM-6 cells. The values for the percent reduction of
H2DCFDA ¯uorescence intensity (as measured by the
mean channel of ¯uorescence) by compound 9 were
56.3% in CEM cells and 32.0% in NALM-6 cells.

We have previously reported that compounds 2 and 9
inhibit HIV replication in peripheral blood mono-
nuclear cells with average IC50 values of 0.01 mM and
<0.001 mM, respectively.26 To our knowledge, these
phenethyl-5-bromopyridyl thiourea compounds are the
®rst dual-function NNI of HIV-1 RT discovered to have
antioxidant activity. We postulate that the sulfhydryl
group (II) (Scheme 1) is responsible for the antioxidant
activity due to its favorable electron-donating char-
acteristics.21,29 In PEPT, the phenyl group does not
directly connect to the thiourea group, therefore, the
electron donating (or withdrawing) ability of the sub-
stituents on the phenyl ring should not signi®cantly

Table 1. Antioxidant activity of phenethyl-5-bromopyridyl thiourea compounds

% Reduction of H2O2-induced H2DCFDA ¯uorescenceb

Compound R (A) or R, R1 (B) EC50 anti-ox.
a (mM) CEM T-cells NALM-6 B-cell IC50 rRTc (mM)

1 H 98 32.1 37.1 1.3d

2 2-OMe 79 72.3 94.2 1.0e

3 3-OMe 90 19.7 30.4 0.4e

4 4-OMe 176 21.4 0.0 0.9e

5 2,5-di-OMe 89 29.4 11.8 0.1d

6 2-F 109 47.0 Ð 0.6e

7 3-F 100 45.0 Ð 0.7e

8 4-F 89 13.0 2.0 6.4e

9 2-Cl 75 56.3 32.0 0.7e

10 2,5-di-OMe,C6H5CH2- >1000 Ð Ð >100d

11 2-F,C6H5CH2- >1000 Ð Ð >100d

12 2-Cl,C6H5CH2- >1000 Ð Ð >100d

13 2-Cl,CH3- >1000 Ð Ð >100d

AZT >1000 Ð Ð >100e

Vitamin E 377 Ð Ð Ð
Propyl gallate 84 Ð Ð Ð

aEC50 anti-ox. values represent the inhibition of the oxidation of ABTS to ABTS�+ by metmyoglobin in the presence of H2O2.
bPercent reduction of H2O2-induced H2DCFDA ¯uorescence.
cIC50 rRT values represent the inhibition of recombinant HIV reverse transcriptase.
dThis work.
eref 26.

Scheme 1.
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a�ect their antioxidant activity; however, it may be
responsible for the subtle di�erences in activity among
the various sulfhydryl-containing PEPT derivatives. To
better understand the role played by the sulfhydryl
group in antioxidant activity, we synthesized S-alky-
lated derivatives of compound 10 and others (Table 1)
which lack a sulfhydryl group. Alkylation was achieved
by using methyl as well as benzyl groups. None of the
alkylated derivatives were active as an antioxidant
(Table 1), which is consistent with the hypothesis that
the sulfhydryl group of tautomer II (Scheme 1) is
responsible for the antioxidant activity. Furthermore,
alkylated derivatives did not show any anti-HIV activ-
ity, implicating for the ®rst time that this unalkylated
thiourea group is also critical for anti-HIV activity. The
lack of anti-HIV activity of the alkylated derivatives is
probably due to impaired binding to the NNI pocket
because of steric hindrance caused by the substituents.

In conclusion, a series of PEPT compounds with anti-
HIV activity were found to have potent antioxidant
activity as well. These dual-function compounds may be
particularly useful in the treatment of AIDS, as anti-
oxidants have been shown to suppress viral replication
and lymphocyte depletion. Further studies are in pro-
gress to determine the actual antioxidant mechanism of
these novel PEPT derivatives.
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Figure 2. Antioxidant activity of phenethyl-5-bromopyridyl thiourea compounds against H2O2-induced oxidative stress in CEM T-cells. The cells
were preincubated with the compounds for 2 h, loaded with H2DCFDA and then challenged with H2O2. H2DCFDA ¯uorescence was measured by
quantitative ¯ow cytometry. The ¯uorescence intensity of untreated control cells, H2O2-treated cells, and H2O2 + compound treated cells are shown
in black, blue and red, respectively.
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