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Abstract

Current treatments for chronic hepatitis B virus (HBV) infection include the use of interferon-� and of nucleoside analogs lamivudine, adefovir

and entecavir. However, the use of interferon-� has many side effects while that of nucleosidic inhibitors can lead to the emergence of resistant
viruses. Hence, new drugs for the treatment of HBV infection are still highly desired. Oxadiazoles have been observed to exhibit antiviral
activities against RNA viruses. In this study, a facile synthesis of 2-benzenesulfonylalkyl-5-substituted-sulfanyl-[1,3,4]-oxadiazoles is reported.
The compounds were then evaluated for their anti-HBV activity. 1-{2-[5-(1-Benzenesulfonyl-propyl)-[1,3,4]oxadiazol-2-yl-sulfanyl]-ethyl}-4-(2-
methoxy-phenyl)-piperazine (1i) was able to inhibit the expression of the viral antigens, HBsAg and HBeAg in a concentration-dependent manner
with no cytotoxic effects and without any effects on the expression of viral transcripts. Concentration- and time-dependent reductions in virion
production were also observed. The inhibition of virion production was comparable to that of lamivudine and EC50 values of 1.63 and 2.96 �M
were obtained for compound 1i and lamivudine, respectively. Thus, in addition to the antiviral effects on RNA viruses, oxadiazoles also have
anti-HBV activities.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Hepatitis B virus (HBV) is the major cause of acute and
chronic hepatitis which could lead to hepatocellular carci-
noma. Chronic hepatitis B infection affects more than 400 mil-
lion people worldwide and 1–2% of them die each year from
virus related complications (Lin and Kirchner, 2004). Currently,
interferon-� and nucleosidic inhibitors of HBV reverse tran-
scriptase/polymerase, lamivudine (3TC), adefovir and entecavir
are the only drugs approved for the treatment of chronic HBV
infection (Ocama et al., 2005; Mailliard and Gollan, 2006). How-
ever, interferon-� produces many side effects and its efficacy is
partial with less than 30% of the chronic carriers responding
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to treatment. In addition, approximately 50% of the patients
who respond positively to interferon-� treatments are known
to suffer a recurrence of the viremia after cessation of the
treatment (Thomas, 1998; Fattovich et al., 1998). In contrast,
3TC has more universal applicability and is able to reduce
the viral load very rapidly. However, this initial rapid response
is often followed by a slow elimination of the residual virus.
Emergence of drug resistance commonly occurs during this
slower phase thus preventing long-term treatment (Fischer et
al., 2001). Adefovir is effective against 3TC-resistant viruses
but long-term monotherapy can also result in resistance leading
to reduced response to adefovir (Angus et al., 2003; Villeneuve
et al., 2003; Fung et al., 2005). Resistance to entecavir has also
been reported in lamivudine-resistant patients (Tenney et al.,
2004). The wide prevalence of chronic HBV infection together
with the lack of an effective drug available for the treatment
warrants the search for novel therapeutic agents against the
virus.
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Oxadiazoles are useful targets in the search for antivirals
as they have been associated with a wide variety of interest-
ing properties. Members of this class of compound are known
to possess tyrosine kinase inhibitory (Vu et al., 1999), anti-
inflammatory (Nicolaides et al., 1998), monoamine oxidase
inhibitory (Matsumoto et al., 1994) and antitumor activities
(Chimirri et al., 1996). More recently, 2,5-disubstituted-[1,3,4]-
oxadiazoles have also gained considerable attention because of
their uses as organic light-emitting devices (Zhang et al., 2005),
orally active COX-2 inhibitors (Song et al., 1999) and hetero-
cyclic amide and ester isosteres (Luthman et al., 1999).

Earlier works have shown that oxadiazoles possess antivi-
ral activities against RNA viruses and are able to inhibit HIV
replication (El-Emam et al., 2004). Antiviral activity towards
picornaviruses has been described and to date, the best character-
ized is pleconaril (Diana et al., 1994; Fendrick, 2003; Webster,
2005) which binds to the hydrophobic pockets in the base of
canyons on the surface of picornaviruses (Badger et al., 1988).
This inhibits virus attachment to cells (Pevear et al., 1989;
Shepard et al., 1993) and also inhibits the uncoating of the
viral capsid (Fox et al., 1986; Shepard et al., 1993). Herein,
we describe the synthesis of a new class of 2,5-disubstituted-
[1,3,4]-oxadiazoles, the 2-benzenesulfonylalkyl-5-substituted-
sulfanyl-[1,3,4]-oxadiazoles, and the biological evaluation of
their anti-HBV activity.
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(s, 3H, OCH3), 4.06 (q, 1H, J = 7.2 Hz, CH), 7.58 (t, 2H,
J = 7.8 Hz, 2Harom), 7.70 (t, 1H, J = 7.8 Hz, Harom), 7.89 (d,
2H, J = 7.8 Hz, 2Harom). 13C NMR (CDCl3): δ 11.8, 52.9, 65.3,
128.9, 129.2, 134.2, 136.8, 166.6. 3c: Yield = 94%. IR: 1737,
1326, 1149 cm−1. 1H NMR (CDCl3): δ 0.97 (t, 3H, J = 7.2 Hz,
CH3-4), 1.16 (t, 3H, J = 7.2 Hz, OCH2CH3), 1.91–2.14 (m, 2H,
CH2-3), 3.86 (dd, 1H, J = 4.0 Hz, 11.2 Hz, CH-2), 4.12 (q, 2H,
J = 7.2 Hz, OCH2), 7.56 (t, 2H, J = 7.2 Hz, 2Harom), 7.66 (t, 1H,
J = 7.2 Hz, Harom), 7.88 (d, 2H, J = 7.2 Hz, 2Harom). 13C NMR
(CDCl3): δ 11.3, 13.8, 20.4, 62.0, 72.2, 128.8, 129.2, 134.0,
137.2, 165.7.

2.1.2. Preparation of α-sulfonylcarboxylic hydrazides (4)
Hydrazine hydrate (1.2 g, 20 mmol) was added to a solution

of �-sulfonylester (2 mmol) in ethanol (50 mL). The resulting
solution was refluxed for 16 h. The solvent was then evaporated
and the residue was purified by flash column chromatography
(50% EtOAc in hexane) to give 4. 4a: Yield = 92%. 1H NMR
(DMSO-d6): δ 4.25 (s, 2H, CH2), 4.39 (b, 2H, NH2), 7.69 (t,
2H, J = 7.2 Hz, 2Harom), 7.79 (t, 1H, J = 7.2 Hz, Harom), 7.92 (d,
2H, J = 7.2 Hz, 2Harom), 9.34 (b, 1H, NH). 13C NMR (DMSO-
d6): δ 59.3, 127.9, 129.0, 133.8, 139.5, 160.0. HRMS (EI) calcd.
for C8H10N2O3S, 214.0412; found, 214.0414. 4b: Yield = 87%.
1H NMR (DMSO-d6): δ 1.29 (d, 3H, J = 7.2 Hz, CH3), 4.03 (q,
1H, J = 7.2 Hz, CH), 4.35 (b, 2H, NH2), 7.66 (t, 2H, J = 7.2 Hz,
2H ), 7.75–7.83 (m, 3H, 3H ), 9.33 (b, 1H, NH). 13C
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. Materials and methods

.1. Synthesis of oxadiazoles

All chemicals were obtained from commercial suppliers
nd used without purification. The three 1-(2-chloroethyl)-4-
ubstituted-piperazines used for the preparation of 1f–1i were
repared according to a modified reported procedure (Modica
t al., 2001). Analytical TLC was carried out on pre-coated
lates (Merck Silica Gel 60, F254) and visualized with UV light.
lash column chromatograph was performed with silica (Merck,
30–400 mesh). NMR spectra (1H and 13C) were recorded at
98 K on the Bruker DPX300 or AMX500 Fourier Transform
pectrometer. Chemical shifts are expressed in δ (ppm), relative
o the internal standard of tetramethylsilane (TMS). Mass spec-
ra were performed on VG Micromass 7035 spectrometer under
I or ESI.

.1.1. Preparation of α-sulfonylesters (3)
Sodium benzenesulfinate 2 (0.80 g, 5 mmol) was dissolved

n DMF (30 mL) in which NBu4I (0.18 g, 0.5 mmol), KI (1.0 g,
mmol) and the �-bromoester (6 mmol) were added. The mix-

ure was stirred at room temperature for 4 h. DMF was then
emoved by freezing–drying and the residual yellow oil obtained
as purified by flash column chromatography to give 3. 3a:
ield = 98%. IR: 1747, 1327, 1153 cm−1. 1H NMR (CDCl3): δ

.70 (s, 3H, OCH3), 4.12 (s, 2H, CH2), 7.58 (t, 2H, J = 7.8 Hz,
Harom), 7.69 (t, 1H, J = 7.8 Hz, Harom), 7.94 (d, 2H, J = 7.8 Hz,
Harom). 13C NMR (CDCl3): δ 52.9, 60.7, 128.4, 129.1, 134.2,
38.6, 162.7. 3b: Yield = 97%. IR: 1741, 1323, 1149 cm−1.
H NMR (CDCl3): δ 1.56 (d, 3H, J = 7.2 Hz, CH3-3), 3.68
arom arom
MR (DMSO-d6): δ 11.9, 62.9, 128.8, 129.0, 134.0, 136.8,
63.6. HRMS (EI) calcd. for C9H12N2O3S, 228.0569; found,
28.0570. 4c: Yield = 90%. 1H NMR (DMSO-d6): δ 0.78 (t,
H, J = 7.2 Hz, CH3), 1.68–1.79 (m, 2H, CH2), 3.34 (b, 2H,
H2), 3.83 (dd, 1H, J = 6.0, 9.0 Hz, CH), 7.64 (t, 2H, J = 7.5 Hz,
Harom), 7.74–7.81 (m, 3H, 2Harom), 9.40 (b, 1H, NH). 13C
MR (DMSO-d6): δ 10.9, 19.9, 69.5, 128.8, 129.0, 134.0, 137.2,
62.9. HRMS (EI) calcd. for C10H14N2O3S, 242.0725; found,
42.0726.

.1.3. Preparation of 5-(1-benzenesulfonyl-alkyl)-3H-
1,3,4]-oxadiazole-2-thione (5)

Carbon disulfide (0.38 g, 5 mmol) and potassium hydroxide
86 mg, 1 mmol) were added to a solution of 4 (1 mmol) in
thanol (10 mL) at 0 ◦C. The mixture was then refluxed for 12 h.
he solvent was evaporated and the residue obtained was dis-
olved in water and acidified with dilute HCl. 5 precipitated from
he solution was pure enough to be used in the next step of the
eaction. 5a: Yield = 86%. IR: 1610, 1338, 1229, 1150 cm−1. 1H
MR (CD3OD): δ4.82 (s, 2H, CH2), 7.62–7.68 (m, 2H, 2Harom),
.75–7.79 (m, 1H, Harom), 7.90 (d, 2H, J = 7.8 Hz, 2Harom).
3C NMR (DMSO-d6): δ 51.6, 128.0, 129.5, 134.6, 137.6,
54.2, 178.0. HRMS (ESI, M + H) calcd. for C9H9N2O3S2,
57.0055; found, 257.0054. 5b: Yield = 80%. IR: 1606, 1363,
241, 1165 cm−1. 1H NMR (CDCl3): δ 1.75 (d, 3H, J = 7.2 Hz,
H3), 4.41 (q, 1H, J = 7.2 Hz, CH), 7.59–7.64 (m, 2H, 2Harom),
.71–7.76 (m, 1H, Harom), 7.83 (d, 2H, J = 7.5 Hz, 2Harom). 13C
MR (DMSO-d6): δ 11.0, 57.0, 128.7, 129.5, 134.9, 135.7,
57.4, 177.8. HRMS (ESI, M + H) calcd. for C10H11N2O3S2,
71.0211; found, 271.0219. 5c: Yield = 84%. IR: 1604, 1332,
202, 1153 cm−1. 1H NMR (CDCl3): δ 1.01 (t, 3H, J = 7.2 Hz,
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CH3), 2.06–2.22 (m, 1H, CH2), 2.28–2.39 (m, 1H, CH2), 4.32
(dd, 1H, J = 3.9 Hz, 11.4 Hz, CH), 7.58–7.63 (m, 2H, 2Harom),
7.71–7.76 (m, 1H, Harom), 7.83 (d, 2H, J = 7.5 Hz, 2Harom). 13C
NMR (DMSO-d6): δ 10.5, 19.5, 62.5, 128.6, 129.5, 134.8, 136.1,
156.5, 178.0. HRMS (EI) calcd. for C11H12N2O3S2, 284.0289;
found, 284.0297.

2.1.4. Preparation of substituted 2-benzenesulfonylalkyl-5-
substituted-sulfanyl-[1,3,4]-oxadiazoles (1a–1e)

Potassium carbonate (83 mg, 0.6 mmol) was added to a
solution of 5 in anhydrous THF (10 mL). The mixture was
stirred at room temperature for 1 h. The corresponding halide
(0.6 mmol) was then added and the mixture was stirred for
an additional 24 h. The solvent was removed and the residue
obtained was purified by flash column chromatography (20%
EtOAc in hexane) to give 1. 1a: Yield = 62%. 1H NMR (CDCl3):
δ0.89–1.01 (m, 6H, 2CH3), 1.35–1.45 (m, 4H, 2CH2), 1.73–1.83
(m, 2H, CH2), 2.11–2.26 (m, 1H, CH2), 2.33–2.45 (m, 1H,
CH2), 3.21 (t, J = 7.2 Hz, 2H, SCH2), 4.39–4.44 (dd, 1H, J = 3.9,
11.4 Hz, CHSO2), 7.51–7.56 (m, 2H, 2Harom), 7.64–7.72 (m,
3H, 3Harom). 13C NMR (CDCl3): δ 11.3, 13.7, 20.2, 22.0,
28.7, 30.5, 32.4, 64.6, 128.9, 129.2, 134.5, 136.2, 160.7, 166.6.
HRMS (ESI, M + H) calcd. for C16H23N2O3S2, 355.1150;
found, 355.1150. 1b: Yield = 70%. 1H NMR (CDCl3): δ 0.96 (t,
3H, J = 7.2 Hz, CH3), 1.41–1.53 (m, 2H, CH2), 1.71–1.81 (m,
5H, CH and CH ), 3.22 (t, J = 7.2 Hz, 2H, SCH ), 4.56–4.64 (q,
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and NBu4I (0.22 g, 0.6 mmol) were then added and the mix-
ture was refluxed for a further 24 h. The solvent was removed
and the residue obtained was purified by flash column chro-
matography (20% EtOAc in hexane) to give 1. 1f: Yield = 60%.
1H NMR (CDCl3): δ 0.97 (t, 3H, J = 7.3 Hz, CH3), 2.11–2.25
(m, 1H, CH2), 2.31–2.40 (m, 1H, CH2), 2.68–2.70 (t, 4H,
J = 4.8 Hz, 2NCH2 of piperazine), 2.85–2.89 (t, 2H, J = 6.9 Hz,
NCH2), 3.46–3.50 (t, 2H, J = 6.9 Hz, SCH2), 3.58–3.61 (t, 4H,
J = 4.9 Hz, 2NCH2 of piperazine), 4.39–4.44 (dd, 1H, J = 3.9,
11.4 Hz, CHSO2), 6.61–6.66 (m, 2H, Hpyridine), 7.45–7.56 (m,
3H, Harom), 7.65–7.70 (m, 3H, 2Harom and Hpyridine), 8.17 (d,
1H, J = 1.1 Hz, Hpyridine). 13C NMR (CDCl3): δ 11.4, 20.5,
29.9, 44.9, 52.5, 56.3, 64.7, 107.2, 113.5, 129.1, 129.3, 134.5,
136.4, 137.7, 147.7, 159.1, 160.9, 166.7. HRMS (EI) calcd. for
C22H27N5O3S2, 473.1555; found, 473.1549. 1g: Yield = 57%.
1H NMR (CDCl3): δ 0.97 (t, 3H, J = 7.2 Hz, CH3), 2.11–2.24
(m, 1H, CH2), 2.31–2.42 (m, 1H, CH2), 2.58 (t, 4H, J = 5.1 Hz,
2NCH2 of piperazine), 2.81 (t, 2H, J = 6.9 Hz, NCH2), 3.44 (t,
2H, J = 6.9 Hz, SCH2), 3.83 (t, 4H, J = 4.8 Hz, 2NCH2 of piper-
azine), 4.39–4.44 (dd, 1H, J = 3.9, 11.4 Hz, CHSO2), 6.48 (t, 1H,
J = 4.8 Hz, Hpyrimidine), 7.50–7.55 (m, 2H, 2Harom), 7.64–7.73
(m, 3H, 3Harom), 8.29 (d, 2H, J = 4.8 Hz, 2Hpyrimidine). 13C
NMR (CDCl3): δ 11.3, 20.3, 30.1, 43.4, 52.6, 56.2, 64.6, 109.9,
129.0, 129.1, 134.5, 136.2, 157.6, 160.8, 161.5, 166.8. HRMS
(EI) calcd. for C21H26N6O3S2, 474.1508; found, 474.1506. 1h:
Yield = 65%. 1H NMR (CDCl ): δ 2.55–2.58 (t, 4H, J = 5.2 Hz,
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H, J = 7.2 Hz, CHSO2), 7.52–7.57 (m, 2H, 2Harom), 7.66–7.75
m, 3H, 3Harom). 13C NMR (CDCl3): δ 12.0, 13.3, 21.6, 31.0,
2.1, 57.9, 129.1, 129.2, 134.5, 135.7, 161.5, 166.6. HRMS
EI) calcd. for C14H18N2O3S2, 326.0759; found, 326.0759.
c: Yield = 77%. 1H NMR (CDCl3): δ 4.62 (s, 2H, CH2CO),
.86 (s, 2H, CH2SO2), 7.50 (d, 2H, J = 8.4 Hz, 2Harom),
.56–7.61 (m, 2H, 2Harom), 7.69–7.73 (m, 1H, Harom), 7.83
d, 2H, J = 8.4 Hz, 2Harom), 7.96 (d, 2H, J = 9.0 Hz, 2Harom).
3C NMR (CDCl3): δ 41.1, 52.8, 128.3, 129.3, 129.5, 129.8,
33.0, 134.7, 137.3, 140.9, 157.9, 165.9, 190.4. HRMS (EI)
alcd. for C17H13ClN2O4S2, 408.0005; found, 408.0006. 1d:
ield = 72%. 1H NMR (CDCl3): δ 3.79 (s, 3H, OCH3), 4.05 (s,
H, SCH2), 4.62 (s, 2H, CH2SO2), 7.55–7.60 (m, 2H, 2Harom),
.68–7.73 (m, 1H, Harom), 7.82 (d, 2H, J = 7.5 Hz, 2Harom). 13C
MR (CDCl3): δ 33.9, 52.8, 53.1, 128.3, 129.4, 134.7, 137.2,
57.9, 165.3, 167.5. HRMS (EI) calcd. for C12H12N2O5S2,
28.0188; found, 328.0188. 1e: Yield = 74%. 1H NMR (CDCl3):
0.95 (t, 3H, J = 7.2 Hz, CH3), 1.41–1.53 (m, 2H, CH2),

.71–1.80 (m, 2H, CH2), 3.22 (t, J = 7.2 Hz, 2H, SCH2), 4.62 (s,
H, CH2SO2), 7.55–7.59 (m, 2H, 2Harom), 7.68–7.73 (m, 1H,
arom), 7.83 (d, 2H, J = 7.5 Hz, 2Harom). 13C NMR (CDCl3): δ

3.3, 21.6, 31.0, 32.1, 52.8, 128.4, 129.4, 134.7, 140.1, 157.4,
67.0. HRMS (EI) calcd. for C13H16N2O3S2, 312.0602; found,
12.0598.

.1.5. Preparation of substituted
-[2-(5-benzenesulfonylalkyl-[1,3,4]-oxadiazol-
-ylsulfanyl)-ethyl]-4-substituted-piperazine (1f–1i)

Potassium carbonate (83 mg, 0.6 mmol) was added to a solu-
ion of 5 in anhydrous THF (10 mL). The mixture was stirred at
oom temperature for 1 h. The corresponding halide (0.6 mmol)
3
NCH2 of piperazine), 2.73–2.78 (t, 2H, J = 6.8 Hz, NCH2),
.36–3.41 (t, 2H, J = 6.8 Hz, SCH2), 3.48–3.51 (t, 4H, 2NCH2),
.61 (s, 2H, SCH2), 6.55–6.61 (m, 2H, Hpyridine), 7.45–7.39 (m,
H, 1Harom), 7.51–7.54 (m, 2H, 2Harom), 7.61–7.67 (m, 1H,
Harom), 7.77–7.81 (m, 2H, 1Harom + 1Hpyridine), 8.12 (d, 1H,
= 0.8 Hz, 1Hpyridine). 13C NMR (CDCl3): δ 30.1, 44.8, 52.3,
2.5, 56.0, 106.8, 113.1, 128.2, 129.3, 134.5, 137.2, 147.6,
57.3, 159.1, 166.9. HRMS (EI) calcd. for C20H23N5O3S2,
45.1242; found, 445.1228. 1i: Yield = 62%. 1H NMR (CDCl3):
0.95 (t, 3H, J = 7.2 Hz, CH3), 2.07–2.22 (m, 1H, CH2),

.29–2.41 (m, 1H, CH2), 2.70 (s, 4H, 2NCH2 of piperazine),

.84 (t, 2H, J = 6.9 Hz, NCH2), 3.06 (s, 4H, 2NCH2 of piper-
zine), 3.41 (t, 2H, J = 6.9 Hz, SCH2), 3.82 (s, 3H, OCH3),
.38–4.43 (dd, 1H, J = 3.9, 10.8 Hz, CHSO2), 6.81–6.97 (m,
H, 4Harom), 7.50–7.55 (m, 2H, 2Harom), 7.63–7.73 (m, 3H,
Harom). 13C NMR (CDCl3): δ 11.3, 20.3, 30.2, 50.4, 52.9,
5.3, 56.2, 64.6, 111.2, 118.1, 120.9, 122.8, 129.0, 129.2,
34.5, 136.2, 141.1, 154.2, 160.8, 166.9. HRMS (EI) calcd. for
24H30N4O4S2, 502.1708; found, 502.1707.

.2. Reagents for cell culture and quantification of
lbumin, viral DNA, transcripts and antigens

Dulbeccco’s modified Eagle medium (DMEM) and
418 were purchased from Sigma (St. Louis, MO, USA).
ll other cell culture reagents were obtained from Gibco

Grandisland, NY, USA). 3-(4,5-Dimethylthiazol-2-yl)-5-
3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium/
henazine ethosulfate (MTS/PES) reagent (supplied as Cell
iter 96 Aqueous One Solution Cell Proliferation Assay)
nd the AMV reverse transcriptase were purchased from
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Promega (Madison, WI, USA) and QIAamp DNA Blood
Mini Kit was from Qiagen (Hilden, Germany). DNase I
was purchased from Invitrogen (Carlsbad, CA, USA). The
Murex HBsAg Version 3 Kit and Murex HBeAg Version 3
Kit were obtained from Murex Biotech Limited (Dartford,
UK). Affinity-purified HBsAg and recombinant HBeAg were
from Chemicon International (Temecula, CA, USA). TaqMan
Universal PCR Mastermix and SYBR green PCR Mastermix
were obtained from Applied Biosystems (Foster City, CA,
USA). Biotin-16-dUTP and fluorescein-12-dUTP were pur-
chased from Roche (Mannheim, Germany). Primers and probes
for real-time PCR were synthesized by Proligo (Singapore).
PeliCheck HBV-DNA-99 reference panel was purchased from
VQC International (Alkmaar, The Netherlands). Lamivudine
(3TC) was bought from Moravek Biochemicals (Brea, CA,
USA). Human Albumin ELISA Quantitation Kit was purchase
from Bethyl Laboratories, Montgomery, TX, USA.

2.3. Cell culture

The 2.2.15 human liver cells were maintained in DMEM, sup-
plemented with 10% fetal bovine serum, 100 U/mL penicillin,
100 �g/mL streptomycin, 2 mM glutamine, 1 mM sodium pyru-
vate, 0.1 mM MEM non-essential amino acids and 150 �g/mL
G418 at 37 ◦C under 5% CO2.
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HBV DNA was extracted from 100 �L of medium following the
protocol described by the manufacturer. The DNA was eluted
with 50 �L nuclease-free water and the quantitation was carried
out as previously described using real-time PCR (Li et al., 2004).

To assess the effect of compound li on HBV replication in
2.2.15 cells, intracellular core-associated HBV DNA was also
extracted and quantified. This was carried out using a previ-
ously described method with some modifications (Nakazono et
al., 1996; Li et al., 2004). Cells were seeded in 6-well plate
at the plating density of 1 × 106 and allowed to recover for
24 h. Culture medium was replaced by assay medium containing
40 �M of the compound li or 0.2% DMSO. Assay medium was
removed and fresh assay medium was added every 24 h. Five
days after the initial treatment, treated and control cells were
washed twice and lysed in 20 mmol/L Tris (pH 7.5), 100 mmol/L
NaCl, 0.5% Nonidet P40, 1 mmol/L EDTA. The lysate was cen-
trifuged at 50,000 × g for 45 min at 20 ◦C. The supernatant was
collected and incubated with 10 U/mL DNase I for 30 min to
digest non-core-associated DNA. The solution was layered on
a 30% sucrose cushion and centrifuged at 178,000 × g for 3 h
at 20 ◦C. The pellet (core-particles) was suspended in 200 �L
nuclease-free water. HBV DNA was extracted using QIAamp
DNA Blood Mini Kit and quantified by real-time PCR as previ-
ously described (Li et al., 2004).

2.7. Detection of viral transcripts
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.4. Cell viability assay

Cells were seeded in 96-well plate at the plating density of
× 104 in triplicates and allowed to recover for 24 h. Culture
edium was replaced by assay medium containing the com-

ound to be tested. All compounds used in this study were dis-
olved in dimethyl sulfoxide (DMSO) and controls were grown
n medium containing 0.2% DMSO. The assay medium was
hanged every 24 h. After incubation for 2–5 days, MTS/PES
eagent was added to each well. The absorbance at 490 nm was
easured after incubation at 37 ◦C for 1 h.

.5. Quantitative assay of HBsAg and HBeAg

Cells were seeded in 24-well plate at the plating density
f 2 × 105 in triplicates and allowed to recover for 24 h. Cul-
ure medium was replaced by assay medium containing the
ompound that is being tested or 3TC. The assay medium
as collected every 24 h and fresh assay medium was added.
he amount of HBV-s antigen (HBsAg) or e antigen (HBeAg)
ecreted into the assay medium was determined using the Murex
BsAg Version 3 Kit or Murex HBeAg Version 3 Kit with

he protocol described in the manufacturer’s manual. Affinity-
urified HBsAg and recombinant HBeAg were used to generate
he standard curves. Results were expressed as percent of that
bserved for untreated cells which was considered as 100%.

.6. HBV viral DNA quantitation

Extraction of HBV DNA from the medium of 2.2.15 cell
ultures was performed using QIAamp DNA Blood Mini Kit.
Total RNA was extracted from the cells using the RNeasy
ini Kit. The extraction was carried out according to the man-

facturer’s instructions.
In order to quantify the changes in transcript levels, reverse

ranscription followed by real-time PCR was carried out. Three
ets of primers were used for reverse transcription–real-time
CR for viral transcripts. The primers had been previously
escribed and were designed to transcribe and amplify the 3.5-
bp transcripts, or both the 3.5-kbp transcripts and the 2.4 kbp
ranscripts or all viral transcripts which include the 3.5, 2.4 and
.1-kbp transcripts (Li et al., 2004).

The isolated RNA was first subjected to reverse transcrip-
ion. A typical 25 �L reverse transcription reaction contained
.5 �g of RNA, 0.1 mM dNTPs, 0.5 �M of the reverse gene-
pecific primers, 0.5 mM of MgSO4 and 0.05 U/�L of AMV
everse transcriptase. The reverse transcription was carried out at
2 ◦C for 90 min. Five microliters of suitably diluted cDNA was
hen mixed with 900 nM of each corresponding PCR primers,
2.5 �L SYBR green PCR Mastermix in a total volume of
5 �L. The reaction mixture was first incubated at 50 ◦C for
min and 95 ◦C for 10 min. Following this, the PCR reaction
as performed at 95 ◦C for 15 s and 60 ◦C for 1 min for 45

ycles. The levels of PCR products were examined with an ABI
RISM 7000 sequencing detection system and analyzed with
BI PRISM 7000SDS software (Applied Biosystems). Cycle
umbers were determined at a reading of 0.2 fluorescence unit.
o determine the relative quantity of HBV RNA transcripts,
ycle numbers were normalized to that of GAPDH. The relative
mount of each mRNA to GAPDH RNA was described using the
quation—2−�CT, where �CT = CTRNA − CTGAPDH. Relative
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gene expression was multiplied by 103 in order to simplify the
presentation of the data.

2.8. Quantitation of albumin in culture medium

Albumin secreted by control and treated 2.2.15 cells was
determined by using the Human Albumin ELISA Quantitation
Kit. The determination was carried out according to the protocol
described by the manufacturer.

3. Results

3.1. Synthesis of compounds

The general strategy employed in our synthesis is illus-
trated in Fig. 1. �-Sulfonylesters 3 were obtained in quanti-
tative yields via the sulfinate → sulfone alkylation of sodium
benzenesulfinate 2 with different �-bromoesters in the pres-
ence of KI/NBu4I. 3 was subsequently treated with hydrazine
hydrate under refluxing conditions for 16 h to give �-
sulfonylcarboxylic hydrazides 4 in 87–92% yields. Reaction
of 4 with CS2/KOH in refluxing ethanol afforded the cor-
responding substituted 5-benzenesulfonylmethyl-3H-[1,3,4]-
oxadiazole-2-thiones 5 (Polański et al., 2000) which were sub-
sequently alkylated with various bromo- or iodo-substituted
r
g
5
s
d
w
d
s
i

3

t
A

Table 1
Cytotoxicity and HBsAg expression in 2.2.15 cells after treatment with com-
pounds 1a–1i and 5a–5c for 2 days

Codea R1 R2 CC50
b (�M) HBsAgc

(%)

1a CH2CH3 CH2CH2CH2CH2CH3 >1.5 118.1
1b CH3 CH2CH2CH2CH3 >1.5 109.0

1c H >1.5 157.4

1d H >1.5 110.7

1e H CH2CH2CH2CH3 >1.5 148.6

1f CH2CH3 >20 97.8

1g CH2CH3 >10 86.8

1h H >40 105.4

1i CH2CH3 >40 63.7

5a H – >7.5 108.5
5b CH3 – >7.5 103.4
5c CH2CH3 – >7.5 106.7

a Purities of >95% as evaluated by NMR.
b Compounds were dissolved in DMSO. The 50% cytotoxic concentration

(CC50) is greater than highest concentration tested.
c HBsAg levels are expressed as a percentage of HBsAg concentration of the

control. Control cells were grown in medium containing 0.2% DMSO.

compounds 5a–5c, >20 �M for compound 1f and >10 �M for
compound 1g, significant cytotoxicity was observed. In addition,
treatment with compounds 1h and 1i at concentrations up to
40 �M also did not result in any adverse effect on cell growth
and viability (Table 1).

3.3. Inhibition of viral-s antigen production

The 2.2.15 cell line has an integrated HBV genome and is
capable of producing viral particles, HBeAg, as well as spheri-

thyl-5
eagents in the presence of K2CO3 at room temperature to
ive the required compounds 1a–1e. Attempts to alkylate

with 1-(2-chloroethyl)-4-substituted-piperazines using the
ame alkylating condition as the bromo- and iodo-reagents
id not provide the desired product. However, when NBu4I
as introduced and refluxing condition was applied, the
esired 1-[2-(5-benzenesulfonylpropyl-[1,3,4]-oxadiazol-2-yl-
ulfanyl)-ethyl]-4-substituted-piperazines, 1f–1i, were obtained
n 57–65% yield.

.2. Cytotoxicity analysis

In this study, the cytotoxicity assays were carried out using
he 2.2.15 cell line. Initial treatments were carried out for 2 days.
t concentrations >1.5 �M for compounds 1a–1e, >7.5 �M for

Fig. 1. Synthesis of 2-benzenesulfonylme
 -substituted-sulfanyl-[1,3,4]-oxadiazoles.
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cal and tubular particles comprising of only HBsAg without any
virus DNA (Sells et al., 1987). Initial analysis following treat-
ment for 2 days showed that none of the compounds tested had
an effect on the production of HBsAg except 1i which was effec-
tive in reducing HBsAg production (Table 1). Thus, all further
experiments were carried out with compound 1i.

3.4. Inhibition of viral antigens and virion production by 1i

Subsequent analysis showed that treatment with 1–40 �M
of compound 1i led to significant inhibition of virion secreted
after 3 days of treatment (Fig. 2A). Reduction of viral DNA
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n

Table 2
Expression of viral transcripts after treatment with 40 �M of compound 1i for
5 days

Viral transcripts Relative gene expression (×103)

Control Treatment p-Value

2.1, 2.4 and 3.5-kbp transcripts 309 ± 25.6 310 ± 52.8 0.98
2.4 and 3.5-kbp transcripts 70.6 ± 13.4 67.7 ± 14.3 0.80
3.5-kbp transcripts 0.70 ± 0.05 0.83 ± 0.16 0.24

The control cells were grown in medium containing 0.2% dimethyl sulfoxide
while the treated cells were grown in medium containing 40 mM of 1i. Total RNA
was isolated from the control and treated cells. This was followed by reverse
transcription–real-time PCR to quantify the expression of HBV RNAs. Data
shown represent the mean ± S.D. (n = 3). All data points were not significantly
different from the corresponding controls as determined by ANOVA analysis.

content in the medium was evident following treatment with
1 �M and a maximal reduction of 55.2 ± 9.7% was observed
at 40 �M. Further reductions in viral DNA in the medium
(EC50 = 1.63 �M) were observed after 5 days of treatment. Cor-
responding reductions in the viral antigens, HBsAg and HBeAg
were also observed (Fig. 2B and C). The nucleoside analog, 3TC
was used as a positive control and an EC50 value of 2.96 �M was
obtained after 5 days of treatment (Fig. 2A). Both 1i and 3TC did
not affect cell viability. After 5 days of treatment, viability of the
treated cells at the highest concentration used was comparable
to the control cells (>90% of control).

No significant differences were observed for albumin
secreted by control (2.88 ± 0.12 �g/mL) and treated cells
(2.69 ± 0.17 �g/mL), following treatment with 40 �M of 1i for
5 days. In contrast, viral antigens HBsAg and HBeAg were sig-
nificantly reduced although there were no significant changes
in the four HBV transcripts after the 5-day treatment period
(Table 2). Viral DNA was also reduced by >80% in the medium
(Fig. 2A). Intracellular encapsidated HBV DNA was determine
and was also found to be reduced from 9.9 ± 1.1 × 107 copies
per well for the control to 4.6 ± 0.9 × 107 copies per well for
the treated cells.
ig. 2. Analysis of (A) HBV DNA, (B) HBsAg and (C) HBeAg levels in the
ulture medium of 2.2.15 cells. (A) HBV DNA levels were determined after
ells were treated with 3TC for 5 days (triangle symbols) or with compound 1i
or 3 days (round symbols) or 5 days (square symbols). (B and C) HBsAg and
BeAg levels in the culture medium were determined after cells were treated

or 5 days with compound 1i. The HBsAg concentration in the control was
.1 ± 0.1 ng/well while that for HBeAg was 163.3 ± 6.0 ng/well. These were set
s 100% for HBsAg and HBeAg, respectively. The control cells for 3TC treat-
ent were untreated and grown in culture medium while the control cells for

ompound 1i treatment were grown in medium containing 0.2% dimethyl sul-
oxide. Data shown represent the mean ± S.D. (n = 3). All data points were sig-
ificantly different from the corresponding controls (p < 0.05, ANOVA analysis).

4. Discussion
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To date, the treatment for chronic hepatitis B infection is
ased on suppression of viral replication (Ferenci, 2004). This
s achieved through the use of either interferon-� or nucleoside
nalogs. Interferon-� acts as an immunomodulatory agent while
ucleoside analogs or their metabolites function as inhibitors of
he viral reverse transcriptase/polymerase. The first nucleoside
nalog that was licensed for chronic hepatitis B treatment was
TC. Although this has good clinical efficacy, the emergence
f 3TC-resistant virus has led to the need for new drugs for
reating chronic hepatitis B (Fischer et al., 2001). Emergence
f resistance to the newer nucleosidic antivirals, adefovir and
ntecavir, has also been reported (Angus et al., 2003; Villeneuve
t al., 2003; Fung et al., 2005; Tenney et al., 2004).

Current approaches to the development of therapy for HBV
nfection are centered mainly on nucleoside analogs which target
he HBV reverse transcriptase/polymerase (Ying et al., 2003).
his may be due to the successful use of nucleoside analogs
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as inhibitors of viral reverse transcriptases including that of the
human immunodeficiency virus (HIV) (Ying et al., 2003). As
mentioned above, one major problem with the use of nucleo-
side analogs as therapeutic agents is the emergence of resistant
viruses. However, it is possible that when used in combination, a
series of different nucleoside analogs may prove to be effective
therapy for chronic hepatitis B (Ferenci, 2004).

Various non-nucleoside analogs such as phenylpropenamide
derivatives (King et al., 1998; Delaney et al., 2002; Perni et al.,
2000), iminosugars (Lu et al., 1997; Block et al., 1998; Mehta
et al., 2001) and a class of heteroarylpyrimidines (Weber et al.,
2002; Deres et al., 2003; Stray et al., 2005) have all been shown
to be selective inhibitors of hepatitis B virus replication. These
inhibitors do not target HBV reverse transcriptase but work by
preventing the encapsidation of viral pregenomic RNA (King
et al., 1998), or the secretion of viruses (Mehta et al., 2001),
or the assembly of the capsid (Deres et al., 2003; Stray et al.,
2005).

In this study, we present the synthesis of a series
of 2-benzenesulfonylalkyl-5-substituted-sulfanyl-[1,3,4]-oxa-
diazoles and examine their anti-HBV activity. Among the oxadi-
zoles, compound 1i showed the most promising antiviral activity
with no cytotoxic effects. Treatment with compound 1i did not
lead to changes in the expression of viral transcripts but there
was significant reduction in the amount of virus secreted by the

1988. Structural analysis of a series of antiviral agents complexed with
human rhinovirus 14. Proc. Natl. Acad. Sci. U.S.A. 85, 3304–3308.

Block, T.M., Lu, X., Mehta, A.S., Blumberg, B.S., Tennant, B., Ebling, M.,
Korba, B., Lansky, D.M., Jacob, G.S., Dwek, R.A., 1998. Treatment of
chronic hepadnavirus infection in a woodchuck animal model with an
inhibitor of protein folding and trafficking. Nat. Med. 4, 610–614.

Chimirri, A., Grasso, S., Montforte, A.M., Rao, A., Zappala, M., 1996. Syn-
thesis and antitumor activity evaluation of �2-1,2,4-oxadiazoline deriva-
tives. Farmaco 51, 125–129.

Delaney 4th, W.E., Edwards, R., Colledge, D., Shaw, T., Furman, P., Painter,
G., Locarnini, S., 2002. Phenylpropenamide derivatives AT-61 and AT-
130 inhibit replication of wild-type and lamivudine-resistant strains of
hepatitis B virus in vitro. Antimicrob. Agents Chemother. 46, 3057–3060.

Deres, K., Schroder, C.H., Paessens, A., Goldmann, S., Hacker, H.J., Weber,
O., Kramer, T., Niewohner, U., Pleiss, U., Stoltefuss, J., Graef, E.,
Koletzki, D., Masantschek, R.N., Reimann, A., Jaeger, R., Gross, R.,
Beckermann, B., Schlemmer, K.H., Haebich, D., Rubsamen-Waigmann,
H., 2003. Inhibition of hepatitis B virus replication by drug-induced deple-
tion of nucleocapsids. Science 299, 893–896.

Diana, G.D., Volkots, D.L., Nitz, T.J., Bailey, T.R., Long, M.A., Vescio,
N., Aldous, S., Pevear, D.C., Dutko, F.J., 1994. Oxadiazoles as ester
bioisosteric replacements in compounds related to disoxaril. Antirhi-
novirus activity. J. Med. Chem. 37, 2421–2436.

El-Emam, A.A., Al-Deeb, O.A., Al-Omar, M., Lehmann, J., 2004. Synthe-
sis, antimicrobial, and anti-HIV-1 activity of certain 5-(1-adamantyl)-
2-substituted thio-1,3,4-oxadiazoles and 5-(1-adamantyl)-3-substituted
aminomethyl-1,3,4-oxadiazoline-2-thiones. Bioorg. Med. Chem. 12,
5107–5113.

Fattovich, G., Brollo, L., Alberti, A., Pontisso, P., Giustina, G., Realdi, G.,
1998. Long-term follow-up of anti-Hbe positive chronic active hepatitis
B. Hepatology 8, 1651–1654.
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erenci, P., 2004. Treatment of chronic viral hepatitis. Best Pract. Res. Clin.
Gastroenterol. 18 (Suppl.), 113–120.

ischer, K.P., Gutfreund, K.S., Tyrell, D.L., 2001. Lamivudine resistance in
hepatitis B: mechanisms and clinical implications. Drug Resist., 118–128
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ox, M.P., Otto, M.J., McKinlay, M.A., 1986. Prevention of rhinovirus and
poliovirus uncoating by WIN 51711, a new antiviral drug. Antimicrob.
Agents Chemother. 30, 110–116.

ung, S., Andreone, P., Han, S., Rajender, R., Regev, A., Keeffe, E., Hussain,
M., Cursaro, C., Richtmyer, P., Marrero, J., Lok, A., 2005. Adefovir-
resistant hepatitis B can be associated with viral rebound and hepatic
decompensation. J. Hepatol. 43, 937–943.

ing, R.W., Ladner, S.K., Miller, T.J., Zaifert, K., Perni, R.B., Conway,
S.C., Otto, M.J., 1998. Inhibition of human hepatitis B virus replication
by AT-61, a phenylpropenamide derivative, alone and in combination with
(−)beta-l-2′,3′-dideoxy-3′-thiacytidine. Antimicrob. Agents Chemother.
42, 3179–3186.

i, Y., Wasser, S., Lim, S., Tan, T.M.C., 2004. Genome-wide expression
profiling of RNA interference of hepatitis B virus gene expression and
replication. Cell Mol. Life Sci. 61, 2113–2124.

in, K.W., Kirchner, J.T., 2004. Hepatitis B. Am. Fam. Phys. 69, 75–82.
u, X., Mehta, A., Dadmarz, M., Dwek, R., Blumberg, B.S., Block, T.M.,

1997. Aberrant trafficking of hepatitis B virus glycoproteins in cells in
which N-glycan processing is inhibited. Proc. Natl. Acad. Sci. U.S.A. 94,
2380–2385.

uthman, K., Borg, S., Hacksell, U., 1999. Synthesis and use of pseudopep-
tides derived from 1,2,4-cxadiazole-, 1,3,4-cxadiazole- and 1,2,4-triazole-
based dipeptidomimetics. Methods Mol. Med. 23, 1–23.

atsumoto, J., Takahashi, T., Agata, M., Toyofuku, H., Sasada, N., 1994.
A study of the biological pharmacology of IFO, a new selective and
reversible monoamine oxidase-B inhibitor. Jpn. J. Pharmacol. 65, 51–57.

ehta, A., Carrouee, S., Conyers, B., Jordan, R., Butters, T., Dwek, R.A.,
Block, T.M., 2001. Inhibition of hepatitis B virus DNA replication by
imino sugars without the inhibition of the DNA polymerase: therapeutic
implications. Hepatology 33, 1488–1495.
cells as well as the amount of intracellular virion particles sug-
gesting that there is an overall inhibition of virion replication.
The reduced virion production also corresponded with markedly
reduced levels of the HBV antigens; namely HBsAg and HBeAg.
In contrast, the production and secretion of albumin by the 2.2.15
cells were not affected. Inhibition of virion production by com-
pound 1i was comparable to that of the nucleoside analog 3TC
with EC50 values of 1.63 and 2.96 �M, respectively. Having
observed no changes in the expression of viral transcripts, it
is evident that transcription was not affected by compound 1i.
Thus, compound 1i is likely to affect events downstream of tran-
scription in the viral replication process. Further investigation is
necessary to fully evaluate and to understand the mechanism of
action of oxadiazoles as anti-HBV agents.
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