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a b s t r a c t

A panel of new drugs obtained by grafting a sulfurated moiety, i.e. 5-(4-hydroxyphenyl)-3H-1,2-dithiole-
3-thione (ADTOH) onto existing drugs have been synthesized and their in vivo action is under preclinical
evaluation. In the present paper we describe rapid HPLC methods to detect ADTOH derivatives of valproic
acid (ACS2), sildenafil (ACS6), aspirin (ACS14) and diclofenac (ACS15) in plasma. These methods allow
the simultaneous detection of the potential drugs and of ADTOH moiety. In the case of ACS14 the de-
acetylated metabolite (ACS21) can also be concomitantly measured. The chromatographic separation was
performed on a C18 column, applying a mobile phase consisting of a mixture of trifluoroacetic acid and
acetonitrile. ADTOH, ACS6, ACS14, ACS21 were separated isocratically whereas ACS2 and ACS15 were
alproic acid

ildenafil
spirin

separated applying gradient elution. The methods are precise and accurate, with a low quantification
limit of 200 nM for ACS2, ACS15 and ACS21 or 100 nM for ADTOH, ACS6 and ACS14. The mean absolute
recovery for all tested molecules was always found to be close to 100%. The methods are shown to be
selective and linear in the range 0.2–50 �M and thus appear suitable for pharmacokinetic studies with
ADTOH containing compounds, as indicated by exemplificative experiments performed with intravenous
administration of the drugs to rats.
. Introduction

Hydrogen sulfide (H2S) is increasingly being recognized as a
undamental signaling molecule. It may modulate several physi-
logical processes in the body including vasorelaxation, as does
itric oxide, another “gasotransmitter” [1,2]. H2S was found to
ediate the vasoactivity of garlic [3] and to attenuate myocar-

ial ischemia–reperfusion injury by preservation of mitochondrial
unction in rats [4]. In addition, recent results have shown that

2S and H2S-releasing molecules are able to enhance intracellu-
ar antioxidant burden by means of several mechanisms, including
lutathione increase and induction of the antioxidant and tissue

rotective protein heme oxygenase-1 [5–7].

The emerging data on the biological effects of H2S have stimu-
ated the development of sulfide-based therapeutics by means of

2S-releasing compounds (sulfide donors) [8]. With this general

Abbreviations: ADTOH, 5-(4-hydroxyphenyl)-3H-1,2-dithiole-3-thione; ACN,
cetonitrile; LLOQ, lower limit of quantification; TFA, trifluoroacetic acid; QC, quality
ontrols; RE, relative error; RSD, relative standard deviation.
∗ Corresponding author. Tel.: +39 0577 234198; fax: +39 0577 234476.

E-mail addresses: giustarini@unisi.it (D. Giustarini), elena.perrino@fastwebnet.it
E. Perrino), valerio tazzari@msn.com (V. Tazzari), ranieri@unisi.it (R. Rossi).

570-0232/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jchromb.2009.11.047
© 2009 Elsevier B.V. All rights reserved.

approach in mind, new drugs obtained by grafting a sulfurated moi-
ety, i.e. 5-(4-hydroxyphenyl)-3H-1,2-dithiole-3-thione (ADTOH)
onto existing drugs have been synthesized (Fig. 1) and their in
vivo action is under preclinical evaluation. ADTOH is known to
be the main metabolite of anethole trithione (ADT, Sulfarlem®),
a commercial drug used for its hepatoprotective properties and
for the treatment of drug- and radiation-induced xerostomia, but
also known to be endowed with cancer chemopreventive activity
[9–11].

The effects of ADTOH derivatives of aspirin (ACS14), diclofenac
(ACS15), valproic acid (ACS2) and sildenafil (ACS6), have been
tested both in cell cultures and in rats. Results suggest that, while
these drugs maintain the therapeutic capacities of the parent
molecule, they have several advantages, e.g. they spare the gas-
tric mucosa (ACS14, ACS15), increase histone deacetylase inhibition
(ACS2), inhibit superoxide formation and up regulation of NADPH
oxidase (ACS6) [12–16]. However, a method to detect these com-
pounds is lacking so far.

The aim of this investigation was to develop rapid HPLC methods

to detect both dithiolethione esterified molecules and their main
metabolites (ADTOH and the de-acetylated metabolite of ACS14,
ACS21) for the above-mentioned compounds. The methods were
validated and applied to pharmacokinetic studies after iv adminis-
trations of the drugs to rats.

http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:giustarini@unisi.it
mailto:elena.perrino@fastwebnet.it
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at 5 mM final concentration and then diluted in (1:1, v/v) ACN:TFA
0.05% (v/v) to a final concentration of 50 �M. All spectra were
recorded in the 200–700 nm wavelength range by means of a Jasco
v550 UV–vis spectrophotometer.

Table 1
Run conditions applied to detect ACS2 and ACS15 by chromatography. Phase A:
0.05% (v/v) trifluoroacetic acid, phase B: acetonitrile.
ig. 1. Structural formulas of the studied compounds. The studied molecules are obt
ADTOH) onto existing drugs: valproic acid (ACS2), sildenafil (ACS6), aspirin (ACS14

. Materials and methods

.1. Reagents

ADTOH, ACS2, ACS6, ACS14, ACS15 and ACS21 were prepared
s previously described [12,13,15,17] by using chemicals and sol-
ents of high purity grade purchased from Sigma–Aldrich, Milan,
taly. The identity and the purity of the products were confirmed by
H NMR, liquid chromatography mass spectrometry and elemental
nalysis [13]. Chromatographic purity was >98% for all products.
PLC grade acetonitrile (ACN) and trifluoroacetic acid (TFA) were

rom Mallinckrodt Baker (Milan, Italy). All other reagents were
btained from Sigma–Aldrich, Milan, Italy.

.2. Animal treatments

Sprague–Dawley rats (350–400 g) were purchased from
harles River (Calco, Milan, Italy). A double valve (model 617,
0 mm × 20 mm, Danuso Instruments, Milano, Italy) was implanted

n each animal: jugular and femoral veins were cannulated for

ither blood collection or drug administration, as previously
escribed [18]. The valve was implanted under pentobarbital anes-
hesia (60 mg/kg) 2 days before the experiment. Animals were
llowed to freely move and fed ad libitum before and during the
xperiments. Rats received administrations of drugs dissolved in
by grafting a sulfurated moiety, i.e. 5-(4-hydroxyphenyl)-3H-1,2-dithiole-3-thione
ofenac (ACS15). ACS21 is the de-acetylated metabolite of ACS14.

300 �l of polyethylene glycol (PEG) 400 via the cannula implanted
in the femoral vein. Blood aliquots (∼150 �l each) were collected
through the valve connected to the jugular vein in tubes containing
5 �l K3EDTA 50 mg/ml and immediately centrifuged at 12 000 × g
for 15 s for plasma separation. All animal manipulations were made
in accordance with the European Community guidelines for the
use of laboratory animals. The experiments were authorized by the
ethical committee of the University of Siena.

2.3. Spectroscopic analyses

All molecules were first dissolved in dimethyl sulfoxide (DMSO)
Time Phase A Phase B Flow (ml/min)

Start run 36% 64% 1.25
3.00 min 36% 64% 1.25
3.50 min 12% 88% 1.25
10.0 min 12% 88% 1.25
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Fig. 2. Representative chromatograms of the studied compounds. Standard solutions of ADTOH (A), ACS2 (B), ACS6 (C), ACS14 (D), ACS15 (E), and ACS21 (F) were added to
rat plasma samples (0.5 �M final concentration) and immediately analyzed by HPLC.
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Table 3
Recovery and stability of some ADTOH containing drugs added to plasma at two
different concentrations.

Concentration (�M) 1 10

Recovery (%)
ADTOH 98.4 ± 4.9 99.9 ± 0.5
ACS2 95.4 ± 2.7 97.8 ± 3.3
ACS6 101 ± 4.9 96 ± 3.0
ACS14 100 ± 2.7 96.6 ± 1.2
ACS15 94.2 ± 3.1 95.2 ± 3.1
ACS21 97.3 ± 0.7 103 ± 2.0

Stability (RE %)
ADTOH 0.9 1.3
ACS2 0.6 −1.3
ACS6 −1.8 −1.9
ACS14 −2.1 −1.8
ACS15 −2.8 −3.3
ACS21 −0.5 −2.0

2. The selectivity of the applied methods is evidenced by the fact
that blank plasma samples (spiked only with an equal amount of
DMSO) did not show any peaks with retention time similar to those
given by other analytes (not shown). All ADTOH containing drugs

Table 4
Precision and accuracy values calculated for rat plasma samples added with the
different compounds at three different concentrations.

Compound RSD (%) RE (%)

Intra-day Inter-day Intra-day Inter-day

0.75 �M
ADTOH 2.89 ± 0.36 2.55 ± 0.65 2.99 ± 0.65 −0.98 ± 0.47
ACS2 1.36 ± 0.58 2.47 ± 0.75 1.20 ± 0.32 −2.00 ± 0.58
D. Giustarini et al. / J. Chro

.4. HPLC analyses

For the determination of salicylate, ADTOH, ACS2, ACS6, ACS14,
CS15, ACS21, 20 �l of plasma, obtained as above described, were
dded with 60 �l of ACN and vigorously shaken for 30 s. After pro-
ein discarding by centrifugation, 50 �l of the sample were added
ith 5 �l of 1% (v/v) TFA, loaded onto HPLC (Zorbax Eclipse XDB-C18

olumn, 4.6 mm × 150 mm, 5 �m, Agilent Technologies) and sepa-
ated by the application of a mobile phase consisting of a mixture
f 0.05% (v/v) TFA (phase A) and ACN (phase B).

ADTOH, ACS6, ACS14, ACS21 were separated isocratically with
4% phase B; ACS2 and ACS15 were separated applying gradient
lution as shown in Table 1.

Mobile phase was delivered at 1.25 ml/min, column oven was
et at 25 ◦C, the injection volume was 20 �l. An Agilent series 1100
PLC equipped with diode array detector was used for all determi-
ations. Analyses were recorded at 427 nm wavelength.

Salicylate, sildenafil and diclofenac were measured on the same
lasma samples with HPLC using previously described methods
19–21]. Plasmatic levels of valproic acid were determined by
mmunoassay with a Modular system (Roche Diagnostics), using
eagents from Dade Behring (Milan, Italy) according to manufac-
urer’s instructions.

.5. Method validation

The linearity was evaluated by preparing calibration standards
n plasma at 0.1, 0.2, 0.5, 1, 2, 5, 10, 20 and 50 �M final con-
entration (from 5 mM stock solutions dissolved in DMSO) and
ssaying them in triplicate on 3 consecutive days. The lower
imit of quantification (LLOQ) was calculated as the lowest (final)
oncentration of the added analyte that gives a peak with a sig-
al to noise ratio greater than 10. The accuracy and precision
ere assessed by measuring quality control samples at three con-

entration levels (0.75, 7.5 and 15 �M) on 3 different days. The
ccuracy was expressed as relative error (RE, mean observed con-
entration − spiked concentration)/(spiked concentration) × 100%
nd the precision as relative standard deviation (RSD). In order
o calculate the recoveries at two different concentrations (1 and
0 �M), the peak areas for plasma extracts were compared to the
eak areas that were obtained by adding the quality controls to
xtracted blank plasma samples at the same final concentrations.
he stability of the analytes was assessed at two concentrations (1
nd 10 �M) in triplicate after storage of ACN extracted samples at
20 ◦C for 4 weeks.

. Results and discussion
.1. Spectroscopic analysis

In this study the following compounds, under evaluation for
heir therapeutic potential, have been analyzed: ACS2, ACS6, ACS14,

able 2
recision and accuracy values calculated for rat plasma samples added with dif-
erent drugs at 200 nM (ACS2, ACS15, ACS21) or 100 nM (ADTOH, ACS6, ACS14)
oncentration (LLOQ).

Drug RSD (%) RE (%)

ADTOH 3.66 ± 0.58 −2.36 ± 0.33
ACS2 4.84 ± 0.33 −3.54 ± 0.22
ACS6 2.47 ± 0.49 2.59 ± 0.35
ACS14 2.88 ± 0.64 −0.354 ± 0.111
ACS15 3.81 ± 0.74 1.07 ± 0.21
ACS21 4.28 ± 0.36 4.39 ± 0.21

recision is calculated as relative standard deviation (RSD), accuracy as relative error
RE). Data are the mean ± SD (n = 4).
Values for recovery are expressed as percentage of the added quality control. Data
are the mean ± SD (n = 3). Value for stability is expressed as relative error between
the initial concentrations and the concentrations measured after storage at −20 ◦C
for 4 weeks.

ACS15. The dithiolethione moiety (ADTOH) and the de-acetylated
metabolite of ACS14 (ACS21) have also been evaluated in our anal-
yses. First of all, spectra of all these compounds were recorded
in the 200–700 nm wavelength range. Typical absorbance peaks
were found in the visible and UV regions for every analyzed
molecule. In particular, all ADTOH containing molecules are char-
acterized by typical absorbance peaks around 430 and 330 nm (not
shown).

3.2. Selectivity

Chromatograms of rat plasma samples spiked with 0.5 �M (final
concentration) of ADTOH containing molecules are shown in Fig.
ACS6 2.74 ± 0.74 3.20 ± 0.14 0.693 ± 0.03 1.08 ± 0.01
ACS14 2.69 ± 0.32 2.59 ± 0.74 −2.60 ± 0.11 −2.05 ± 0.14
ACS15 1.70 ± 0.01 2.47 ± 0.11 −1.96 ± 0.58 2.90 ± 0.24
ACS21 3.76 ± 0.24 3.69 ± 0.84 2.06 ± 0.32 1.35 ± 0.29

7.5 �M
ADTOH 2.58 ± 0.24 3.01 ± 0.55 −0.965 ± 0.14 0.938 ± 0.415
ACS2 0.55 ± 0.48 2.48 ± 0.75 2.34 ± 0.43 −2.14 ± 0.68
ACS6 2.69 ± 0.39 2.77 ± 0.36 −2.41 ± 0.85 −1.11 ± 0.77
ACS14 2.15 ± 0.29 2.98 ± 0.47 3.28 ± 0.54 1.16 ± 0.45
ACS15 0.80 ± 0.14 1.92 ± 0.77 −2.00 ± 0.35 1.58 ± 0.38
ACS21 1.90 ± 0.44 3.89 ± 0.60 −2.30 ± 0.68 −1.82 ± 0.52

15 �M
ADTOH 1.01 ± 0.03 2.20 ± 0.58 2.58 ± 0.59 −2.64 ± 0.73
ACS2 1.49 ± 0.14 3.65 ± 0.85 −1.39 ± 0.29 −2.08 ± 0.44
ACS6 2.39 ± 0.35 2.07 ± 0.69 −2.01 ± 0.63 −1.10 ± 0.89
ACS14 1.08 ± 0.12 2.90 ± 0.34 −1.08 ± 0.74 −2.54 ± 0.75
ACS15 1.25 ± 0.26 2.85 ± 0.74 −1.22 ± 0.41 1.99 ± 1.0
ACS21 2.09 ± 0.39 2.98 ± 0.40 0.32 ± 0.74 2.54 ± 0.62

Precision is calculated as relative standard deviation (RSD) and accuracy as relative
error (RE). Data are the mean ± SD (n = 3).
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ig. 3. Representative chromatograms of the studied drugs in in vivo experiments. R
f ACS14 (panel C), 20 mg/kg ACS15 (panel D). Chromatograms were obtained by an

re supposed to release ADTOH itself in vivo with typical kinetics,
hus all analytical methods have been developed to be able to detect
his molecule also. In confirmation of this, all the analyzed drugs
how a small but evident peak corresponding to the rt of ADTOH
2.2 min). This suggests that: (i) some ADTOH is present as impurity
nd (ii) a minimal percentage of the drugs are hydrolyzed after its
ddition to plasma.

.3. Linearity

The linear regression of the peak area versus concentration was
tted over the concentration range of 0.5–50 �M in rat plasma (data
ot shown). The concentrations of the calibration curve standards
ere chosen on the basis of the signals we obtained for different
rugs after in vivo treatments in rats (see Section 3.6). In all cases
high linearity was observed and the obtained correlation coeffi-
ient r value was always >0.9990 (range 0.9993–0.9999). The LLOQ
as found to be 200 nM for ACS2, ACS15 and ACS21 and 100 nM

or ADTOH, ACS6 and ACS14. The accuracy and precision values
btained at these concentrations for each tested compound are
eported in Table 2.
re iv administered with 15 mg/kg ACS2 (panel A), 2 mg/kg ACS6 (panel B), 15 mg/kg
g plasma after 10 min from the treatments.

3.4. Recovery and stability

Data on recovery and stability were measured at 1 and 10 �M
concentrations (Table 3). The mean absolute recovery for all tested
molecules was found always to be close to 100% at both quality
control levels.

To evaluate the stability, measurements of ACN extracts were
repeated after their storage at −20 ◦C for 4 weeks. The relative
error (RE) between the initial concentrations and the concentra-
tion after storage was less than 4% for all analyzed molecules, this
indicates that samples are stable for at least 1 month under these
conditions. Plasma samples stored at −20 ◦C showed a slow but
significant decrease of the drug concentrations with formation of
ADTOH over time (10–15% of the drugs were hydrolyzed in 4 weeks,
not shown). Thus the best conditions we observed for storing these
samples were in acidified acetonitrile (see Section 2).
3.5. Precision and accuracy

Precision and accuracy were calculated by adding each drug at
three different concentrations to plasma: 0.75, 7.5 and 15 �M (final
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Fig. 4. Pharmacokinetic profile of the studied compounds. Rats were iv administered with 15 mg/kg ACS2, 2 mg/kg ACS6, 15 mg/kg ACS14, 20 mg/kg ACS15. At the indicated
times plasma levels of the administered compounds; ADTOH and ACS21 (in rat treated with ACS14) were determined by the new HPLC methods. The parent compounds
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valproic acid, sildenafil, salicylate, diclofenac) were also quantified in the same sa
xceeding calibration curve range chromatographic runs were repeated after appro

oncentrations). Intra-day and inter-day RE ranged from −2.6% to
.3% and from −3.0% to 2.9%, respectively. Intra-day and inter-day
SD were both below 5%. Measured values are detailed in Table 4.
hese data suggest that the applied methods have high precision
nd accuracy.

.6. Application of the methods

The ADTOH containing drugs were preliminarily tested for
heir stability both in PEG and aqueous buffer (Na+/K+ phosphate
uffered solution, pH 7.4, PBS). Standard solutions (20 mg/ml) of
CS2, ACS6, ACS14, ACS15 were dissolved in PEG 400 and one

liquot was then diluted 1:100 in PBS. Samples (both in PEG and in
BS) were incubated at 37 ◦C and at 30 min time intervals aliquots
ere collected and analyzed. All the tested molecules were shown

o be very stable in both matrices in that no evident decrease of
heir concentration occurred within 4 h (not shown).
. Data are expressed as mean ± SD (n = 4). For those samples with a concentration
dilution of the sample itself with a solution of 80% ACN.

The described assay methods were then applied to quantify
ADTOH containing drugs and. the appearance of their main metabo-
lites in plasma after their iv administration to rats. In particular,
the experiments were performed with the aim of evaluating the
kinetic of hydrolysis of the ester bond and the release of ADTOH
from the studied drugs. An example of the obtained chromatograms
for each drug after 10 min from treatments is shown in Fig. 3. All
tested molecules were shown to be rapidly de-esterified (Fig. 4)
as evidenced by the appearance of ADTOH within a few min-
utes from the treatment. Not surprisingly, ACS14 was rapidly
de-acetylated forming ACS21 which in turn, was hydrolyzed yield-
ing ADTOH. Hydrolysis of the ester bond and the appearance of
ADTOH were paralleled by the increase in the parent molecule

levels.

These experiments demonstrate that, once adminis-
tered, all ADTOH containing drugs rapidly release both
ADTOH and parent drugs. Kinetic of de-esterification was
ACS15 > ACS6 > ACS14 > ACS2.
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. Conclusions

Two different HPLC methods were developed and validated for
uantification of ADTOH containing drugs. The methods appear
o be selective and accurate, with a quantification limit of either
00 or 200 nM. These LLOQ are close to those found by others for
nethole trithione by using either HPLC or HPLC–MS/MS [22,23].
ur procedure has the advantage of being very rapid in that it
oes not require solid phase extraction or other time consum-

ng extraction procedures: in fact supernatants from ACN treated
lasma samples are directly injected onto HPLC. The methods
ppear suitable for pharmacokinetic studies with ADTOH contain-
ng drugs.
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