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ABSTRACT

Aloe-emodin (AE) is a major anthraquinone ingredient of numerous traditional Chinese
medicines with a variety of beneficial biological activities in vitro. Previous studies
suggested that AE possessed cytotoxicity and genotoxicity.  Nevertheless, the
mechanisms of the toxic action of AE have not yet been fully clarified. The present
study aimed at characterization of metabolic pathways of AE to better understand the
mechanisms of AE-induced cytotoxicity. An AE-derived glutathione conjugate (AE-
GSH) was observed in rat liver cytosol incubations containing AE and GSH, along with
3’-phosphoadenosine-5"-phosphosulfate (PAPS). Similar incubation fortified with V-
acetylcysteine (NAC) in place of GSH offered an AE-NAC conjugate corresponding to
the GSH conjugate. The formation of the two conjugates was found to require PAPS.
The two conjugates were respectively detected in bile and urine of rats given AE.
Sulfotransferase (SULT) inhibitor pentachlorophenol (PCP) suppressed the production
of the observed AE-GSH/NAC conjugates in vivo, suggesting that SULTSs participated
in the process of the metabolic activation of AE. The presence of PCP attenuated cell
susceptibility to AE-induced cytotoxicity. The present study illustrated potential

association of sulfation-mediated bioactivation of AE with its cytotoxicity.
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INTRODUCTION

Aloe-emodin (AE, 1, 8-dihydroxy-3-(hydroxymethyl)-anthraquinone), a natural
polyphenolic anthraquinone, widely presents in Rhubarb (Rheum palmatum), Aloe vera
and Senna and other traditional medicinal plants."*>  AE has shown extensive
pharmacological effects including laxative, antifungal, antibacterial, antiviral and
antimicrobial.*¢  AE has a wide range of applications in clinic due to its high
pharmaceutical values. It is reported that AE displayed anticancer activity against
many kinds of cancerous cells, such as hepatoma, human lung carcinoma and leukemia
cell lines, particularly for neuroectodermal tumor cells with high selectivity.”-!!  Given
the planar chemical structure, a number of anthraquinones were found to intercalate
into the structure of DNA especially at guanine or cytosine rich sites, which could result
in DNA damage.'?!* Furthermore, with a hydroxyl-methyl sidechain, AE was found
to display mutagenicity in V79 cells, and DNA primary damage could be induced in rat
hepatocytes using unscheduled DNA synthesis assay.'* Previous study found that the
cytotoxicity of AE might be attributed to their potent GSH depletion and DNA binding
affinity.!3

Sulfotransferases (SULTSs), one of important phase II enzymes, play critical roles
in metabolism of a great deal of endogenous and exogenous compounds, including
neurotransmitters, thyroid, steroid hormones, therapeutic drugs and some chemical
carcinogens.!®!”  The major role of SULTS is to catalyze transfer of a sulfonyl group
to amino, hydroxyl, N-oxide or sulfhydryl group of the substrate molecules from 3'-

phosphoadenosine-5'-phosphosulfate (PAPS).!8 Generally, relatively lipophilic
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xenobiotics become more polar and easier to be excreted via sulfation. However, it
has been proved that sulfation can activate some types of mutagens and chemical
carcinogens.!®?°  The benzylic position of many drugs tend to be oxidized by P450
enzymes to form benzylic alcohol, and then sulfation can happen under the catalysis of
SULTs. The highly reactive electrophilic species are formed because of the departure
of the sulfonyl group, increasing the possibility of toxicity. Diao et al. found 3-OH-
butylphthalide (NBP) could be metabolized to 3-OH-NBP sulfate via sulfation
mediated mainly by SULT 1 A1, and the resulting metabolite could be captured by GSH,
proving its potential association with the hepatotoxicity of NBP.2!  Yuji Ishii et al.
found the benzylic alcohol of lucidin could be metabolized to lucidin sulfate, which
would react with DNA bases.??

Our earlier study demonstrated that AE either directly reacted with GSH due to its
own electrophilic quinone moiety, or was metabolized to hydroxylated AE and the
corresponding quinone mediated by P450 enzymes.>> However, the effects of SULTSs
on the metabolism and the cytotoxicity of AE have not been covered. It would be
important to verify whether this metabolic pathway is associated with cytotoxicity of
AE. The objectives of the present work were to study the metabolic activation of AE
in vitro and in vivo and explore the contribution of sulfation pathway to the
development of AE cytotoxicity. ~We anticipated that this work would help us to

understand the cytotoxicity of AE better.
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EXPERIMENTAL PROCEDURES
Chemicals and materials.

AE with a purity of more than 98% was supplied by Dalian Meilun Biotech Co.,
Ltd. (Dalian, China). Glutathione (GSH) and N-acetylcysteine (NAC) were supplied

by Aladdin Reagent Co., Ltd. (Shanghai, China). Propranolol, S-hexylglutathione and

3’-phosphoadenosine-5'-phosphosulfate (PAPS) were obtained from Sigma-Aldrich (St.

Louis, MO).  Pentachlorophenol (PCP) was supplied by Dr. Ehrenstorfer GmbH
(Augsburg, Germany).  Rat (Sprague-Dawley, male) liver cytosol (RLC) was
prepared referring to a previously published method.>*  Distilled water was obtained
from Wahaha Co., Ltd. (Hangzhou, China). All organic solvents were purchased from
Fisher Scientific (Springfield, NJ).  All of the reagents and solvents were analytical or

high-performance liquid chromatography grade.

Incubation of AE in rat liver cytosol.

The stock solution was prepared by dissolving AE in dimethyl sulfoxide
(DMSO). The total proportion of the organic solvent in the incubation system was
kept below 1%. The incubation mixture (100 puL) consisted of phosphate-buffered
saline (PBS, 0.1 M, pH 7.4), MgCl, (3.2 mM), RLC protein (2.0 mg protein/mL), AE
(100 uM) and trapping agents GSH/NAC (20 mM). PAPS (250 uM) was added to
initiate the cytosol reactions. Negative control (without PAPS) was included to
investigate the contribution of SULTs to the metabolic activation of AE. After 1 h
incubation at 37 °C, 100 pL ice-cold acetonitrile (1:1 v/v) was added to quench the

biochemical reaction, and the resulting mixture was vortexed for 30 s and centrifuged
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for 10 min at 19,000 g. The resultant supernatants (10 uL) were injected to LC-

MS/MS for analysis. All incubation reactions were performed in duplicate.

Chemical synthesis of 3-(bromomethyl)-1, 8-dihydroxyanthracene-9, 10-dione (1).

Synthesis of compound 1 (AE-Br) was achieved by bromination of AE (Scheme
1) as described by Shao et al.>> In brief, phosphorus tribromide (950 uL, 10 mmol)
was dropwise mixed with AE (540 mg, 2 mmol) dissolved in tetrachloromethane (35
mL). The resultant mixture was stirred at 65 °C for 3 h, and the reaction was
monitored by TLC until completed.  After cooling to ambient temperature, the
resulting mixture was extracted by 30 mL dichloromethane twice. The combined
organic layer was rinsed by 30 mL saturated NaHCO; aqueous and dehydrated by
anhydrous sodium sulfate. Purification was performed by silica gel column
chromatography. The product obtained was characterized by MS and NMR. 'H
NMR (DMSO-dg, 600 MHz): 0 4.82 (2H, s, -CH,-), 7.40 (1H, d, Ar-H, J = 8.34 Hz),
7.47 (2H, s, Ar-H), 7.73 (1H, d, Ar-H, J=7.26 Hz), 7.79 (1H, s, Ar-H), 7.82 (1H, dd,

Ar-H, J=7.86,7.92 Hz), 11.92 (2H, s, Ar-OH) (Figure S2).

Synthesis of AE-GSH/NAC conjugates.

GSH (276 mg, 0.9 mmol) or NAC (147 mg, 0.9 mmol) was dissolved in 3 mL
DMSO, followed by mixing with 30 mg compound 1 (0.09 mmol). After 30 min
stirring at room temperature, the reaction mixture was lyophilized and reconstituted
with acetonitrile/water (50:50, v/v) for purification by a semi-preparative HPLC

system. The purified products were characterized by MS and '"H NMR (Figure S3-4).
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Animal experiments.

All animal experiments were carried out in accordance with the Animal
Experimental Regulations of Ethics Review Committee of Shenyang Pharmaceutical
University. Sprague-Dawley rats (220 + 10 g, male) were supplied by the Animal
Center of Shenyang Pharmaceutical University. Animals were fed with tap water and
normal rat diet ad libitum and maintained at a dark/light period for 12 hin 25 °C.  Six
rats were randomly divided into two groups. The animals were fasted for 12 h and
anesthetized by administration (i.p.) of chloral hydrate (10%) at a dose of 3.0 mL/kg.
Bile ducts were cannulated, and first 30 min bile secreted was collected as blank.
Successively, the animals were administered (i.p.) AE at a dose of 200 mg/kg dissolved
in corn oil, and bile samples were collected for 12 h. The other three rats treated with
the same dosage of AE were individually placed in metabolism cages. Urine samples
were collected for 24 h, and the animals were allowed to access to food. Blank urine
samples were collected from animals that had been fasted but free to drink water for an
overnight before AE administration.

In a separate experiment, rats were pretreated (i.p.) with PCP dissolved in corn oil
ata dose of 10 mg/kg.?®  One hour later, animals were administered with a single dose
of AE (200 mg/kg, i.p.) or corn oil.  Bile (0-12 h) and urine samples (0-24 h) were

collected after administration.

Sample preparation.
The harvested bile samples (2 mL) were spiked with 50 uL of S-hexylglutathione

(3.0 pg/mL) dissolved in acetonitrile, along with 6 mL ice-cold acetonitrile.  The
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resulting mixture was vortexed, centrifuged, concentrated by blowing with nitrogen gas,
and analyzed by LC-MS/MS.  Similar procedure was applied for urine sample
preparation except for mixing with 50 uL propranolol (0.6 pg/mL) dissolved in

acetonitrile in place of S-hexylglutathione as internal standard.

Cytotoxicity evaluation.

The cytotoxicity of AE was evaluated using MTT test.?” HepG2 cells were
seeded in a 96-wells plate with a density of 8x103 cells/well and allowed to adhere
overnight. Cells were mixed with AE at concentrations of 0, 12 and 50uM. In a
separate experiment, cells were mixed with SULT inhibitor PCP (6.25 uM). After 1
h incubated at 37 °C in a humidified incubator with 5% CO,, the pretreated cells were
mixed with AE at various concentrations. The AE-fortified cells of the two groups
were incubated at 37°C for 48 h, followed by addition of 10 uLL of MTT solution (5.0
mg/mL). The media were discarded 4 h later, and DMSO (100 pL) were added to
dissolve the formazan crystals.  Cell viability was determined by measuring the

absorbance at 562 nm. The cytotoxicity tests were conducted in triplicate.

LC-MS/MS methods.

Sample analysis was performed on an AB SCIEX Instruments 5500 triple
quadrupole mass spectrometer (Applied Biosystems, Foster City, CA) coupled to an
Agilent 1260 infinity HPLC system with an autosampler (Agilent Technologies,
Biblingen, Germany). The temperature of the turbo ion spray was set at 650 °C, and

the entrance potential and ion spray voltage were 10 V and 5,500 V, respectively. The
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mass spectrometric parameters were set as follows: declustering potential (50 V),
curtain gas (20 psi), cell exit potential (3 V) and entrance potential (10 V).
Chromatographic separation was carried out using an Accuore C;g reverse column
(4.6x150 mm, 5 um; Thermo Fisher, Pittsburgh, PA). The analyte was eluted with a
mobile system composed of solvent A (0.1% formic acid) and solvent B (acetonitrile
containing 0.1% formic acid). Analyte separation was achieved by a linear gradient
elution method: 0-2 min (10% B), 2-12 min (10 % to 90% B), 12-17 min (90% B),
17-18 min (90% to 10% B) and 18-20 min (10% B). The flow rate was set at 0.8
mL/min, and the column temperature was kept at 25 °C.  Multiple-reaction monitoring
(MRM) scanning, along with positive ion mode, was applied to achieve the optimal
response for the analysis.  Precursor/product ion pairs (declustering potential DP,
collision energy CE) at m/z 271/225 (110, 35), m/z 560/253 (110, 35), m/z 416/253 (100,
35), m/z 392/246 (86, 24) and m/z 260/116 (77, 25) were selected for the analysis of
AE, AE-GSH, AE-NAC, S-hexylglutathione, and propranolol, respectively.
Additionally, AB SCIEX Instruments 4000 Q-Trap (Applied Biosystems, Foster
City, CA) coupled to an Agilent 1260 infinity HPLC system (Agilent Technologies,
Biblingen, Germany) was also applied to analyze AE and its metabolites by means of
enhanced product ion (EPI) scans in positive mode with a scan range from m/z 50 to
700 Da. EPI was triggered by the information-dependent acquisition (IDA) method.
IDA was set to select ions more than 2000 cps with the exclusion of former target ions
after three occurrences for 10 s and the EPI was for product ions.  Collision energy

(CE) was 3210 eV. All data obtained were analyzed by AB SCIEX Analyst 1.6.2
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software (Applied Biosystems).

In addition, a hybrid quadrupole-time-of-flight mass spectrometer (Bruker micro
Q-TOF, Germany) with an ESI source interfaced in-line with an Agilent 1200 Series
LC system was employed in positive mode to characterize synthetic products. Related
mass spectrometric parameters were set as follows: end plate offset = 2,500 V; capillary
voltage = -4,500 V; dry gas flow rate = 8.0 L/min; nebulizer gas pressure = 1.2 bar.
Temperature was maintained at 180 °C. Spectra were obtained at 2 s per spectrum
from m/z 50 to 1,500. The same LC conditions were applied as mentioned above.

Data were analyzed by Bruker Daltonics Data Analysis 3.4 software.

Statistical analysis.
All data were expressed as means £ SD. Unpaired Student’s t-test was applied
for statistical analysis.  The values of p < 0.05 were deemed to have significant

difference.
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RESULTS
In vitro metabolic activation of AE.

GSH and NAC were employed to trap potential electrophilic species generated in
RLC incubations. = Noteworthy, an AE-derived GSH conjugate (AE-GSH) was
detected in GSH-fortified RLC incubations, while incorporation of PAPS dramatically
increased (approximately 10 fold) the generation of such conjugate (Figure 1A,B). As
expected, the corresponding NAC conjugate (AE-NAC) was detected in NAC-
supplemented RLC incubations. Such incubations spiked with PAPS offered 3-fold
more AE-NAC conjugate than that of vehicle-spiked incubations (Figure 2A,B).  This
indicates that the formation of AE-GSH/NAC conjugates was PAPS-dependent and
suggests that sulfation was involved in the formation of the electrophilic intermediate.

AE-GSH conjugate (RT=9.4 min) was detected by acquiring precursor/product
ion pair at m/z 560/253 (Figure 1B). In order to further characterize the chemical
structure of AE-GSH conjugate, tandem mass spectrometry (MS/MS) spectrum of AE-
GSH was acquired in positive mode (Figure 1D). Ion of m/z 253, the major product
ion, was produced by the break of the C-S bond of the conjugate. The neutral loss
(NL) of the y-glutamyl moiety (-129 Da) from m/z 560 led to the production of the
characteristic fragment ion m/z 431. The formation of the product ions at m/z 485 and
414 from m/z 560 was due to the cleavage of the glycine group (-75 Da) and the
glutaminyl group (-146 Da), respectively. The characteristic ion at m/z 311 from m/z
414 was generated by the break of the N-formylglycinyl group (-103 Da).

AE-NAC conjugate (RT=11.98 min) was detected by monitoring ion pair m/z
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416/253 (Figure 2B). The characteristic fragment ion at m/z 285 of AE-NAC was
acquired by MRM-EPI scanning, and the ion was produced by the break of the sulfur-
carbon bond in NAC moiety (-129 Da) (Figure 2D). The primary product ion of m/z
253 was formed by the elimination of whole NAC portion, suggesting the presence of
the aliphatic and/or benzylic thioether motif in the conjugate. ~The loss of acetyl
group (-43 Da) resulted in the formation of product ions m/z 374, and ion m/z 130
arose from S-C cleavage at NAC side. Furthermore, the observed fragment ion m/z

225 was the most characteristic fragment for the parent moiety.

Characterization of synthetic AE-GSH/NAC conjugates.

Chemical synthesis was conducted to verify the structures of AE-GSH/NAC
conjugates. AE sulfate is believed to be produced through the metabolism of AE
mediated by SULTs. However, AE sulfate is chemically reactive and very unstable,
and compound 1 (AE-Br) as an electrophilic synthon was synthesized in order to
acquire AE-GSH/NAC conjugates.

Compound 1 (AE-Br) was synthesized by bromination of AE (Scheme 1) and
analyzed by LC-MS/MS. As expected, compound 1 was detected (RT=13.6 min) by
MRM scanning of m/z 333/254 and 335/254 in the reaction mixture (Figure 3). The
mass spectrum showed a clear 1:1 ratio bromine isotope signals.  Afterwards,
compound 1 was mixed with GSH or NAC to offer AE-GSH/NAC conjugates. The
protonated molecular ions of synthetic AE-GSH/NAC conjugates were m/z 560.1332
and m/z 416.0795 (Q-TOF), respectively. According to the prediction formula, the

error between the accurate mass observed in the high-resolution MS system and the
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corresponding theoretical mass was less than 5 ppm (Table 1).

The chromatographic and mass spectrometric properties of synthetic AE-GSH
(Figure 1C,E) were consistent with that of AE-GSH conjugate formed in RLC
incubations (Figure 1B,D). Similar observation was obtained regarding the
chromatographic and mass spectrometric behaviors of synthetic AE-NAC conjugate
(Figure 2C,E) and that generated in RLC incubations (Figure 2B,D). In addition, we

succeeded in characterization of the two conjugates by 'H NMR (Figure 4B).

Biliary and urinary metabolites of AE.

Abundant excretions of biliary AE-GSH and urinary NAC-AE conjugates
indicates the generation of reactive intermediates derived from AE in vivo. After
intraperitoneally administration of AE in rats, bile samples were collected and injected
to LC-MS/MS system for analysis. AE-GSH conjugate with protonated molecule at
m/z 560 was detected in the bile of rats given AE, and no such metabolite was found in
blank bile (Figure 5A,B). In addition, the conjugate exhibited consistent
chromatographic and mass spectrometric behaviors as that formed in RLC incubations
(Figure 1B,D and 5B,C). Similarly, urinary AE-NAC conjugate with protonated
molecule at m/z 416 was detected in rats given AE, and no such metabolite was
observed in blank urine (Figure 5D,E). The chromatographic and mass spectral
properties of the urinary AE-NAC conjugate were consistent with that observed in RLC

incubations (Figure 2B,D and 5E,F).

Effect of PCP on formation of AE-GSH/NAC conjugates.
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PCP as a general inhibitor of SULTs was used to verify the role of SULTSs in the
formation of AE-GSH/NAC conjugates in vivo. Bile samples and urine samples were
taken for 12 h or 24 h post injection of AE.  The contents of biliary AE-GSH conjugate
and urinary AE-NAC conjugate were assessed by LC-MS/MS. Rats pretreated with
PCP displayed decreased excretion of biliary AE-GSH conjugate (79% decreased) and
AE-NAC conjugates (73% decreased), compared with rats administrated AE alone (p

<0.02) (Figure 6).

Cytotoxicity of AE in HepG2 cells.

To define the relationship between cytotoxicity of AE and the sulfation pathway
mediated by SULTs, cytotoxicity of AE was evaluated in HepG2 cells.
Concentration-dependent toxicity was observed when cells were exposed to AE at
various concentrations for 48 h.  Pretreatment with PCP (a general SULT inhibitor)

was found to attenuate AE-induced cytotoxicity (Figure 7).
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DISCUSSION

AE, one of the major active anthraquinone compounds in traditional medicinal
plants, was widely used in China. The genotoxicity and cytotoxicity of AE were
reported recently, and the mechanisms of the toxicities remain unknown. In the
present work, we proposed a metabolic activation pathway of AE mediated by SULTs

to help us understand the cytotoxicity of AE better.

Sulfotransferase is a cytosol enzyme responsible for sulfation metabolism pathway.

RLC incubations were carried out to determine the involvement of sulfation in
metabolic activation of AE. GSH and NAC were employed as trapping reagents.
For soft electrophilic species, GSH is the most common trapping agent used in vitro
incubations.”®  An AE-derived GSH conjugate was detected in AE-supplemented
RLC incubations, and incorporation of PAPS dramatically enhanced the formation of
the GSH conjugate (Figure 1A,B). This indicates that sulfation participated in the
metabolic activation. It is not surprising that the GSH conjugate was detected in RLC
incubations without spiking of PAPS, since the pre-prepared RLC contained some
PAPS from liver tissues harvested. = As expected, the corresponding AE-NAC
conjugate was observed in AE- and NAC-supplemented RLC, and addition of PAPS in

the incubations resulted in elevated formation of the NAC conjugate (Figure 2A,B).

The in vitro NAC trapping work assisted us to characterize urinary AE-NAC conjugates.

The observed AE-GSH/NAC conjugates in vitro were found to require PAPS,
suggesting that the metabolic activation of AE was mediated by SULTs.

Chemical synthesis was conducted to facilitate metabolite identification. In
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present study, bromination reaction was substituted for sulfation to generate a reactive
carbocation. Compound 1 (AE-Br) was synthesized as an electrophilic synthon to
take the advantage of the good leaving characteristic of bromide group. Purified
compound 1 was characterized by LC-MS/MS analysis and NMR (Figure 3). The
mass spectrum showed a distinctive 1:1 ratio bromine isotope peak (m/z 333/254 and
m/z 335/254), and benzyl proton shift value was 4.82 ppm on NMR. This confirms
that the bromination occurred at benzyl carbon atom. Afterwards, AE-GSH/NAC
conjugates were obtained by the reaction of compound 1 with GSH/NAC in high yields.
The two conjugates were characterized by LC-Q-TOF MS analysis and NMR. The
results (Table 1) showed that the protonated molecular ion of AE-GSH/NAC
conjugates matches the expected molecular formula (C,sH,5N30;0S/C,0H17NO5S)
respectively, and the benzyl proton shift of the two synthetic conjugates were at 3.90
ppm and 3.72 ppm separately, which provided a solid evidence for the formation of
AE-GSH/NAC conjugates (Figure 4).

Biliary GSH conjugates are commonly regarded as biomarkers of exposure to
electrophilic species.??  GSH conjugates are known to undergo hydrolytic cleavage of
glutamic acid and glycine residues by j~glutamyltranspeptidase and dipeptidases to
form cysteine conjugates. Mercapturic acids (NAC conjugates) are finally produced
through further N-acetylation.?® As expected, biliary AE-GSH conjugate and urinary
AE-NAC conjugate were observed in rats given AE (Figure 5 B,E).  The two
conjugates showed consistent mass spectral fragment patterns and retention time

(Figure 5 B-F) with those of the corresponding metabolites detected in RLC incubations
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(Figure 1 B,D and 2 B,D).  Pretreatment with general SULT inhibitor PCP
dramatically suppressed the excretion of AE-GSH/NAC conjugates (Figure 6), which
indicates the involvement of SULTs in the metabolic activation of AE.

The association of AE-induced cytotoxicity with its bioactivation mediated by
sulfation was investigated in HepG2 cells. AE revealed concentration-dependent
cytotoxicity, and the addition of PCP markedly attenuated cell susceptibility to AE
cytotoxicity (Figure 7), which suggests that the sulfation pathway played a certain role
in AE-induced cytotoxicity.

Many drugs or their metabolites contain hydroxyl or amino groups attached to
benzylic, allylic, or aromatic-allylic systems. These groups are metabolized to the
corresponding sulfates catalyzed by SULTs. As a result, highly reactive electrophilic
species are formed which are prone to attack nucleophilic cellular components. The
modification may trigger varieties of toxicities. A putative metabolic activation
pathway of AE is shown in Scheme 1. The benzyl hydroxyl of AE was not a reactive
electrophile per se, however, it might undergo sulfation to produce AE sulfate, then
further reacted with GSH/NAC by Sy1 or/and Sn2 reaction(s). The AE sulfate is
chemically reactive, either generating a highly reactive electrophilic carbocation, which
could react endogenous GSH to form AE-GSH conjugate (Sy1 mechanism), or/and
being directly attacked by GSH (Sx2 mechanism).  Both types of reactions would
induce cellular GSH depletion.

Three types of GSH conjugates were detected in bile samples of rats given AE,

including M3/M4, M6 and AE-GSH, and the first three were reported by our group!?3!.
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These conjugates are derived from AE itself, quinone metabolites of AE, and AE sulfate.

Apparently, more AE-GSH was produced than M3/M4 and M6 (Figure S5), although

oNOYTULT D WN =

9 it was a semi-quantitative analysis. The roles of the three types of electrophilic specie
12 in the development of AE toxicities need to be investigated.

In summary, we have characterized a new metabolic activation pathway of AE.
17 Metabolism of AE undergoes sulfation, and the resulting AE-derived sulfate is
20 chemically reactive to thiols. = The phase II metabolism of AE may be a factor

responsible for AE-induced cytotoxicity.
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Supporting information
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9 The '"H NMR spectrum of AE-GSH conjugate; 'H NMR spectrum of AE-NAC

12 conjugate; Biliary GSH conjugates derived from AE.
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Abbreviations: CE, collision energy; DMSO, dimethyl sulfoxide; DP, declustering
potential; EPI, enhanced product ion; GSH, glutathione; IDA, information-dependent
acquisition; LC-MS/MS, liquid chromatography-tandem mass spectrometry; MRM,
multiple-reaction monitoring; NAC, N-acetyl cysteine; NMR, nuclear magnetic
resonance; Q-TOF, quadrupole/time-of-flight; PAPS, 3’-phosphoadenosine-5'-
phosphosulfate; PCP, pentachlorophenol; PBS, phosphate-buffered saline; RLC, rat

liver cytosol; SULTS, sulfotransferases.
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Table 1. Mass spectrometric profiling data of AE-GSH/NAC conjugates obtained from

LC-Q-TOF MS analysis.

Figure Legends

Figure 1. Characterization of AE-GSH conjugate. Chromatograms of extracted ion
(m/z 560/253) obtained from LC-Q-Trap MS analysis of rat liver cytosol incubations
fortified with AE and GSH in the absence (A) or presence (B) of PAPS. C:
Chromatograms of extracted ion obtained from LC-Q-Trap MS analysis of synthetic
AE-GSH conjugate. D: MS/MS spectrum of AE-GSH conjugate produced in cytosol

incubations. E: MS/MS spectrum of synthetic AE-GSH conjugate.

Figure 2. Characterization of AE-NAC conjugate. Chromatograms of extracted ion
(m/z 416/253) obtained from LC-Q-Trap MS analysis of rat liver cytosol incubations
supplemented with AE and NAC in the absence (A) or presence (B) of PAPS. C:
Chromatograms of extracted ion obtained from LC-Q-Trap MS analysis of synthetic
AE-NAC conjugate. D: MS/MS spectrum of AE-NAC conjugate produced in cytosol

incubations. E: MS/MS spectrum of synthetic AE-NAC conjugate.

Figure 3. Characterization of compound 1 (AE-Br). Chromatograms of extracted
ions (m/z 333/254 and m/z 335/254) obtained from LC-MS/MS analysis of synthetic

compound 1.

Figure 4. Chemical structures (A) and 'H NMR chemical shifts (B) of AE-GSH/NAC

conjugates.

Figure 5. Characterization of biliary AE-GSH and urinary AE-NAC conjugates.
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Chromatograms of extracted ion (m/z 560/253 for AE-GSH) obtained from LC-Q-Trap
MS analysis of bile of rats before (A) and after (B) treatment with AE. C: MS/MS
spectrum of AE-GSH conjugate in bile samples of rats given AE. Chromatograms of
extracted ion (m/z 416/253 for AE-NAC) obtained from LC-Q-Trap MS analysis of
urine of rats before (D) and after (E) treatment with AE. F: MS/MS spectrum of AE-

NAC conjugate in urine samples of rats given AE.

Figure 6. Effects of PCP on excretion of biliary AE-GSH conjugate (A) and urinary
AE-NAC conjugate (B) in rats treated with AE.  Rats pretreated with PCP (10 mg/kg,
i.p.) or vehicle were given AE (200 mg/kg, i.p.). Bile samples and urine samples (n=3)
were collected. The contents of AE-GSH/NAC conjugates were measured by LC-
MS/MS. Data represent values from triplicate measurements. **p <0.01 (mean +

SD).

Figure 7. Effect of PCP (6.25 uM) on susceptibility of HepG2 cells to AE cytotoxicity.
Each column represents the mean of triplicate samples. *p < 0.05; **p < 0.01 versus
their respective incubations without pretreatment with PCP.

Scheme Legends

Scheme 1. Synthetic route of compound 1 (AE-Br).

Scheme 2. Proposed mechanisms of AE metabolic activation mediated by SULTSs.
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Table 1.

[M+H]* error
compound formula calculated detected ppm mDa
AE-GSH CysHpsN;3;010S  560.1333  560.1332 2.5 0.14

AE-NAC  CyH;;NO;S  416.0798 416.0795 0.9 0.39
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Figure 2.
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Figure 3.
0l A 254.1
OH O OH
%“ 0.0
225.0 Br
197.0
115.0 141:1169.0 333.0 335.0 0
| ke B I
0 - - ; | -
100 200 300
m/z, Da
3.5¢4 4 B 3.7e4 C 13.67
2 MRM Scan of 13:63 2 MRM Scan of
ey m/z 333/254 = m/z 335/254
& &
= 3000 = 3000
o —
0 T l T T T T T l “ T T T T T T T T T
2 4 6 8 10 12 14 16 18 2 4 6 8 10 12 14 16 18
Time, min Time, min

ACS Paragon Plus Environment



oNOYTULT D WN =

Chemical Research in Toxicology

Page 32 of 37

Figure 4
A
AE-GSH AE-NAC
B
Proton AE-GSH AE-NAC
H-2 7.35 (1H, s) 7.33 (1H,s)
H-4 7.68 (1H, s) 7.71 (1H, s)
H-5 7.71 (1H,d ,J=7.4Hz) 7.73 (1H, d, J=7.5 Hz)
H-6 7.80 (1H, dd, J=7.9,7.9 Hz) 7.83 (1H, dd, J="7.6,8.0 Hz)
H-7 7.36 (1H, d, /= 8.3 Hz) 7.40 (1H, d, /= 8.3 Hz)
H-11 3.72 (2H, m) 3.90 (2H, s)
H-12 2.61 (1H,dd,J=4.1,13.3 Hz) 2.69 (1H, dd, /=4.8,13.6 Hz)
2.83 (1H,dd, J/=4.5,13.7Hz) 2.83 (1H, dd, J=8.5,13.6 Hz)
H-14 2.54 (2H, s) 4.39 (1H, m)
N-H - 8.28 (1H, d, /= 7.9 Hz)
H-16 4.52 (1H, dd, J= 8.8, 13.4 Hz) 1.86 (3H, s)
N1'-H 8.68 (1H, s) -
N2'-H 8.43 (1H, d, J/= 8.5 Hz) -
H-18 2.36 (2H, t, J= 6.5 Hz) -
H-19 1.97 (2H, m) -
H-20 3.42 (1H, s) -
N3'-H 3.87(2H,d,J=11.1 Hz) -
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Figure 5.
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Figure 7.
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Scheme 1.

OH O OH OH O OH
PBI’3

CCly
OH Br
(0] (0]

ACS Paragon Plus Environment

Page 36 of 37



Page 37 of 37 Chemical Research in Toxicology

Scheme 2.
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