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Liquid chromatography in tandemmass spectrometry (LC–MS/MS) has emerged as an informative tool to inves-
tigate oxysterols (oxidized derivatives of cholesterol) in helminth parasite associated cancers. Here, we used LC–
MS/MS to investigate in soluble extracts of the adult developmental stage of Opisthorchis viverrini from experi-
mentally infected hamsters. Using comparisons with known bile acids and the metabolites of estrogens, the
LC–MS data indicated the existence of novel oxysterol derivatives in O. viverrini. Most of these derivatives were
ramified at C-17, in similar fashion to bile acids and their conjugated salts. Severalwere compatiblewith the pres-
ence of an estrogen core, and/or hydroxylation of the steroid aromatic ring A, hydroxylation of both C-2 and C-3
of the steroid ring and further oxidation into an estradiol-2,3-quinone.

© 2013 The Authors. Published by Elsevier Ireland Ltd. All rights reserved.
1. Introduction

Liver fluke infection caused by Opisthorchis viverrini, Clonorchis
sinensis and related flukes remains a major public health problem in
East Asia and Eastern Europe where N40 million people are infected.
O. viverrini is endemic in Thailand, Lao PDR, Vietnam and Cambodia.
Humans acquire the infection by eating raw or undercooked fish
infected with the metacercaria (MC) stage of the parasite (reviewed in
[1]). Upon ingestion, metacercariae excyst in the duodenum and juve-
nile flukes migrate into the biliary tree. In the bile ducts, the parasites
mature over six weeks into adult flukeswhich graze on biliary epithelia.
Parasite eggs are shed in the fecal stream and the eggs are ingested by
freshwater snails. The parasite undergoes transformations within the
snail host, culminating in the release of cercariae which seek out and
penetrate the skin of a freshwater fish. The infection in humans causes
hepatobiliary abnormalities, including cholangitis, obstructive jaundice,
erms of the Creative Commons
which permits non-commercial
d the original author and source

351 220402563.

lished by Elsevier Ireland Ltd. All righ
hepatomegaly, periductal fibrosis, cholecystitis and cholelithiasis [1].
Much more problematically, both experimental evidence and epidemi-
ological evidence strongly implicate liver fluke infection in the etiology
of one of the major liver cancer subtypes — cholangiocarcinoma (CCA),
bile duct cancer [2].

Opisthorchiasis is associated with elevation of bile acids, including
deoxycholic acid (3, Supplementary Table 1), which are potent tumor
promoters in cholangiocarcinogenesis. Bile acids (Supplementary
Table 1) are synthesized in the liver from cholesterol, and themajorities
are conjugated with either glycine or taurine [3–7]. Inflammation-
related carcinogenesis has also been associated to oxidative and
nitrative DNA damage as 8-oxo-7,8-hydro-2′-deoxiguanine (8-oxodG)
and 8-nitroguanine (8-NG) [4]. Akaike et al. [5] demonstrated the
close association of 8-nitroguanosine with NO production in mice with
viral pneumonia. Increased levels of nitrate andnitrite,which reflect en-
dogenous generation of NO, have also been detected during O. viverrini
infection in humans [6] and animals [7]. In view of the above, a study
on nucleic acid damage by reactive nitrogen and oxygen species may
contribute to clarification of mechanisms of carcinogenesis triggered by
O. viverrini infection.

Oxysterols, which are oxidation products of cholesterol not generated
by enzymatic or enzymatic (P450) reactions, have been shown to bemu-
tagenic, genotoxic, and to possess pro-oxidative and pro-inflammation
ts reserved.
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properties that can contribute to carcinogenesis. Binding domains in
human gene studies have demonstrated an association between different
types of oxysterols and the development and progression of cancer of the
colon, lung, breast and bile ducts. Given our experience in LC–MS/MS
studies towards drug development [15,16,19–22] and understanding of
themolecular basis of disease [8,9], we set out to explore the prospective
presence of novel steroids in O. viverrini, in line with recent findings on
steroid metabolites reported by others and us [8,10].

2. Materials and methods

2.1. Extracts of O. viverrini liver flukes

Metacercariae of O. viverrini were obtained from naturally infected
cyprinoid fish in Khon Kaen province, Thailand. The fish were digested
by pepsin–HCl method. After several washes with normal saline,
metacercariae were collected and identified under a dissecting micro-
scope.Metacercariaewere used to infect hamsters (Mesocricetus auratus),
whichweremaintained at the rodent facility of the Faculty ofMedicine at
Khon Kaen University. Protocols approved by the Khon Kaen University
Animal Ethics Committee were used for this investigation (Animal Ethic
No. AEKKU 05/2550). At about three months after infection, hamsters
were euthanized and necropsied, and adult O. viverrini flukes recovered
from their bile ducts. The worms were washed extensively in phosphate
buffered saline (PBS, pH 7.4) containing antibiotics (100 μg/mL strepto-
mycin and 100 U/mL penicillin G) and cultured overnight in serum free
RPMI-1640 medium containing 1% glucose, and protease inhibitors
(0.1 mM phenylmethanesulfonyl fluoride, 2 μM E-64 and 10 μM
leupeptin) at 37 °C and 5% CO2 [11]. Then, the worms were washed
thoroughly with PBS. Soluble extracts of these worms were prepared
by sonication (5 × 5 s bursts, output cycle 4, Misonix Sonicator 3000,
Newtown, CT 06470, USA) in PBS supplemented with protease inhibitors
(500 μM AEBSF, HCl, 150 nM aprotinin, 1 μM E-64, and 1 μM leupeptin
hemisulfate) (EMD Millipore, Calbiochem, Billerica, MA, USA), followed
by 30-min centrifugation at 10000 rpm and 4 °C. Supernatants were
collected and protein concentration was determined using the
bicinchoninic acid assay (BCA kit, Pierce, Rockford, IL, USA). These soluble
extracts of O. viverrini worms were stored in small aliquots at −80 °C
until needed.
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Fig. 1. Full chromatogram (MS detection) obtained in the LC–MS/MS analysis of soluble extract
and the Y-axis shows the relative abundance of each component.
Methanol was added to the soluble extract of O. viverrini worms
(with lipidic fraction) up to 20% (volume/volume); 25 μL of this solution
was injected into the LC–MS/MS instrument for analysis. Methanol
displayed excellent chromatographic performance (separation and
sensitivity)with short gradient times possible for chromatographic sep-
aration with this solvent.

2.2. LC–MS/MS analysis

High-performance liquid chromatography (HPLC) coupled with
mass spectrometry (LC–MS) was employed to investigate relevant mo-
lecular species in the soluble extracts from adult O. viverriniworms. The
HPLC module was constituted with a thermostatted automated sample
injector and a thermostatted column compartment; the column was a
125 × 4.6 cm Merck Purospher STAR RP-18e (3 μm), equipped with a
Merck Lichrocart pre-column (Merck, Germany) and the mobile phase
consisted of 1% acetic acid in water (A)/acetonitrile (B) mixtures; elu-
tion was carried out at a flow rate of 0.3 mL/min, with the following
program: 0–5 min, 100% A; 5–10 min, linear gradient from 100% to
80% A; 10–15 min, 80% A; 15–50 min, linear gradient from 80 to 40%
A; 50–65 min, 40% A; 65–75 min, linear gradient from 40% A to 100%
B; detection was achieved on a diode array detector (DAD) at 280 nm.
MS analysis relied on a Finnigan Surveyor LCQ XP MAX quadrupole
ion trap mass spectrometer (Thermo Electron Corporation, San Jose,
CA, USA) utilizing electrospray ionization. Mass spectra were acquired
in the negative mode (species mainly detected as [M-H]− ions or M−).

3. Results

The introduction and refinement of LC–MS/MS methods have made
the analysis of conjugated bile acids possible with high sensitivity, min-
imal sample size requirements and simplified sample preparation pro-
cedures [29]. In view of this, we developed an LC–MS/MS approach to
search for new steroid-based molecules whose presence in extracts of
O. viverrini worms we had postulated on the basis of bile acids and the
metabolism of estrogens [8,10]. Fig. 1 depicts the full chromatogram
(MS detection) obtained for the worm extracts, and relevant data
from MS analysis are presented in Table 1, along with the structures
postulated to be associatedwith each of themain species detected here.
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Table 1
Postulated structures for components detected by LC–MS/MS analysis of extracts of adult O. viverriniworms; # represents the number of structure in this report, MS is the principal peak
observed in mass spectrum, MS2 is the first fragmentation of principal peak observed in MS, and r.t. is the retention time.

Compound # Postulated structure m/z r.t. (min.)

MS MS2

9 384.87 – 16.49

10 716.07 656.02
511.98
453.17

17.99

11 802.40 742.20
724.13
597.87

18.53

12 355.87 – 19.45

13 577.13 – 20.85

14 335.07 – 21.60

(continued on next page)
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Table 1 (continued)

Compound # Postulated structure m/z r.t. (min.)

MS MS2

15 357.13 – 30.45

16 438.93 – 38.84

17 667.20 515.07
497.00
541.27

39.20

18 455.13 – 41.90

19 329.47 – 43.12

20 495.13 407.20
450.72
340.80

45.20

21 280.87 – 48.47
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As shown on Table 1, most of the proposed structures present C-17
ramification (i.e. discrete and variable chains linked to carbon 17 of
the steroid ring), in similar fashion to bile acids and their conjugated
salts. Also, MS data are compatible with the presence of derivatives of
catechol-estrogens and other components hydroxylated at the steroid
ring, including at both C-2 and C-3 and respective oxidized 2,3-quinone.

Some oxidativemetabolites of estrogens can react with DNA and the
mutations resulting from these adducts can lead to cell transformation.



Table 1 (continued)

Compound # Postulated structure m/z r.t. (min.)

MS MS2

22 757.23 649.13
540.93
497.07

49.11

23 255.20 – 50.10

24 529.07 393.60 51.98

25 887.07 882.57
859.95
803.94

57.78

26 451.20 – 59.34
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Bile acids constitute a large family of steroids carrying a carboxyl group
in the side chain, e.g. 10, 11, 11 and 22. Bile alcohols have similar prod-
ucts in bile acid biosynthesis or as end products, and we can see these
compounds in 18, 19 and 26, but conjugated at different positions.
Free bile acids are reconjugated in some species like aldehydes (12
and 15) or as sulfates (20, 24 and 25). The effects of these individual
species can be anticipated to be structure-dependent, and metabolic
conversions will result in a complex mixture of biologically active and
inactive forms.

4. Discussion

Chronic infection by the liver fluke O. viverrini is associated with car-
cinogenesis of CCA. ROS/RNS generated during inflammatory response
toO. viverrini possess highly oxidative potential [12]. These oxidative spe-
cies could react with biomolecules in inflammatory area which include
O. viverrini residing in the bile duct. Cholesterol is one of the targets of
the free radicals. Here, we identified oxidized derivatives, oxysterols,
from the liver fluke O. viverrini, whichmight – at least in part – be gener-
ated from non-enzymatic reaction by the oxidative free radicals. It is also
feasible that these novel oxysterols are produced enzymatically by the
liver fluke, and in this regard, the prospective occurrence of cholesterol
metabolic enzymes in fluke tissues deserves to be investigated. On the
other hand, O. viverrini worms reside within the biliary tree, bathed in
bile, and hence some of these oxysterol like speciesmay be of host origin.
Regardless of the provenance of these metabolites, the parasite might
take up and/or utilize these oxysterols for its own needs or benefit.

Since oxysterols can traverse cell membranes more quickly than cho-
lesterol, oxysterols of O. viverrini origin might enter biliary epithelia
and contribute to O. viverrini-associated cholangiocarcinoma. Moreover,
oxysterols may contribute at several stages of carcinogenesis; 1) tumor
initiation by enhancing the production of ROS/RNS and 2) tumor promo-
tion through upregulated expression COX-2 leading to the alteration
of cellular phenotypes. Also, oxysterols may support cancer progression
through the induction ofmigration and/ormay exert their effect by bind-
ing to specific proteins and activating signaling cascades. Oxysterols have
been identified in livers of hamsters infected with O. viverrini that de-
velop cholangiocarcinoma; among others, both Triol and 3K4 occur at
elevated levels in the livers of hamsters with O. viverrini-induced cholan-
giocarcinoma. In concert with the novel liver fluke oxysterols reported
here they might contribute to cholangiocarcinoma through formation
of DNA adducts and dysregulation of apoptosis and other homeostatic
pathways [14,15].

Most of the bile acids excreted to the bile duct are reabsorbed in the
intestine and return to the liver via the portal vein. Reabsorbed bile acids
act as a negative regulator of the rate-limiting enzyme for cholesterol ca-
tabolism termed cholesterol 7 alpha-hydroxylase (CYP7A1) in the liver,
which in turn slows down bile acid production [13]. The oxysterols in
O. viverrini adult worms are released into the bile duct, some of them
are structurally similar to bile acids, and might act the same way as
bile acids to down regulate the bile acid metabolism. In turn, this
might contribute to digestive dysfunction that is not uncommon during
opisthorchiasis [16], and hence further investigation of this issue can be
expected to be informative. Nonetheless,whereaswe anticipate that sim-
ilar physiological phenomena take place in infected humans, the present
study investigated worms from experimentally infected hamsters.

Awater soluble lysate of O. viverrini liver flukes was investigated here
because we wanted to investigate soluble forms of oxysterol(s). This
would likely reflect physiological forms released/exported/secreted
from the liver fluke in vivo. Since we wondered whether oxysterols
might be involved in carcinogenesis of liver fluke induced bile duct can-
cer, it seems likely that soluble forms would be transferred from the
worm to surrounding tissues. One possible mechanism for transferring
of these oxysterols is binding to carrier proteins, including fatty acid bind-
ing proteins in tegumental membrane and excretory–secretory products
of O. viverrini [17]. Fatty acid binding proteins are members of lipid-
binding protein family that serve as carrier proteins for hydrophobic
ligand trafficking [18]. The mechanism and role of these proteins in
O. viverrini also are being investigated in our laboratories.

MS analysis alone cannot provide a conclusive structural assign-
ment. Nonetheless, we have used caution in interpreting the new LC–
MS data in light of what has been reported/is known about metabolism
of bile acids and estradiol [8,19–21]. Furthermore, our structural inter-
pretation of MS data for the postulated novel oxysterols is further sup-
ported by MS fragmentation analysis, presented in Fig. 2.

Wehave postulated structures based only on themass of the [M-H]−

ion associated to each component detected by the LC–MS/MSanalysis of
O. viverrini extracts. However, in view of all the above, and based on the
literature available about bile acids and the metabolism of estrogen-
related biomolecules [19,20], the structures presented in Table 1 are
likely to be valid. Some of these structures represent the estrogen core
withminimal or only a fewchanges, e.g.9,12–15,23 and24. Themajority
of these exhibit C-17 ramifications, similar to structures of bile acids and
their conjugated salts e.g. 10, 11, 17–20, 22, 25 and 26 (Table 1). In addi-
tion, structure 18 is compatible with a pattern of steroid-ring hydroxyl-
ation on both C-2 and C-3 and further oxidation into an estradiol-2,3-
quinone. Overall, the proposed structures suggest that carcinogenesis-
related steroids may be present in significant amounts in the adult
O. viverrini liver fluke. It also should be noted that a relation between
putative oxysterol or bile acid metabolites from O. viverrini and bile
duct cancer has been previously hypothesized, in pioneering studies by
Thai investigators during 1980s [22].

The chemical structures of oxysterols vary depending upon the num-
ber and position of oxygenated functional group, and include keto-,
hydroxyperoxy, and epoxy forms. Enzymatic pathways that result in pro-
duction of oxysterols mainly involve cytochrome P450 family enzymes,
but certain oxysterols are produced by non-enzymatic oxidation (or
auto-oxidation), a process that involves reactive oxygen and nitrogen
species [23]. Oxysterols can act as intermediates in cholesterol catabo-
lism, especially in synthesis of bile acids [24,25]. Bile acids, in turn, are
acidic molecules with pKa values of ~1.5 for taurine-conjugated, ~4.5
for glycine-conjugated, and ~6.0 for unconjugated bile acids [26]. Thus,
detection of bile acids and respective conjugates in ionized/non-ionized
forms will depend on the pH of the mobile phase [27,28]. In our case,
where a slightly acidic mobile phase was employed, taurine conjugates
would be mainly deprotonated, and glycine and unconjugated bile
acids would occur predominantly in the non-ionized form.

Cytochrome P450 enzymes play a critical role in both estrogen
formation and its subsequent oxidative metabolism. The biosynthesis
of estrogen hormones from androgens is mediated by the action of aro-
matase, a cytochrome P450 specific enzyme. Subsequent to their syn-
thesis, estrogens undergo extensive metabolism [10]. The oxygenated
metabolites of estrogens represent structureswith newly generated hy-
droxyl and keto functions at specific sites in the steroid nucleus, which
are analogous to other steroid categories that undergo oxidativemetab-
olism, as androgens, vitamin D and bile acids [29]. The estrogens also
share with other steroids similar modes of conjugative metabolism in-
volving the formation of sulfates and glucoronides. Recently, we report-
ed novel estrogenic conjugates with guanine [8], and although steroid
and/or bile acid metabolites apparently have not been reported before
for O. viverrini, formations of 8-oxodG and 8-NG have been described
in the course of O. viverrini infection [4].

To conclude, advances in the methods of LC–MS/MS have facilitated
the analysis of conjugated bile acidswith high sensitivity, requiring only
minimal quantities of the samples, and simplified sample preparation
procedures [19]. As such, LC–MS/MS was utilized in this study, which
enabled us to putatively identify novel oxysterols in adult O. viverrini
liver flukes. Whereas the role of these new oxysterols of O. viverrini in
bile duct cancer remains to be examined, this topic clearly is worthy
of deeper investigation. Future studies will aim at isolation or chemical
synthesis of some of these oxysterols and downstream investigation
of interactions of the fluke oxysterols with informative cells such as



542 N. Vale et al. / Parasitology International 62 (2013) 535–542
cholangiocytes [14] and with oxysterol binding proteins (OSP). Given
that other metabolites of O. viverrini also are predicted to play a role in
tumorigenesis of O. viverrini induced bile duct cancer, including liver
fluke granulin [30], it will be informative also to compare and contrast
action of liver fluke granulin and the fluke oxysterols in these analyses.
OSP are potential biomarkers of liver fluke induced liver cancer [15]. As
ligands of OSP, O. viverrini-derived oxysterols and related metabolites
may become useful biomarkers for O. viverrini infection and associated
diseases [31].

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.parint.2013.08.001.
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