1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Author manuscript
Chem Res Toxicol. Author manuscript; available in PMC 2016 August 17.

-, HHS Public Access
«

Published in final edited form as:
Chem Res Toxicol. 2015 August 17; 28(8): 1519-1521. doi:10.1021/acs.chemrestox.5b00227.

Biliatresone, a Reactive Natural Toxin from Dysphania
glomulifera and D. littoralis: Discovery of the Toxic Moiety 1,2-
Diaryl-2-Propenone

Kyung A. Koo™T, Kristin Lorent*, Weilong Gong*, Peter WindsorL, Stephen J. Whittaker?,
Michael Pack*$, Rebecca G. Wells*!, and John R. Porter™T

TDepartment of Biological Sciences, University of the Sciences, Philadelphia, Pennsylvania
19104, United States

*Department of Medicine, Perelman School of Medicine, University of Pennsylvania, Philadelphia
19104, United States

SDepartment of Cell Biology, Perelman School of Medicine, University of Pennsylvania,
Philadelphia 19104, United States

'Department of Pathology and Laboratory Medicine, Perelman School of Medicine, University of
Pennsylvania, Philadelphia 19104, United States

LFaculty of Veterinary Science, University of Sydney, Sydney, New South Wales 2006, Australia

#Hume Livestock and Pest Authority, Albury, New South Wales Australia

Abstract

We identified a reactive natural toxin, biliatresone, from Dysphania glomulifera and D. littoralis
collected in Australia that produces extrahepatic biliary atresia in a zebrafish model. Three
additional isoflavonoids, including the known isoflavone betavulgarin, were also isolated.
Biliatresone is in the very rare 1,2-diaryl-2-propenone class of isoflavonoids. The a-methylene of
the 1,2-diaryl-2-propenone of biliatresone spontaneously reacts via Michael addition in the
formation of water and methanol adducts. The lethal dose of biliatresone in a zebrafish assay was
1 ug/mL, while the lethal dose of synthetic 1,2-diaryl-2-propen-1-one was 5 pug/mL, suggesting
1,2-diaryl-2-propenone as the toxic Michael acceptor.
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Outbreaks of biliary atresia in neonatal Australian livestock (1964, 1988, 2007, and 2013)
affected 14-100% of newborn animals (primarily sheep but in one case cows) but no
adults.! Biliary atresia is an obliterative fibrosing disorder that affects the extrahepatic
biliary tree and, possibly as a consequence of obstruction, leads to liver fibrosis and
cirrhosis. The years had in common (i) severe drought; (ii) grazing of pregnant animals on
land normally covered by water; and (iii) the presence of Dysphania glomulifera ssp.
glomulifera (Nees) Paul G. Wilson and, in some cases, D. littoralis R. Br. in the flora of
these pastures.? In order to identify a causative toxin, we harvested a mixture of these two
species from the pasture associated with the 2007 outbreak (Figure S1, Supporting
Information). Members of the genus Dysphania are perennial plants; D. glomulifera and D.
littoralis are endemic to Australia.3 An epidemiologic study implicated D. glomulifera as a
risk factor in a case of sudden death of 40 cows by acute cyanide poisoning.# The
assessment of cyanide poisoning was established from the cyanogenic potential of the
residual plant in the rumen fluid, although HCN and cyanogenic compounds were not
directly detected.

The biology of the biliary toxicity of biliatresone (1) has been reported elsewhere.®> We
report herein a thorough characterization of an unusual, toxic, and reactive isoflavonoid,
biliatresone (1), along with three related isoflavonoids (Figure 1). To screen for toxicity, we
used larval zebrafish, commonly used for whole-organism in vivo screening in
pharmaceutical and toxicological studies.® The zebrafish larvae were exposed to crude
extracts, fractions, and purified compounds in different concentrations for 24-48 h. Toxicity
was evaluated by the determination of the lethal dose and microscopic examination of the
fate of a fluorescent lipid reporter, Bodipy-C16, added to the medium.” The zebrafish ingest
the lipid, with fluorescence observed within 6 h in the intestine and gallbladder of the
control zebrafish.8 Fluorescence is not detected in zebrafish with biliary damage.

We identified toxic fractions and compounds in a sequential isolation of Fr1 — CH,Cl, Fr
— subFr45 — compounds (1-4) from the crude extract in the toxicity-guided screen (Figure
S2, Supporting Information). Treatment with the toxic subFr45 led to significant defects of
the gallbladder in 5 and 9 days postfertilization (dpf) zebrafish (Figure 2A-D). Four
compounds (1-4) were isolated from the subFr45, and their toxicities were investigated.
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Biliatresone (1) exhibited toxicity at doses of 0.065-1.0 pg/mL with a marked reduction
compared to the control of the fluorescent metabolites in the gallbladder and intestinal
lumen (Figure 2E-G); full details of the biological studies are published.> Compounds 2-4
had no apparent toxicity in this assay.

Compound 1 was isolated as a yellowish gum; a molecular formula of C1gH,50¢ Was
established by HRMS from the mass of m/z 329.1022 [M + H]*. NMR analysis showed that
1is a 1,2-diaryl-2-propenone structure, an a-methylene ketone bridge between two phenyls,
with methoxyl, hydroxyl, and dioxymethylene functional groups (Table S1 and Figures S3—
S8, Supporting Information). This skeleton may arise by C-ring cleavage of betavulgarin to
form seco-betavulgarin and subsequent methylation at C4. Similar 1,2-diaryl-2-propenone
metabolites were produced by intestinal clostridia in humans who ingested the dietary
isoflavonoids daidzein and genistein.® The isolation of 1 suggests the possibility of a
biochemical route for C-ring cleavage similar to that found in the human intestinal bacteria,
which would be a novel biosynthetic pathway in the plants. The data collectively enabled 1
to be identified as 4-methoxy-seco-betavulgarin, to which we gave the trivial name of
biliatresone in recognition of the biliary atresia-like phenotype it caused in the zebrafish
assay. Compound 2 was identified as betavulgarin, a known antimicrobial phytoalexin, by
comparing our NMR data with the literature.10 Compound 3 has the S-stereoisomer
configuration, with a negative Cotton effect between 290 and 340 nm, and we identified 3 as
(3S)-2’-hydroxy-5-methoxy-6,7-methylenedioxy isoflavanone, not previously reported.11
Compound 4 was identified as a novel 1,2-methylenedioxy-4-methoxy-seco-pterocarpan.
We have given 4 the trivial name of humeone in recognition of plant collection along the
Hume Weir. Details are in the Chemical Structure Elucidations section, Figures S3-S22, and
Tables S1-S2 in the Supporting Information.

In the course of identifying 1, we found that 1 divided into four peaks (1w, 1m, 1d, and 1) in
the HPLC (Figure S23, Supporting Information). We first suspected a case of tautomerism
of 1, but the LC-MS analysis revealed that the four compounds had different molecular
masses, indicating separate compounds rather than tautomers. The LC-MS data of 1w
showed a molecular ion at m/z 347 [M + H]*, while the molecular ion of 1m was m/z 361
[M + HJ*, suggesting the addition of 18 amu, a water molecule, or 32 amu, a MeOH
molecule, to 1, respectively. Purification of each of 1, 1w, and 1m led to spontaneous
formation of the same products in the water/MeOH/ACN solvent (Figure S24, Supporting
Information). The formations of 1w and 1m from 1 were reversible reactions with an
equilibrium peak area ratio of 2:3 (1m/1) in solution (Figure S24B and C, Supporting
Information). Use of a water/EtOH/ACN solvent, instead of MeOH, stopped the
transformation to 1m from the purified 1 and 1w (Figure S24C, Supporting Information). A
time-course HPLC analysis of the addition of MeOH to 1 showed that 1m increased over a
reaction time of 20 h (Figure 3), indicating that 1m was the MeOH adduct of 1. The
structure of 1w corresponds to 3’-hydroxy-biliatresone, a water adduct of 1 on the basis of
the elucidation of 1m. NMR spectra of 1m were measured from a mixture of 1m and 1
because 1m could not be completely purified without conversion to 1 (Figures S25-S30,
Supporting Information). The chemical structure of 1m was completed with peaks selected
by the elimination of all peaks arising from the IH NMR data of 1 and identified as 3'-
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methoxy-biliatresone, generated by the oxidative cleavage of the a-methylene (C-2’ and
C-3) caused by electron attack of nucleophilic MeOH via a Michael addition.12

We noticed the presence of another tiny peak 1d, which is marked by a red open circle in the
HPLC chromatograms (Figures S23, S24, and S31, Supporting Information). The peak of 1d
was found in all chromatograms during the characterization of the solvent adducts. The
molecular mass of 1d was m/z 317 [M + H]*, corresponding to a molecular formula of
C17H160s6, representing the loss of one carbon from 1 (Figure S31, Supporting Information).
A very small quantity of 1d was purified, and 1H NMR and HMBC data were acquired
(Figure S32, Supporting Information). Comparison of the NMR data showed that 1d lacked
the olefinic protons (3’-H) of 1. Instead, a new methylene peak, (2’-H, 2H) was present,
indicating a 1,2-diaryl-ethanone with an ethanone bridge (-CH,-). We named 1d
demethylene biliatresone. Although isoflavonoids are frequently isolated from various
plants, and diaryl-ethanone (benzoins) and -ethene (stilbenes) compounds are not infrequent,
the 1,2-diaryl-propenone isoflavonoids are extremely rare. Besides the intestinal metabolites
of soy isoflavonoids, the only other 1,2-diaryl-propenone compounds have been reported as
products of fungal degradation of plant lignin.13

To summarize, in the zebrafish toxicity assay with 1, all of 25 zebrafish larvae were killed at
a concentration of 1 pg/mL (3.05 pM) with marked changes in the gallbladder and
extrahepatic biliary tree structures (Figure 2).2 The water and MeOH adducts (1w and 1m)
showed toxicities similar to those of 1. We feel that the toxicity of the solvent adducts
reflects the reversible reaction to 1 in vivo. We thus focused on the 1,2-diaryl-2-propenone
moiety as a core moiety and/or a reactive toxic Michael acceptor contributing to the
extrahepatic biliary toxicity that led to the death of the zebrafish larvae. In order to
determine whether 1,2-diaryl-2-propenone was a toxic moiety, 1,2-diaryl-2-propen-1-one (5)
was synthesized from 1,2-diaryl-ethanone with a slight modification (Figure S33,
Supporting Information).1* The synthetic 5 also spontaneously but very slowly conjugated
with MeOH in the same way as 1 (Figure S34, Supporting Information) and killed the
zebrafish larvae at a higher concentration (5 pg/mL; 24.03 uM) than 1. By comparison of the
structures of 1 and 5, we suggest that the functional groups of 1 contribute to the biliary tree-
specific and higher toxicity of biliatresone. Although the extrahepatic biliary toxicity of 1
needs further investigation, the high content of biliatresone (~1.84% of the dry weight)
supports the hypothesis that 1 is responsible for biliary toxicity in livestock (Figure S2B,
Supporting Information).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Structures of toxic isoflavonoid 1, its derivatives (1w, 1m, and 1d), an additional three
isoflavonoids (2-4), and the synthetic route of 1,2-diaryl-2-propen-1-one (5).
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Figure2.
Toxicity of subFr45 and biliatresone in the zebrafish larvae. (A-D) Fluorescent images of a

control larva (A,C) and a larva treated with subFr45 (B,D). Treatment with subFr45 caused
destruction of the gallbladder with preservation of the intrahepatic ducts. (E-G) (Left)
Brightfield lateral images of control and biliatresone-treated zebrafish larvae. (Right)
Fluorescent images of the same larvae as shown in the brightfield images showing the fate
of the ingested lipid. Fluorescent lipid metabolites are present in the gallbladder and
intestine of the control larvae (E) but were reduced (F; 0.5 pg/mL) or not detected (G; 1.0
pg/mL) in the treated larvae. [g, gallbladder; ihd, intrahepatic duct; i, intestine].
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Figure 3.

HPLC analysis of the time-course study of the formation of the 1w and 1m adducts from 1.
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