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Treatment of mice with 2,3,7,8-Tetrachlorodibenzo-p-dioxin
markedly increases the levels of a number of cytochrome
P450 metabolites of omega-3 polyunsaturated fatty acids in
the liver and lung
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ABSTRACT — We previously reported that 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) increased
WKHOHYHOVRIVHYHUDOF\WRFKURPH3PHWDEROLWHVRIWKHRPHJDSRO\XQVDWXUDWHGIDWW\DFLGV 38)$V 
DUDFKLGRQLFDFLG $5$ DQGOLQROHLFDFLGLQWKHVHUXPOLYHUOXQJDQGVSOHHQRI&%/PLFHLQDQ
aryl hydrocarbon receptor (AHR)-dependent fashion. These increases correlated with increased levels of CYP1A1, CYP1A2 and/or CYP1B1. In the current study, we measured 77 oxylipins, including
59 that we had not measured previously, and demonstrate that TCDD also markedly increases the levHOVRIPDQ\HSR[LGHDQGGLROPHWDEROLWHVRIWKHRPHJD38)$VĮOLQROHQLFDFLGHLFRVDSHQWDHQRLFDFLG
(EPA) and docasahexaenoic acid (DHA) in these mice. Since these epoxide metabolites have been reported to have opposite effects on angiogenesis, tumor growth and tumor metastasis compared with the equivDOHQWPHWDEROLWHVRIRPHJD38)$WKHVHREVHUYDWLRQVKDYHLPSRUWDQWLPSOLFDWLRQVZLWKUHJDUGWRWKH
potential involvement of the cytochrome P450 metabolites of PUFAs in mediating the biological effects
of TCDD and other agonists of AHR.
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INTRODUCTION
2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) is an
environmental pollutant which exerts a vast number of
toxic effects in mammals. All the toxic effects of TCDD
are mediated by the aryl hydrocarbon receptor (AHR).
However, beyond AHR binding, the mechanism(s) of
TCDD toxicity are largely unresolved. A great number
of other environmental pollutants also bind and activate
AHR, including polyhalogenated dibenzofurans, certain
polyhalogenated biphenyls (PHB), and polycyclic aromatic hydrocarbons (PAH) (Denison et al., 2011; Gasiewicz
and Henry, 2011; Puga, 2011). After binding TCDD
or other agonists, the AHR activates the transcription
of a number of genes. The most massively upregμlated
of these are CYP1A1, CYP1A2 and CYP1B1. These
enzymes are well-known for their ability to metabolize

polycyclic aromatic hydrocarbons to genotoxic derivatives. Human CYP1A1, CYP1A2 and CYP1B1 can also
metabolize arachidonic acid (ARA) and other polyunsaturated fatty acids (PUFAs) in vitro.
ARA and other PUFAs are mainly metabolized via
three pathways: the “cyclooxygenase”, “lipoxygenase”
and “cytochrome P450 “epoxidation/hydroxylation” pathways. The immediate products from the metabolism of
ARA by the P450’s include four cis-epoxyeicosatrienoic acids (EETs) and certain hydroxyeicosatrienoic acids
(HETEs). The epoxide metabolites can be further metabolized, particμlarly by soluble epoxide hydrolase, which
converts them to the dihydroxyeicosatrienoic acids
(DHETs). Other PUFAs, including linoleic acid (C18:2
Ȧ ĮOLQROHQLFDFLG &Ȧ HLFRVDSHQWDHQRLFDFLG
(3$ & Ȧ  DQG GRFRVDKH[DHQRLF DFLG '+$
&Ȧ DUHPHWDEROL]HGLQDVLPLODUIDVKLRQ )HUet al.,
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2008; Konkel and Schunck, 2011). We recently analyzed
WKHOHYHOVRIXSWRWZHQW\¿YHHLFRVDQRLGVLQ¿YHRUJDQV
tissues of male and female wild-type and Ahr nμll mice
treated or untreated with TCDD (Bui et al., 2012). Our
major observations can be summarized as follows:
i)
TCDD increased the levels of many metabolites of
the cytochrome P450 epoxidation/hydroxylation
pathway in the serum, liver, lung and spleen, but not
the heart in both sexes.
ii) TCDD treatment increased the levels of several
eicosanoids that are generally categorized as lipoxygenase products (but which can also be generated
by particμlar cytochrome P450s) in the serum, liver
and spleen but not the lungs or heart.
iii) TCDD did not increase eicosanoid levels in Ahr -/knockout mice, demonstrating that AHR mediates
most if not all the effects of TCDD on the eicosanoids
iv) The levels of the Cyp1a1 and Cyp1b1 mRNAs were
increased by TCDD treatment in the wild-type mice
in the liver, lung and heart (although the mRNA levels were 10-fold or more lower in the heart). The
Cyp1a2 mRNA increased only in the liver. No
induction of any of these enzymes occurred in the
Ahr íí mouse. These cytochromes P450 are likely to be responsible for much of the increases in
these metabolites in the various organs/tissues after
TCDD treatment.
In the current study, we measured the levels of 77 oxylipins in the lungs, livers and hearts of male wild-type
&%/PLFHWUHDWHGLQWUDSHULWRQHDOO\ZLWKȝJNJ
TCDD, including 59 oxylipins that we had not previously measured.
MATERIALS AND METHODS
Administration of TCDD to mice
The husbandry and treatment of mice has been
described previously (Bui et al %ULHÀ\ȝJNJ
of TCDD in corn oil (obtained from Ralph’s supermarket,
Los Angeles, used at 100 μl/mouse) was administered by
LQWUDSHULWRQHDOLQMHFWLRQRI&%/PDOHPLFHWZRWR
three months old. Corn oil was used as vehicle control.
7KHGDWDZHUHREWDLQHGIURPWRPLFHIRUHDFKRUJDQ
and treatment.
Chemical and reagents
The abbreviations used for the compounds are those
listed in the “Lipid Metabolites and Pathways Strategy”
website (http://www.lipidmaps.org/data/structure/LMSDFuzzySearch.php?&Name=1920EPDPE&Mode=Process
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TextOntologySearch&s).
Extraction of fatty acids from different tissues
Each tissue was cut into pieces and then frozen immediately in liquid nitrogen. After addition of 10 μl of antioxidant cocktail solution (0.2 mg/ml of butylated hydroxytoluene (BHT) and EDTA) and addition of 10 μl of
100 nM isotope internal standard solution (including d4
NHWR3*)ĮG3*(G7;%G/7%G
DiHETE, d4 9-HODE, d8 5HETE and d11 11(12)-ETE),
100 mg of each tissue sample was homogenized with 400
μl of ice-cold methanol and 0.1% of acetic acid and 0.1%
of BHT at 30 Hz for 10 min and then stored at -80°C
overnight. The next day, the homogenates were centrifuged at 10,000 rpm for 10 min. The supernatants were
collected and the remaining pellets were washed with
100 μl of ice-cold methanol with 0.1% of acetic acid and
0.1% of BHT and centrifuged. The supernatants of each
sample were combined and diluted with 2 ml of H2O and
load onto solid phase extraction (SPE) cartridges. Then,
the SPE protocol was used to extract the fatty acids as
described previously (Yang et al., 2009).
LC/MS/MS analysis
The LC/MS/MS analyses were carried out on an
Agilent 1200 SL UHPLC system (Santa Clara, CA,
USA) coupled with AB Sciex 4000 QTRAP system
(Foster City, CA, USA) under negative MRM mode. The
detailed method were described previously (Zivkovic et
al., 2012).
Statistical analysis
Data were analyzed using the ABI software and
Microsoft Excel, and significance was evaluated using
Student’s t-test.
RESULTS AND DISCUSSION
We measured the levels of 77 oxylipins in the lungs,
OLYHUVDQGKHDUWVRIPDOHZLOGW\SH&%/PLFHWUHDWHGZLWKȝJNJ7&''RUWUHDWHGZLWKYHKLFOH FRUQ
oil) for three days (Supplementary Table 1). We had previously reported on the levels of 25 oxylipins in organs
obtained from these same mice in analyses performed at
UCLA. Some of the 18 latter oxylipins were among the
77 compounds analyzed at the University of California, Davis, while 59 were newly analyzed. Although the
absolute values for the amounts of an individual oxylipin measured at UCLA and UC Davis differed in several
cases, the effects of TCDD on the levels of the individual oxylipins were in general agreement. Fig. 1 summariz-
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Fig. 1.

“Heat Map” summarizing data from this paper and Bui et al., 2012 on the changes in oxylipin levels elicited by TCDD in
mice. Each square represents a different metabolite.

es the data for certain of the oxylipins that we measured
for the mice analyzed in this paper (see Supplementary
Table 1). For 5-HETE, 12-HETE, hepoxilin A3, 9,10diHOME and 12,13-diHOME the Table also incorporates the data on these mice from our previous paper
(Bui et al., 2012). The data for 18-HETE, 19-HETE and
20-HETE are taken from our previous paper. The following are important observations from these data.
1.

TCDD treatment increased the levels of a number of
oxylipins in the liver and lung, but did not increase
any of these compounds in the heart. In fact, the levels of several oxylipins were modestly reduced in the
heart by TCDD.

2.

3.

TCDD did not increase the levels of any of the
twelve prostanoids measured in the liver or lung (or
heart). This suggests that the increases in the levels
of the other metabolites in the liver and lung, discussed below, are not ascribable to TCDD induction
of phospholipase A2. It is also consistent with our
observation that under our experimental conditions,
TCDD did not increase the levels of cyclooxygenase 2 in any organ or tissue examined (Bui et al.,
2012).
In the liver, TCDD increased the levels of sevHUDO HSR[LGHV RI$5$ ((7V  ĮOLQROHQLF DFLG
(EpODEs), EPA (EpETEs) and DHA (EpDPEs), in
several cases more than ten-fold. TCDD increased
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the levels in the liver of an even greater number
of the corresponding diols (HETEs, DiHOMEs,
DiHETEs, DiHDPEs and DiHDPEs, respectively),
which are generated from the epoxides by soluble
epoxide hydrolase.
4.
In the lung, TCDD increased the level of the most
abundant epoxide of DHA (19,20-EpDPE), but otherwise did not significantly increase the levels of
the other epoxides. The absence of the other EpDPE
metabolites may also be due to the fact that they are
better substrates of soluble epoxide hydrolase than
19,20-EpDPE (Morisseau and Hammock, 2013).
However TCDD did increase the levels of nearly all
WKHGLROVRI$5$ĮOLQROHQLFDFLG(3$DQG'+$
This indicates that TCDD does generate epoxides
in the lung but these are rapidly metabolized to the
corresponding diols by soluble epoxide hydrolase.
5.
TCDD increased the levels of some of the hydroxyl
metabolites of ARA, EPA and DHA (HETEs,
HEPEs and HDoHEs, respectively) in both the liver
and lung.
It shoμld be noted that the changes in levels in
particμlar regions or cell types of the liver and lung may
be much greater than appears from the levels measured
in the whole organ. This is likely to be particμlarly true
in the case of the lung, which contains dozens of different cell types.
The current studies extend our previous studies by
demonstrating that the levels of many metabolites of the
Ȧ38)$DUHDOVRLQFUHDVHGE\7&''LQWKHOLYHUDQG
lungs of mice, as we previously observed for several of
WKHHTXLYDOHQWȦPHWDEROLWHV(SLGHPLRORJLFDODQGSUHclinical evidence supports that a diet rich in omega-3 dietary fatty acids is correlated with reduced risks of several diseases, including heart diseases and cancer (Rose
and Connolly, 1999; Wolk et al%HUTXLQet al.,
2007; Hall et al., 2008; Brasky et al., 2010). Of interest,
the epoxides of omega-3 PUFA have the opposite effects
from the epoxides of ARA on tumor growth, angiogenesis
and metastasis (Zhang et al., 2013). The increased levels
of the epoxides and hydroxyl derivatives of the PUFAs
elicited by TCDD in the liver and lung are likely to have
biological consequences. This will be the subject of future
investigations.
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