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Polybrominated diphenyl ethers

(PBDES) |
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* Flame retardants: they save lives!

« Added (but not bound) to consumer products
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(Chemosphere 46 (2002): 583-624; Environ. Int. 29 (2003): 683-689; Environ. Poll 117 (2003): 195-213)



PBDEs: commercilal mixtures
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PBDEs: chemico-physical properties
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BDE-99 BDE-204 * BDE-209 *
PentaBDE | OctaBDE | DecaBDE
Log Ky, 65-70 84-89  10.1
Water solubility (ug/l) 13.3 <] <]

Vapour pressure (Pa, 21 C) 4.6x10° 6.6x10°% 4.3x10°

(Chemosphere 46 (2002): 583-624; Environ. Poll 117 (2003): 195-213) 5



. exposure routes for humans

Infants: milk >90% total daily intake (1,963 ng/day)
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PBDEs: temporal trends in wildlife

Herring gull eggs
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(Environ. Sci. Technol. 2004 (38): 945-956; Chemosphere 2002(46):665—72)

NG/G LIPID

1000 1
900 1

800
700
600
500
400
300
200
100

— =
—=

1978 1983 1988

YEAR

1993

1998

v



PBDEs: biomagnification

North Sea and St. Lawrence trophic chains
* Invertebrates: shrimps, crabs and sea stars
* Fish: sole, plaice, herring, cod
« Marine mammals: seals and whales
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(Environ. Sci. Technol. 2002(36): 4025-4032; Le Beuf, in preparation)



Canadian Environmental Protection Act (1999):

. environmental persistency

half-lives equals to or are longer than 2 days in air, 182 days in
water and soil, 365 days in sediments; persistent in air if subject to
long-range transport (i.e. Arctic)

Estimﬂted Half-

Diphenyl ether BDE-47 BDE-99 BDE-209
life (hours)
In air 26.7 256 467 7620
In water 360 3600 3600 3600
In soil 360 3600 3600 3600
In sediment 1440 14400 14400 14400

(Environ. Sci. Technol

600 days

. 2004 (38): 3119-3125; Environ. Poll. 117 (2002): 195-213) 9
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PBDESs: toxicity

PentaBDE mix:

» developmental effects in killfish and rodents
(rats and mice)

* thyrotoxicity In rats and in mice both acutely
and subchronically exposed

PentaBDE: banned in the EU, phased out in the US in 2004

DecaBDE: banned in EU in 2009, voluntarily phase-out in US

(Chemosphere 2006 (26): 1097-1104; Toxicol. Sci 2002 (67): 104-107; Toxicol. Sci. 2003 (76):112-120;
Toxicol. Sci. 2002 (66): 105-116; Toxicology 1994 (86): 49-61) 11
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Possible explanations

e Intake BDE-47>BDE-99

* Absorption BDE-47>BDE-99

 Metabolism BDE-47<BDE-99

 Excretion BDE-47<BDE-99
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Metabolism

« Cytochrome P450 (CYP): major superfamily of
enzymes catalyzing the first step of oxidative
metabolism of many lipophilic compounds

 Hydroxylated metabolites generated are more
hydrophilic — more rapidly excreted

* Liver endoplasmic reticulum (microsomes):
CYPs highest concentration in mammals
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Research hypothesis

undergoes more extensive
oxidative (P450-mediated) metabolism

than BDE-47 iIn mammals.
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Oxidative metabolism of
BDE-99 In rat
liver microsomes

(Erratico et al., 2011. Toxicological Sciences 123 (1):37-47)

16



Rat liver microsome preparations

* Long-Evans adult male rats (n=6/grou

— 3-methylcholanthrene (MC): 25 mg/

— Phenobarbital (PB): 80 mg/kg/day

D)

Kg/day

— Dexamethasone (DEX): 100 mg/kg/day

for 3 consecutive days

Rat liver microsomes (RLM) were prepared from

pooled livers.

(Thomas et al., 1983)
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CYP marker activities in RLM

Ethoxyresorufin O-dealkylation (EROD):
CYP1A marker activity in rat

Benzyloxyresorufin O-dealkylation (BROD):
CYP2B marker activity in rat

Benzyloxy quinoline O-dealkylation (BQOD):
CYP3A marker activity in rat

Marker activities were measured using
established spectrofluorometric assays

(Burke et al., 1985; Kobayashi et al., 2002; Renwick et al., 2001) 18



EROD, BROD and BOQD activity

Treatment  Total CYP content EROD activity BROD activity BOQD activity
(nmol/mg protein) (pmol/min/mg) (pmol/min/mg) (pmol/min/mg)
Cormn oil 1.25(1.0) 840 (1.0) 175 (1.0) 3.910(1.0)
DEX 2.51(2.0) 1,070 (1.3) 1.850 (10) 57,100 (15)
MC 1.90(1.5) 24,700 (29) 1.350 (7.7) 3.810(1.0)
PB 2.47(2.0) 1.300 (1.5) 17.500 (1.030) 12.210(3.1)
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In vitro metabolism assay

* Rat hepatic microsomes incubated with BDE-99
In phosphate buffer (pH=7.4) at 37°C

» Reaction started by NADPH (1 mM)

* Reaction quenched using ice-cold NaOH

» Hydroxylated metabolites liquid-to-liquid extracted
(methyl tert-butyl ether:hexane, 1:1 v/v)

* Hydroxylated metabolites of BDE-99 were
guantitated by LC-ES(-)/MS

(Erratico et al., 2010. J. Chromat. B 878: 1562) 20



BDE-99 metabolite identification
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Rates of metabolite formation
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2,4,5-TBP formation

4-OH-BDE-90 formation

(pmol/min/mg protein)

(pmol/min/mg protein)

Kinetic analysis of BDE-99
metabolite formation
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PBDES In vitro clearence

 Clearance:

— In vivo: the ability of the body to clear a volume of
blood from a xenobiotic in a unit of time.

— In vitro: the ability of an enzyme system (i.e. P450)
to clear the incubation mixture volume from the

substrate in a unit of time.

__ V'max

In the easiest case Clint vitro = P
(Michaelis-Menten model) m

Assumption: [Slpiasma << K,

24



BDE-47 vs BDE-99 In vitro clearence

BDE-470): BDE-99:

 App.K"245-27.8uM -« App. K, 1.5-23.2 uyM

* App. V5o 0.9 —16.2 * App. V. 8.7 —402
pmol/min/mg protein pmol/min/mg protein

Human blood [BDE-47, BDE-99] << apparent K

@ CIin vitro,int BDE-99 >>
Clin vitro, int = @PP- Vinax/Kpy :> BDE-47 in rat hepatic
microsomes e

(*) Sarah Moffatt data



Rat recombinant CYP enzymes
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Rat recombinant CYP enzymes
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In VItro metabolism In rat:
conclusions

P450-mediated metabolism of BDE-99 occurs
In rat liver microsomes.

Seven hydroxylated metabolites of BDE-99 are
produced by liver microsomes obtained from
DEX or PB treated rats.

The most active rat recombinant CYP
enzymes for BDE-99 metabolism are CYP3A1,
CYP2A2, CYP2B1, and CYP2CS6.

Cl for >> BDE-47 in RLM.

in vitro,int

28



metabolism by rat liver
microsomes: literature comparison

« Rat primary hepatocytes: BDE-99 — 2,4,5-TBP

 |n vivo, ‘*

* rats and mice dosed on-TaDE
with BDE-99, n
. mink dosed with DE-71 -G
Metabolites not structurally identified ~  » »
.a.&
U}, Br

(Xenobiotica 2002 (32): 369-382; Xenobiotica 2006 (36): 515-5134; | N
Environm. Toxicol. Chem. 2008 (27): 1184-1193). D"*:El':*"”-”‘f 29



Oxidative metabolism of
BDE-99 iIn human
liver microsomes

(Erratico et al., manuscript in preparation)

30



Preliminary experiments

« The same In vitro biotransformation assay used
to characterize BDE-99 In vitro metabolism In rat
was used for human liver microsomes.

* Analytical method:

- Higher specificity: MS to MS/MS-based analysis
- Higher sensitivity

* Preliminary experiments to ensure linearity of
product formation with respect to incubation time
and protein concentration: 10 min, 0.1 mg/ml.

31



BDE-99 metabolite identification in HLM
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BDE-99 metabolite identification in HLM
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Kinetic analysis of BDE-99 metabolite

formation:
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Kinetic analysis of BDE-99 metabolite
formation: unidentified metabolites
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metabolism: recombinant CYPs

Panel of 13 human recombinant CYP enzymes:
1A1, 1A2, 1B1, 2A6, 2B6, 2C8, 2C9, 2C19,
2D6, 2E1, 3A4, and 3A5.

Preliminary experiments: hydroxylated BDE-99
metabolites detected only in incubations
containing rCYP2B6.

Incubation conditions were optimized using
rCYP2B6: 10 min, 5 pmol/ml.
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Kinetic of BDE-99 metabolites formation
using rCYP2BG6: identified metabolites
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Kinetic of BDE-99 metabolites formation
using rCYP2B6: unidentified metabolites
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Inhibition of BDE-99 metabolism In
HLM: anti-rat 2B1 antibody

Rabbit anti-rat CYP2B1 I1gG (or rabbit IgG) was
added to pooled HLM (0.1 mg/ml).

10-min long pre-incubation in a shaking
water bath (37 C).

BDE-99 added to the mixture (10 uM final conc.)
After 5 min, reaction started with NADPH

Reaction quenched with NaOH (10 min)

Samples prepared and analyzed as before.

39



Inhibition of BDE-99 metabolism In
HLM: anti-rat 2B1 antibody
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Inhibition of BDE-99 metabolism In
HLM: anti-human 2B6 antibody
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Correlation experiments

« BDE-99:
— Single donor HLM: 0.1 mg/ml, 10 min
— 10/100 pM (saturating)
— NADPH (1mM final)

— Samples were prepared and analyzed as described
before

« Bupropion (marker substrate for CYP2B6):
— Single donor HLM: 0.5 mg/ml, 20 min
— 50 UM
— NADPH (1mM final)
— 0.5 ml of ice-cold acetonitrile
— 4-OH-BUP quantified by LC-ES(+)/MS/MS 42
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Correlation experiments

BDE-99 metabolite

. . .} T . " " 2
Correlation with CYP enzyme marker activities (r°)

CYP1A2 | CYP2B6 | CYP2CO CYP2C19 CYP2E1 CYP3A4
2.4.5-TBP 0.23 0.87 0.11 0.80 0.19 0.28
4-OH-BDE-90 0.16 0.97 0.21 0.66 0.40 0.22
5'-0OH-BDE-99 0.17 0.92 0.41 0.40 0.63 0.21
6'-OH-BDE-99 0.14 0.95 0.23 0.56 0.39 0.20
4-0OH-BDE-101 0.17 0.93 0.41 0.42 0.61 0.21
2-OH-BDE-123 0.10 0.97 0.20 0.56 0.42 0.15
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BDE-99 metabolism by human liver
microsomes: literature comparison

x+y =5
k=2

4

Eas

di-OH-penta-BDE v

20e
Brx/7 AN NBW
x+y=5 OH

M1-M4

Ead

2-OH-BDE-123

4'-OH-BDE-101

ﬁ?ﬁl

4-OH-BDE-90

ﬁl/ _’/@ Q.
[

5'-OH-BDE-99

)

7,

ﬁl“@

6'-OH-BDE-99

Human liver
microsomes

Human
hepatocytes

Human
plasma

(Athanasiadou et al. (2008). Environ. Health Perspect. 116, 400-8; Qiu et al. (2009). Environ. Health Perspect.
117, 93-8; Wan et al. (2010). Environ. Sci. Technol. 44, 5233-9. Zota et al. (2011). Environ. Sci. Technol. 45,
7896-905; Lupton et al. (2010). Rapid Commun. Mass Spectrom. 24, 2227-35. Lupton et al. (2009). Cherfl®
Res. Toxicol. 22, 1802-9. Stapleton et al. (2009). Environ. Health Perspect. 117, 197-202).



OH-BDEs toxicological concerns

Br
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Br
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(Marchesini et al. (2008). Toxicol. Appl. Pharmacol. 232, 150-60; Butt et al.
(2011). Toxicol. Sci. 124, 339-47).



OH-BDEs toxicological concerns

Hamster ovary cell lines transfected with human
thyroid hormone receptors (hTRa/B):

“’ij + hTRa/B — T3-hTRa/p — B-galctosidase

3,3",5-triiodothyronine (T3)

T . I
ST,
s+ NTRA/B — T3-hTRa/B — B-galctosidase

[I[ Bl 20% of the effect exerted by 106 M T3 (EC,,):
= 2.4% 109M for 5-OH-BDE-99
6-OH-BDE-99 45 x 1011 M for 6'-OH-BDE-99

(Kojima et al. (2008). Environ. Health Perspect. 117, 1210-8; Li et al. (2010). Environ.

Health Perspect. 118, 602-6). af



In vitro BDE-99 metabolism In
humans: conclusions

 BDE-99 undergoes P450-mediated oxidative
metabolism by HLM.

- 11 hydroxylated metabolites of BDE-99 are
produced by HLM: 9 OH-penta-BDEs (only 5
structurally identified), 1 di-OH-penta-BDE, and
2,4,5-TBP.

* The major hydroxylated metabolites of BDE-99
produced by HLM are
— 2,4,5-TBP

— 5'-OH-BDE-99
— 4'-OH-BDE-101 48




In vitro metabolism In
humans: conclusions (cont’d)

 BDE-99 undergoes more extensive oxidative
metabolism in HLM than in liver microsomes
from corn-olil treated rats.

IS the only human CYP enzyme
responsible for the formation of all the 11
hydroxylated metabolites of BDE-99 produced
Incubating BDE-99 with HLM.
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BDE-47 metabolite identification in HLM
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