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Abstract

Two new monohydroxy metabolites of 4-monochlorobiphenyl (CB3) were positively identified using three newly
synthesized monohydroxy compounds of CB3: 2-hydroxy-4-chlorobiphenyl (20H-CB3), 3-hydroxy-4-chlorobiphenyl
(30H-CB3) and 4-hydroxy-3-chlorobiphenyl (4OH-CB2). New metabolites of CB3, including 20H-CB3 and 30H-CB3,
were confirmed in whole poplars (Populus deltoides x nigra, DN34), a model plant in the application of
phytoremediation. Furthermore, the concentrations and masses of 20H-CB3 and 30H-CB3 formed in various tissues
of whole poplar plants and controls were measured. Results showed that 20H-CB3 was the major product in these
two OH-CB3s with chlorine and hydroxyl moieties in the same phenyl ring of CB3. Masses of 20H-CB3 and 30H-
(B3 in tissues of whole poplar plants were much higher than those in the hydroponic solution, strongly indicating
that the poplar plant itself metabolizes CB3 to both 20H-CB3 and 30H-CB3. The total yield of 20H-CB3 and 30H-
(B3, with chlorine and hydroxyl in the same phenyl ring of CB3, was less than that of three previously found OH-
(CB3s with chlorine and hydroxyl in the opposite phenyl rings of CB3 (2’'OH-CB3, 3'OH-CB3, and 4'OH-CB3). Finally,

metabolites of CB3) in a living organism.

these two newly detected OH-CB3s from CB3 in this work also suggests that the metabolic pathway was via
epoxide intermediates. These five OH-CB3s clearly showed the complete metabolism profile from CB3 to
monohydroxylated CB3. More importantly, it's the first report and confirmation of 20H-CB3 and 30H-CB3 (new

Background
Polychlorinated biphenyls (PCBs) are still being trans-
ported in the environment and exposing humans and
biota, even though they have been banned for more
than 30 years by many countries. Occasionally their bio-
transformation products, such as methyl sulfone
(MeSO,-) and hydroxylated (OH-) metabolites of poly-
chlorinated biphenyls [1], exhibit greater toxicity than
their parent congeners [2-6]. Furthermore, the hydroxy-
lated metabolites of PCBs (OH-PCBs) have been
reported in many species and habitats [7-11]. Different
taxa, including microorganisms [12], plants [13] and ani-
mals [14,15], have been used to elucidate the hydroxy-
lated metabolic pathways of PCBs.
4-Monochlorobiphenyl (CB3), one of the simplest
structures of PCBs, is a good congener to study the
metabolism of PCBs because it is an important compo-
nent of commercial PCB products [16], and it is a
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widespread airborne environmental pollutant which
exposes plants, animals and humans [17,18]. Poplar as a
model plant with a completely sequenced genome has
been widely applied to remediate the pollution of
organic compounds [19,20]. Furthermore, three hydro-
xylated metabolites of CB3 (OH-CB3s), including 2’-
hydroxy-4-chlorobiphenyl (2’0OH-CB3), 3’-hydroxy-4-
chlorobiphenyl (3’OH-CB3) and 4’-hydroxy-4-chlorobi-
phenyl (4°OH-CB3), have been detected previously [21].
However, two unknown OH-CB3s were not confirmed
but were speculated to be 2-hydroxy-4-chlorobiphenyl
(20H-CB3), 3-hydroxy-4-chlorobiphenyl (30H-CB3)
according to their physico-chemical and chromato-
graphic properties - no authentic standards were avail-
able at the time [21]. Actually, five OH-CB3s, including
2’0OH-CB3, 3’'OH-CB3, 4°OH-CB3 and two unknown
OH-CB3s also found in rat liver microsomes in vitro
and the two unknown OH-CB3s were proposed likely to
be 20H-CB3 and 30H-CB3 [22]. Therefore, previous
studies have neither confirmed the existence of 20H-
CB3 and 30H-CB3 in the environment nor in whole
organisms iz vivo.
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In this paper, these two new OH-CB3s were con-
firmed using three newly synthesized standards. The
distribution, concentrations, and masses of these two
new OH-CB3s in whole poplar tissues were studied in
detail.

Experimental

Reagents and chemicals

Florisil (60-100 mesh, Acros Organics) was activated at
450°C for 12 h, allowed to cool to ambient temperature
in a dessicator and then deactivated with 1% (w/w)
water. Anhydrous sodium sulfate, methyl-tert butyl
ether (MTBE) (HPLC grade), dichloromethane (HPLC
grade), hexane (pesticide grade) and sodium hydroxide
(98.6%) were obtained from Fisher Scientific. Methanol
(HPLC grade) was purchased from Acros Organics, NJ,
USA. The deionized water (18.3MQ) came from an
ultrapure water system (Barnstead International, Dubu-
que, IA). Other chemicals and reagents were of analyti-
cal reagent grade or better in this experiment.

Synthesis and characterization of OH-CB3 standards

The 40H-CB2, 20H-CB3 and 30H-CB3 as putative
metabolites of CB3 were synthesized via the correspond-
ing methoxylated CB3 derivatives [23]. Briefly, Suzuki-
cross coupling of benzene boronic acid with 4-bromo-2-
chloro-, 2-bromo-5-chloro- or 5-bromo-2-chloro-anisole
yielded 3-chloro-4-methoxybiphenyl, 4-chloro-2-meth-
oxybiphenyl or 4-chloro-3-methoxybiphenyl, respec-
tively. Subsequent demethylation with boron tribromide
yielded the desired OH-CB3 with a purity of 98% or bet-
ter (based on relative peak area as determined by gas
chromatography) (figure 1).

3-Chloro-4-methoxybiphenyl

Yield: 96% (white solid); mp 87-89°C; 'H NMR (CDCls,
300 MHz): &/ppm 3.93 (s, 3H), 6.99 (d, ] = 8.5 Hz,
1H), 7.28-7.36 (m, 1H), 7.38-7.47 (m, 3H), 7.49-7.55
(m, 2H), 7.61 (d, ] = 2.2 Hz, 1H); >C NMR (CDCls, 75
MHz): 8/ppm 56.2, 112.2, 122.7, 126.2, 126.7, 127.2,
128.8, 134.6, 139.4, 154.3; GC-MS (m/z, relative abun-
dance %): 218 (M, 100), 203 (68), 175 (44), 152 (12),
139 (38).
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4-Chloro-2-methoxybiphenyl

Yield: 96% (white solid); mp 39-42°C; 'H NMR (CDCls,
300 MHz): &/ppm 3.76 (s, 3H), 6.94 (d, ] = 2.0 Hz, 1H),
6.99 (d, J = 8.1 Hz, 1H), 7.21 (d, J = 8.1 Hz, 1H), 7.27-
7.43 (m, 3H), 7.44-7.50 (m, 2H); **C NMR (CDCl;, 75
MHz): 3/ppm 55.7, 111.8, 120.8, 127.2, 128.0, 129.1,
129.3, 131.5, 133.8, 137.4, 156.9; GC-MS (m/z, relative
abundance %): 218 (M, 94), 204 (12), 168 (100), 152
(14), 139 (46).

4-Chloro-3-methoxybiphenyl (crude)

Yield:~ 100% (colorless oil); "H NMR (CDCls, 300
MHz): &/ppm 3.88 (s, 3H), 7.02-7.08 (m, 2H), 7.28-7.43
(m, 4H), 7.49-7.54 (m, 2H); ">C NMR (CDCls, 75 MHz):
d/ppm 110.7, 119.8, 121.4, 126.9, 127.5, 128.7, 130.2,
140.1, 141.1, 154.9; GC-MS (m/z, relative abundance %):
218 (M, 100), 175 (48), 139 (28).

40H-CB2

Yield: 92% (white solid); mp 73.5-75°C (hexane); 'H
NMR (CDCls, 300 MHz): 8/ppm 7.09 (d, ] = 8.5 Hz,
1H), 7.29-7.7.36 (m, 1H), 7.37-7.46 (m, 3H), 7.48-7.54
(m, 2H), 7.55 (d, J = 2.2 Hz, 1H); **C NMR (CDCls, 75
MHz): 6/ppm 116.5, 120.2, 126.7, 127.1, 127.2, 127.5,
128.8, 134.9, 139.5, 150.7; Anal. Calcd for C;;HoClO: C,
70.41; H, 4.44; Found: C, 70.67; H, 4.32; GC-MS (m/z,
relative abundance %): 204 (M, 100), 139 (47).

20H-CB3
Yield: 98% (colorless oil); '"H NMR (CDCls, 300 MHz):
3/ppm 6.94-7.02 (m, 2H), 7.17 (d, ] = 8.2 Hz, 1H), 7.36-
7.52 (m, 5H); *C NMR (CDCls, 75 MHz): 8/ppm 116.1,
121.0, 126.7, 128.2, 128.9, 129.4, 131.0, 134.2, 136.0,
153.0; Anal. Caled for C,;HoClO: C, 70.41; H, 4.44;
Found: C, 70.25; H, 4.40; GC-MS (m/z, relative abun-
dance %): 204 (M, 100), 168 (31), 139 (22), 115 (18).

30H-CB3
Yield: 80% (white solid); mp 46.5-47.5°C (hexane); 'H
NMR (CDCl3, 300 MHz): 8/ppm 7.10 (dd, ] = 2.1 Hz, ]
= 8.3 Hz, 1H), 7.25 (d, ] = 2.3 Hz, 1H), 7.36 (d, ] = 8.3
Hz, 1H), 7.38-7.48 (m, 3H), 7.52-7.58 (m, 2H); '*C NMR
(CDCls, 75 MHz): 8/ppm 114.8, 119.0, 120.2, 127.0,

Ry Ro

@B(OH)Z + Br R3

a) Pd(PPh)3, NaZCO3, R1 R2
MePh, EtOH, 80°C
b) BBr3, CH2Cl2

40H-CB2: R; = Cl, R3 = OH; 20H-CB3: R = OH, R3 = Cl; 30H-CB3: R2 = OH, R3 = Cl
Figure 1 Synthesis and chemical structure of 20H-CB3, 30H-CB3 and 40H-CB2.
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127.8, 128,8, 129.1, 139.9, 142.0, 151.6; Anal. Calcd for
C,1HoCIO: C, 70.41; H, 4.44; Found: C, 70.50; H, 4.36;
GC-MS (m/z, relative abundance %): 204 (M™, 100), 168
(12), 139 (66), 115 (21).

Experimental design and OH-CB3 analysis

The poplar cuttings (Populus deltoides x nigra, DN34),
the exposure method, extraction and cleanup procedure,
and qualitative and quantitative analysis were the same
as described previously [21].

Results and discussion

Confirmation of two new hydroxylated metabolites of
CB3 in whole poplar plants

Three hydroxylated metabolites, including 2’OH-CB3,
3’0OH-CB3 and 4’0OH-CB3, have been identified pre-
viously [21]. However, there were two unknown
mono-OH-CB3s detected in different tissues of whole
poplars, which were not identified due to a lack of
authentic standards previously. The possible hydroxy-
lated metabolites of CB3 with chlorine and hydroxyl
in the same phenyl ring, including 20H-CB3 and
30H-CB3, were proposed according to their physico-
chemical and chromatographic properties. In order to
confirm the two new hydroxylated metabolites of CB3
and to elucidate the complete metabolic pathway of
CB3 hydroxylation in whole poplar plants, three newly
synthesized hydroxylated compounds of CB3,
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including 20H-CB3, 30H-CB3 and 4OH-CB2, were
synthesized as shown in figure 1 and used as analytical
standards.

20H-CB3 was easily separated from 30H-CB3 and
40OH-CB2 using a previously established LC-MS
method, which allowed confirmation of the second peak
(figure 2) to be 20H-CB3 based on the retention time.
However, with such the similar structures and only the
change of chlorine and hydroxyl position, 30H-CB3 and
40OH-CB2 could not be separated completely. The peaks
of 30H-CB3 and 40OH-CB2 overlapped almost fully
with their retention times of 2.336 and 2.313 min,
respectively. However, the retention time of the first
peak (figure 2) in the root sample of poplar plant was
2.338 min, which allowed accurate confirmation that the
first unknown compound was 30H-CB3. The elution
sequence was 30H-CB3 and 20H-CB3.

As shown in figure 2, the five hydroxylated metabo-
lites of CB3 can be separated perfectly with the elution
sequence of 30H-CB3, 20H-CB3, 4OH-CB3, 3’OH-
CB3 and 2’0OH-CB3. The OH-CB3s with chlorine and
hydroxyl in the same phenyl ring eluted first from the
chromatographic column because they have a higher
polarity than the OH-CB3s with chlorine and hydroxyl
in the different phenyl rings. To our knowledge, it is the
first report of these new hydroxylated metabolites of
CB3 with chlorine and hydroxyl in the same phenyl ring
in living organisms.

20H-CB3

30H-CB3

Y

Signal Intensity

4'0OH-CB3

3'OH-CB3

2'0OH-CB3

0o 2 4

Figure 2 Chromatograms of five OH-CB3s in the root sample and standard. A: root sample; B: standards of five OH-CB3s.
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20H-CB3 and 30H-CB3 in the solutions of exposed plants
and controls

Due to the possible oxidation of CB3 in aqueous solu-
tion [22], the potential for formation of hydroxylated
products 20H-CB3, 30H-CB3, in deionized water and
hydroponic solution (as abiotic controls) was firstly ana-
lyzed. In order to avoid microbial degradation and
photodegradation, the abiotic controls were autoclaved
and wrapped with aluminum foil prior to analysis (deio-
nized water alone, and hydroponic solution alone). It
can be seen from figure 3 that the concentrations of
20H-CB3 and 30H-CB3 increased following the expo-
sure time during the 10 day experiment with 1.0 mg L™
of CB3 spiked into the reactors as the starting concen-
tration. Degradates 20H-CB3 and 30H-CB3 were not
detected at the beginning (day 0), confirming that the
CB3 standard and abiotic reactors were not contami-
nated by these two OH-CB3s. The concentrations of
20H-CB3 and 30H-CB3 in the abiotic hydroponic solu-
tion controls (Hoagland’s solution) were about 10 times
higher than those in deionized water, which likely due
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to the relatively high concentrations of ions in hydropo-
nic solution accelerating the process of CB3 oxidation.
Reactors contained higher concentrations of 20H-CB3
than 30H-CB3 in hydroponic solution controls, which
meant that 20H-CB3 was easily produced during the
oxidation reaction. However, their yields were very low.
The total masses of 20H-CB3 and 30H-CB3 at day 10
accounted for only 0.00032% and 0.0029% of the total
mass of spiked CB3 in deionized water controls and
hydroponic solution controls, respectively.

In treatments containing poplars, 20H-CB3 and 30H-
CB3 were not detected in the hydroponic solutions of
“blank poplar controls”, in which no CB3 was spiked
into the reactors. This provides evidence that the reac-
tors and poplars were not contaminated during the
course of the experiment. It can be seen from figure 4
that 20H-CB3 and 30H-CB3 were detected in the solu-
tions of autoclaved poplars and dead poplars, which
were used as “sterile” controls. Furthermore, the con-
centrations of 20H-CB3 and 30H-CB3 were roughly
identical in these solutions, which suggests that

2.5

ng/L

0.5

—e— 30H-CB3
—a— 20H-CB3

ng/L
-
°
L

8 10 12
day

—e— 30H-CB3
—a— 20H-CB3

Figure 3 Abiotic Controls of deionized water (A) and hydroponic solution (B). Concentrations of 20H-CB3 and 30H-CB3 (n = 3) developed
over 10 days following an initial concentration spike of parent compound CB3 at a concentration of 1.0 mg L™

8 10 12
day
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Figure 4 A comparison of 20H-CB3 and 30H-CB3 concentrations (n = 3) in the solutions without poplars (deionized water control and
hydroponic solution control) and with poplars (autoclaved poplar, dead poplar, washed poplar and whole poplar) after 10 days’
exposure to a spiked concentration of 1.0 mg L™ CB3.

microorganisms were present in sufficient number to
produce some 20H-CB3 and 30H-CB3 from CB3, and
the concentrations of 20H-CB3 and 30H-CB3 in the
solutions of autoclaved poplars and dead poplars were
much higher than those in deionized water controls and
in hydroponic solutions after 10 days exposure.

In the solutions of washed and whole poplars, the
concentrations of 20H-CB3 and 30H-CB3 were higher
than those in the dead poplars, indicating that the pre-
sence of whole poplars metabolized considerably more
CB3 into 20H-CB3 and 30H-CB3. In addition, the con-
centration of 20H-CB3 was 2.9 and 2.5 times as high as
that of 30H-CB3 in the solutions of washed poplars
and whole poplars, respectively, demonstrating a higher
yield of 20H-CB3 in poplar.

Production of 20H-CB3 and 30H-CB3 in various tissues of
whole poplars
As shown in figure 5, except for the leaves, 20H-CB3
and 30H-CB3 were detected in all the parts of whole
poplar plants. In general, the concentration of 20H-CB3
was higher than that of 30H-CB3 in all tissues of the
plant investigated, which is consistent with the concen-
trations observed in hydroponic solutions of the treat-
ment reactors.

The concentrations of 20H-CB3 and 30H-CB3 in the
bark samples were relatively higher than those in the

woody tissue samples, which might be due to the follow-
ing reasons: First, the bark, especially bottom bark, was
in direct contact with CB3 and OH-CB3s in hydroponic
solution and, therefore, could absorb OH-CB3s from the
hydroponic solution and diffuse upwards towards the
middle bark. The bottom bark had the highest concentra-
tion of 20H-CB3 in all the tissues, reaching 111.8 + 27.3
ng g'. At the same time, the middle bark could also
absorb additional CB3 from air in the reactor due to the
volatility of CB3. The porous bark is a main conduit for
transport of solutes due to the “wick effect” and diffusion.
Thus, it is also a transport pathway for xenobiotic chemi-
cals like CB3 and OH-CB3s.

It is important to note that the roots did not show the
highest concentrations of 20H-CB3 and 30H-CB3,
even though they were in direct contact with CB3 and
took-up CB3 directly from the hydroponic solution.
This provides evidence that CB3 and OH-CB3s were
easily translocated from the roots to other tissues in
whole poplars. Another apparent phenomenon was the
different 20H-CB3 to 30H-CB3 ratios, suggesting that
the transfer abilities or formation rates of 20H-CB3 and
30H-CB3 were different in different plant tissues due to
different enzymes and/or activities. Overall, the detec-
tion of 20H-CB3 and 30H-CB3 in different tissues
demonstrated that whole poplar can also metabolize
CB3 into 20H-CB3 and 30H-CB3.
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Figure 5 A comparison of 20H-CB3 and 30H-CB3 concentrations (n = 3) in the different parts of a whole poplar plant after 10 days’
exposure (an initial concentration spike of parent compound CB3 was added on day zero at a concentration of 1.0 mg L).

Total Masses of 20H-CB3 and 30H-CB3 in various
solutions and poplar plants
The total masses of 20H-CB3 and 30H-CB3 were com-
pared in different solutions and poplar plants. It can be
seen from Table 1 the total masses of 20H-CB3 and
30H-CB3 in deionized water controls and hydroponic
solution controls were 1.29 + 0.22 ng and 11.60 + 1.17
ng, respectively, which was negligible compared to their
total masses in the treatment solutions and poplars.
Total masses of 20H-CB3 and 30H-CB3 in the solu-
tions of dead poplars were slightly higher than those in
the solutions of autoclaved poplars, while total masses
of 20H-CB3 and 30H-CB3 in the dead poplars were
lower than those in the autoclaved poplars. However,
the sum of 20H-CB3 and 30H-CB3 in the dead poplars
and their solutions was similar to that in the autoclaved
poplars and their solutions, with the values of 134.7 ng
and 156.6 ng, respectively. The reasons might be that
autoclaved poplars (detrital organic matter) were suscep-
tible to the growth of microorganisms during the experi-
ment, even though there were few microorganisms (very
low activity) present at the beginning.

More importantly, the total masses of 20H-CB3 and
30H-CB3 in the systems of washed poplars and whole
poplars were 702.0 ng and 1092 ng, respectively, much

higher than those in the systems of autoclaved poplars
and dead poplars. In addition, the total masses of 20H-
CB3 and 30H-CB3 in washed poplars and whole
poplars were much higher than those in their solutions.
Therefore, the treatments containing plants (washed
poplars and whole poplars) played a major role in the
metabolism of CB3 to 20H-CB3 and 30OH-CBS3,
whereas microorganisms made only a minor contribu-
tion. The total masses of 20H-CB3 and 30H-CB3 in
washed poplars were lower than those in whole poplars,
which suggested that ethanol pretreatment killed a sig-
nificant fraction of the microorganisms on the roots and
also partly damaged the root tissues. Of the two hydro-
xylated metabolites of CB3, 20H-CB3 was major pro-
duct with more than three times more mass than 30H-
CB3 in whole poplars. All in all, whole intact poplars
produced the greatest mass of these two new metabo-
lites of CB3 within all the treatments, although the over-
all yield of 20H-CB3 and 30H-CB3 was relatively small
(about 0.23% of total CB3 spiked in the solution).

Comparison of OH-CB3s with hydroxyl and chlorine in the
same phenyl ring and the different rings

We identified five OH-CB3s in whole poplars in our
studies: three OH-CB3s with hydroxyl and chlorine
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Table 1 Comparison of total masses of OH-CB3s (in ng, n = 3) in different solutions and different poplars after 10

days exposure.

Samples Mass of 30H-CB3,  Mass of 20H-CB3,

Total masses of 20H-CB3 and 30H-CB3, Total yield of OH-CB3s,

ng ng ng %
Deionized water control 0.56 + 0.096 073 £ 0.12 129 £ 022 0.00032
Hydroponic solution 553 £ 086 6.07 + 0.31 11.60 £ 1.17 0.0029
control
Autoclaved poplar 2940 + 19.61 3694 + 22.36 66.34 + 4197 0.017
solution
Dead poplar solution 4961 + 548 5041 + 195 100.0 + 743 0.025
Washed poplar solution 63.64 + 147 184.1 + 61.96 247.7 + 6343 0.062
Whole poplar solution 5137 £ 2104 1290 + 1044 1804 + 3148 0.045
Blank poplar ND ND ND ND
Autoclaved poplar 40.80 + 899 49.53 £ 13.09 9033 + 22.08 0.023
Dead poplar 793 £ 0.87 2681 + 052 3474 £ 1.39 0.0087
Washed poplar 83.63 + 563 370.7 £ 7618 4543 + 8181 0.11
Whole poplar 197.1 £ 6558 7134 £ 1547 9115 £ 2203 023

ND=not detectable

substituents in different phenyl rings, and two OH-CB3s
with hydroxyl and chlorine in the same phenyl ring.
This is the maximum number of monohydroxy metabo-
lites of CB3 that are possible in the absence of any
chlorine shifts. In general, the total masses of OH-CB3s
with hydroxyl and chlorine substituents in the different
phenyl rings were much higher than those with hydroxyl
and chlorine in the same phenyl ring in all control sam-
ples and in whole poplars. Especially in whole poplars,
the total masses of OH-CB3s with hydroxyl and chlorine
in the different phenyl rings (1.06% of OH-CB3s/CB3)
[21] were 4.6 times higher than those with hydroxyl and
chlorine in the same phenyl ring (0.23% of OH-CB3s/
CB3), clearly indicating OH-CB3s with hydroxyl and
chlorine in the different phenyl ring were more easily
formed.

Another apparent difference was their distribution in
whole poplars. The maximum concentrations of 20H-
CB3 and 30H-CB3 were in bottom bark (figure 5);
while the maximum concentrations of 3’OH-CB3 and
2’0OH-CB3 were in bottom bark and 4’OH-CB3 was in
middle bark [21]. Furthermore, the roots contained the
second largest concentrations of 20H-CB3 and 30OH-
CB3 in whole poplars (figure 5); while the roots con-
tained the second lowest concentrations of 4 OH-CB3,
3’0OH-CB3 and 2’0OH-CB3 in whole poplars [21]. These
results suggested that these five OH-CB3s came from
transformation of CB3 in the roots and then were trans-
located from the roots to other parts of the plant. Evi-
dence that OH-CB3s with chlorine and hydroxyl in the
different phenyl rings were more easily translocated was
evident because 4OH-CB3, 3’OH-CB3 and 2’0OH-CB3
were detected in the leaves, while 20H-CB3 and 30H-
CB3 was not.

Pathway of hydroxylated metabolites of CB3 in whole
poplars

Two possible mechanisms have been used previously to
explain the formation of mono OH-PCBs from PCBs in
living tissues. One was the enzymatic transformation of
OH-PCBs from PCBs via the epoxide intermediates. The
epoxide intermediates then rearranged to different
mono OH-PCBs [15,24,25]. The other mechanism is the
direct insertion of the hydroxyl group into a biphenyl to
form OH-PCBs from PCBs, which mainly explains the
formation of a single OH-PCB [26]. In research reported
here, five monohydroxy metabolites of CB3 were identi-
fied in whole poplars: 20H-CB3, 30H-CB3, 2’0OH-CB3,
3’OH-CB3 and 4’'OH-CB3. There were no other mono-
hydroxy metabolites of CB3 with chlorine shift detected
in our experiments. Therefore, our results strongly sup-
port the pathway of epoxide intermediates and complete
metabolic transformation from CB3 to OH-CB3s.

The proposed metabolic pathway from CB3 to OH-
CB3s is depicted in figure 6. The parent compound, 4-
monochlorobiphenyl (CB3), was likely first metabolized
by cytochrome P450 enzymes [26] to the corresponding
2’,3’-epoxide, 3',4’-epoxide and 2,3-epoxide. These three
epoxide intermediates then rearranged to the five possi-
ble monohydroxy CB3s. The major products in these
five monohydroxy metabolites of CB3 were 4OH-CB3
and 20H-CB3.

Conclusions

Plants account for a great amount of biomass on earth
so that they have a very important function to metabo-
lize and detoxify organic persistent pollutants, including
PCBs, in the environment. Understanding the metabolic
processes of OH-CB3s in plants, including poplars, is
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Figure 6 Proposed metabolic pathway from CB3 to OH-CB3s in whole poplar plants. Newly confirmed analytes are shown in bold type,

important. This is the first report of two new metabo-
lites of CB3 (30OH-CB3 and 20H-CB3), with chlorine
and hydroxyl in the same phenyl ring from CB3 in
whole plants. These results also implied 30H-CB3 and
20H-CB3 should extensively exist in the environment
due to the ubiquitous existence of CB3.

Acknowledgements and funding

This work was supported by the lowa Superfund Basic Research Program
(SBRP), National Institute of Environmental Health Science, Grant Number
P42ES013661. We thank Collin Just, Civil Environmental Engineering,
University of lowa for supporting this experiment. We also thank the Center
for Global and Regional Environmental Research (CGRER) at the University of
lowa for additional financial support.

Author details

'Department of Civil and Environmental Engineering and IIHR Hydroscience
and Engineering, The University of lowa, lowa City, IA, 52242, USA.
“Department of Occupational and Environmental Health, The University of
lowa, lowa City, 1A, 52242, USA.

Authors’ contributions

GZ performed the experiments and drafted the manuscript. HL synthesized
the standards of OH-PCB3 and revised the manuscript. JS participated in the
conception, design of study and revision of the manuscript. All authors read
and approved the final manuscript.

Competing interests
The authors declare that they have no competing interests.

Received: 8 November 2011 Accepted: 20 December 2011
Published: 20 December 2011

References

1. Letcherl RJ, Klasson-Wehler E, Bergman A: Methyl sulfone and
hydroxylated metabolites of polychlorinated biphenyls. The Handbook of
Environmental Chemistry Vol. 3 Part K, New Types of Persistent Halogenated
Compounds, Springer-Verlag Berlin Heidelberg 2000, 315-359.

2. Brouwer A, Klasson-Wehler E, Bokdam MM: Competitive inhibition of
thyroxin binding to transthyretin by monohydroxy metabolites of
3,4,3'4-tetrachlorobiphenyl. Chemosphere 1990, 20:1257-1262.

3. Wang L, Lehmler HJ, Robertson LW, James MO: Polychlorobiphenylols are
selective inhibitors of human phenol sulfotransferase 1A1 with 4-
nitrophenol as a substrate. Chem Biol Interact 2006, 159:235-246.

4. Maddox C, Wang B, Kirby PA, Wang K, Ludewig G: Mutagenicity of 3-
methylcholanthrene, PCB3, and 4-OH-PCB3 in the lung of transgenic
BigBlue® rats. Environ Toxicol Pharmacol 2008, 25:260-266.

5. Ptak A, Ludewig G, Lehmler HJ, Wojtowicz AK, Robertson LW,
Gregoraszczuk EL: Comparison of the actions of 4-chlorobiphenyl and its
hydroxylated metabolites on estradiol secretion by ovarian follicles in
primary cells in culture. Reprod Toxicol 2005, 20:57-64.

6. Machala M, Blaha L, Lehmler HJ, Pliskova M, Majkova Z, Kapplova P,
Sovadinova |, Vondracek J, Malmberg T, Robertson LW: Toxicity of
hydroxylated and quinoid PCB metabolites: inhibition of gap junctional
intercellular communication and activation of aryl hydrocarbon and


http://www.ncbi.nlm.nih.gov/pubmed/16413005?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16413005?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16413005?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18438460?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18438460?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18438460?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15808786?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15808786?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15808786?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15025504?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15025504?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15025504?dopt=Abstract

Zhai et al. Chemistry Central Journal 2011, 5:87
http://journal.chemistrycentral.com/content/5/1/87

20.

21.

22.

23.

24,

25.

26.

estrogen receptors in hepatic and mammary cells. Chem Res Toxicol 2004,
17:340-347.

Buckman AH, Wong CS, Chow EA, Brown SB, Solomon KR, Fisk AT:
Biotransformation of polychlorinated biphenyls (PCBs) and bioformation
of hydroxylated PCBs in fish. Aquat Toxicol 2006, 78:176-185.

Kunisue T, Tanabe S: Hydroxylated polychlorinated biphenyls (OH-PCBs)
in the blood of mammals and birds from Japan: lower chlorinated OH-
PCBs and profiles. Chemosphere 2009, 74:950-961.

Park J, Linderholm L, Charles MJ, Athanasiadou M, Petrik J, Kocan A,
Drobna B, Trnovec T, Bergman A, Hertz-Picciotto I: Polychlorinated
biphenyls and their hydroxylated metabolites (OH-PCBs) in pregnant
women from eastern Slovakia. £nviron Health Perspect 2007, 115:20-27.
Sandanger TM, Dumas P, Berger U, Burkow IC: Analysis of HO-PCBs and
PCP in blood plasma from individuals with high PCB exposure living on
the chukotka peninsula in the russian arctic. J Environ Monit 2004,
6:758-765.

Sandala GM, Sonne-Hansen C, Dietz R, Muir DCG, Valters K, Bennett ER,
Born EW, Letcher RJ: Hydroxylated and methyl sulfone PCB metabolites
in adipose and whole blood of polar bear (Ursus maritimus) from East
Greenland. Sci Total Environ 2004, 331:125-141.

Ohtsubo Y, Kudo T, Tsuda M, Nagata Y: Strategies for bioremediation of
polychlorinated biphenyls. Appl Microbiol Biotechnol 2004, 65:250-258.
Zhai G, Lehmler HJ, Schnoor JL: Identification of hydroxylated metabolites
of 3,3'4,4"-tetrachlorobiphenyl and metabolic pathway in whole poplar
plants. Chemosphere 2010, 81:523-528.

Yoshimura H, Yonemoto Y, Yamada H, Koga N, Oguri K, Saeki S:
Metabolism in vivo of 3,4,3'4-tetrachlorobiphenyl and toxicological
assessment of the metabolites in rats. Xenobiotica 1987, 17:897-910.

Koga N, Beppu M, Ishida C, Yoshimura H: Further studies on metabolism
in vivo of 3,4,3'4-tetrachlorobiphenyl in rats: identification of minor
metabolites in rat faeces. Xenobiotica 1989, 19:1307-1318.

Schulz DE, Petrick G, Duinker JC: Complete characterization of
polychlorinated biphenyl congeners in commercial Aroclor and Clophen
mixtures by multidimensional gas chromatography-electron capture
detection. Environ Sci Technol 1989, 23:852-859.

Harrad S, Hazrati S, Ibarra C: Concentrations of polychlorinated biphenyls
in indoor air and polybrominated diphenyl ethers in indoor air and dust
in Birmingham, United Kingdom: implications for human exposure.
Environ Sci Technol 2006, 40:4633-4638.

Kohler M, Zennegg M, Waeber R: Coplanar polychlorinated biphenyls
(PCB) in indoor air. Environ Sci Technol 2002, 36:4735-4740.

Burken JG, Schnoor JL: Uptake and metabolism of atrazine by hybrid
poplar trees. Environ Sci Technol 1997, 31:1399-1406.

Burken JG, Schnoor JL: Predictive relationships for uptake of organic
contaminants by hybrid poplar trees. Environ Sci Technol 1998,
32:3379-3385.

Zhai G, Lehmler HJ, Schnoor JL: Hydroxylated metabolites of 4-
monochlorobiphenyl and its metabolic pathway in whole poplar plants.
Environ Sci Technol 2010, 44:3901-3907.

MclLean MR, Bauer U, Amaro AR, Robertson LW: Identification of catechol
and hydroquinone metabolites of 4-monochlorobiphenyl. Chem Res
Toxicol 1996, 9:158-164.

Lehmler HJ, Robertson LW: Synthesis of hydroxylated PCB metabolites
with the Suzuki-coupling. Chemosphere 2001, 45:1119-1127.

Jerina DM, Yagi H, Daly JW: Arene oxide: a new aspect of drug
metabolism. Science 1974, 185:573-582.

Guengerich FP: Cytochrome P450 oxidations in the generation of
reactive electrophiles: epoxidation and related reactions. Arch Biochem
Biophys 2003, 409:59-71.

Koga N, Kikuichi-Nishimura N, Hara T, Harada N, Ishii Y, Yamada H, Oguri K,
Yoshimura H: Purification and characterization of a newly identified
isoform of cytochrome-P450 responsible for 3-hydroxylation of 2,5,2',5-
tetrachlorobiphenyl in hamster liver. Arch Biochem Biophys 1995,
317:464-470.

doi:10.1186/1752-153X-5-87

Cite this article as: Zhai et al: New hydroxylated metabolites of 4-
monochlorobiphenyl in whole poplar plants. Chemistry Central Journal
2011 5:87.

Page 9 of 9

Publish with ChemistryCentral and every
scientist can read your work free of charge

“Open access provides opportunities to our
colleagues in other parts of the globe, by allowing
anyone to view the content free of charge.”

W. Jeffery Hurst, The Hershey Company.

e available free of charge to the entire scientific community

e peer reviewed and published immediately upon acceptance
e cited in PubMed and archived on PubMed Central

e yours — you keep the copyright

Submit your manuscript here:
http://lwww.chemistrycentral.com/manuscript/

ChemistryCentral



http://www.ncbi.nlm.nih.gov/pubmed/15025504?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16621064?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16621064?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19054541?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19054541?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19054541?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17366814?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17366814?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17366814?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15346180?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15346180?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15346180?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15325145?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15325145?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15325145?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15248039?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15248039?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20708213?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20708213?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20708213?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/3118581?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/3118581?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2515663?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2515663?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2515663?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16913117?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16913117?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16913117?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12487293?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12487293?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20402517?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20402517?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8924585?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8924585?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11695625?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11695625?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/4841570?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/4841570?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12464245?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12464245?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7893164?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7893164?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7893164?dopt=Abstract

	Abstract
	Background
	Experimental
	Reagents and chemicals
	Synthesis and characterization of OH-CB3 standards
	3-Chloro-4-methoxybiphenyl
	4-Chloro-2-methoxybiphenyl
	4-Chloro-3-methoxybiphenyl (crude)
	4OH-CB2
	2OH-CB3
	3OH-CB3
	Experimental design and OH-CB3 analysis

	Results and discussion
	Confirmation of two new hydroxylated metabolites of CB3 in whole poplar plants
	2OH-CB3 and 3OH-CB3 in the solutions of exposed plants and controls
	Production of 2OH-CB3 and 3OH-CB3 in various tissues of whole poplars
	Total Masses of 2OH-CB3 and 3OH-CB3 in various solutions and poplar plants
	Comparison of OH-CB3s with hydroxyl and chlorine in the same phenyl ring and the different rings
	Pathway of hydroxylated metabolites of CB3 in whole poplars

	Conclusions
	Acknowledgements and funding
	Author details
	Authors' contributions
	Competing interests
	References

