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Abstract

A novel and sensitive high-performance liquid chromatography (HPLC) method was developed to analyze dione metabolites of
benzop]pyrene (BaP). Because BaP-diones do not fluoresce, detection of low concentrations is difficult to achieve when analyzing these
chemicals with a simple HPLC system. We developed a method to increase the detection sensitivities for BaP-diones using reduction by zin
after the chromatographic separation. A post-column zinc reducer was used to convert BaP-diones, in-line, to their corresponding fluoresce!
BaP-hydroquinones, which can be measured by fluorescence detection with high sensitivity. Withn&ctions, the limits of detection
for the BaP-diones tested (BaP-1,6-dione, BaP-3,6-dione, and BaP-6,12-dione) were all below 1.0 nM. In addition to the high detection
sensitivity, this HPLC method provides a wide linear dynamic range for BaP-dione detection (1.0—-220 nM). We also studied the extraction
recovery of BaP-diones from recombinant human cytochrome P450 and epoxide hydrolase. To demonstrate the application of this method, tt
kinetics of BaP-dione formation was studied by incubating BaP with these recombinant enzymes. The present method enhances the detecti
sensitivity for BaP-diones by more than two orders of magnitude compared with traditional ultraviolet detection. Moreover, the method avoids
the time-consuming derivatization or reduction steps required by other methods.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction hydrolase to its mutagenic forms, e.gB,8x-dihydroxy-
9a,10x-epoxy-7,8,9,10-tetrahydrobenafipyrene and BaP-
Benzop]pyrene (BaP) is a probable human carcino- 4,5-dihydroepoxidg2-5]. Biotransformation of BaP was
gen [1] that is formed by incomplete combustion of studied in our laboratory using recombinant human
organic matter and is widespread in the environment. Like cytochrome P450 1A1 (CYP1A1) and microsomal epoxide
many other xenobiotics that require activation, BaP under- hydrolase (EH), as part of our research to study and simulate,
goes biotransformation by cytochrome P450 and epoxide by computer, the metabolic reaction networks of xenobiotics
[6—8]. Due to the high cost of the enzymes, these experiments
mpondmg author. Tel.: +1 970 491 5652. were carried outin small v_olumes (10p0), resultir)g inlim-
E-mail addressraymond.yang@colostate.edu (R.S.H. Yang). |tgd amounts of.metabolllt_e.s: Therefore, ar]alytlcal meth_ods
1 present address: CIIT Centers for Health Research, 6 Davis Drive, With high detection sensitivities were required to determine
Research Triangle Park, NC 27709, USA. BaP metabolites.
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0 sensitivity by more than two orders of magnitude. This
new method is simple, uses readily available equipment,

11 5
10 OO O‘ and avoids labor-intensive and time-consuming sample

9 OOO 8 O O preparation involving reducing or derivatizing reagents.
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BaP 1,6-dione 2. Materials and methods

0 2.1. Chemicals and reagents

o ‘O BaP, benzo[ghi]perylene (BghiP), acetic acid (99.7%,
O‘O O‘O A.C.S. reagent), and Trizma Pre-set crystal (pH 7.4 at
37°C) were purchased from Sigma—Aldrich (St. Louis, MO).
° o 1,6-Dione, 3,6-dione, 6,12-dione, 3-OH, 7-OH, 9-OH, 4,5-
3,6-dione 6,12-dione diol, 7,8-diol, 9,10-diol, 7,10/8,9-tetrol, and 7,9/8,10-tetrol
were purchased from National Cancer Institute Chemical
Fig. 1. Chemical structures of benajgyrene (BaP), BaP-1,6-dione (1,6-  Carcinogen Reference Standard Repository (Kansas City,
dione), BaP-3,6-dione (3,6-dione), and BaP-6,12-dione (6,12-dione). MO) and stored at-20°C. HPLC grade methanol, acetone,
ethyl acetate, and dimethyl sulfoxide (DMSO) were pur-
Previously published studies utilized high-performance chased from Fisher Scientific (Hampton, NH). Zinc powder
liquid chromatography (HPLC) methods, with various (—140+ 325mesh; 99.9% on metals basis) was purchased
detectors, e.g. ultraviolet (UV), fluorescence, radioactivity, from Alfa Aesar (Ward Hill, MA).
and mass spectrometry (MS), to analyze BaP metabolites
[9-12] Similarly, we used HPLC to monitor the formation 2.2. Enzymes
of 11 BaP metabolites, namely BaP-1,6-dione (1,6-dione),
BaP-3,6-dione (3,6-dione), BaP-6,12-dione (6,12-dione), Microsomal preparations of recombinant human
3-hydroxy-BaP (3-OH), 7-hydroxy-BaP (7-OH), 9-hydroxy- cytochrome P450 1A1 expressed iBscherichia coli
BaP (9-OH), BaRrans4,5-dihydrodiolt) (4,5-diol), (106 pmol CYP1Al/mg protein) were purchased from
BaP4rans7,8-dihydrodiol) (7,8-diol), BaPtrans9,10- XenoTech, LLC (Lenexa, KS). Human lymphoblast micro-
dihydrodiol&) (9,10-diol), BaP-7,8,9,10-tetrol-7,8,9,10- somes containing human microsomal epoxide hydrolase
tetrahydro-(é,83,98,10x)-(+)  (7,10/8,9-tetrol), and  (styrene oxide hydrolase activity of 25 nmol/min mg protein)
BaP-7,8,9,10-tetrol-7,8,9,10-tetrahydrax(83,9«,108)- were purchased from BD Gentest (Bedford, MA). NADPH
(%) (7,9/8,10-tetrol). Except for the BaP-diones (1,6-, 3,6-, regenerating system, containing glucose-6-phosphate dehy-
and 6,12-diones; structures shownhig. 1), all of these drogenase, NADP+, glucose-6-phosphate, and Nlg@hs
BaP metabolites fluoresce. Thus, fluorescence detectionalso purchased from BD Gentest.
was used to analyze the metabolite mixtures. Due to the
non-fluorescent nature of BaP-diones, alternative detectors2.3. HPLC instruments
are required to achieve the same detection sensitiyiti&s
Using UV absorbance, the detection limits of BaP-diones = The HPLC system consisted of a Beckman Coulter System
are at least two orders of magnitudes higher than those of theGold (Fullerton, CA), composed of Model 126 pump, Model
other fluorescent BaP metabolites using a fluorescence detec507 autosampler, and Model 166 UV detector, coupled, in
tor. An interesting and useful characteristic of BaP-diones is line, to a Jasco (Easton, MD) FP-920 fluorescence detec-
that they yield the corresponding BaP-hydroquinones upon tor. BaP-diones were separated on a Discovery C18 Column
chemical reduction. The BaP-hydroquinones are highly (250 mmx 4.6 mm 1.D., 5um; Supelco, Bellefonte, PA). A
fluorescenfl13], and thus can be monitored by a fluorescence 0.54um precolumn filter (Upchurch Scientific, Oak Harbor,
detector at very low levels. However, BaP-hydroquinones are WA) and a C18 SecurityGuard cartridge (4.0 nan3.0 mm;
unstable in the presence of air and readily autoxidize to their Phenomenex, Torrance, CA) were used to protect the ana-
BaP-dioneq14]. To develop a simple technique to reduce lytical column. An eight-channel Degasys Populaire vacuum
BaP-diones to their respective hydroquinones, we adapted adegasser (Chrom Tech, Inc., Apple Valley, MN) was used to
method that had been used to analyze Vitamin K compoundsde-gas the mobile phases.
by HPLC, in which Vitamins K and K3 were reduced
in-line to their fluorescent analogues using reduction by zinc 2.4. Chromatographic conditions
metal following the chromatographic separatifib,16]
Here we report the development and validation of a simple  Twenty microliters of sample, dissolved in methanol, was
HPLC method based on this post-column zinc reducer strat-injected for HPLC analysis. The flow rate was 0.7 mL/min
egy. Reduction of the BaP-diones increased the detectionduring separation (0—-57 min) and increased to 1.0 mL/min at
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Table 1
Time steps for the mobile phase gradient for analyzing BaP-diones
Time (min) Composition of mobile phase (%)
e B2 Methanol H,0 with 0.003% H,0 with 0.3%
acetic acid acetic acid
4
2 48 28 Injector
:233 ;g 28 i 20 x 2 mm column : | Detectors -
39 4 96 ‘Lpacked with zinc powder :
56 4 96
57 40 60
66 40 60

T o

il O

BaP-diones BaP-hydroquinones

@ Mobile Phase A: HO with 0.003% (v/v) acetic acid; Mobile Phase B:
methanol.

the e_nd of the run to re_-equilibrate the column (57_66 mir?)' Fig. 2. Apparatus for reducing BaP-diones in-line to their corresponding
MObI|e Phase A COﬂtaIned Water W|th 0003% (V/V) acetIC fluorescent Bap.hydroquinonesl
acid (pH 4.1). Mobile Phase B was methanol. The time pro-

gram for the multi-step gradient is describedTable 1 first manually filled with dry zinc powder. The packed zinc

BaP-diones were reduced to BaP-hydroquinones by a post-,jymn was then placed in a vertical position with mobile

column zinc reducer (described below) and monitored using phase entering from the top, and conditioned using the fol-
the fluorescence detector at 400 nm for excitation and 500 nmlowing steps: (1) pumping 100% Mobile Phase B at a flow

for emission. The wavelengths used for monitoring other BaP rate going from O to 1.5mL/min over 5min: (2) changing
metabolites were listed ifable 2 UV absorbance at 280 nm _from 100% Mobile Phase B to 100% Mobile Phase A over
was also monitored. HPLC analyses were performed atamb|—5mm; (3) switching back to 100% Mobile Phase B over

ent temperature. 5min; and (4) decreasing the flow rate to 0 over 2 min. The
inlet of the zinc column was disassembled after Step 4 to
2.5. Post-column zinc reducer visually examine the filling. If any head space was observed,
more zinc powder was added to fill the void. Acetic acid
An apparatus was designed to reduce BaP-diones towas added to Mobile Phase A to facilitate the reduction of
their corresponding fluorescent BaP-hydroquinones in-line BaP-diones to BaP-hydroquinones. In order to prevent the
(Fig. 2. The key component of this apparatus is the post- coating of the flow cells by a reducer-derived material (as yet
column zinc reducer, which consisted of a 20 mr2 mm unidentified), an additional pump (L-6200A Smart Pump;
I.D. guard column (Upchurch Scientific) with O frits Hitachi, San Jose, CA) was used to deliver 0.3% (v/v) acetic
packed with zinc powder-140 + 325 mesh; equivalent to  acid in H,O (de-gassed by a vacuum degasser) at 0.3 mL/min
44-105um). To pack the zinc reducer, the guard column was directly to the detectors via a T-connector between the zinc
column and the first detectoFig. 2).
Table 2

Time program for the fluorescence detector for measuring BaP-diones and

other BaP metabolites 2.6. Calibration procedures

Time (min)  Wavelength (nm) Compourfds Seven calibration standards, each containing a mixture
Excitation  Emission of 1,6-dione, 3,6-dione, 6,12-dione, BaP, BghiP (internal
0.0-14.0 278 407 9,10-Diol, 7,10/8,9-tetrol, ~ Standard), 3-OH, 7-OH, 9-OH, 7,8-diol, 4,5-diol, 9,10-
7,9/8,10-tetrol diol, 7,10/8,9-tetrol, and 7,9/8,10-tetrol, were prepared in
;‘z‘-gzgg-g gig igg jg:g:g: methanol. The concentrations of the metabolite standards
255350 400 500 1.6-Dione, 3,6-dione, ranged from 1.0 to 220 nM, while the concentrations of BaP
6.12-dione and BghiP were fixed at 10 and Ju#, respectively. Stan-
35.0-66.0 375 441 BaP, 3-OH, 7-OH, 9-0H,  dard calibration curves were obtained by plotting the peak
BghiP area ratio of individual BaP-hydroquinones to internal stan-

a Abbreviations BaP: benzaf]pyrene; 1,6-dione: BaP-1,6-dione; dard @p/Ais) as a function of the concentrations of their cor-
3,6-dione: BaP-3,6-dione; 6,12-dione: BaP-6,12-dione; 3-OH: 3- responding BaP-dione€f). Linear regression of the stan-
hydroxy-BaP; 7-OH: 7-hydroxy-BaP; 9-OH: 9-hydroxy-BaP; 4,5-diol:  q5r( curves and the determination of whetherntietercept
BaP+trans-4,5-dihydrodiolg); 7,8-diol: BaPtrans-7,8-dihydrodiolt); significantly differed from zero were performed using the
9,10-diol: BaPtrans-9,10-dihydrodiol{t); 7,10/8,9-tetrol: BaP- . . . . .
7,8,9,10-tetrol-7,8,9,10-tetrahydroa(BB,98,100)-(+);  7,9/8,10-tetrol: Regression Analysis Tool in Microsoft Excel (Microsoft Cor-
BaP-7,8,9,10-tetrol-7,8,9,10-tetrahydrax(8B, 9, 108)-(+); BghiP: poration, Redmond, WA). Standard curves were then used to

benzo[ghi]perylene. determine the recovery of BaP-diones from solutions con-
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taining recombinant human enzymes. The equations used t@2.10. Other aspects evaluated during method

calculate the recovery are listedAppendix A development
2.7. Limits of detection, limits of quantitation, and During method development, several method parameters
instrument precision were adjusted or evaluated, as described here in part. None

of the methods described in this section involved the use
The limit of detection (LOD) was determined as the con- of the third pump delivering 0.3% acetic acid to the detec-

centration of the metabolite corresponding to a peak height {OrS- Zinc powder with particle size (median 6+ Alfa
that s three times the baseline noise of the fluorescence detec”€sar) smaller than the one described above was also used
tor[17]. A 10:1 ratio of peak height to baseline noise was used {0 Pack the zinc reducer. However, use of the smaller parti-
to determine the limit of quantitation (LO@)7]. Instrument ~ ¢l€S resulted in back pressure as high as 3800 PSI, which can
precision was measured as the relative standard deviatiorPotentially damage the analytical column. Various acid con-
(RSD) of the peak area ratio of BaP-hydroquinones to inter- centrations in the mobile phases were tested before reaching
nal standardAp/Ais) from six consecutive injections of a the optimized method. With Mobile Phases A (water) and B

mixture of authentic standards. each at 170 nM. (methanol) both containing 0.1% (v/v) acetic acid, no separa-
’ tion of the three BaP-diones was found. Instead, only a large,

broad peak was observed, possibly a result of the mixing of
the three BaP-diones within the space in the zinc reducer pro-
duced by channeling, which was observed after the column
was disassembled. When the concentration of acetic acid in
water and methanol was reduced to 0.01%, no channeling was
observed. However, at this acid concentration, the baseline
from the fluorescence and UV detectors became steeper and
the offset value on the UV detector increased progressively
from run to run. This baseline rise was a result of contamina-
tion of the flow cells by unknown compounds from the zinc
reducer, observed as a white coating inside the flow cell. The
coating in the flow cells could be eliminated by washing the
flow cells with 0.3% (v/v) acetic acid in water.

e - e ) - Other modifications of the mobile phases included the
mixing, the solution contalnlng the reaction mixture, acetone, use of zinc chloride (10 mM), sodium acetate (5mM), and
and ethyl acetate was centrifuged at 3000rpm (184)  cetic acid (4.5 mM) in both water and methanol, as adapted

for 10min to separate the organic and aqueous layers. Theym 4 previous repoft.8]. However, severe channeling was
organic layer (4.0mL) was collected and evaporated to dry- ghqeryed under these conditions. On the other hand, when

ness using a SPD121P SpeedVac concentrator (Thermo Elecg,q mobile phases contained methanol and HCI in water (pH
tron, Woburn, MA) at 35C. The residues were dissolved in 4.05), high back pressure was observed.

1.0 mL methanol and analyzed by HPLC. The equations used
to calculate the percentage recovery of BaP-diones are listed

in Appendix A 3. Results

2.8. Samples for extraction recovery study

One milliliter of a solution containing CYP1Al
(0.085 mg microsomal protein) and EH (0.05mg microso-
mal protein) in 50 MM Tris—HCI buffer (pH 7.4 at 3T)
was spiked with a mixture of 1,6-dione, 3,6-dione, and 6,12-
dione in 10uL of DMSO to give final BaP-dione concen-
trations of 10—226 nM. After incubation at 3C for 50 min,

1.0 mL of acetone containing 1.6 nmol of BghiP as an inter-
nal standard was added to mimic the reaction termination
step. The extraction procedures were adapted from a previ-
ously published methof 0]. BaP and its metabolites were
extracted with ethyl acetate (4.0mL). After thorough

2.9. Time-course study of BaP metabolism using 3.1. Chromatograms
recombinant human enzymes
A representative HPLC profile for the authentic stan-

Incubation mixtures contained 0.085mg microsomal dards of BaP-diones and other BaP metabolites is shown
CYP1AL1 protein, 0.05mg microsomal EH protein, 1.3mM in Fig. 3. As shown in the chromatogram, the method can
NADP™, 3.3 mM glucose-6-phosphate, 0.4 U/mL glucose-6- also be used to separate eight other BaP metabolites. All
phosphate dehydrogenase, 3.3 mM magnesium chloride inpeaks in the chromatogram were well separated, except for
50 mM Tris—HCI buffer (pH 7.4 at 37C), in a final volume those corresponding to 7-OH and 3-OH. A different method
of 1.0 mL. After pre-incubation at 3C for 2min, reactions  was developed to separate 7-OH and 3-OH (manuscript in
were initiated by adding BaP in DMSO to achieve afinal con- preparation). A representative HPLC chromatogram showing
centration of 1M of BaP and 1% (v/v) DMSO. Reactions the metabolites produced from BaP by recombinant human
were stopped at various time points by adding 1.0 mL acetoneCYP1A1 is shown irFig. 4 The metabolites observed were
containing 1.6 nmol of internal standard (BghiP). The same 1,6-dione, 3,6-dione, 6,12-dione, 9-OH, 7-OH, and 3-OH.
extraction procedures described in the previous section wereNo unknown peaks interfered with the separation of these
used to recover BaP and its metabolites from the reactionmetabolites. The sharp shifts of the baseline observed at 22.5
mixture. and 35 min Fig. 4) were caused by the programmed wave-
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Fig. 5. Standard calibration curves for 1,6-dione. Symbols represent exper-
imental data and lines represent linear regression results. The data were

Fig. 3. HPLC profile of the authentic standards of BaP and its metabo- . .
collected from four sequences, using the same zinc post column.

lites. The BaP-hydroquinones (labeled in boldface) are formed from their
corresponding BaP-diones by the post-column zinc reducer. The numbers
enclosed in parentheses represent the retention time of the compounds i(batches), each performed on a separate Higy.5 shows

minutes. The metabolite peaks and BghiP peak represent 3.4 and 32 pmol ofthe standard calibration curves for the 1,6-dione from each

the compounds, respectively. The BaP peak was off-scale and representecbf the separate sequences &T‘Ig 6 shows the standard

200 pmol of the compound. S8able 2for detection methods and list of ' .

abbreviations. curves for each of the three BaP-diones, based on data from
Sequence 4. The slope of the standard calibration curve for

length changes of the fluorescence detector. In addition, itwaséach BaP-dione varied from sequence to sequeffige 9.
observed that the retention time of all peaks was dependentiowever, excellent linear correlation was observed between
on the ambient temperature (data not shown), with increasingAp/Ais andCp within each sequenc&{ > 0.9976) at BaP-

temperature leading to slightly shorter elution times. dione concentrations ranging from 1.0 to 220 nkafle 3
Figs. 5 and & They-intercept for each standard curve was

not significantly different from zero. The variations in the
slopes of standard curves among the sequences were presum-
ably the result of changes in the catalytic activity of the zinc
toward the conversion of BaP-diones to BaP-hydroquinones.
This hypothesis was supported by the observation that the
peak area of the internal standard was constant for every
sequence. The same zinc column was used to generate the

3.2. Standard calibration curves and detection limits

The slopes and coefficients of determinati®®)(for the
standard calibration curves, i.e. peak area ratig'hs) ver-
sus dione concentratiorCf)), are shown inTable 3 The
data were gathered from four different HPLC sequences

0.3

data inTable 3andFig. 5, revealing that the catalytic activ-
ity remained effective even after 250 injections, over a span
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Fig. 4. HPLC profile of BaP metabolism using recombinanthuman CYP1A1l
(A). The peaks shown in the inset (B) are from BaP-hydroquinones, which
were formed by reduction of their corresponding BaP-diones by the post- Fig. 6. Standard calibration curves for 1,6-dione, 3,6-dione, and 6,12-dione
column zinc reducer. BaP (1M) was incubated with 0.085 mg microsomal  based on data from SequenceTélfle 3and Fig. 5. Symbols represent
CYP1Alin 1.0 mL solution (pH 7.4) at 3T for 24 min. experimental data and lines represent linear regression results.
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Table 3

Standard calibration curves and detection limits of BaP-dfones
Sequence # Standard curvig(Ais vs.Cp) LOD (nM) LOQ (nM)

Slope R2

BaP-1.6-dione 1 6.16 103 0.9981 0.18 0.61
2 6.58x 1073 0.9994 0.19 0.62
3 8.16x 1073 0.9988 0.12 0.39
4 4.29x 1073 0.9991 0.41 1.35

BaP-3.6-dione 1 2.82 1073 0.9978 0.40 1.32
2 3.16x 103 0.9994 0.36 1.19
3 3.91x 1078 0.9986 0.21 0.69
4 1.74x 1073 0.9981 0.90 2.99

BaP-6,12-dione 1 5781073 0.9983 0.17 0.55
2 5.79x 102 0.9994 0.20 0.67
3 7.71x 1073 0.9985 0.11 0.37
4 5.07x 102 0.9976 0.33 1.09

a Sequences 1, 2, 3, and 4 were performed on Days 0, 32, 94, and 142, respectively. The same zinc post column was used for all four sequences.

of 142 days. As expected from the changes in the slopes ofcorrected peak areas for Conditions A—C are shoviign?.

the standard curves, LOD and LOQ values also varied from Even with no acid added to the mobile phase, the use of the

sequence to sequencEable 3. Generally, detection sensi-  zinc reducer resulted in increases of peak areas of 88-, 23-,

tivities for 1,6-dione and 6,12-dione were similar, with LOD and 67-fold for 1,6-dione, 3,6-dione, and 6,12-dione, respec-

values approximately equal to one-half of the value for 3,6- tively. With the combination of the zinc reducer and 0.003%

dione. (v/v) acetic acid in Mobile Phase A, the peak areas were 410,
126, and 183 times those measured without the zinc reducer.

3.3. Instrument precision
3.5. Extraction recovery study
Instrument precision was measured as RSD of the peak

area ratio Ap/A;s) from six consecutive injections of a mix- The results of the extraction recovery study are shown
ture of authentic standards at 170 nM. The RSD for 1,6-dione, in Table 4 The percentage recovery of BghiP (Rig/was
3,6-dione, and 6,12-dione were 1.24%, 1.86%, and 0.81%.102.6%+ 2.8%. The percentage recoveries for 1,6-dione and
The differencesinthe RSD between 3,6-dione and 6,12-dione

was due to the large difference in their respective peak areas.  1o7

3.4. Impact of the post-column zinc reducer

106 o
The increase in the detection sensitivity for BaP-diones i
is shown inFig. 7 by comparing the peak area of each BaP- £ =
dione measured under the following conditions: (A) no zinc & 10° 1
reducer; (B) with zinc reducer and no acid in the mobile o

phase; and (C) with zinc reducer using acidic mobile phase.

With no zinc reducer, the peak areas were determined using 101
UV absorbance, while fluorescence detection was used for

the latter two conditions. To compare the relative sensitivity

of these three conditions, the measured peak areas were nor-  10°
malized, based on the baseline noise level observed under

each condition. In addition, for Condition C, the normal- —lticlivstd el e SO
ized peak areas were corrected for the dilution caused by zine column + acid (fluorescanca detector)
the use of the third pump. Specifically, acetic acid (0.3% in

water) from the third pump (at 0.3 mL/min) was only deliv- Fig. 7. Comparison of the peak area of BaP-diones measured in the presence
ered under Condition C, but not under Conditions Aand B. As and abse_nc_e of the zi_nc post-column reducer. Error bars_ represent or_]e stan-
a result, BaP-ciones passed through the detectors at a o 2271 o smessurements excet o e e o i 1o
rate of 1.0mL/min (0.7 mL/min for the mobile phases and ,iq, 0.003% acetic acid in water was added to Mobile Phase A and 0.3%
0.3 mL/min for the 0.3% acetic acid) for Condition C, while  acetic acid in water was delivered from the third pump. UV absorbance was
at a flow rate of 0.7 mL/min for Conditions A and B. The monitored at 280 nm.

T o o

1,6-dione 3,6-dione 6,12-dione
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Table 4 4. Discussion
Percentage recovery of BaP-diones from 0.085 mg microsomal CYP1A1
protein and 0.05 mg microsomal EH protein at pH 7.4 ant37

This study reports the development and validation of a

Concentration (nM) % Recovety novel and relatively simple HPLC method for qualitative
1,6-Dione 3,6-Dione 6,12-Dione  and quantitative analysis of BaP-diones with high detec-
102 144116 197422 75418 tion sensitivity. A post-column zinc reducer was used to
34.0 19.3+1.7 24.6+4.6 72412 convert BaP-diones to their corresponding fluorescent BaP-
113 26.6+4.6 32.8+ 4.4 6.6£2.7 hydroquinones. Since the BaP-hydroquinones can be ana-
227 33.1£16 40.5:3.0 7.9£26 lyzed using a fluorescence detector, the detection sensitivities
2 Results are the mean of % recovergtandard deviation from four data  are at least two orders of magnitude higher than those for
points (two injections from each duplicated sample). non-converted BaP-diones using UV absorbance. The high

detection sensitivities of this method make it suitable for

studies where limited amounts of BaP-diones are present,
3,6-dione increase with increasing spiked concentrations. g ch as metabolic studies using recombinant enzymes. In
The recovery for 1,6-dione ranged from 14.4% to 33.1%; the previous studies involving BaP metabolism using recombi-
recovery for 3,6-dione ranged from 19.7% to 40.5%. On the pnant enzymes, the formation of BaP-diones was either not
other hand, less than 8% of 6,12-dione was recovered, and th?neasurec[lg] or measured by radioactivity detectors using
percentage recovery was independent of the concentration ofggiolabeled BaPL0,20,21] Another method that can detect
the dione from 10.2 to 227 nM. BaP-diones in airborne particulate matter with good sensitiv-
ity utilized liquid chromatography/mass spectrometry with
atmospheric pressure chemical ionizatip8].

Acetic acid was used in Mobile Phase Ato facilitate reduc-
tion and prevent the BaP-hydroquinones from autoxidizing
to BaP-diones. However, the acidic mobile phase resulted
in problems that were not reported in previous publications
using a post-column zinc reducf5,16] Specifically, an

3.6. Application of the method to study the time-course
of BaP metabolism

This new analytical method was tested on samples from
an experiment on the dynamics of BaP transformation by

recombtme;_nt humhan CYPlAltand EHtIQa ?) Although the unknown substance coated the flow cells of the detectors and
concentralions shown are not corrected for recovery or non'resulted, eventually, in the inability to use the detectors. At

enzymatic fransformations (e.g. a_utoxid_ation), itis evid_ent higher concentrations of acetic acid in Mobile Phase A, chan-
that the levels of the 1,6- and 3,6-diones increased over UMe, 1 eling within the zinc column was observed although the flow
while that (.)f 6,12-dione remgmed relatively °°”Staf?t- Low cells were not contaminated. An extra pump that delivered a
qoncentratlons Of a!l thr.ee diones Were.detected with rela- diluted acetic acid solution to the flow cells without pass-
tively low variability in this complex reaction system. ing through the zinc column successfully prevented fouling
of the flow cells without damaging the zinc powder packing
material.
—— While this method was designed to separate three BaP-
o 3sdione ¢ diones and other fluorescent BaP metabolites, the run time
¥ Bit2dlione may be shortened if BaP-diones are the only compounds to
% L be analyzed. This may be achieved by using acetonitrile or
g 2 s other solvents stronger than methanol as the organic mobile
. phase.
Due to variations in the catalytic activity of the zinc
401 g in converting BaP-diones to BaP-hydroquinones, sequence-
to-sequence variation was observed in the slopes of stan-
20 4 % dard curves. However, good linear correlation was observed
betweerp/Ais andCp within each sequenc&{ > 0.9976)

100

80

o FOH

Measured concentration (nM)

- - L hd ¥ * . . .
8 at BaP-diones concentrations ranging from 1.0 to 220 nM.
0 5 10 15 20 25 30 35 40 This sequence-to-sequence variation can be addressed by
Time (min) injecting authentic standards every four to six runs.

The recoveries of 1,6-dione and 3,6-dione from the enzy-
Fig. 8. Time course profiles of BaP-diones after incubating BaR.{dp matic reaction mixture increased with increasing spiked con-
with recombingnt human CYP:!.Al (0.085 mg microsomal protein/mL) and centrations, with lower concentrations Showing poor recov-
EH (0.05mg microsomal protein/mL) at SZ. Results are the mean of the o iag These results suggest saturable binding of these diones
measured concentratiottsone standard deviation from four data points (two . . e .
injections from each duplicated sample). The data shown are not correctedto biomolecules such as proteins or DNA. This Interpretation
for recovery or for the amount of diones detected in controls with no added 1S supported by the identification of 3,6-dione DNA adducts

NADPH. after incubating 3,6-dione with mouse aortic smooth mus-
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cle cells[22] and after incubating BaP with monkey kidney the analytical method developed here performed well, detect-

COS1 cells co-transfected with CYP1A1 and P450 reductaseing low concentrations of the three diones in small sample

[23]. Reindl et al[24] reported 62% recovery of 3,6-dione  volumes with minimal sample preparation.

(2pM) from rat liver microsomes (0.087 mg protein/mL).

Although this level of 3,6-dione recovery is higher than

that achieved in this study, the only concentration of 3,6- 5. Conclusions

dione (2uM) used by Reindl et al[24] was 8.8 times

the highest concentration used here with the protein con-  Anovel, sensitive HPLC method for measuring BaP-dione

centration at a comparable level. In addition to possible concentrations was developed and validated. With the combi-

binding to protein and/or DNA, another factor that can con- nation of azinc reducer and acidic mobile phase, the detection

tribute to the low recovery of 6,12-dione from the reaction sensitivity for BaP-diones was enhanced by greater than two

mixture may be dione degradation during the extraction orders of magnitude. The LODs for all three BaP-diones

processes. tested were below 1nM based on gQ-injections. Wide
Recovery efficiencies are likely to depend on the nature of linear ranges for these metabolites were also provided by

the sample. Prior to the recovery study described above, wethis method. This method is ideal for studies that require

performed a pilot recovery study (data not shown). This study the detection of low levels of BaP-diones when radiolabeled

revealed that, in the presence of BaP and other metabolitesBaP or radioactivity detectors are not available. Moreover,

the recoveries of all three BaP-diones from the enzyme incu-the method avoids time-consuming derivatization or reduc-

bation were higher than those shownTable 4(performed tion steps required by other methods.

in the absence of BaP and other metabolites). In this pilot

study, the enzymatic reaction solution (containing 0.085 mg

microsomal CYP1AL1 protein, 0.05 mg microsomal EH pro- Acknowledgement

tein and no added NADPH) was spiked with mixtures of

10pM BaP and various concentrations of the eleven BaP  This work was supported by National Institute for Envi-

metabolites. At a spiked concentration of 34nM for each ronmental Health Sciences Grant # R01 ES09655.

metabolite, the apparent recoveries of 1,6-dione, 3,6-dione

and 6,12-dione were 39%, 116%, and 28%, respectively (cf.

Table 4. The higher apparent recoveries may be due, in part, Appendix A

to the spontaneous conversion of BaP to BaP-diones, as low

levels of BaP-diones (3—7 nM) were observed in control sam-  All equations associated with the calculation of the

ples where 1Q.M of BaP alone was incubated with CYP1A1 response factors and percentage recovery for BaP-diones are

and EH, with no added NADPH. In addition, the presence of listed in this section. The concentration of BaP-diones was

other metabolites may also contribute to the higher apparentcorrelated with the HPLC peak area using:

recoveries of BaP-diones. It is known that 3-OH can be non- Ap RFs C

enzymatically oxidized to 3,6-diorf@5]; thus, this reaction ~ cp = 2 1S=1S

may occur during incubation and/or extraction, contributing Ais RPp

to the apparent higher recovery of 3,6-dione in the presencewhere A; represents the peak area measured by HPLC for

of BaP metabolites other than BaP-diones in the spiking solu- compoundi, and RF and C; represent the response factor

tion. and concentration, respectively, for compoundhe sub-
Further evidence of non-enzymatic oxidation of BaP to scripts D and IS were used to denote BaP-diones and internal

diones was observed in controls that were performed dur-standard (BghiP), respectively. Standard calibration curves

ing the time-course experiment. In addition to the results were obtained by plotting the peak area ratio of individual

shown inFig. 8 a control experiment was performed in BaP-hydroquinones to internal standafg{A;s) as a func-

which the reaction mixture was incubated for 45 min with tion of the concentrations of corresponding BaP-diofed (

10pM BaP but no NADPH. In those samples, the mea- The slope of the standard curve for metabolite D is equal to

sured concentrations of 1,6-dione, 3,6-dione, and 6,12-dionethe value of RB/(RFs Cis).

were 6.60+ 0.73, 6.72:0.88, and 7.1% 0.56 nM, respec- The percentage recovery of BaP-diones (Rg\Wrom

tively. Thus, it appears that most, if not all, of the 6,12-dione solutions containing recombinant human enzymes was then

detected in the time-course samplésgy( 8) was produced  calculated as

)

non-enzymatically. This, combined with the recovery issues Ap 1 RFsCis
discussed above, underscores the complexity of this reactionrRCVp = A—C—TRCVB (2)
system and the need to perform careful control experiments IsCo  RF

to assess non-enzymatic formation or transformation of the whereAp/A;s values were the peak area ratios analyzed by
analytes during the reaction and extraction steps, as well asHPLC andCp, is the known spiked concentration of BaP-
any false positive peaks that may be generated should differ-dione D. The values of R§#(RFs Cis) were obtained from

ent sample matrices be studied. Nonetheless, it is clear thastandard calibration curves. The percentage recovery of inter-
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nal standard (RC)) in Eq. (2) was calculated by

Ajs
_— 3
RRsCis ®)

whereCjs is equal to 1.euM. Ajs is the mean of the peak area
of BghiP from the entire recovery study. Rfs the mean of
the values of As/Cis) from the entire standard calibration
study. Eq(1) is the simplified form of Eq(2), where RCVs
and RC\{s were assumed to be 100%.

RCVis =
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