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This study describes a generic biological screening assay designed to detect anticoagulant rodenticides
based on their inhibitory action on the vitamin K epoxide reductase protein complex, resulting in an
accumulation of under-carboxylated prothrombin or proteins induced by vitamin K antagonism (PIVKA-
I). A combined cell culture/ELISA assay was optimized to measure PIVKA-II production by the human
hepatoma HepG2 cell line cultured in the presence of anticoagulant rodenticides. The specificity and
sensitivity of the assay was validated using 41 grain extracts containing representative concentrations
of rodenticide or appropriate nonrodenticide control compounds. In all cases, PIVKA-II produced by
HepG2 cells in response to grain extracts spiked with rodenticides was detected by ELISA, while
PIVKA-II was not detected in supernatants collected from cells exposed to nonrodenticide controls.
This represents a novel, class-specific biological assay for the detection of anticoagulant rodenticides
present in contaminated grain.
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INTRODUCTION anticoagulant rodenticides are preferred to minimize the number

Since the introduction of the 4-hydroxycoumarin compound ©f @nalyses performed on each sample. A number of such
warfarin in the 1950s, anticoagulant rodenticides have becomeMultianalyte methods based on high-performance liquid chro-
the most commonly used chemical method for the control of matography (HPLC), with detection by ultraviolet (UV) absorp-
rodents. Nowadays, warfarin has largely been superseded b);lon, fluorescence, or mass spectrometry (MS) has be_en reported
more potent anticoagulant rodenticides. These are of two main °F blood ©), serum (0-13), tissues 10, 14, 15), and soil (6).

types: 4-hydroxycoumarin superwarfarins such as coumatetralyl, 1PLC methods for simultaneous analysis of the two indandione
bromadiolone, and difenacoum or acetyl-indandione derivatives compounds chlorophacinone and diphacinone in bait materials

such as chlorophacinone and diphacinone. have also been reportetif 18). Maurer and Artl 19) reported
Anticoagulant rodenticides have a relatively high toxicity to & 9as chromatography method for the analysis of urine after
vertebrate animald, and primary poisoning from consumption extractlve methylation qf 4-hydroxycoumarin antlcoagqlant
of rodent baits presents a direct hazard to wild mammals and"€Sidues. Although effective, methods such as these require the
birds, as well as to domestic animals. A number of studies has availability of sophisticated and expensive analytical equipment,

shown that secondary poisoning from consumption of poisoned housed in a well-equipped laboratory. Because of these limita-
animals is also a potential risR4). Monitoring wildlife for tions, there is a need for alternative approaches to the detection

the effects of anticoagulant rodenticide poisoning has been of a_nticoagulant rodenticides to r_educe reliance on expensive
undertaken in France (), New Zealand (7), and the U.S)( equipment and cc_:mplement existing techniques. Furthermore,
In the UK, the Wildlife Incident Investigation Scheme (WIIS) & 9eneric rodenncllde screening assay, based on a common
has investigated cases of suspected pesticide poisoning sinc@OPerty of all anticoagulant rodenticides, would permit the
the 1960s. Incidents involving anticoagulant rodenticides were detéction of both existing and novel compounds without
first confirmed by the WIIS in 1973. To conduct such investiga- Medifications to existing methodology. In this study, the
tions, suitable analytical methods are required to detect anti- Potential for a generic screening assay to detect anticoagulant
coagulant rodenticides in tissues from potentially poisoned rodenticides by their biological actions was investigated.
animals and in bait materials that may have been consumed. VitaminKis an essential cofactor forcarboxylation of key

Methods capable of simultaneous detection of a number of 9lutamic acid residues in blood clotting proteins by vitamin
K-dependent carboxylase. During catalysis, vitamin K is

* To whom correspondence should be addressed. Telephodd:(0)- converted from the active form to vitamin K 2,3-epoxide, which
1904 462000; fax:+44 (0)1904 462111; e-mail: w.lawley@csl.gov.uk. must be recycled to the active form by vitamin K epoxide
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reductase (VKOR) to maintain the coagulation cyd@8,@21). in the range of 0.00330 M. Chemical structures for analytes used
Anticoagulants antagonize VKOR, preventing vitamin K recy- in this investigation are shown iigure 1.

cling and resulting in an accumulation of desarboxy Extraction of Grain Samples and Preparation of Positive Control
prothrombin (DCP) or proteins induced by vitamin K antago- Extracts. Spiked or blank organic wheat grain{ g) was weighed
nism (PIVKA-I) (22). into a test tube (25 mL), and water (8 drops).2 mL) was added.

S Hi f und b lated th bin i . The tube was left to stand for at least 15 min. Extraction solvent (8
ecretion of undercarboxylated prothrombin IS a SPecCIes- ., dichloromethane:acetone, 1:1) was added, and the contents of

dependent event. PIVKA-II production is not detected in e type were mixed on a vortex mixer. A small quantity of anhydrous
warfarin-treated rabbits, hamsters, or guinea pigs but has beersodium sulfate 1 g) was added to the tube, and the contents were
reported for rat, cow, mouse, and chick speck324). PIVKA- mixed again. Each extract was filtered through a glass wool plug in
Il measurement in plasma samples routinely involves plasma the neck of a glass funnel into another tube, rinsing with aceton@ (1

coagulation assays (225), barium citrate absorption to separate mL). The filtrate was evaporated to dryness and redissolved in DMSO

soluble and insoluble prothrombin forrrw 25), Chromogenic (2 mL) with the heIp of an ultrasonic bath and vortex mixer. All extracts
assays (27), or radiolabeling experiments (28). were finally diluted 1:100 in serum-free medium for addition to cells.

PIVKA-II has been identified as a marker of hepatocellular _ Fortions of blank extract were also spiked post-extraction with 3
mM warfarin or coumatetralyl in DMSO and included as positive

carcinoman hyr_nans. An enzyme-llnked |mmunosorba_n_t aSSaY o nirols during initial assay optimizations. A final dilution of 1:100 in
(ELISA) containing a monoclonal antibody that specifically  serym.-free cell culture medium gave a working concentration of 30
detects undercarboxylated prothromb29) was developed to UM,

Improve th_e _dlagn05|3 _Of hepatocellqlar carcinoma _and is also  preparation of Spiked Grain Samples for Validation. Organic
used to clinically monitor the effectiveness of anticoagulant wheat grain (~1 g) was weighed into a screw-capped vial and spiked
therapy (30). The PIVKA-II ELISA has also been successfully with the test compound in methanol solution. Individual portions of
used to detect undercarboxylated prothrombin in culture super-grain were spikeq with one of nine _anticoagulant rodentici(_jes (brodi-
natants of primary human liver cells (31). Several reports have facoum, bromodialone, chlorophacinone, coumatetralyl, difenacoum,
provided evidence that the human hepatoma cell line, Heszydlphacmon_e, flocoumafen, Warfarln,_and difethialone), each at_fc_)urflnal
secretes PIVKA-II in response to warfarin exposuse, 33) concentrations (1.5—2Bg/mL), or with one of four other pesticides,
although this has not been demonstrated previously l')y ELISA each at one final concentration. Concentrations of all compounds present

. . in grain samples are shownTrable 1. One portion of grain was spiked
In this study, we report the development of a detection system with methanol alone to serve as a blank. The methanol was carefully

for anticoagulant rodenticides using ELISA to dt_et_ect PIVKA- evaporated by directing a stream of nitrogen gas over the sample with
Il produced by HepGZ. cells exposed to rOdem'C'qu- .SUCh a a Pasteur pipet, before proceeding to the extraction as described.
system would be applicable to rodenticide detection in both  cell Maintenance. HepGz2 cells (passage 890) were maintained
animal tissues and bait materials; however, for the purposes ofin mimimal essential medium containing Earle’s salts, 25 mM HEPES,
this study, it was decided to limit validation to grain-based bait and Glutamax | (MEM). For routine cell maintenance, the culture
materials. Detection in fluid or tissue samples was not consid- medium was supplemented with 10% foetal calf serum (FCS) and
ered at this stage since it is likely to be much more challenging Penicillin/streptomycin. Cells were maintained at 37 in a 5% CQ
as typical residues are much lower than in grain baits. As well humidified environment and were passaged weekly. Cell culture assays
as being useful for investigating wildlife poisoning cases, a V“¢'® performed in a reduced-serum assay medium comprising MEM
. . . .~ _supplemented with 0.5% FCS and penicillin/streptomycin.
generic screening assay for rodenticides would be applicable

h th ituati h the detecti f rodenticid Cell Treatments with Solvent Standards and Grain Extracts.
0 other situations, such as the detection of rodenticide HepG2 cells were seeded at& 1P per well of a six-well plate and
contamination of food samples (18).

cultured for 48 h prior to addition of treatments. Each experimental
condition was tested in a single well. Wells were washed with Hank’s
MATERIALS AND METHODS balanced saline solution before the addition of 1.5 mL of reduced-
serum assay medium supplemented with rodenticide solvent standards
Materials. Cell culture reagents were purchased from Invitrogen, or grain extracts diluted as described. A no-treatment control was
Paisley, UK, with the exception of dimethyl sulfoxide (DMSO; Sigma-  included in each assay. At the end of the treatment period, 1 mL of
Aldrich, Dorset, UK). The human hepatoma cell line HepG2 was supernatant was collected from each culture well and storee78t
purchased from the American Type Culture Collection (LGC Promo- °C until tested using PIVKA-II ELISA.
chem, Middlesex, UK); PIVKA-II ELISA kits were from Axis-Shield PIVKA-Il ELISA. The PIVKA-II ELISA kit was used according
Diagnostics, Cambridgeshire, UK. Analytical or HPLC-grade solvents  tg the manufacturer's instructions, except that supernatants were tested
and anhydrous sodium sulfate were purchased from Fisher Chemicals neat, diluted 1:1, or diluted 1:3 depending on the sensitivity required.
Loughborough, UK. Brodifacoum (98.5% purity), coumatetralyl (98.5% On each ELISA plate, four reference standards (2, 50, 117, and 197
purity), diphacinone (99% purity), warfarin (98% purity), and imida-  ng/mL) provided with the test kit were tested at the same dilution used
cloprid (99% purity) were purchased from QMx Laboratories Ltd., for the experimental samples. Representative absorbance values obtained

Thaxted, UK. Chlorophacinone (98% purity), coumaphos (99.8% for neat PIVKA-II reference standards and those diluted 1:1 or 1:3 are
purity), bromadiolone (98.8% purity), dimethoate (99.9% purity), shown inFigure 2.

fonofos (98% purity), and tefluthrin (98.6% purity) were purchased
from Riedel-de Haen, Sigma-Aldrich Laborchemikalien GmbH, Seelze,
Germany. Difethialone (98.5% purity) was kindly supplied by Liphatech RESULTS AND DISCUSSION
SAS. Difenacoum (99% purity) was purchased from Greyhound  HepG2 Cell Supernatants Contain PIVKA-II After Treat-
Chromatography an_d Allied Chemicals, Blrken_head, UK, and flocou-  ment with Warfarin. Supernatants from HepG2 cells exposed
mafen (99.4% purity) was from BASF Aktiengesellschaft-67114 1, o 3 or 304M warfarin were assayed neat or diluted 1:3 to
L'mburgerh_Of’ Germany. . . detect the presence of PIVKA-Il. PIVKA-II was detected in
Preparation of Solvent Standards Warfarin, coumatetralyl, difena- both neat and diluted supernatants from cells that had been

coum, bromodialone, chlorophacinone, coumaphos, and dimethoate dt farin but not i tants f treat t
were individually weighed out into sterile 1.5 mL microtubes and exposed to warfarin but not in supernatants irom no-treatmen

resuspended at 30 mM in DMSO. Stocks were aliquotted and stored atCONtrols (Figure 3). Similar absorbance values were recorded
—20°C until required. For use in assays, 30 mM stocks were diluted for supernatants from cells treated with 3 andu®0 warfarin,

in DMSO to 0.003-3 mM. Stocks were finally diluted 1000in serum- suggesting that PIVKA-II production is not dose-responsive but
free tissue culture medium prior to use, to give working concentrations may be continually produced above a threshold concentration
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Figure 1. Structures of analytes investigated.

of warfarin. Although PIVKA-II was detected in both diluted data from two experiments are showrFigure 4. Absorbance
and neat supernatants, diluted supernatants were selected fareadings for the two reference standards are included on each
subsequent experiments, to reduce absorbance values frongraph: 2 ng/mL, which is considered negative for PIVKA-II
experimental samples to within the range of the standard curve.production, and 200 ng/mL, which represents a high positive
HepG2 Cell Supernatants Contain PIVKA-II After Treat- result. Exposure of HepG2 cells to 0:63 uM warfarin (Figure
ment with Coumarins and Indandiones But Not Two 4A) resulted in clearly detectable PIVKA-II in cell supernatants.
Organophosphate CompoundsRodenticide grain baits are  In contrast, less than 2 ng/mL PIVKA-II was detected following
formulated with a 0.005% (w/w) active ingredient for most exposure to 0.008M warfarin The detection limit for warfarin,
compounds, the exception being warfarin, which is usually in based upon the measurement of PIVKA-II in cell supernatants,
the range of 0.0250.05 (w/w). This translates to concentrations was therefore considered to be 008!, although this only
on the grain of 250—500g/g for warfarin and 5@«g/g for the relates to cell supernatants that have been diluted 1:3 prior to
other rodenticides. Old or partly decomposed bait samples analysis.
submitted to the WIIS may have much lower residues. Bose HepG2 cells were also exposed to three coumarin antico-
response experiments were performed using standards preparedgulants, one indandione anticoagulant, and two organophos-
in DMSO, at final concentrations of 0.003—3M. This phates, one of which (coumaphos) is a coumarin derivative. Each
corresponds to theoretical grain extract concentrations ef 0.3 compound was tested at the three doses shown to induce
300uM, which is equivalent to 0.0990 ug/mL and 0.18-180 PIVKA-II production by warfarin (0.03-3 uM). Supernatants
uglg for coumatetralyl (smallest molecule, 292.3 g/mol) and were diluted 1:3 and evaluated for PIVKA-II content. Pooled
0.16—160ug/mL and 0.32-320ug/g for bromadiolone (527.4  duplicate data from two experiments are showikrigure 4B.
g/mol). PIVKA-II production was clearly detected in supernatants
Following the 24 h treatment period, cell supernatants were collected from HepG2 cells treated with all three doses of
diluted 1:3 and evaluated for PIVKA-II content. Pooled duplicate difenacoum, bromodialone, chlorophacinone, and coumatetralyl.
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Table 1. Results of a Validation Experiment Testing 41 Blind Samples 2.75 A ® neat s
for the Presence of Anticoagulant Rodenticide, Based on Production of 2.5 1 = diluted 1:1 =
PIVKA-II by HepG2 Cells € 225 ! )
o~ 2 A diluted 1:3| g
PIVKA-II 2 1.75
sample analyte present in extract Abs 12 Abs22 detected’,c 8 1.5 I i
1 24.97 ugiml brodifacoum 1416  1.470 yes 5 1251
2 9.9 ug/mL brodifacoum 1518 1524 yes £ 11 i
3 4.00 wg/mL brodifacoum 1459 1592 yes 8 0.75
4 1.60 ug/mL brodifacoum 1589  1.670 yes g 0.5
5 24.61 ug/mL bromadiolone 1583  1.695 yes 0.25 -
6 9.85 ug/mL bromadiolone 1609 1674 yes 0 F : : : : : : : : : ,
7 3.94 ug/mL bromadiolone 1545  1.580 yes
8 1.58 ug/mL bromadiolone 1600 1.624 yes 0 20 40 60 80 100 120 140 160 180 200
9 25.21 ug/mL chlorophacinone 1583  1.600 yes PIVKA Il (ng/ml)
10 10.08 ug/mL chlorophacinone 1542 1565 yes ) )
11 4.03 ug/mL chlorophacinone 1578 1612 yes Figure 2. PIVKA-II standard curves. Standard curves were prepared using
12 1.61 ug/mL chlorophacinone 1643 1674 yes reference standards known to contain 2, 50, 117, and 193 ng/mL PIVKA-
12 ig-ﬂﬂgjmt Coumaie{ra:y: i-gfé 12;2 yes Il. Reference standards were analyzed neat or diluted in dilution buffer
.11 ug/mL coumatetralyl . . yes : . . )
15 404 ugimL coumatetralyl 1510 1509 yes provided wnh the _ELISA kit. Standard curves were used to evaluate PIVKA:
16 1.62 ug/mL coumatetralyl 1411 1401 yes Il concentrations in HepG2 cell supernatants. Data represent mean values
17 24.9 ug/mL difenacoum 1610 1592 yes from at least two replicate wells.
18 9.96 wg/mL difenacoum 1548 1525 yes
19 3.98 ug/mL difenacoum 1567 1571 yes 3
20 1.59 ug/mL difenacoum 1509 1554 yes Hneat
21 24.64 ug/mL diphacinone 1637 1703 yes 25 Ndiluted 1:3
22 9.86 ug/mL diphacinone 1612 1664 yes g
23 3.94 ug/mL diphacinone 1556 1611 yes o 2
24 158 ug/mL diphacinone 1575 159 yes 2
25 25.00 ug/mL flocoumafen 1.605 1.649 yes ol 15
26 10.00 ug/mL flocoumafen 1586  1.622 yes s )
27 4.00 ug/mL flocoumafen 1.651  1.683 yes e
28 1.60 ug/mL flocoumafen 1549  1.648 yes ¢ 11
29 25.14 ug/mL warfarin 1681 1.691 yes 3
30 10.05 ug/mL warfarin 1575 1584 yes < 0.5
31 4.02 ug/mL warfarin 1439 1478 yes
32 1.61 ug/mL warfarin 1179 1198 yes 0 .
33 24.70 ug/mL difethialone 1595  1.668 yes ) -
34 9.88 ug/mL difethialone 1570 1571 yes ) control . 3uM warfarin - 30uM vYarfarln
35  3.95ug/mL difethialone 1.606  1.627 yes Figure 3. Detection of PIVKA-Il in HepG2 supernatants following treatment
36 1.58ug/mL difethialone 1566  1.601 yes with serum-free medium supplemented with warfarin. Supernatants were
37 175.19 ug/ml imidacloprid 0.106  0.091 no tested neat or diluted 1:3 in dilution buffer before testing using the PIVKA-
38 100.10 ug/mL tefluthrin 0.125 0.116 no s | f | i I
39 2503 ug/mL coumaphos 0117 0103 no [l ELISA. Data represent mean values from at least two replicate wells.
40 402.89 ug/mL fonofos 0.110  0.097 no
41 Methanol-only blank 0111 0114 no culture medium. Data are presentedrigure 5. PIVKA-Il was
42 no-treatment control 0.052  0.450 no | v d d in ELISA | hich diluted both
43 negative control (30 «M coumaphos) ~ 0.078  0.082 no clearly detecte g In sgmp es, which were dilute ot
44 positive control (30 M coumatetralyl)  1.542 1544 yes 1:1 and 1:3 prior to analysis; furthermore, no background
PIVKA-II production was detected following HepG2 treatment
a Absorbance (Abs) measurements taken at 492 nm; each sample was tested with blank grain extracts. Given the complete lack of back-
in duplicate. © Less than 2 ng/mL PIVKA-II is considered to be negative.? ¢PIVKA ground PIVKA-II production in response to blank grain extracts,
gere/"cf St?“dard d‘:p"gatzatisgggaqcss‘f'ﬁ: 2/”9L/m'-f5ta”da“:5 %16d9' (1)-;;3 it was decided to test all extract samples at 1:1 dilution, to
ng/mL reference standard: 1.286, 1.284; ng/mL reference standard: 1.937, P SNT . . . ]
1.981: and 197 ngimL reference standard: 2353, 2372. gaa:;(géie the likelihood of rodenticide detection in blind

No PIVKA-II production was detected at any of the three doses _ PIVKA-Il Production by HepG2 Cells Is a Reliable,
tested for coumaphos or dimethoate. The results confirm that SPecific, and Sensitive Technique To Detect the Presence
the assay detects the coumarin and indandione anticoagulant§f Rodenticide Compounds in Grain Extracts. Forty-one

that were tested but does not detect two organophosphates, on&amples containing various concentrations of nine rodenticides

of which is a coumarin derivative. or single concentrations of four nonrodenticide compounds were
PIVKA-II Production by HepG2 Cells in Response to extracted. Extracts contained rodenticides in the range of 1.6
Treatment with Extracts from Rodenticide-Spiked Grain Is 25 ug/mL and were diluted 1:100 in reduced-serum assay

Detectable by ELISA. It was necessary to determine (i) that Medium, which represents final concentrations of 16—250 ng/
the blank grain extract did not induce background PIVKA-II ML present in cell culture medium. Four pesticide treatments
production from HepG2 cells and (ii) that PIVKA-II production ~ Were included as controls: imidacloprid and tefluthrin, because
was still detected when rodenticide was presented to cells within Of their current usage as seed treatments that might be present
a solvent grain extract. Extracts of rodenticide-free grain were on a grain sample submitted for analysis; fonofos, which was
tested unspiked and spiked post-extraction with a final concen-approved as a seed treatment in the 1990s and can occasionally
tration of 30uM warfarin. Extracts were diluted 1:100 in serum-  be present in samples presented for Wildlife Incident analysis;
free medium prior to the addition to HepG2 cells, which and coumaphos, because of the structural resemblance to
represents a final concentration of B! warfarin present in coumarin rodenticides.
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Figure 4. PIVKA-II production by HepG2 cells in response to treatment with reduced-serum assay medium supplemented with anticoagulant rodenticides
or organophosphates. Data represent mean absorbance values from two experiments. Absorbance values for two reference standards are included for
comparison (hatched bars). All samples and standards were diluted 1:3 before ELISA analysis. A five-point dose response curve is shown for warfarin

(A) and a three-point dose response curve for a further six compounds (B).
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Figure 5. PIVKA-II production by HepG2 cells in response to treatment
with blank grain extracts and grain extracts spiked post-extraction with
warfarin (positive control). Grain extracts were diluted 1:100 in serum-
free medium prior to addition to cells. Cell supernatants collected following
24 h treatment were diluted 1:1 or 1.3 prior to ELISA analysis.

for each duplicate well. For samples where absorbance values
were greater than those obtained from the 2 ng/mL refer-
ence standard, PIVKA-II was considered to be present. For
samples where absorbance values were lower than those
obtained from the 2 ng/mL reference standard, PIVKA-II was
considered to be absent. For samples3& and the positive
control sample 44, absorbance values were greater than those
obtained for the 50 ng/mL PIVKA-II reference standard,
indicating a clear positive result. For samples-@38, absorbance
values were below those obtained for the 2 ng/mL PIVKA-II
reference standard, and PIVKA-II was therefore considered to
be absent. In all cases, there was clear detection of those extracts
containing rodenticides with no false positives or negatives
detected.

These data confirm that the presented method is sensitive
and highly specific. Up to 44 samples can be tested in duplicate
on a single ELISA plate and compared directly with a four-
point standard curve, thereby permitting high-throughput analy-
sis. This investigation confirms, using a commercial ELISA

Extracts diluted 1:100 in serum-free medium were added to technique, that HepG2 cells produce PIVKA-II but only in
HepG2 cells for a period of 24 h, after which supernatants were response to anticoagulant treatment. In conclusion, a new cell
collected and diluted 1:1 for ELISA analysis. Each sample was culture/ELISA method is presented, which provides rapid
analyzed in duplicate. Results for 41 samples and three controlsdetection of the presence of rodenticides over a wide dose range

are presented ifable 1, with raw absorbance values shown

within grain samples.
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