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Methadone is difficult to administer as a therapeutic agent because
of a wide range of interindividual pharmacokinetics, likely due to ge-
netic variability of the CYP450 enzymes responsible for metabolism to
its principal metabolite 2-ethylidene-1,5-dimethyl-3,3-diphenylpyrroli-
dine (EDDP). CYP3AA4 is one of the primary CYP450 isoforms respon-
sible for the metabolism of methadone to EDDP in humans. The
purpose of this study was to evaluate the role of CYP3A4 genetic
polymorphisms in accidental methadone fatalities. A study cohort
consisting of 136 methadone-only and 92 combined methadone/ben-
zodiazepine fatalities was selected from cases investigated at the
West Virginia and Kentucky Offices of the Chief Medical Examiner.
Seven single nucleotide polymorphisms (SNPs) were genotyped
within the CYP3A4 gene. Observed allelic and genotypic frequencies
were compared with expected frequencies obtained from The
National Center for Biotechnology Information dbSNP database.
SNPs rs2242480 and rs2740574 demonstrated an apparent enrich-
ment within the methadone-only overdose fatalities compared with
the control group and the general population. This enrichment was
not apparent in the methadone /benzodiazepine cases for these two
SNPs. Our findings indicate that there may be two or more SNPs on
the CYP3A4 gene that cause or contribute to the methadone poor
metabolizer phenotype.

Introduction

Methadone has become more widely prescribed for pain control
in the USA since 1997 when new clinical guidelines for pain man-
agement were introduced (1). Indications for prescribing meth-
adone now include pain relief (for severe, malignant and
postoperative pain), detoxification of narcotic addiction and
temporary maintenance treatment of narcotic addiction (2, 3).
Methadone is an efficacious method of treatment for heroin ad-
diction because of high bioavailability, long elimination half-life,
lack of detrimental behavior modification and the availability of
the antagonist naloxone as an antidote (4, 5). However, selection
of the appropriate methadone dose is difficult because a given
dose results in a wide range of interindividual pharmacokinetics,
increasing the likelihood of an adverse drug reaction (ADR) (6).

Methadone is a synthetic p-opioid receptor (MOR) agonist (3)
administered as a racemic mixture of (R)- and (§)-methadone (7).
Activation of the MOR leads to analgesia, respiratory depression
and physiological dependence (2). The two enantiomers of
methadone exhibit different pharmacodynamic properties. The
(B®)-enantiomer is responsible for most, if not all, of the opioid ef-
fect (7, 8) with a 10-fold higher affinity for the MOR than
(8)-methadone (9). A fixed oral dose of methadone can produce
a range of blood concentrations, demonstrating large variations

in response to treatment (10). The oral bioavailability of metha-
done ranges between 41 and 95% (11). The time required to
reach maximum plasma concentration varies from 0.5 to 6.0 h
(11, 12) with detection in the blood possible 15—45 min after in-
gestion (10). Duration of analgesia ranges from 4 to 6 h following
a single oral dose of methadone (6). Therefore, the relationship
between dose, plasma concentrations and effects are not clearly
defined (13, 14).

Much of the described interindividual variability in response to
methadone can be explained by polymorphisms in a variety of
proteins, including the CYP450 enzymes responsible for metha-
done metabolism (11). The principal metabolite of methadone is
2-ethylidene-1,5-dimethyl-3,3-diphenylpyrrolidine  (EDDP),
which is formed during first-pass metabolism through an
N-demethylation reaction (9, 11, 12, 15, 16) followed by sponta-
neous cyclization (17). CYP involvement in methadone metabo-
lism is stereoselective. CYP3A4 is thought to metabolize both
enantiomers (9, 18), but is the primary CYP isozyme mediating
R-methadone metabolism. A 60—85% decrease in EDDP forma-
tion following chemical or monoclonal antibody inhibition of
the CYP3A4 was observed in human liver microsomes (19).
CYP2D6 also metabolizes the R-enantiomer (20), but the contri-
bution by this isozyme is minor (19). The (§)-methadone enan-
tiomer is mostly metabolized by CYP2B6 (19, 21, 22). Drugs with
agonist activity at the - or 8-opioid receptors can cause respira-
tory depression (23), which is the most common mechanism by
which methadone causes death (24). Thus, CYP variants could
cause or contribute to the poor methadone metabolizer pheno-
type leading to an increased likelihood for fatal methadone
toxicity.

The role of CYP2D6 polymorphisms in both fatal and nonfatal
methadone overdoses has been studied in mixed drug toxicity
and/or small sample cohorts. For example, Shiran ef al. (25) ex-
amined 52 patients undergoing methadone maintenance treat-
ment with 40 (77%) of the patients taking additional
medications. The authors determined that CYP2D6*4 was associ-
ated with lower CYP2DO6 activity, but this analysis was based on
methadone dose rather than plasma concentration with only 34
of those patients actually genotyped for CYP2D6 (25). Wong
et al. (6) examined 23 deaths in which methadone was contrib-
utory and observed a nonsignificant increase in poor metaboliz-
ers compared with the general population. Only one fatality
included in the study population had methadone as the sole
drug detected (0).

CYP3A4 plays a role in the metabolism of 40—60% of all drugs
ingested (20, 27). The CYP3A enzymes are the most abundant of
the CYP450 isozymes (28), comprising ~40% of the hepatic
CYP450 content (29, 30). CYP3A4 activity varies up to 40-fold
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and is affected by a multitude of factors including health status,
environment (smoking, diet and co-medication), hormonal pro-
file and genetics (26, 30, 31). Genetic variability is hypothesized
to account for anywhere from 60 to 90% of the interindividual
differences in hepatic CYP3A activity (32—34). Studies have
indicated that CYP3AS5 plays a very limited role in methadone
pharmacokinetics (35, 36). Although several reports have
hypothesized that CYP3A4 polymorphism may play a role in
interindividual variability of methadone disposition and clinical
effects, there are few studies addressing the role of CYP3A4 poly-
morphism in methadone toxicity (17, 30). Single nucleotide poly-
morphism (SNP) genotyping of the CYP3A4 gene could help
predict the drug-metabolizing phenotype of this enzyme (33).
This study was designed to assist in bridging the gap in our
understanding of the potential role of CYP3A4 variants in fatal
methadone intoxications by testing for enrichment of CYP3A4
genotypes in these cases. Because intronic variants can perturb
splicing and/or binding by microRNAs and exonic variants can
affect enzymatic activity, we tested associations between
CYP3A4 intronic and exonic SNPs and methadone toxicity.

Materials and methods

Chemicals and enzymes

TagMan Universal PCR Master Mix No AmpErase® UNG,
MicroAmp Optical Adhesive Film, MicroAmp Optical 96-well
Reaction Plates and TagMan SNP Genotyping Assays were pur-
chased from Life Technologies™ (Foster City, CA). QiaAmp
DNA Micro extraction kits were purchased from Qiagen
(Valencia, CA). Absolute ethanol was purchased from Aaper
(Shelbyville, KY). Whatman Protein Saver Cards were purchased
from Fisher Scientific (Pittsburgh, PA). Diethylpyrocarbonate
(DEPC)-treated water that was free of endodeoxyribonucleases,
exodeoxyribonucleases, ribonucleases and phosphatases
was purchased from Ambion (Austin, TX). All other reagents
were purchased from Sigma and were the highest grade available
(St Louis, MO).

Preparation of DNA samples

Genomic DNA was extracted from blood stain cards prepared
from blood collected during autopsy at the West Virginia (WV)
and Kentucky (KY) Offices of the Chief Medical Examiner
(OCMEs) using the QiaAmp DNA Micro extraction kit following
the manufacturer’s protocol for dried blood spots. The protocol
was modified to increase DNA yield by performing the extrac-
tions in triplicate. The three replicates were concentrated onto
one MinElute column to improve DNA yield. Extracted DNA was
quantitated using a NanoDrop 1000 instrument and diluted to a
concentration of 1.78 ng/pL with DEPC-treated water (20 ng/
11.25 pL) with a final volume of 200 pL for use in the SNP gen-
otyping assays. Extracted DNA and 1.78 ng/pL stock solutions
were stored at 4°C.

SNP selection

Seven different SNPs on the CYP3A4 gene were genotyped. Four
SNPs (152246709, rs3735451, rs4646437 and rs2242480) were
selected to maximize coverage of the CYP3A4 gene; all of
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these SNPs were intronic and had a minor allele frequency
(MAF) of at least 5%. Two SNPs (rs4987161 and rs4986910)
were selected because they were exonic and considered poly-
morphic (MAF = 2%) in the Caucasian population. The seventh
CYP3A4 SNP (152740574, CYP3A4* 1B) is located in the 5'UTR re-
gion (—392A>G) and is associated with elevated trough levels of
methadone in heterozygotes (35).

SNP genotyping

The following Life Technologies™ TagMan SNP Genotyping kits
were used to interrogate CYP3A4 genotypes: (1) C___
1845287_10 (rs2246709), (2) C__25473812_10 (rs3735451),
(3) C__32306227_10 (rs4646437), (4) C__26201900_30
(rs2242480), (5) C__27859822_ 10 (rs4987161) and (6) C__
27535825_20 (rs4986910); a custom assay was developed by
ABI for rs2740574. Real-time polymerase chain reaction
(RT-PCR) and allelic discrimination analyses were performed
according to the manufacturer protocols for a 25-pL reaction
volume. The temperature program for the RT-PCR was 95°C
for 10 min followed by 50 cycles of 92°C for 15 s and 60°C for
90 s. SNP genotypes were determined using the manual allele
call option in the ABI7000 Sequence Detection software.

Study design and methods of analysis

All study cases were selected from fatalities investigated by the
WYV and KY OCMEs. Toxicology reports generated by the WV
and KY OCMEs between 2003 and 2009 in which the presence
of methadone was confirmed were selected for review. We se-
lected cases in which methadone or methadone and benzodiaz-
epines (diazepam and/or alprazolam) were the only drug(s)
detected at time of death. An initial 245 cases (161 from WV
and 84 from KY) were selected based on the toxicity criteria
with 17 excluded due to a non-overdose cause of death (i.e.,
car accident, gunshot wound, etc.) or a non-Caucasian ethnicity.
The remaining 228 cases were then divided into three groups:
Group A (cause of death attributed to methadone intoxication),
Group B (cause of death ascribed to a combined methadone and
benzodiazepine toxicity) and Group C (144 cases) consisted of a
combination of the cases included in Groups A (84 cases) and B
(60 cases).

A control group (Group D), consisting of 297 cases, was select-
ed from WV OCME fatalities wherein amphetamines, barbitu-
rates, benzodiazepines, buprenorphine, cocaine, methadone,
propoxyphene, opiates, oxycodone and tricyclic antidepressants
were not detected by immunoassay screening. Cases that
screened positive for cannabinoids and/or ethanol were not ex-
cluded in this group given the lack of involvement of CYP3A4 in
their metabolism. These substances are also not inducers or in-
hibitors of CYP3A4. Cases in which race was non-Caucasian
were excluded due to racial and ethnic diversities in CYP450 al-
lele frequencies (37).

SNP allelic and genotypic frequencies were determined for
each group. Expected genotypes were derived from MAFs pub-
lished in the National Center for Biotechnology Information
(NCBI) dbSNP database for the Caucasian population. The ob-
served genotypic frequencies were then compared with the ex-
pected genotypic frequencies using a Chi-squared analysis to
determine if there were significant differences between this



study and general populations. The genotypic frequencies for
each SNP were analyzed for Hardy—Weinberg equilibrium
(HWE) and actual allelic frequencies. Expected genotypic fre-
quencies were compared with the observed genotypic frequen-
cies using Chi-squared analysis with 1 degree of freedom and a
desired P-value of 0.05. Comparisons between observed and ex-
pected genotypic frequencies were not useful for the exonic
SNPs (rs4987161 and rs4986910) and, therefore, were not in-
cluded in the comparisons between genotypic frequencies.

Statistical calculations including mean, standard deviation,
SEM, one-way ANOVA and Kruskal-Wallis (K-W) Rank test
were performed for the methadone/EDDP ratios and/or metha-
done concentrations. K-W analyses were performed to deter-
mine if there were any significant differences between the
methadone concentrations or methadone/EDDP ratios between
the three genotypes. Calculations involving samples from WV
were performed on methadone concentrations and metha-
done/EDDP ratios (the KY OCME did not determine EDDP con-
centrations). K-W analyses were not performed on groups
without the minimum number of cases (2) for each SNP. A
P-value of <0.05 for the K-W analysis was considered statistically
significant.

Results

The study cohort consisted of 228 fatalities investigated by the WV
and KY OCMEs in which the cause of death was at least partially
ascribed to methadone intoxication. Of the 228 cases analyzed,
133 involved methadone-only overdoses while the remaining 95
fatalities were deemed to have succumbed to combined metha-
done/benzodiazepine (diazepam and/or alprazolam) overdoses.
The demographic information pertaining to the WV cases is out-
lined in Table I. The number of cases from KY is also included in
Table I; however, age and gender data could not be obtained for
the cases from KY because the lab was in the process of perma-
nent closure during the time of sample collection. MAFs and geno-
type frequencies for SNPs rs2246709, rs3735451, rs4646437,
rs2242480 and rs2740574 were calculated for Groups A, B and
C using the data obtained from the allelic discrimination analysis
and are provided in Table II.

MAFs in Groups A, B and C

Expected MAFs were obtained from the NCBI dbSNP database
for the Caucasian population. An observed MAF greater than
expected could be an indication that a SNP is enriched within
the study cohort, which was the case for SNPs rs2242480
(CYP3A4_20239G>A) and 52740574 (—392A>G) in Groups

Table |
Breakdown of Study Groups and WV Case Demographics

Group A Group B Group C Group D
WV cases 84 60 144 258
KY cases 52 32 84 0
Total cases 136 92 228 258
Age range (years) 1.75-58 20-64 1.75-64 2-88
Mean age 343+ 113 36.6 +11.0 347+ 111 452 +18.6
Males (%) 66 (75) 47 (78) 109 (76) 196 (76)
Females (%) 22 (25) 13 (22) 35 (24) 62 (24)

Gender and age were not available for the KY cases.

A and C. MAFs less than expected were also observed in Group
B for these two SNPs. SNPs rs3735451, 154646437, rs2242480
and rs2740574 had the greatest MAFs in Group A and the lowest
in Group B. MAFs for SNPs 153735451 and 1s4646437 were lower
than the expected in all three groups. The expected MAF for
SNP rs2740574 was 2.5%, resulting in an expected genotypic
frequency of zero for individuals homozygous for the minor
allele. The only cases that were homozygous for the minor allele
were in Group A.

Comparison between observed and expected genotypic
Jrequencies

A Chi-squared goodness-of-fit test was performed to determine
if there were significant differences between the genotypic
frequencies in the study cohorts compared with the general
population. P-values <0.05 were considered to be statistically
significant. The results of the Chi-squared goodness-of-fit tests
are outlined in Table II. The genotypic frequencies for
SNP rs2246709 were significantly different than those expected
(P<0.05 for Group B and P< 0.001 for Groups A and C). For
SNP rs3735451, there was a difference between the observed
and expected genotypic frequencies in Group B (P = 0.01).
The significance is likely due to the increased number of
homozygotes for the major allele and the decreased number of
heterozygotes and homozygotes for the minor allele. Genotype
frequencies for SNP rs4646437 were significantly different
between observed and expected within Groups B and C but
not Group A. SNP rs2242480 Group A and SNP rs2740574
Groups A and C also showed significant differences between
the observed and expected genotypic frequencies. For SNP
rs4646437, Group C was separated by gender and the resulting
genotypic frequencies were compared with expected frequen-
cies. Significant differences between the observed and expected
genotypic frequencies were retained in the male but not the
female study group (data not shown). Groups A and B contained
too few females for comparison.

Hardy-Weinberg equilibrium

A Chi-squared goodness of fit test with 2 degrees of freedom
was used to determine if the frequency distribution for each
SNP within the study population was in HWE. A sample group
in this study was in HWE with a Chi-squared value of <5.99
with two degrees of freedom, which resulted in a P-value
>0.05. Because the study groups were not selected at random,
lack of HWE could be an indication that a SNP may have a role
in accidental methadone fatality. SNP rs4646437 was within
HWE for Group A, but not for Groups B and C. Absence of
HWE was also observed for SNP rs2740574 in Groups A and C,
but this was not the case for Group B. Genotype frequencies in
Groups A, B and C for SNPs rs2246709, rs3735451 and rs2242480
were all in HWE.

Control group comparisons

To determine if there were genotype frequency differences be-
tween the controls in Group D and the dbSNP-based frequencies
or between Group D and Groups A—C, three SNPs were chosen
for further analysis. SNPs rs4646437 and rs2740574 SNPs were
genotyped within Group D, because these SNPs were not within
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Table Il
MAFs, Observed and Expected Genotypic Frequencies for (A) rs2246709, (B) rs3735451, (C)
rs4646437, (D) rs2242480 (E) rs2740574 and (F) Group D data®

(A) rs2246709 (MAF = 35%) Group A Group B Group C
Calculated MAF 24.3% 25.6% 24.8%
Homozygous major allele
Expected 57.5 38.0 95.5
Observed 78 49 127
Mean methadone (mg/L) 0.53 +0.47 0.54 +0.49 0.55 +0.48
Heterozygotes
Expected 61.9 41.0 102.8
Observed 50 36 86
Mean methadone (mg/L) 0.58 + 0.05 0.53 +0.39 0.55 4+ 0.46
Homozygous minor allele
Expected 16.7 11.0 21.7
Observed 8 5 13
Mean methadone (mg/L) 0.80 + 1.09 0.86 + 0.73 0.82 +0.93
HWE
chi? 1.2E—05 0.24 0.10
P-value 1.00 0.89 0.95
Observed versus expected 8.6E—04 0.03 2.8E—05
(B) rs3735451 (MAF = 15%) Group A Group B Group C
Calculated MAF 14.7% 7.6% 11.8%
Homozygous major allele
Expected 98.3 66.5 164.7
Observed 100 79 179
Mean methadone (mg/L) 0.57 + 0.56 0.56 + 0.51 057+ 054
Heterozygotes
Expected 34.7 235 58.1
Observed 32 12 44
Mean methadone (mg/L) 0.63 + 0.44 042 +0.22 0.58 + 0.40
Homozygous minor allele
Expected 3.1 2.1 5.1
Observed 4 1 5
Mean methadone (mg/L) 0.59 + 0.55 0.50 057 +0.48
HWE
Chi? 0.52 0.48 1.31
P-value 0.77 0.79 0.52
Observed versus expected 0.77 0.01 0.10
(C) rs4646437(MAF = 13%) Group A Group B Group C
Calculated MAF 11.0% 9.8% 10.5%
Homozygous major allele
Expected 102.9 69.6 172.6
Observed 110 78 188
Mean methadone (mg/L) 0.62 + 0.55 0.58 + 0.51 0.60 + 0.54
Heterozygotes
Expected 30.8 20.8 51.6
Observed 22 10 32
Mean methadone (mg/L) 0.48 +0.45 03240.19 043 +£0.39
Homozygous minor allele
Expected 2.3 1.6 39
Observed 4 4 8
Mean methadone (mg/L) 0.49 + 047 0.36 + 0.21 043 +0.35
HWE
chi? 4.20 13.58 14.81
P-value 0.12 1.1E-03 6.1E-04
Observed versus expected 0.12 5.3E-03 1.3E-03
(D) rs2242480 (MAF = 6%) Group A Group B Group C
Calculated MAF 9.6% 5.6% 8.0%
Homozygous major allele
Expected 120.2 79.5 198.8
Observed 112 80 192
Mean methadone (mg/L) 0.59 + 0.55 0.57 + 051 0.58 +0.53
Heterozygotes
Expected 15.3 10.2 25.4
Observed 22 10 31
Mean methadone (mg/L) 0.59 +0.44 0.36 + 0.17 0.52 +£0.39
Homozygous minor allele
Expected 0.5 0.3 0.8
Observed 2 0 2
Mean methadone (mg/L) 0.66 0.66
HWE
chi? 0.56 0.31 035
P-value 0.75 0.86 0.84
Observed versus expected 0.02 0.85 0.20
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Table Il Continued

(E) rs2740574 (MAF = 2.5%) Group A Group B Group C
Calculated MAF 3.7% 1.6% 2.9%
Homozygous major allele
Expected 129.3 87.5 216.7
Observed 129 89 218
Mean methadone (mg/L) 0.59 + 0.54 0.55+ 049 0.58 + 0.52
Heterozygotes
Expected 6.6 45 1.1
Observed 4 3 7
Mean methadone (mg/L) 048 +0.34 0.31+0.17 041+0.28
Homozygous minor allele
Expected 0.1 0.1 0.1
Observed 3 0 3
Mean methadone (mg/L) 0.56 + 0.50 0.56 + 0.50
HWE
Chi? 46.50 0.03 45.30
P-value 8.0E—11 0.99 1.5E—10
Observed versus expected 1.2E—22 0.75 1.7E—13
(F) Data for Group D db SNP id 154646437 1s2242480 1s2740574
Calculated MAF 10.9% 9.8% 3.7%
Homozygous major allele
Expected 193.7 215.6 242.4
Observed 204 199 237
Heterozygotes
Expected 579 215 12.4
Observed 48 42 17
Homozygous minor allele
Expected 43 0.8 0.2
Observed 4 3 1
HWE
Chi 0.36 021 1.27
P-value 0.83 0.90 0.53
Observed versus expected 0.32 9.0E—04 0.04

The expected MAFs are in parentheses beside the db SNP id. The results of Chi-squared analyses
for HWE and comparisons between observed and expected genotypic frequencies are also included.

HWE within these groups. SNP rs2242480 was genotyped within
Group D because this SNP had significant findings within the
cases due to methadone-only intoxication. The results of the
Group D versus dbSNP comparisons are shown in Tile F of
Table II. The observed Group D genotypic frequencies for the
rs4646437 SNP were not statistically different than the expected
genotypic frequencies. However, the observed Group D geno-
typic frequencies for rs2242480 and rs2740574 were signifi-
cantly different than expected frequencies (P=2.53"> and
P=0.03, respectively). In Group D, all three SNPs were within
HWE with Chi-squared values <5.99 and P> 0.05.

Genotype frequencies for Group D were then compared with
Groups A-C using a Chi-squared goodness-of-fit test with 2
degrees of freedom. In comparisons for SNP rs4646437, Group
D only showed one significant difference among Groups A, B
and C (P=0.37, 0.04 and 0.07, respectively). There was a signifi-
cant difference (P < 0.05) between Group A and Group D geno-
typic frequencies for SNP rs2740574, but not for Groups B and C
(P=0.34 and 0.07, respectively). For SNP rs2242480, there were
no significant differences between Group A (P= 0.74), Group B
(P=0.12) and Group C (P=0.31).

To examine the hypothesis that methadone concentrations or
methadone /EDDP ratios were correlated to CYP3A4 genotypes,
we compared mean blood concentrations between SNP variants.
For the vast majority of cases, blood was obtained from the subcla-
vian vein or femoral vein. Heart blood was tested for several cases
for which peripheral blood was not available. Methadone /EDDP



ratios were calculated within the WV cases. The KY OCME did not
determine EDDP concentrations as part of their toxicology testing.
SNP 152246709 displayed a pattern of increasing mean methadone
concentration among genotypes in Groups A: 0.54 +
047 mg/L (major allele homozygotes), 0.58 + 0.05 mg/L (hetero-
zygotes) and 0.80 + 1.09 mg/L (minor allele homozygotes). None
of the SNPs showed a pattern of increasing methadone/EDDP ra-
tios for any of the study groups. There were no SNPs that related
significant differences in either methadone concentrations or
methadone/EDDP ratios. Medical history and prescription history
are of significance in evaluating methadone-related fatalities in re-
lation to potential P450 polymorphisms. However, with a total of
228 deaths in the study, inclusion of medical and prescription
history is beyond the scope of this report.

Discussion

The interindividual variability in methadone pharmacokinetics
is predominantly caused by genetic polymorphism and
co-medication (11). The effects of co-medication were reduced
in this study by selection of individuals who died due to metha-
done toxicity with no other drugs, other than diazepam and/or
alprazolam in their system at the time of death. SNPs rs2242480
and rs2740574 have an enrichment in Groups A and C, but not
Group B with MAFs greater in the study population than the
general population. Co-administration of benzodiazepines with
methadone resulted in a loss of significance for the genotyping
results for two SNPs that may be associated with the poor meth-
adone metabolizer phenotype. The potential for drug interac-
tions exists due to overall abundance and the broad substrate
specificity of CYP3A4. CYP3A4 metabolizes numerous drug
classes including antidepressants, antipsychotics, calcium chan-
nel blockers antiarrhythmics, antivirals and others. Thus, sub-
strate competition for the isoform is recognized. Many drugs
act as CYP3A4 inhibitors and a few also induce CYP3A4 expres-
sion. The loss of concordance between Group A and Group B
genotype frequencies for these SNPs suggests the need for as-
sessing cohorts with single drug overdoses when determining
the potential role of SNPs in unexpected overdose and that a
pharmacological interaction between the methadone and benzo-
diazepine(s) contributed to overdose rather than the sole effect
of CYP3A4 polymorphisms.

SNP rs4646437 was not within HWE for Groups B and
C. Groups A and C were not in HWE for SNP rs2740574. These
two SNPs were within HWE in Group D. The deviation from
HWE in Groups A—C could stem from nonrandom selection,
which in this case could be selection of groups susceptible to
methadone or methadone/benzodiazepine intoxication. This
explanation is consistent with the hypothesis that Groups A—C
are enriched for the minor allele of the genotyped SNP(s)
or those in linkage disequilibrium with the SNPs tested and
these alleles confer susceptibility to methadone overdose. SNP
rs2740574 was also one of the two SNPs with an increased
MAF in Groups A and C compared with the expected. While
SNP rs2242480 also had an apparent enrichment in Groups A
and C, it was in HWE for all Groups (A, B, C and D).

Gender could also contribute to the effect of certain SNPs. The
lack of association between fatal methadone toxicity in females
and SNP rs4646437 genotype in this study can possibly be attrib-
uted to a sex-dependent effect. Schirmer et al (38) have

demonstrated that CYP3A4 expression and activity are increased
in females carrying the minor allele (T) compared with males. An
increase in CYP3A4 activity would lead to increased metabolism
of methadone to inactive metabolites, which would explain the
loss of association between SNP rs4646437 and fatal methadone
intoxication in the female population.

For SNP rs2740574, Group B was the only group in HWE and
the only group that did not have a significant difference be-
tween observed and expected genotypic frequencies. Chi-
squared analysis suggests that the SNP was enriched in Groups
A and C. However, this SNP was also enriched within Group
D. This could be due to the fact that Groups A and C were com-
prised of fewer cases (7= 133 and 228, respectively) as com-
pared with Group D (7 = 269). Alternatively, this SNP may be
enriched within the general WV population. The MAF and geno-
typic frequencies indicate an enrichment of this SNP within in-
dividuals who succumbed to methadone toxicity, which
suggests that this SNP may play a role in accidental fatal metha-
done toxicity.

The significant difference between the observed and expected
genotypic frequencies for SNPs rs2242480 and rs2740574 in
Group D was an unexpected finding. Group D consisted of 269
cases, which is much larger than similar studies examining the
role of genetic polymorphism in methadone fatality; however,
the results of this study were compared with a large population
database. A sampling error may have occurred in which Group D
was inadvertently selected to be enriched for the SNPs that were
studied. The selected control group may not have been ideal
because the cases selected were fatalities involving a wide
range of circumstances (homicide, accidental deaths not due
to drug toxicity, natural and undetermined). There may be
other underlying pathologies that were not apparent that may
affect their ability to metabolize methadone.

Two homozygotes for SNP 154986910 were found in our study
population of 226 individuals (data not shown). Exonic SNPs
rs4987161 and rs4986910 both had low MAFs of 2% in the
Caucasian population, proving an association with a given
phenotype, such as poor methadone metabolizer, difficult (39).
All of the coding SNPs for CYP3A4 have MAFs <5% and no homo-
zygotes have been reported in the literature (39—-44). A larger
study population may reveal even more homozygotes for the
variant allele; however, determination of two homozygotes with-
in this study cohort was significant.

The CYP3A4 gene has 18 known coding SNPs most of which
are concentrated in exons 5, 6, 7, 11 and 12 (45). These SNPs are
known to cause nonsynonymous changes in the amino acid
sequence (31). The coding SNPs analyzed in this study,
rs4987161 (CYP3A4°17) and 154986910 (CYP3A4°3), were
located in exons 7 and 12, respectively. Twenty different
CYP3A4 variant proteins have been identified, with some
(CYP3A476, "17 and *20) purportedly resulting in proteins
with decreased enzyme activity (45). The CYP3A4°6 polymor-
phism causes a frameshift mutation resulting in a truncated
protein due to a premature stop codon in exon 9. The frequen-
cies of these variants are small enough that they are likely not
causative for the interindividual variability in CYP3A4 activity,
suggesting that the associated SNPs must be located elsewhere
in the CYP3A4 gene (46).

The CYP3A4 gene is particularly difficult to genotype because
most of the exonic SNPs have <5% MAF (47), which would
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require a larger study group than was feasible for this investiga-
tion. CYP3A4*1B (rs2740574) causes decreased binding of nu-
clear proteins to the proximal promoter of CYP3A4 and is
associated with a much lower enzymatic activity compared
with CYP3A4*1A (48). It has also been associated with elevated
trough concentrations of methadone in heterozygotes (36) and
is polymorphic within the Caucasian population with a MAF of
2.5%. There was an apparent enrichment of this SNP within
this study cohort as indicated by significant differences between
observed and expected genotypic frequencies and lack of HWE
in Groups A and C.

Intronic SNPs were chosen to help maximize coverage of the
CYP3A4 gene. While not translated into the final protein, intronic
SNPs may directly or indirectly have an impact on gene function.
Furthermore, these SNPs could be in linkage disequilibrium with
a coding SNP associated with the poor methadone metabolizer
phenotype. Genetic polymorphisms have also been associated
with regulation of microRNAs, an important class of regulators
involved in a wide range of biological processes. The splicing
of a gene can be altered by intronic SNPs, which can potentially
cause large insertion or frameshift mutations that could result in
a large impact on the protein if synthesized at all. Allelic RNA ex-
pression imbalance (AEI) was measured in 136 human liver
autopsy samples by Wang et al. to search for common functional
CYP3A4 polymorphisms. Several of the same SNPs genotyped in
this study (rs2740574, rs2246709 and rs2242480) were found to
be noncontributory to CYP3A4 variability in the liver (49).

Conclusion

Polymorphism of the CYP3A4 gene appears to correlate with the
increased likelihood of accidental fatal methadone intoxication.
SNPs rs2242480 and rs2740574 had altered genotype frequen-
cies within the study populations. There were two homozygotes
within the study population for the rs4986910 exonic SNP,
which was a rare finding. The lack of HWE for two of the SNPs
(rs4646437 and rs2740574) was also of interest because these
SNPs were within HWE in a control population. The combination
of these findings indicate that variant alleles in CYP3A4 may play
a role in methadone metabolism, but the effect on methadone
metabolism is most likely the result of a combination of SNPs
and not a single CYP3A4 polymorphism. The rs2242480 and
rs2740574 SNPs may be key in the apparent combination needed
to cause an increased likelihood of methadone fatality. This study
also demonstrated the need for methadone-only overdoses rather
than combined drug overdoses when determining the potential
role of genetic polymorphism in unexpected methadone fatali-
ties. Many of the significant findings were isolated to Group A
(methadone only intoxications). Given the contributions of
CYP3A4 and other CYP450 enzymes involved in methadone me-
tabolism, SNPs in CYP3A4 are acknowledged as only a part of the
overall picture when interpreting the relevance of these findings.
Additional research is needed to fully elucidate the role of the dif-
ferent isoforms and their polymorphisms in methadone pharma-
cokinetics and therapeutic outcome.
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