
time points (Fig. 3, B–E). The PMMA metabolic ratio (total PMMA
metabolite/PMMA concentration) increased gradually up to a maximum
of 0.1, 1.0, and 2.9 after 4 hours of incubation in PMs, pHLMs, and
UMs, respectively. The formation of di-OH-MA increased steadily
during the first 60 minutes of incubation in UMs and pHLMs (Fig. 3E).
The levels formed in UMs were 3.5–9.8 times higher than in pHLMs
(P , 0.05 at 120 minutes), whereas only trace amounts of di-OH-MA
were formed in PMs. The maximum levels formed of di-OH-MA
constituted 2.4% 6 0.9%, 0.5% 6 0.05%, and 0.01% 6 0.01% of the
initial PMMA concentration in CYP2D6 UMs, pHLMs, and PMs,
respectively.
For comparison, the reference drug MDMA (Fig. 4A) was only

slightly metabolized in HLMs by all CYP2D6 genotypes, and CYP2D6
genotype had no significant impact on the formation of MDA. The
formation of the main intermediate metabolite di-OH-MA was signif-
icantly affected by CYP2D6 genotype (Fig. 4C). After 240 minutes of
incubation, the concentration of di-OH-MA in UM was 166.2% 6
16.6% of pHLMs (P , 0.01), whereas the concentration in PMs was
72.3%6 9.5% of pHLMs (P. 0.05) (Fig. 4C). The maximum levels of
di-OH-MA constituted 5.2%6 0.5%, 3.5%6 0.1%, and 2.2%6 0.3%
of the initial MDMA concentration in CYP2D6 UM, pHLMs, and PMs,
respectively.
PMMA Metabolites in Fatal PMMA Intoxications. The metabo-

lite profile of PMMA was investigated in postmortem blood samples
from three fatal PMMA intoxications since the in vivo metabolite profile
in humans has not been previously published. The fatalities represented

men aged 25–51 years. The inclusion criteria were presence of PMMA
and absence of methamphetamine, amphetamine, and MDMA in the
blood since the latter drugs have several metabolites in common with
PMMA. The individual PMMA and metabolite concentrations are
presented in Table 2. The PMMA concentrations in the postmortem
samples were 6.9, 7.4, and 26.4 mM, and the main metabolites were
OH-MA and PMA, representing 81%–100% of the total metabolite
concentrations measured both in nonhydrolyzed and hydrolyzed blood
samples. The concentrations of OH-MA and HM-MA increased 7–12
times after hydrolysis. Individual no. 3, displaying a very high PMMA
concentration, had minor levels of free OH-A and HM-MA, whereas
oxilofrine andHM-Awere also detected in low amounts after hydrolysis.
The PMMA metabolic ratio (total PMMA metabolite/PMMA concen-
tration) was less than 1.0 in all fatalities. CYP2D6 genotyping showed
that individual no. 1 hadCYP2D6 *1/*1 genotype, predicting a CYP2D6
extensive (EM) phenotype, whereas individuals no. 2 and 3 had
CYP2D6 *1/*4, predicting the CYP2D6 intermediate metabolizer
(IM) phenotype.

Discussion

The serotonergic ring–substituted drug PMMA is considered more
toxic than classic ring–substituted amphetamines like MDMA, despite
their similar chemical structure (Fig. 1) (Steele et al., 1992;WHO, 2015).
In the present study, we have characterized the metabolite pattern of
PMMA in humans by usingHLMs and blood samples from fatal PMMA

Fig. 4. Impact of CYP2D6 genotype on the concentration-time profile of MDMA (A) and the metabolites MDA (B) and di-OH-MA (C), respectively, in HLMs. CYP2D6
UMs, pHLMs, or PM HLMs were incubated with MDMA (100 mM) at 37�C for 240 minutes. Each symbol and error bars denote the mean 6 S.E.M. of n = three
experiments. *P , 0.05; **P , 0.01 compared with pHLM. †P , 0.05; ††P , 0.01; †††P , 0.001 for UM compared with PMs.
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intoxications. Further, we have used genotyped HLMs isolated from
CYP2D6 poor, population-average, and ultrarapid metabolizers to
examine the impact of CYP2D6 genetics on human PMMAmetabolism.
Our studies in pHLMs, representing the average Caucasian popula-

tion, showed that 19.4% of PMMAwas metabolized after 30 minutes of
incubation, increasing to 51.1% after 240 minutes. In comparison, only
13.7% of MDMA was metabolized after 240 minutes, demonstrating
that in these incubation conditions, PMMA was metabolized more
rapidly compared with MDMA. Our results are in accordance with
previous pHLM studies, which have reported 20%–25% of PMMA
being metabolized within 20–25 minutes (Staack et al., 2004b; Lai et al.,
2015). No information is available on the pharmacokinetics of PMMA
in humans, whereas the plasma half-life of PMMA in rats is 1 hour
(Rohanova and Balikova, 2009a; Pálení�cek et al., 2011).
The main PMMAmetabolite formed in our HLM study was OH-MA

(pholedrine), constituting 87% of the metabolized PMMA, whereas
the minor metabolites PMA, OH-A, and di-OH-MA constituted only
1.0%–2.9% after 4 hours of incubation. In the fatal PMMA intoxica-
tions, which all exhibited PMMA levels within the lethal range above
2.8 mM (Chen et al., 2012; Vevelstad et al., 2012, 2016a; Kronstrand
et al., 2015; WHO, 2015), the detected metabolites were in general
consistent with the results in HLMs. The formation of the metabolite
PMA was, however, more pronounced in vivo compared with the
in vitro HLM experiments. In blood samples from the fatalities, PMA
represented 30%–100% of the total metabolite concentration, whereas it
represented only up to 10% in the HLMs. Additionally, in one of the
fatalities with a high PMMA concentration (26.4 mM), the metabolites
HM-MA and HM-A were detected. These metabolites were not
expected to be formed in the HLM study since the indispensable methyl
donor S-adenosyl methionine was not added to the incubation solution
(Helmlin et al., 1996; Kuwayama et al., 2009, 2012). The proposed
pathway for the metabolism of PMMA in humans is illustrated in Fig. 5.
By comparing the metabolism in CYP2D6 UM, pHLM, and PM

HLM, we found a significant influence of CYP2D6 genetics on the
metabolism of PMMA and the formation of most of the metabolites. The
scarce influence of CYP2D6 genetics on PMA formation is in keeping
with the literature, concluding that N-dealkylation of amphetamines
occurs mainly via other P450 enzymes, like CYP2B6 (Kreth et al., 2000;
Maurer et al., 2000b). Regarding the three PMMA fatalities, no
inferences could be drawn on the influence of CYP2D6 genetics on
PMMA metabolism in vivo because of the limited number of cases,
unknown time intervals between PMMA intake and death, and post-
mortem drug redistribution. The low concentrations of PMMA metab-
olites observed in the blood samples may, however, indicate that death
occurred within a few hours after PMMA exposure. This hypothesis is in

keeping with the available case information and the existing literature on
PMMA toxicity (Chen et al., 2012; Vevelstad et al., 2012, 2016b).
PMMA is associated with hundreds of fatal poisonings worldwide

and appears to be more toxic than MDMA. The mechanism for the high
toxicity of this ring-substituted amphetamine is, however, unknown.
Previous reports have postulated that systemic metabolism is crucial for
the serotonergic neurotoxicity of ring-substituted amphetamines, possi-
bly by conjugation of minor catechol metabolites with GSH/N-
acetylcysteine to form potent neurotoxic conjugates (Molliver et al.,
1986; Schmidt and Taylor, 1988; Hiramatsu et al., 1990; McCann and
Ricaurte, 1991; Paris and Cunningham, 1992; Miller et al., 1995, 1996;
Chu et al., 1996; Bai et al., 1999; Esteban et al., 2001; Carvalho et al.,
2004b; de la Torre and Farre, 2004; Monks et al., 2004; Jones et al.,
2005; Carmo et al., 2006; Perfetti et al., 2009). To our knowledge, the
present study is the first to demonstrate the formation of the catechol
di-OH-MA, as well as HM-MA, HM-A, and oxilofrine, in humans or in
incubations with HLMs after PMMA exposure. Our study showed that
the formation of di-OH-MA from PMMA was two to seven times lower
than from an equimolar dose of the less toxic drug MDMA, which does
not support the hypothesis of catechol metabolites as major determinants
of fatal PMMA toxicity. Rapid redosing of PMMA, owing to its weak
and delayed euphoric effects compared with MDMA (Lin et al., 2007;
Westin and Brede, 2011; Chen et al., 2012; Vevelstad et al., 2012; Nicol
et al., 2015), theoretically could lead to accumulation of di-OH-MA
conjugates in the brain, as has been reported after redosing of MDMA in
rats (Erives et al., 2008); however, further studies are needed to
investigate whether this result is also applicable to PMMA.
Former studies have suggested that the neurotoxicity of ring-

substituted amphetamines is dependent on CYP2D6 genetics (Esteban
et al., 2001; Monks et al., 2004). A previous study in our laboratory did
not reveal any significant correlation between CYP2D6 genotype and
fatal PMMA toxicity in humans (Vevelstad et al., 2016b). Accordingly,
previous studies regarding MDMA have not found evidence for a major
influence of CYP2D6 genotype on drug toxicity (O’Donohoe et al.,
1998; Gilhooly and Daly, 2002; de la Torre et al., 2012). Others have
suggested that the impact of CYP2D6 genetics on the formation of
potentially toxic metabolites would be restricted to the first few hours
after MDMA or PMMA intake because amphetamines are CYP2D6
inhibitors. The CYP2D6 enzyme is irreversibly inactivated within
2 hours after intake of a recreational dose of MDMA (O’Mathuna
et al., 2008); hence, all subjects may be phenocopied to the CYP2D6 PM
phenotype shortly after MDMA intake (Yang et al., 2006; O’Mathuna
et al., 2008; Perfetti et al., 2009). In our HLM study, there was a minimal
turnover of MDMA compared with PMMA, probably because MDMA
exerts a much more potent inhibition of CYP2D6 (Ki 0.6mM) compared

TABLE 2

Individual blood concentrations of PMMA and metabolites in three fatal PMMA intoxicationsa

Concentration
1 2 3

Unbound Hydrolyzed Unbound Hydrolyzed Unbound Hydrolyzed

mM
PMMA 6.9 7.4 26.4
PMA 0.02 0.2 2.5
OH-MA 0 0.09 0.4 2.7 1.9 23.1
OH-A 0 0.03 0 0.05 0.3 1.1
Oxilofrine 0 0 0 0.01 0 0.02
HM-MA 0 0 0 0 0.03 0.3
HM-A 0 0 0 0 0 0.02

aFatal PMMA intoxications in which no methamphetamine, amphetamine, or MDMA was detected in femoral blood since these drugs
have several metabolites in common with PMMA. OH-MA, 4-hydroxymethamphetamine; OH-A, 4-hydroxyamphetamine; HM-MA,
4-hydroxy-3-methoxymethamphetamine; HM-A, 4-hydroxy-3-methoxyamphetamine.
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with PMMA/PMA (Ki;24mM) (Wu et al., 1997; de la Torre et al., 2012).
Genetic polymorphisms in the enzyme catechol-O-methyltransferase
(COMT) may also be relevant to susceptibility to neurotoxicity by
ring-substituted amphetamines since catechol metabolites are rapidly
O-methylated by COMT (Perfetti et al., 2009).
Studies of drug metabolism in HLMs are useful for revealing

qualitative metabolite patterns and to evaluate the importance of
different P450 enzymes and genotypes, but they do not accurately
resemble the biotransformation in hepatocytes or human liver (Brandon
et al., 2003). Further, in the present HLM study, we analyzed for
unconjugated metabolites only. The high substrate recovery observed in
our study indicates, however, that the formation of glucuronide/sulfate/
thiol conjugates was low, which is in accordance with a previous HLM
study (Lai et al., 2015). Regarding the fatal PMMA intoxications, we did

not detect di-OH-MA in the postmortem blood samples, probably
because of the highly unstable nature of catechol compounds, detection
of which depends on rapid analysis of fresh biologic samples (Hiramatsu
et al., 1990; Helmlin et al., 1996;Maurer et al., 2000a; Staack et al., 2003;
Carvalho et al., 2004a; Perfetti et al., 2009; Vevelstad et al., 2016b). A
low concentration of di-OH-MA has been measured in rats administered
PMMA; however, this analysis was performed in fresh urine samples
(Staack et al., 2003; Rohanova and Balikova, 2009a).
In conclusion, the major PMMA metabolite formed in HLMs was

OH-MA, whereas di-OH-MA, PMA, OH-A, and oxilofrine were minor
metabolites. The metabolite pattern in HLM was, in general, in
accordance with the findings in postmortem blood samples from three
fatal PMMA intoxications. CYP2D6 genetics had a significant influence
on PMMA metabolism in HLMs. The catechol di-OH-MA was

Fig. 5. Proposed pathway for the metabolism of PMMA in humans. The figure is based on the present study in HLMs and in blood samples from fatal PMMA intoxications
and on previously published studies in rodents and humans. The major enzymes presumed to be involved in PMMA metabolism are included in cursive. (Maurer et al.,
2000a; Easton et al., 2003; Staack et al., 2003, 2004a,b; de la Torre and Farre, 2004; Staack and Maurer, 2005; Kuwayama et al., 2009; Rohanova and Balikova, 2009a,b;
Pálení�cek et al., 2011). di-OH-A, dihydroxyamphetamine, di-OH-MA, dihydroxymethamphetamine; HM-A, 4-hydroxy-3-methoxyamphetamine, HM-MA, 4-hydroxy-
3-methoxymethamphetamine; HLM, human liver microsomes; OH-A, 4-hydroxyamphetamine; OH-MA, 4-hydroxymethamphetamine; PMA, para-methoxyamphetamine;
PMMA, para-methoxymethamphetamine; SULT, sulfotransferase; UGT, uridine diphosphate glucuronosyltransferase.
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demonstrated as a metabolite of PMMA in HLMs, but the formation was
two to seven times lower than that from MDMA at equimolar doses.
Taken together, our findings in HLMs and in fatal PMMA intoxications
do not support the hypothesis of catechol metabolites and CYP2D6 as
major determinants of fatal PMMA toxicity in humans. Further
investigations are necessary to elucidate the high toxicity of PMMA.
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SUPPLEMENTAL TABLE 1 

Characteristics of the pooled and the individual donor HLMa 

 

CYP2D6 

classification 

Lot/ID CYP2D6 

activityb  

CYP2D6 

alleles 

Gender Ethnicity Age CYP 

contentc  

Pooled  

 

1210223 

1210347 

1110258 

1410230 

259 ± 5 - 

294 ± 39 

 50:50 Caucasiand e 394-478 

PM  499 58.9 ± 3.3 *4/*4 Female Caucasian 55 386 

 486 55.2 ± 1.3 *4/*5 Female Caucasian 49 503 

 502 10.8 ± 0.9 *4/*4 Male Caucasian 49 160 

UM  289 957 ± 19 *1/*2x2 Female Caucasian 60 487 

 432 342 ± 4 *2x2/*41 or 

*2/*41x2 

Male African 

American 

60 360 

ID, Individual number of individual donors; PM (marketed as “CYP2D6 No activity”), CYP2D6 poor 

metabolizers; pooled (marketed as “XTreme 200”), pool of human liver microsomes from 200 

individuals; UM (marketed as “CYP2D6 High activity”), CYP2D6 ultrarapid metabolizers. 

  

                                                             
a
 All data provided by and published with consent from the supplier XenoTech 

b
 CYP2D6 activity rate (pmol/mg protein/min). According to XenoTech: “Marker substrate reaction for this rate 

was dextrometorphan O-demethylation. Values for enzyme activities are mean ± standard deviation of three or 
more determinations.” 

c
 Cytochrome P450 content (pmol/mg protein) 

d
 84-88% Caucasians, the others mainly Hispanic 

e
 All ages 
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SUPPLEMENTAL TABLE 2 

Instrumental parameters 

 

Analyte Target ion/qualifier ion 

transition 

Cone voltage  

(V) 

Collision energy  

(eV) 

PMMA 180.2>121.1 

180.2>149.1 

15 

15 

18 

12 

PMA 166.1>121.1 

166.1>149.1 

15 

15 

18 

12 

MDMA 194.12>133.07 

194.12>163.08 

20 

20 

14 

14 

MDA 180.1>135.04 

180.1>163.08 

15 

15 

10 

10 

Methamphetamine 150.1>91.1 

150.1>119.1 

15 

15 

20 

15 

Amphetamine 136.1>91.1 

136.1>119.1 

14 

14 

20 

15 

OH-MA 166.1>107.1 

166.1>135.1 

18 

18 

20 

13 

OH-A 152.1>107.1 

152.1>135.1 

15 

15 

18 

10 

Di-OH-MA 182.1>123.1 

182.1>151.1 

15 

15 

18 

20 

Oxilofrine 182.0>149.0 

182.0>164.0 

20 

20 

30 

15 

HM-MA 196.1>137.1 22 26 
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196.1>165.1 22 13 

HM-A 182.1>137.1 

182.1>165.05 

22 

15 

26 

15 

13C6 PMMA 186.2>127.1 

186.2>155.1 

15 

15 

18 

12 

13C6 PMA 172.1>127.1 

172.1>155.1 

15 

15 

18 

12 

13C6 MDMA 200.1>139.1 

200.1>169.1 

20 

20 

14 

14 

13C6 MDA 186.1>141.1 

186.1>169.1 

15 

15 

15 

10 

13C6 methamphetamine 156.1>97.1 

156.1>125.1 

15 

15 

20 

15 

13C6 amphetamine 142.1>97.1 

142.1>125.1 

14 

14 

20 

15 

13C6 2C-B 266.1>140.0 

266.1>249.0 

266.1>251.0 

20 

15 

20 

15 

15 

15 
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SUPPLEMENTAL TABLE 3 

Extraction recovery and matrix effects of quality control (QC) samples and internal standards (IS) in 

human liver microsomesa 

 

 Recovery 
(%) 

Matrix effect 
(%) 

PMMA 98 102 

PMA 86 115 

MDMA 99 102 

MDA 96 106 

Methamphetamine 99 102 

Amphetamine 94 109 

OH-MA 98 104 

OH-A 96 130 

Di-OH-MA 94 96 

Oxilofrine 92 71 

HM-MA 94 109 

HM-A 99 123 

13C6 PMMA 84 104 

13C6 PMA 83 104 

13C6 MDMA 84 102 

13C6 MDA 86 102 

13C6 methamphetamine 86 102 

13C6 amphetamine 85 104 

13C6 2C-B 79 104 

 

                                                             
a Data represent the mean of six experiments at high and low QC concentration levels and of IS, 
respectively, using 5 different lots of pooled and single donor human liver microsomes   


