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Abstract: In post-mortem (PM) investigations, forensic toxicologists attempt to identify legal or illegal
substances present before death and determine how they contributed to the cause of death. A critical
challenge is ensuring that PM sample concentrations accurately reflect those at the time of death, as
postmortem redistribution (PMR) can alter these levels due to anatomical and physiological changes.
The PMR phenomenon is called a ‘toxicological nightmare’. PMR significantly affects post-mortem
drug concentrations, particularly for lipophilic drugs and those with a high volume of distribution.
The emergence of new psychoactive substances (NPSs) has led to a growing recognition of their
role as a significant public health concern, frequently associated with fatalities related to polydrug
use. These substances are renowned for their ability to induce intoxication at low doses, which
has led to the continuous updating of toxicological and forensic methods to improve detection and
adopt new analytical standards. The comprehensive detection of NPS metabolites, some of which
are still undiscovered, presents an additional analytical challenge, as do their metabolic pathways.
This complicates their identification in fatal cases using standard analytical methods, potentially
leading to an underestimation of their actual prevalence in toxicological results. Furthermore, the
interpretation of analytical results is hindered by the absence of data on PM blood levels and the
specific contributions of NPS to causes of death, exacerbated by the lack of knowledge of whether the
PMR phenomenon influences them. This paper presents a comprehensive review of the literature
on post-mortem cases involving various NPS, categorized according to classifications by the United
Nations Office on Drugs and Crime (UNODC) and the European Union Drugs Agency (EUDA). These
categories include cathinones, phenylethylamines, arylalkylamines, phencyclidine-type substances,
phenmetrazines, piperazines, phenidates, aminoindanes, LSD-like NPSs, tryptamines, fentanyl
analogs, designer benzodiazepines, synthetic cannabinoids, and nitazenes. This review covers not
only postmortem blood levels but also the stability of the substances studied, the methods of analysis,
and attempts to shed some light on the PMR phenomenon. This review used various key terms, such
as PMR, NPS, and the names of previously categorized substances and drug analyses across multiple
peer-reviewed journals and databases, including Scopus, Google Schoolar, Springer, PubMed, and
Wiley Online Library. In addition, references from retrieved articles were examined to identify
additional relevant research. Interpreting post-mortem toxicological results is complex and lacks
definitive guidelines, requiring a nuanced understanding of its challenges and potential pitfalls.
As a result, post-mortem toxicology is often regarded as an art. The primary aim of this review is
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to provide forensic toxicologists with a comprehensive framework to assist in the evaluation and
interpretation of NPS analysis. This guide is intended to complement the existing knowledge and
practices applied in forensic laboratories within the toxicological analysis of post-mortem cases.

Keywords: NPS; PMR; Postmortem concentration; Cardiac-to-peripheral blood (C/P) ratios;
Liver-to-peripheral blood (L/P) ratios; Stability; Cardiac blood concentrations; Peripherical
blood concentrations

1. Introduction

During an autopsy, the forensic toxicologist attempts to identify any legal or illegal
drug use prior to death and determine how it may have contributed to the cause of death.
However, for many years, it has been understood that the results obtained from analyzing
various samples of the body, such as blood, may not accurately reflect the nature or
concentration of substances present at the time of death. In the deceased, the concentration
and composition of drugs in the blood and organs of the body change depending on the
location and timing of sampling. PRM describes these changes, which are influenced
by events at the cellular, tissue, and organ levels as well as by the characteristics of the
drugs themselves. Therefore, the concentration and type of drugs found during an autopsy
depend on factors like the location of the sample, the time elapsed since death, movement
between organs, metabolism, postmortem degradation, and the compound’s chemical
properties [1,2].

The phenomenon of PMR refers to the post-mortem study of how drugs (psychoactive
substances) migrate from organs, particularly the lungs, liver, heart muscle, or gastroin-
testinal tract, into the bloodstream after death. The highest concentrations are found in
the heart and central vessels blood. For this reason, a central-blood-to-peripheral-blood
ratio (C/P) is typically used to determine postmortem susceptibility. Another proposed
approach is a liver-to-peripheral-blood ratio (L/P); so, samples of central blood, peripheral
blood, and liver are often collected to calculate both the C/P and L /P ratios [3]. A C/P ratio
greater than 1 is often indicative of postmortem redistribution [1,4,5], whereas an L/P ratio
greater than 20 suggests a propensity for significant PMR, and ratios below 5 indicate no
propensity for PMR [6]. PMR can change the drug composition in the body of a deceased
person, sometimes significantly, compared to the levels before death. Enzymes or bacterial
activity during the postmortem period may continue to metabolize these drugs. The de-
composition process can also produce new compounds such as ethyl alcohol, hydrogen
sulfide, or gamma-aminobutyric acid (GHB).

Therefore, it is crucial to consider PMR during sampling at autopsy, the subsequent
analytical procedures, and result interpretation.

This comprehensive postmortem review of NPSs, classified by structural families,
aims to contribute to the scientific field by facilitating the analysis and understanding of
these substances and their structural analogs.

1.1. Drug Properties That Determine Postmortem Redistribution

Not all drugs are equally affected by the PMR phenomenon because it largely depends
on their chemical and pharmacokinetic properties. These properties determine the com-
pound’s distribution through the organs and tissues after consumption and, subsequently,
its behavior after death. The key properties involved are lipophilicity, pKa, the volume
of distribution, and plasma and tissue protein binding. The PMR phenomenon primarily
affects lipophilic alkaline drugs with a high volume of distribution, a strong affinity for
tissue proteins, and low plasma protein binding.

The volume of distribution (Vd) is a concept used in pharmacology to describe how
a drug is distributed in the body in relation to plasma concentration. It is calculated
by dividing the amount of drug present in the body by the plasma concentration and is
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expressed in liters per kilogram (L/kg). Compounds with high volume-of-distribution
(Vd) values above 3 L/kg are the most susceptible to being affected by PMR [1,2]. Vd
directly correlates with the compound’s lipophilicity and affinity towards plasma and
tissue proteins. Drugs that are lipophilic and easily diffuse through cell membranes tend to
accumulate in adipose and muscle tissue, as well as in specific intracellular components,
resulting in high Vd values. The same is true for compounds with a high affinity for tissue
proteins, especially in the lungs. Conversely, drugs with high plasma protein binding and
low affinity for tissue proteins have low Vd values close to their plasma concentration.
These substances are minimally affected by the PMR phenomenon.

Most drugs are weak acids or bases and are normally found in both ionized and non-
ionized forms in equilibrium, which depends on the medium’s pH. In life, the intracellular
pH ranges between 6.8 and 7.2, slightly more acidic than the blood’s pH, which is approxi-
mately 7.4. The pKa of basic lipophilic drugs enables them to be more soluble in lipids at
a physiological pH. This facilitates their absorption by tissues and their distribution and
accumulation in tissues through binding to proteins. For this reason, these compounds
have a high Vd value and will be significantly affected by PMR due to the pH changes in
the corpse.

1.2. Postmortem Changes: General Considerations

After death, the immediate consequence is the cessation of oxygen supply to the
tissues, which leads to the halting of cellular respiration and the production of ATP [7,8].
This causes the beginning of anaerobic metabolism and the production of lactic acid, which
leads to an immediate decrease in pH. Basic drugs with high pKa values become more
ionized in acidic conditions and are trapped within the cells. Additionally, the lack of
ATP stops the sodium—potassium pump associated with the ATPase enzyme, resulting in
an increase in the intracellular concentration of sodium and subsequent cellular edema.
The process continues with the destruction of organelles, and lysosomal enzymes are
released into the cytoplasm, where they digest the membranes, including the plasma
membrane. When the cell collapses, the basic drugs trapped within the cells are released
into the extracellular space, producing deposits that move by passive diffusion along a
concentration gradient.

After death, enzyme activity gradually decreases over time. However, succinic de-
hydrogenase and cytochrome oxidase in the myocardium, kidney, and liver continue to
function in the first 2448 h after death. For the cytochrome P450 system enzyme, activity
gradually decreases to 90% within the first 48 h. Plasma cholinesterase can maintain its
activity even during the storage of blood samples. This is a relevant factor if storage
conditions are not adequate. The metabolism of compounds in the PM interval is another
factor that contributes to altering the concentration of drugs and their metabolites and must
be considered in the interpretation of results.

There are certain organs where drugs tend to accumulate due to their characteristics
and functions, acting as reservoirs from which the compounds are released during PMR.
These organs include the lungs, liver, myocardium, and gastrointestinal tract (GI). Lung
tissue is a site where large amounts of lipophilic alkaline compounds accumulate. After
death, they are released and reach the heart cavities through the pulmonary veins. The liver
often exhibits higher drug concentrations due to its role in metabolism and elimination.
The primary pathway for drug redistribution from the liver is through the hepatic vein
into the inferior vena cava and then into the cardiac chambers. Direct diffusion from the
liver to adjacent organs has minimal significance. Some compounds may accumulate in the
myocardium and be released into the blood within the cardiac cavities, central vessels, and
subclavian vein, leading to increased concentration compared to the moments just before
death. After being taken orally or intranasally, drugs result in high concentrations in the
stomach and GI. After death, drugs can move to the cardiac chambers, aorta, left lung, and
left lobe of the liver. Aspirated stomach contents may also lead to drug transfer into the
lungs. After death, blood can still move through the blood vessels, which helps to move
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drugs around the body. This movement happens because of changes in pressure caused by
rigor mortis in the early stages and by gasses in the later stages of decomposition. Drug
movement within the thoracic cavity can result in elevated concentrations in central blood
sources, which may not accurately represent the drug levels at the time of death. This could
potentially lead to incorrect conclusions in toxicological analyses.

Drug concentrations can be significantly affected by bacteria involved in the putrefac-
tion process. Normally, the human body is a sterile environment, except for areas such as
the gastrointestinal tract, lungs, oral cavity, and vagina. In the hours leading up to death, the
body’s resistance to infection diminishes, increasing the likelihood of pathogenic bacterial
invasion. After death, bacteria from the gastrointestinal tract decompose and are released,
invading surrounding tissues and the bloodstream. Bacterial activity degrades proteins in
the blood, releasing protein-bound drugs, increasing the concentration of free drugs, and
causing blood to coagulate, thus further altering its composition and drug concentrations.
The dehydration that comes with putrefaction also increases the concentration of drugs in
an analytical matrix. The presence of bacterial activity resulting from putrefaction may also
lead to the metabolism of certain drugs, such as nitrobenzodiazepines, or the production of
compounds like ethyl alcohol.

2. Methodology

This review has been conducted using the following databases: PubMed (National
Center for Biotechnology Information, U.S. National Library of Medicine, Maryland, USA),
Scopus (Elsevier’s abstract and citation database of peer-reviewed literature, Amsterdam,
The Netherlands), Google Scholar (Google, Inc. California, USA), Wiley Online Library
(John Wiley & Sons, New Jersey, USA), and Springer (Springer Nature, Berlin, Germany).

Initially, a search using the following query: (“new psychoactive substances” OR
“new psychoactive substance” OR “synthetic drug” OR “synthetic drugs” OR “designer
drug” OR “designer drugs”) AND (“death” OR “deaths” OR “fatal poisoning” OR “fatal
intoxication”) AND (“postmortem” OR “distribution”) was performed in PubMed, Wiley
and Google Scholar [9] as can be seen in workflow diagram, see Figure 1. This search
returned approximately 563 publications in PubMed, 603 in Wiley, and 2910 in Google
Scholar. By refining these results using inclusion criteria—specifically, publication years
2000-2024, presence of toxicological data in blood samples (AND (“blood” OR “level”)),
and removal of duplicates—we narrowed the selection to about 300 studies. Further
filtering for studies that reported postmortem levels in cardiac or peripheral blood as well
as liver concentrations reduced the pool to 43 relevant publications.

To refine the search further, specific drug classes—such as “designer benzodiazepines”,
“tryptamines”, “synthetic cathinones”, “synthetic opiates”, etc.—were incorporated into
the search algorithm. This expanded search also included Scopus and Springer databases,
ultimately yielding 94 works that met the specified criteria.

NPSs have been categorized into eleven groups according to their chemical structure,
as detailed in the subsections of Section 3, Results and Discussion. This classification
helps to clarify their chemical properties, such as pKa and logP, which are valuable for
understanding their potential tendency for PMR. Based on our experience [10] and the
current classifications by UNODC and EUDA [11,12], the chemical structures of these
groups are presented in Supplementary Table S1, which includes the following:

e Phenylethylamines (PEAs)
O Alpha and phenyl-substituted phenylethylamines.

. “Classical phenylethylamines derivatives”, “DOX series”, “2C-X series”,
“NBOMes” and “benzofuranethylamines type”.

. Aminoindanes.

. Diarylalkylamines—Diphenidines.

O Cathinones (3-oxo-substituted phenethyl-amines).
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Phenmetrazines.

Piperazines.

Phenidates.

Arylcyclohexylamines (phencyclidines).
Lysergamides.

Tryptamines.

Designer benzodiazepines.

Synthetic opioids.

Nitazenes.

Synthetic cannabinoids.

Query: ((new psychoactive substances) OR (new psychoactive

substance) OR (synthetic drug) OR (synthetic drugs) OR (designer

drug) OR (designer drugs)) AND ((death) OR (deaths) OR (fatal

poisoning) OR (fatal intoxication)) AND ((postmortem) OR &
(distribution))

Pubmed: 563 papers Wiley: 603 papers ‘ Google Schoolar: 2910 papers
l AND (“blood” OR “level”)
+
eliminate duplicate papers
+
Adding: 300 papers Date range: years 2000-2024
45 papers from specific b
searcfwez usin, UNgDC and Containing GO EREIR
= ! C/P OR L/P ratios
EUDA dr.ug cls‘?s (eg.: *Fatal events not containing
synthet‘lc IS, 43 papers containing tissue C/Por L/P ratios.
tryptamines, nitazenes, distribution of NPS *Non fatal cases reported.
etc) *Metabolic studies.
f ~ *NPS seizures and structural
6¢ ations for elucidation in non-biological
congresses samples.

*Methods of analysis of NPS

94 works displayed in 3 tables: *Reviews.

* Table 1: PEAs, aminoindanes and cathinones

* Table 2: phenmetrazines, diphenidines, tryptamines,

arylcyclohexylamines and designer benzodiazepines.

* Table 3: opioids, nitazenes and synthetic cannabinoids
Figure 1. Schematic representation of the bibliographic workflow used. In purple the initial hy-
pothesis of the text to be reviewed or query performed. In blue the flow of texts and manuscripts
pre-selected and reflected in the text. In green texts discarded in the selection process, in red texts

added ad-hoc in the initial selection process.

Each of the 94 selected papers has been thoroughly reviewed, and summaries are
provided in a series of tables throught the text.These tables categorize NPSs by chemical
structure based on the previously mentioned groups and outline the details of each case,
including age, sex, cause of death, and postmortem interval (PMI). Additionally, they
include samples collected during autopsy, pretreatment methods, analytical techniques,
detected postmortem levels, calculated C/P and L/P ratios, and co-occurring substances
and metabolites, as well as reference numbers and publication years, all organized in
columns for easy reference.

The remaining articles identified in the initial search were also reviewed, as they
provide valuable insights into the physicochemical properties, stability, analytical methods,
metabolism, and postmortem levels in a single blood type (typically femoral) for various
NPS. These findings will be discussed throughout the document.

3. Results and Discussion

For each family of NPS, a brief monograph is provided regarding physical and chemi-
cal properties, comparing them to PMR studies associated with their classical counterparts,
and assess their stability across various studies. Additionally, postmortem levels in fatal
intoxications will be reviewed from studies not included intables due to the absence of
cardiac blood samples. Finally, we will discuss the C/P and L/P ratios provided in the
relevant tables, which are derived from the 94 selected studies. The most reliable blood
sample for accurately reflecting drug concentrations at the time of death is femoral blood. It
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is recommended to collect both femoral and cardiac blood samples, as well as liver wedges,
to calculate the C/P and L/P ratios, respectively [13]. However, some of the reviewed
publications have used blood from subclavian, iliac, and carotid sources for comparison
with cardiac blood to establish C/P ratios. The summary tables will indicate the origin of
the blood whenever specified in the studies.

3.1. Phenylethylamines

3.1.1. Alpha and Phenyl-Substituted Phenylethylamines

3.1.1.1. “Classical Phenylethylamines Derivatives”, “DOx Series”, “2C-X Series”,
“NBOMes” and “Benzofuranethylamines Type”

Phenylethylamines (PEAs) share a common core structure consisting of a phenyl ring
and an ethylamine chain. Phenethylamines refer to a class of substances with documented
psychoactive and stimulant effects and include classical drugs of abuse like amphetamine,
methamphetamine, and MDMA.

Some notable subcategories include the following: amphetamine-type NPS (known
for their stimulant effects, e.g., 4-chloro-amphetamine), cathinones (known for their stimu-
lating effects and discussed separately in Section 3.2, e.g., mephedrone), 2C series (known
for their psychedelic effects, e.g., 2C-B, 2C-P), NBOMes (N-methoxybenzyl-derivatives
known for their potent hallucinogen activity, e.g., 251-NBOMe), and DOx series (the general
chemical formula is 2,5-dimethoxy-4-X-amphetamine, where “X” represents a halogen
atom, known for their psychedelic effects and their long-lasting effects, e.g., DOC, DOB).
See Figure 2.

R, OMe OMe OMe H
N NH, NH, N
@/\( R OMe
Ry R; Ry
Ry OMe OMe OMe

"classical phenylethylamines" DO-compounds 2C-compounds NBOMe-compounds
Ri=F Cl.B R1=Br, DOB Rq=Br, 2C-B R; = Br, 25B-NBOMe
Ry - OMe. S:/I M Rq=Cl, DOC Ry = Me, 2C-D R, = |, 25I-NBOMe
1o oRe EHe e Ry = Me, DOM... Ry = Et, 2C-E... R; = Me, 25D-NBOMe...

H H
N.
\
R, ° R4

Benzofuran-ethylamines

R1,R; = H, 6-APB Ry,R, = H, 5-APB
Ri=H,R;=Me, 6-MAPB  R;=H, R, = Me, 5-MAPB

Figure 2. Chemical structures of phenylethylamine-type new psychoactive substances.

Amphetamine and methamphetamine, the classical representatives of this group, are
basic drugs with a pKa of 9.9, log P values of 1.85 and 2.23, and a volume of distribution
(Vd) ranging from 3.2 to 5.6 L/kg and 3.0 to 7.0 L/kg, respectively. Their fractions bound
to plasma proteins (Fb) are 0.16 and 0.10-0.20, respectively [14]. MDMA is also a basic
drug with a pKa of 8.7, a log P of 1.65, a Vd of 3-7 L/kg, and an Fb of 0.65 [14]. These
chemical properties indicate that phenylethylamines are likely to undergo PMR. For ex-
ample, amphetamine has exhibited PMR, with central-to-peripheral blood (C/P) ratios
averaging 2.4 (range, 1.2-5.6) in 20 cases [15] and 2.1 (range, 0.67-6.6) in 75 cases [16].
Methamphetamine may also display PMR, with C/P ratios averaging 1.6 (range, 0.9-2.4) in
18 cases [17], 1.9 (range, 1.0-3.8) in 5 additional cases [18], and 2.1 (range, 1.2-5.0) in a series
of 20 deaths [14]. MDMA has shown potential for PMR as well, with C/P ratios averaging
2.4 (range, 1.0-3.9) in 5 fatal cases [18] and 2.6 (range, 0.91-7.4) in 39 cases [16]. MDA also
exhibited PMR, with a C/P ratio averaging 2.3 (range, 0.82-5.3) in 35 deaths [16].

Although peripheral blood is considered less prone to PMR, the peripheral blood
concentrations of amphetamines do not necessarily reflect the blood concentrations of
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these compounds at the time of death, according to previous studies. A postmortem
concentration increase of approximately 1.5 times was observed for both methamphetamine
and amphetamine. Similarly, in the case of MDMA and MDA, the concentrations in
various bodily fluids collected during autopsy (including femoral blood) were higher in all
postmortem samples compared to antemortem blood levels across five cases [18,19].

The stability of MDA, MDMA, and MDEA in serum, blood, water, and urine was
studied [20]. No significant degradation in any of the analytes was detected in urine and
water samples over the 21-week period at any temperature. Analytes could no longer be
detected in serum and blood samples stored at room temperature after 17 and 5 weeks,
respectively, and when stored at 4 °C after a period of 13 weeks, they were not detected.
The stability of seven amphetamine-type stimulants in urine was studied over a period
of 201 days at room temperature, refrigerated (4-8 °C), and frozen (—20 °C). All samples
stored were stable during the studied period [21].

Regarding the stability of NBOMes series, 25B-, 25C-, 25D-, 25E-, 25G-, 25H-, and
25I-NBOMe were studied [22] in whole blood stored at room temperature, 4, and —20 °C for
a period of up to 180 days. After 15 days, 25B-, 25C-, 25I-, and 25E-NBOMe concentrations
decreased approximately 40%. Except for 25H-NBOMe, all were deemed unstable when
stored at 4 °C. When stored at —20 °C, all NBOMes studied remained stable for 180 days.
Regarding the 2-C compounds, most of them were stable at 4 °C overnight and —20 °C for
a week. Reduced stability was seen however for 2C-N, 2C-B-fly, and 2C-E [23].

e  Postmortem Levels in Fatal Case Reports

In a series of 6 fatalities resulting from the ingestion of a combination of
4-fluoroamphetamine (4-FA) and 25C-NBOMe, femoral blood samples collected dur-
ing autopsy showed median concentrations of 345 ng/mL (range, 21-682) for 4-FA and
3.2 ng/mL (range, 1.4-12) for 25C-NBOMe [24]. 2-Fluoromethamphetamine (2-FMA) was
detected in postmortem peripheral blood samples from 2 reported cases, with levels
of 6.31 and 6.9 ng/mL. Other toxicological findings in these cases included the pres-
ence of the synthetic opioid AH-7921, synthetic cathinone 3-MMC, and codeine [25-27].
4-Methylthioamphetamine (4-MTA) was identified in two fatal intoxication cases, with
postmortem blood concentrations of 4700 ng/mL and 8380 ng/mL, respectively [28,29].

A 23-year-old woman died after inhaling an unknown substance, suspected to be
“synthetic LSD” [30]. Toxicological analysis revealed a combined drug toxicity involving
25I-NBOMe, 25H-NBOMe, and 25C-NBOMe, with concentrations of 28 ng/mL, 1 ng/mL,
and 0.7 ng/mL, respectively. Additionally, methylamphetamine, tetrahydrocannabinol, and
promethazine were detected. In another study, 25B-NBOMe was detected in postmortem
blood at levels of 66.5 and 661 ng/mL [31].

5-(2-Aminomethylpropyl)benzofuran (5-MAPB) was found in postmortem peripheral
blood at a concentration of 2880 ng/mL. Additionally, 5-(2-Aminopropyl)benzofuran (5-
APB) was detected at 129 ng/mL, alongside THC, 11-hydroxy-THC, and THC-COOH [32].
In another fatal case [33], 5-MAPB, along with alpha-methyltryptamine (AMT), was impli-
cated as a contributing factor to the cause of death. The peripheral-blood concentration
of 5-MAPB was measured at 101 ng/mL. In another fatality, (5-APB) was detected in
peripheral blood at a concentration of 4970 ng/mL. Toxicological analysis also revealed
the presence of other psychoactive substances, including methiopropamine (MPA) at
1041 ng/mL, methylphenidate (MPH) at 44 ng/mL, and 3,4-methylendioxypyrovalerone
(MDPV) metabolite, as well as aripiprazole, mirtazapine, tropatepine, and oxazepam [32].
5/6-APB was detected in postmortem blood samples from 10 cases, with a median con-
centration of 1460 ng/mL and a range of 110 to 4190 ng/mL [34]. 6-(2-Aminopropyl)-
2,3-dihydrobenzofuran (6-APDB) was found in postmortem femoral blood at a level of
600 ng/mL [35]. 5-(2-Ethylaminopropyl)benzofuran (5-EAPB) was identified in a fatal
intoxication case along with 5,6-methylenedioxy-2-aminoindane (MDALI) [36]. The blood
concentrations were 6450 ng/mL for 5-EAPB and 2090 ng/mL for MDAI. N-Methyl-1-
(3,4-methylenedioxyphenyl)-2-butanamine (MBDB) was identified in postmortem blood
samples from 2 reported cases, with concentrations of 435 ng/mL and 1200 ng/mL. Both
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cases also contained the N-demethylated metabolite (BDB) and amphetamine [37]. para-
methoxymethamphetamine (PMMA) was identified in blood samples from 5 reported
deaths, with a median concentration of 2180 ng/mL and a range of 1640 to 3300 ng/mL [34].
Additionally, para-methoxyamphetamine (PMA) was detected in 13 postmortem cases, with
a median blood concentration of 1500 ng/mL and a range of <625 to 29,200 ng/mL [34].
Designer amphetamine para-methoxyethylamphetamine (PMEA) was found in a case
report [38] where a 27-year-old male had drunk an unidentified liquid sold as a recre-
ational drug on the internet; its postmortem blood concentration was 12,200 ng/mL.
4-Methylamphetamine (4-MA) was identified in 6 reported death cases [34], with a median
postmortem blood concentration of 3050 ng/ mL, ranging from 580 to 5800 ng/mL.

DOB (2,5-Dimethoxy-4-bromoamphetamine) was implicated in two overdose cases
involving men who consumed a new “hallucinogen LSD-like” designer drug [39]. One
individual survived, while the other succumbed to the effects six days later. The serum
concentrations of DOB were 13 ng/mL in the surviving patient and 19 ng/mL in the
deceased patient. The differing body masses of the two men significantly influenced the
outcomes of their intoxication.

e Tissue Distribution and PMR

The current literature provides limited insights into the PMR of phenylethylamine
derivatives across different tissues. Table 1 summarizes the tissue distribution observed in
reviewed cases involving PEA-type new NPSs. The substances in the Table exhibit pKa
values similar to those of classic amphetamine derivatives (pKa between 9 and 10). In terms
of lipophilicity, only the NBOMe derivatives show higher lipophilicity. The addition of the
NBOMe group to the parent compounds significantly enhances their lipophilicity, brain
permeability, and cytotoxic effects.

MDDM and MDDA [40] exhibit a C/P blood ratio of 4.6, suggesting PMR similar
to that seen with the analog MDMA. Case series involving NBOMe compounds [41-43],
which analyzed both central and peripheral blood, report C/P ratios of 1 or lower. Only
one case of a 2C-X substance was found, specifically 2C-T-7, which showed a C/P ratio
of 0.5 [44]. Aminoalkylbenzofuran derivatives, including 5-APB, 6-APB, and 2-MAPB,
exhibited C/P ratios above 1, indicating a tendency toward PMR in some case reports, as
detailed in Table 1 [45-47].

These findings indicate that, like traditional drugs such as amphetamine, metham-
phetamine, and MDMA, PEA-type NPSs may also experience PMR. However, the instability
of NBOMe and 2C-X derivatives in blood likely accounts for the low levels detected in
cardiac blood, resulting in C/P ratios of 1 or less. Studies of 25B-NBOMe in animals [48]
show that concentrations in the cardiac blood increased by more than 10-fold at 6 h post-
mortem and present a tendency to accumulate primarily in the lung. It is important to note
that fatal concentrations of these compounds in peripheral blood are inherently low, with
prior studies also confirming their instability. Special care should be taken regarding the
postmortem interval, the condition of the body at the time of recovery, and the storage of
samples, which should consistently be at —20 °C to prevent losses.

To conclude, it could be said that aminoalkylbenzofurans, like their classical counter-
parts, amphetamine, methamphetamine, and MDMA, tend to follow PMR. Nevertheless,
additional postmortem studies are needed to better understand the factors affecting the
distribution of these substances in various tissues.

3.1.1.2. Aminoindanes

Aminoindanes are structurally rigid analogs of phenylethylamines, characterized
by a closed ring system. This core structure can be modified in various ways, such as
adding functional groups to the aromatic ring, incorporating a methylenedioxy bridge, or
N-alkylation. 2-Aminoindane (2-Al) is a mild central nervous system (CNS) stimulant with
slight bronchodilator activity and strong analgesic effects. Unlike the corresponding am-
phetamines, some animal studies have shown that these substances do not cause long-term
neurotoxicity. Aminoindanes have been explored as bronchodilator and analgesic agents
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and, more recently, as neuroprotective and antipsychotic medicines. Common deriva-
tives of the aminoindane group include: 2-Al, 5,6-methylenedioxy-2-aminoindane (MDAI),
5,6-methylenedioxy-N-methyl-2-aminoindane (MDMALI), 5-iodo-2-aminoindane (5-1AI),
5-methoxy-2-aminoindane (MEAI), and 5-methoxy-6-methyl-2-aminoindane (MMAI), as
shown in Figure 3.

Aminoindanes

R1,R2 = H, 2-Al

R1 =1, Ry =H, 5-1Al

R1=H, Ry = Me, NM-2Al

R4 = 5,6-methylendioxy, MDAI

R1 = 5,6-methylendioxy, R, = Me, MDMAI

Figure 3. Chemical structures of 2-aminoindane derivatives.

Despite being marketed as safer alternatives to conventional stimulants and entac-
togens, aminoindanes carry risks of acute toxicity, particularly at high doses or when
combined with other substances. They act primarily on serotonin, dopamine, and nore-
pinephrine transporters, with specific effects that vary according to their structural changes.

Like amphetamine-type derivatives, 2-Al, MDAI, MDMAI, 5-1AI, MEAI, and MMAI,
they are basic drugs and present the following predicted pKa (9.64, 9.58, 9.49, 9.58, 9.64,
and 9.65) and log P (1.32, 1.1, 1.62, 2.67, 1.19, and 1.68), respectively [49]. There are
no relevant pharmacokinetic parameters available, like volume of distribution. Only an
experimental study about MEAI exhibited a moderate Vd (0.3-1.8 L/kg) in rat [50]. N-
Methyl-2-aminoindane (NM-2-Al) undergoes extensive metabolism in rats, producing
several metabolites. The primary metabolites identified are 2-aminoindane (2-Al), along
with two hydroxylated derivatives of 2-Al and four hydroxylated derivatives of NM-2-Al
These hydroxylated derivatives are excreted as glucuronide conjugates [51,52]. Rasagiline
(N-propargyl-1(R)-aminoindan) is a drug used primarily in the treatment of Parkinson’s
disease and is hepatically metabolized to form 1-aminoindan, which may cause false-
positive results with 2-Al if the laboratory does not have a proper separation method to
identify both.

MDA, 2-Al, 5-1Al, and MDAT (6,7-methylenedioxy-2-aminotetralin) showed stability
in blood and plasma after 21 days at room temperature [53].

e Postmortem Levels in Fatal Case Reports and PMR

Regarding postmortem levels, in one case of fatal ethylphenidate poisoning, 2-Al
was detected at a concentration of 0.101 mg/L. Additionally, the presence of methadone,
ethanol, aripiprazole, dehydroaripiprazole, zopiclone, and sertraline was noted in the
toxicological analysis [54]. In two fatalities associated with MDAI, postmortem blood
levels were 26.3 and 3.3 mg/L [55]. In another documented case [36], a 28-year-old male
was discovered deceased at his home, seated on the floor with his head resting on a chair.
Two unidentified powders were found near his body, later identified as MDAI and 5-(2-
ethylaminopropyl) benzofuran (5-EAPB or 5-MAPB). The toxicological analysis revealed
significant concentrations of these substances in the blood: MDAI: 2.09 mg/L and 5-EAPB:
6.45 mg /L. Additionally, other NPSs, such as 5-methylaminopropylbenzofuran (5-MAPB)
and 5-aminopropylbenzofuran (5-APB), were also detected in the bloodstream. This case
highlights the presence of multiple NPSs in the individual’s bloodstream, indicating recent
ingestion or exposure to these substances. Such findings are critical in forensic toxicology
to understand the circumstances surrounding the death and to ascertain the role these
substances may have played in the fatality.
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Table 1. Summary of the results found in the papers included in this review that investigated the distribution of NPS from fatal cases in relation to phenylethylamines,
aminoindanes, and cathinones.

Samples Extraction Analytical C/P or L/P

Classification NPS pKa  logP Age and Sex Cause of Death PMI Collected Method Technique Results Ratios Other Toxicological Findings Reference
b, ur, gc, bile,
icardial
Advanced pericar . De Letter
MDDM or 9.?0 2.35 31-year-old fatal MDMA state of ﬂulq, plgural LLE LC-MS/MS FB.. 2.5ng/mL C/P=46 MDMA: 13,500 ng/mL EA. etal.
MDDA man overdose fluid, liver, HB: 11.6 ng/mL
putrefaction 1 o o (2007) [40]
ung, kidney,
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, musdle o ___________.
PB: 2.80 ng/mL
25C-NBOMe  9.05  3.79 GC-MS: 5 C/P=051 .
X -MS: CB: 143 ng/mL X . . Morini L.
,,,,,,,, * ¥ te;errllaalgeer, Drowning Unknown b, ur SPE screening - — — — — § Sl TG 15‘2: g f\r;/Lr/n{HCCOH' etal. (2017)
LC-MS/MS PB: 0.29 ng/mL E [41]
- 9.11 3.23 =
25H-NBOMe ] " CB:0.13 ng/mL C/P=044
77777777777777777777777 Skull fractares -~~~ -~~~ ~~~~~~"~"~"~"~~-~ -~~~ -~ -~-~=-~=-~=-~-~=-~=-~-~=--~-~-~=-~=-~=-~=-=~=-~-~=-~=~=~“°-~=~°“~“~°~" == "= "= "=7"7°
with
contusions of . PB: 0.405 ng/mL _ Poklis J.L.
BLNBOMe 207 459 19-year- brainstem and Unknown + b, vh, ur, bil, SPE LCMS/MS  HB:0410ng/mL /P =101 etal. (2013)
* * old man lacerations after 7 h (autopsy) gc, liver, brain L:5.640 ng/g L/P=139 [42]
falling from
,,,,,,,,,,,,,,,,,,,,,,,, balcony L L L L L L ol ______.
Amphetamine: 470 ng/mL,
Phenyl- THC: 1.5 ng/mL, THCCOOH:
substituted 8.9 ng/mL, amiodarone:
PEAs 12hat LC-QTOF: 120 ng/mL, acetominophene:
g _ hospital . A . 5000 ng/mL, fentanyl: Andreasen
monsowe 00 3P B Rl el behws e e B0@mlpog ogmmieamne  MEad
+48h Q Hesng/s 120 ng/mL, midazolam: (2015) [43]
(autopsy) <6 ng/mL, diazepam:
99 ng/mL, nordiazepam:
12 ng/mL, quetiapine:
13 ng/ mL
7777777777777777777777777777777 90 minafter -~ -~~~ ~~ -~~~ ~~"~"~"~"~-~-~-~=--~ -~ -~ -~ =-~-~-~-~=-~-~=-~=-~=-~=-~=~=~=-=—~—-°-~ =~ "~ == "= °= =77
. insufflating + .
Toxicity mnsu & FB: 100 ng/mL _ Curtis B.
2C-T-7 99+ 237 20-year- associated with unknowh L iver LLE GC-MS, HB: 57 ng/mL C/P=05 etal. (2003)
* old man 2C-T.7 (autopsy) GC-NPD L: 854 L/P=85 m
o 1 year for +854ng/g [44]
analysis
7777777777777777777777777777777777777777777777777777777777 FB:§56ng/fnf776/I:;2§777777777777777777777
5-APB 19'1 1'31 5.APB and 6-APB 4 days after b’b‘flh’ll,lr’ 8¢/ HE iggg ng?mL L/P=81 Hofmann V.
77777777 -, male -Alband 6- the discovery of  PUeVer PP LC-MS/MS - — 2Une/s etal. (2022)
intoxication the corpse kidney, lung, FB: 300 ng/mL C/P=22 [45]
6-APB 10.1 1.29 muscle HB: 660 ng/mL L/P=53
,,,,,,,,,, e LeleOOmg/g T .
. Mclntyre
5-APB 19.1 1.31 20-year- AcuteA S-APB Unknown + b, vh, ur, gc, SPE GC-MS EBB %g(())(()) ?1271?1]1: C/P=12 5-APD!3 (prggumptively LM. ety al.
old man intoxication 9 h (autopsy) liver L: 16,000 ng/g L/P=64 identified) (2015) [46]
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[P Samples Extraction Analytical C/P or L/P Other Toxicological
Classification NPS pKa logP  Ageand Sex Cause of Death PMI Collected Method Technique Results Ratios Findings Reference
2C-B: (only
in urine), flephedrone:
. . FB: 7300 ng/mL _ 8 ng/mL, diazepam: Theofel N.
2-MAPB 9.4 * 1',? 9 23-year- .Mult.ldn.lg Unknown b, ur,‘blle, 8¢ Unknown LC-MS/MS HB: 16,700 ng/mL C/P=23 20 ng/mL, nordiazepam: etal. (2021)
old man intoxication liver L/P=3.0 .
L:22,200ng/ g 10 ng/mL, temazepam: [47]
5ng/mL, THC: 44 ng/mL,
Phenyl- THCCOOH: 67 ng/mL
substituted - - - - - - -1~ - - --"-----~--~-~- -~~~ —-~-~-~- -~~~ - -~~~ -~~~ -~~~ TT T m
PEAs t1=11h b, ur, bile, FB:ca. 13ng/mL (/.
after death _adipose, HB: ca. 19 ng/mL B .
kidney, liver, Staeheli
1.69 27-year- : o Y, y
2-MAPB 9.4 * . old 3;nale Drug intoxication - — — — — — - lung, heart LLE LC-MS/MS - — ———— - — —— — — — — - MDAI S.N. et al.
2=29h muscle, FB: ca. 15 ng/mL C/P=11 (2017) [56]
after death spleen, HB: ca. 17 ng/mL -
cerebellum
t1=11h b,ur, bile, FB: ca. 18 ng/mL B
after death _adipose, HB: ca. 22 ng/mL C/p=12
7 kidney, liver, Staeheli
Aminoindanes MDAI 958 11+ | d'yealr' Drug intoxication ~ — T T T T~ lung, heart LLE LCMS/MS ~~ -~ - T T T T T T T T T 2-MAPB S.N. etal.
* old male muscle, (2017) [56]
©2=29h spleen, FBica.22ng/mL - /p_gg
after death cerebellum HB: ca. 19 ng/mL -
frontal lobe
354 b, ur, bile, AB-CHMINACA (detected
- cays lung,adipose, . in adipose, kidney,
9.33 30-year- Poisoning b (15 days after kidney, liver, FB: 715 ng/mL C/P=13 liver, lung, pancreas Hasegawa
DPH . 47* ¥ onng by death death + Y AVEL OuEChERS ~ LC-MS/MS HB: 923 ng/mL ", Jung, p ' K. etal
* old man multiple drugs ,pancreas, L/P=41 brain)and 5F-AMB
2 days brai ) L:2960ng/g detected only in adi (2014) [57]
autopsy) rain, spleen, (detected only in adipose
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, heartmusdle oo fsw
4-MeO-PV8: 2690 ng/mL,
. PV9: 743 ng/mL,
n?;ary} 4-MeO-PV9: 261 ng/mL,
alkylamines Poisoning by 3 types trltazolam: 14 ng/mL,
of cathinone drugs 4 days after GC-MS: flu'rlltrazepam:82 n§/ nEL' Kudo K
. aprox 30, and diphenidine the estimated screening FB: 1380 ng/mL _ nitrazepam: 8 ng/mL, .
DPH 933 47 female under the influence time of death b, ur, ge QUEChERS LC-MS/MS HB: 1680 ng/mL C/P=12 ohydroxytriazolam: et 31['5(82]0]5)
of 3 benzodiazepines (autopsy) Q) 22ng/mL, .

and alcohol.

7-aminoflunitrazepam:
137 ng/mL, and
7-aminonitrazepam:
826 ng/mL, alcohol:
1.52 mg/mL
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[P Samples Extraction Analytical C/P or L/P Other Toxicological
Classification NPS pKa logP  Ageand Sex Cause of Death PMI Collected Method Technique Results Ratios Findings Reference
GC-MS, . Bottinelli C.
3-MMC 797 176 slzdﬁzg 3-MMC intoxication ~ Unknown b, vh, ur, bile SPE HPLC-DAD; EE‘. éég ?f%ﬁ% C/P=24 etal. (2017)
i cems/ms TN . 1 _
FB: 1088 ng/mL C/P=15
Mephedrone 797 176 HB:1632ng/mL  /p_ 17
* * L:1080ng/g -
777777777777777 Mephedrone fatal e — — ——— - === -
50 intoxication in a 48 h after b, ur, bile, FB: 47.1 ng/mL Cc/P=11 Cocaine: 52 ng/mL and Palazzoli F.
Normephedrone 8.07 1.24 1C{year- subject with existing death liver, lung, PP+SPE LC-MS/MS HB: 50.2 ng/mL L/P=02 benzoylecgonine: etal. (2021)
* * 0ld man cardiovascular (autopsy) kidney, hair L:95ng/g - 994 ng/mL [60]
*************** disease TS T T T T T T T T T T
FB: 15.5 ng/mL _
Mishﬁdégnj-M 936 187 HB: 49.2 ng/mL LC //PP7—130.29
thydro * * L:169.2ng/g i
e Glicksberg
800 115 LC-Q-TOF- IB: 70 ng/mL =
Methedrone " ] NA NA NA b, ur SPE v AB: 79 ng/mL C/P=11 L.etal
(2018) [3]
L Braham
4 MEC 80* 21+ 35 year- 4MEC intoxication ~ Unknown b, vh, bile, gc LLE ccMs/Ms  DB14600ng/mL o p 59 Hydroxyzine: 160ng/ mL  M.Y.etal
old man CB: 43,400 ng/mL (2021) [61]
Cathinones
FB: 47 ng/mL
MPHP 77* 3;7 8 Non-specific and Death 24 and HB: 97 ngg /mL C/p=2
moderate asphyxic 72 h before b, ur, nasal GC-MS: Alcohol in CB: 0.5 g/L Benedicte
*************** 39-year- syndrome with the body-lift swabs, gastric LLE screening T T T T T T THC: 1.4 ng/mL, L etal
N-ethyl-4'- old man bilateral pulmonary ~ examination + liquid and LC-MS /l\/gIS THCCOOH: 6.6 ng/mL, (20'20) [6‘2]
met}}:yl— 8.03 3.01 and pericerebral 2 days bile FB: 1.6 ng/mL C/P=22 4'-carboxi-PHP (metabolite)
norpentedrone ! ! edema (autopsy) HB: 3.5 ng/mL
e BB2ng/mL . Marinetti
Pyrovalerone 7'5’9 3'*36 313Ciyear- Autoerotic asphyxia Unknown ];) g Yh’ lb ile LLE LC-MS/MS HB: 59 ng/mL C/P=14 <I;8ntyl/oni, il;x[g?{a/t?ml.ne) LJ. etal
old man rain, liver L 124ng/g L/P=29 ng/mL, urine 013) [63]
777777777777777777777777777 T T T T T T T T T T T U TGEMS: T FBS00ng/ ML - a i prae et gy s Otrehmel N
3,4-DMMC 7.98 2.25 216ciyear- Acute g(])jlsc;g;nsg Unknown b, ur, gc, liver PP screening HB: 1500 ng/mL LC / PP: 430% Hehf(l)met};ylammle ’,II,\I/EI]%MA’ etal. (2017)
* * old man caused by LC-MS/MS L: 20,000 ng/g /P =40. uorofentanyl, [64]
Acetylfentanyl: 153 ng/mL,
Acute poisoning b, 7-aminonitrazepam:
cute R(g;stt})lmng y GC'M& 200 ng/mL, Phenobarbital: Yonemitsu
4221‘32}‘83’;\12;8 7'*72 3’58 apr0>i 30, salts”containing Unknown b, ur, gc QuEChERS Lsccff/([%g}rf\/g[s Il-:I% 3986% ng//mli C/P=25 7700 ng/ mL, K. etal
€ male acetylfentany and ) ng/m methylphenidate: . (2016) [65]
Q) 30 ng/mL, chlorpromazine

4-methoxy-PV8

(<LOQ) and risperidone
(<LOQ)
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[P Samples Extraction Analytical C/P or L/P Other Toxicological
Classification NPS pKa logP  Ageand Sex Cause of Death PMI Collected Method Technique Results Ratios Findings Reference
4-MeO-PV8 772 3.58 nglé'zgzgong/;nLL C/P=21
-MeO- . p :5680 ng/m = DPH: 1380 ng/ mL,
RHB: 5360 ng/mL triazolam: 14 ng/mL,
L flunitrazepam: 2 ng/mL,
*************** Poisoning by 3 types T T T T T T T T T T T T Tt : .
of cathinone drugs 4 days after GC-MS: n;ct—r}?zcelfc?? ti:zgo{;gdr Kudo K
773 aprox 30, and diphenidine the estimated b, ur, ec QuEChERS screening FB: 261 ng/mL y22 ny /mL ' et al (201'5)
4-MeO-PV9 * 4.0 female under the influence time of death ats LC-MS/MS LHB: 799 ng/mL C/P=30 7-aminofl ; it , : "38
of 3 benzodiazepines (autopsy) Q) RHB:641 ng/mL -aminoflunitrazepam: [58]
and alcohol 137_ng/mL, and
,,,,,,,,,,,,,,, : B T T 7-aminonitrazepam:
826 ng/mL, alcohol: 1.52
769 FB: 743 ng/mL mg/mL
PV9 v 41* LHB: 3130 ng/mL C/P=42
RHB: 2790 ng/mL
792 1.06 LC-Q-TOF- FB: 2 ng/mL C/P=15
Methylone . . NA NA NA b, ur SPE NS AB: 3 ng/mL /
B g/l
Methylone 7.92 1.06 NA NA NA b, ur, liver SPE LC-Q-TOF- AB: 48 ng/mL C/P=24 —
. * * Ms L:61n L/P=31
Cathinones 8/8
7777777777777777777777777777777777777777777777777777777777777777777777777777777777777 Glicksberg
792 1.06 LC-Q-TOF- FB: 4 ng/mL _ L.etal.
Methylone 2 * NA NA NA b SPE NS AB: 14 ng/mL C/P=34 2018) [3]
—_Q- _ FB: 3 ng/mL
Methylone 792 106 NA NA NA b, ur SPE LERTOF AB: 20 fg/ L C/P=61
e s/l
Methylone 792 1.06 NA NA NA b, liver SPE LC-Q-TOF- AB: 119 ng/mL C/P=42 -
* * MS L:1110ng/g L/P =40
777777777777777777777777777777777777777777777777777777777777777 ;7777777777777&1&1&:77777777777
i FB: 560 ng/mL 0.03 g/dL, midazolam:
23-year- Methylone b, vh, uri, gc, i C/P=1.0 g ,
old man intoxication Unknown liver LLE GC-MS HB'_ 580 ng/mL L/P=16 20 ng/mL, fentanyl:
L:880ng/g 2.1 ng/mL, lorazepam: P
Methylone 7.92 106 29 ng/mL (hospital) ] l\e,f resto 21
¥ ¥ 23vear- jﬁn}: aift(;rJr Iliac blood: Dextromethorphan (2013) [66]
1 dyea Cardiac arrest a K SS10 h b, vh, uri, gc, 840 ng/mL C/P=12 (<0.02 ng/mL), cotinine,
old man u(f;urt‘g;‘;;) HB: 1000 ng/mL caffeine and lidocaine
7777777777777777777777777 oy \hunbile " Oxymorphone: 106ng/mL, Shimomura
Methylone 792 1.06 211(iyear- Mixed drug 19h applrom- liver, heart, LLE GC-MS FE: fggong/ mL L/P=29 ethanol: 130 mg/dL, ET. etal.
* * old man intoxication mately Kidney : ng/g cocaine (traces in urine) (2016) [67]
19-vear- Cardiac arrest b, ur, bile, PB: 670 ng/mL Cc/P=11 Cawrse
Methylone 7'?2 1'?6 ol d);nan associated with Unknown liver, spleen, LLE GC-MS CB: 740 ng/mL L/P B 27 - B.M. etal.
methylone kidney L:1800ng/g B (2012) [68]
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P Samples Extraction Analytical C/P or L/P Other Toxicological
Classification NPS pKa logP  Ageand Sex Cause of Death PMI Collected Method Technique Results Ratios Findings Reference
Lightfoot C.
g _ PB: 11,900 ng/mL etal. (2014)
Methylone 79> 106 o8 year Acute methylone Unknown 7w ub 8¢ SPE GC-MS CB:15300ng/mL  C/P=14 [69]
old man intoxication bile, lier i
L: positive (abstract
L ____oay
IB: 8 ng/mL _ Glicksberg
Butylone 7.93 1.54 Unknown Unknown Unknown b, ur, liver SPE LC-Q-TOF- AB: 6 ng/mL Eﬁ)’ - (1)47 - L.etal
* * M5 L: 116 ng/g - (2018) [3]
T ; 9; 777777777777 Multi organ failure ~ — ;}: h7 7.;1 7777777777777777777777777777777777777777777777777 Igoj;k; o
. - - resulting from ospita .
Butylone 15 2L year malienant erotonin  before deah + b, liver SPE LeMs/ms  FEA0000ne/mML -y p_ g6 etal. (2012)
old man g 24 h autops :33,000ng/g [70]
e ___________&syndome __ “TRAuC P Ll
LC-Q-TOF FB: 80 ng/mL Glicksberg
7.63 2.65 T - soung/m = - L.etal.
MDPV ¢ € NA NA NA b, ur SPE NS AB: 80 ng/ml. C/P=1 oo
o Oxymorphone: 43ng/mL,
. . . . diazepam: 313 ng/L,
47-year- Multhle C.lr“fc’ b, Yh’ ur, bile, GC_MS‘ PB'_ 162 ng/mlL. C/P=17 nordiazepam: 494 ng/mL,
intoxication; Unknown liver, CSF, LLE screening HB: 280 ng/mL - ;
old man . . L/P=229 temazepam: 33 ng/mL,
accident brain LC-MS/MS L:3720ng/g di >
iphenhydramine:
80ng/g
Cathinones Fentanyl: ng/mL,
norfentanyl: <1 ng/mL,
. . . . trazodone: 540 ng/mL,
43-year- Multiple drug blood, brain, CCMS: PB: 18 ng/mL C/P=16 gabapentin: 6800 ng/mL,
intoxication; Unknown liver, bile, vh, LLE screening HB: 28 ng/mL S
old female accident CSE LC-MS,/MS L 52 na/ L/P=29 norvenlafaxine: 220 ng/mL,
. 8/8 tramadol: <50 ng/mL,
diazepam: 301 ng/mL,
nordiazepam: 281 ng/mL Marinetti
MDPV 7.63 265 _ e )
* * Citalopram: 200 ng/mL LJ. etal.
blood, brain, GC-MS: PB: 36 ng/mL pram: &/ mL, (2013) [64]
32-year- . . . ) C/P=16 trazodone: 50 ng/mL,
Natural Unknown liver, bile, vh, LLE screening HB: 56 ng/mL o!
old man CSE LC-MS/MS L: 668 ng/ L/P=18.6 JWH-122: positive,
: 8/8 JWH-210: positive
I 5 Chlorpheniramine:
30-vear- b, vh, ur, bile, GC-MS: PB: 102 ng/mL C/P=13 <50 ng/mL,
ol d};nan Hanging, suicide Unknown liver, CSF, LLE screening HB: 133 ng/mL L/P=25 dextromethorphan:
brain LC-MS/MS L:256 ng/g 60 ng/mL
s B;p;o;io;/fvlgtagzi o
GC-MS: 24/216 ng/mL, morphine:
5l-year- Multlple c_lrug Unknown b, vh, liver LLE screening FB:_ 129 ng/mL L/P=3.0 40 ng/mL, ox_ycodone.,
old man intoxication LC-MS,/MS L:388ng/g 20 ng/mL, diazepam:

303 ng/mL, nordiazepam:
229 ng/mL
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Table 1. Cont.

Samples Extraction Analytical C/P or L/P Other Toxicological

Classification NPS pKa logP  Ageand Sex Cause of Death PMI Collected Method Technique Results Ratios Findings Reference
. GC-MS: . Marinetti
MDPV 7,? 3 2',? > gﬁiﬁ?; Hanging, suicide Unknown E\’/Z:li};;lﬁ{ LLE screening FE gggonf/;n]“ L/P=95 - LJ. etal
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, i ¥ ] A it <1 ] 0 I
% 3 1B: 780ng/mL C/P=1.1
Ethylone 794 14+ NA NA NA b, ur, liver SPE LC-Q-TOF AB: 872 ng/mL L ;P 02
* MS =0.
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, o U
_Q-TOF- IB: 10 ng/mL
Ethylone 794 144 NA NA NA b, ur SPE LERTOF HE: 5 ;‘gffn‘L C/P=05
7777777777777777777777777777777777777777777777777777 LC-Q-TOF-  FB:19ng/mL
Ethylone 794 qax NA NA NA b, ur SPE 8{5 CB: 19 ng/mL C/P=10 Gl]iCkaEirg
7777777777777777777777777777777777777777777777777777777777777777777777777777777777777 .etal.
_Q-TOF- FB: 298 ng/mL
Ethylone 794 q4x NA NA NA b SPE LEQTOR B 274011%/ JmL C/P=92 (2018) [31
7777777777777777777777777777777777777777777777777777 lcotop. | BSmgmLo
Ethylone 794 4+ NA NA NA b, ur, liver SPE ‘8['5 i AB: 193 ng/mL L/ Po17
* L: 116 ng/g /P=1
***************************************************** e i g e
Ethylone 794 q4x NA NA NA b, ur SPE Le ﬁST OF AB: 146n§é7;nL C/P=25
777777777777777777777777 " Morphine:50ng/mL,
Cathinones 30-vear- Ml}i{:ﬁ,ierthg&ne’ diszjt;\alitx‘er of b, vh. ur, ec PB: 390 ng/mL C/P=09 alprazolam: <50 ng/mL, McIntyre
Ethylone 794 q4x o aloraotan tho nomse Mhar 2 PP+SPE GC-MS CB: 380 ng/mL L/P—36 THC: <1 ng/mL, LM. et al.
alprazo P L: 1400 ng/g = THCCOOH: 3.6 ng/mL, (2015) [71]
intoxication (autopsy) naproxen
7777777777777777777777777777777777777777777777777777 lCQIoE  mamgmL o o Clbes
7.94 1.96 3 - : ng/m = - L.etal
Pentylone 7 7 NA NA NA b, ur SPE MS AB: 323 ng/mL C/P=20 2018) 13
7777777777777777777777777777777777777777777 o ceapn | SBWOng/mL oo
796 230 NA Natural Unknown b, vh, ur, bile, LLE GCNPD HB: 130 ng/mL C/P=10 -
- * liver, kidney GC-MS L: L/P=38
:>500ng/g
77777777777777777 o BB:300ng/mL o .
796 230 NA Mixed-drug Unknown b, vh, liver, LLE GC-NPD HB:3%0ng/mL  </P=13  Fentanyland Methadone ~ Poston A.
* * intoxication kidney GC-MS L: 430 ne/ L/P=14 etal. (2017)
N-Ethyl e ing/g 73l
pentylone (abstract
. SB: 40 ng/mL .
7.96 2.30 NA Mlxe'd—dljug Unknown b, liver LLE GC-NPD HB: 50 ng/mL C/P=12 Morphine, Furanyl fentanyl, only)
* * intoxication GC-MS L- 180 L/P=45 4-FIBF, DPF
:180ng/g ’
7.96 2.30 N-ethylpentylone GC-NPD FB: 13 ng/mL _ Morphine, Furanyl fentanyl,
. P NA intoxication Unknown b, vh, ur LLE GC-MS HB: 16 ng/mL C/P=12 4-FIBF, DPF
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Table 1. Cont.
[P Samples Extraction Analytical C/P or L/P Other Toxicological
Classification NPS pKa logP  Ageand Sex Cause of Death PMI Collected Method Technique Results Ratios Findings Reference
Pentedrone 7.98 2.18 - Multiple drug b . FL Btl%g%i Zg/ r/nL L/P=112 Sykutera M.
* * -year- toxicity associated , 8¢, liver, . - 100.U3eng/g o etal. (2015)
767 287 old man with o-PVP and Unknown - yidney, brain LLE LEMS/MS kg 901 ng/mL. OF-a-PVP 73]
o-PVP * * pentedrone use L:2610ng/g L/P=29
Cocaine: 66 ng/mL,
Combination of 24-after b, vh. ur, bile benzoylecgonine: Cartiser N
8.00 2.67 57-year- drugs of abuse discovery of R PP+ -~ FB: 1285 ng/mL _ 2084 ng/mL, sildenafil: ;
4-MPD * * old man (4-MPD and cocaine), the corpse ar:/lvr;gzal SPE GCMS CB: 1128 ng/ mL C/P=09 <1 ng/mL, bromazepam: et al[‘7(42]021)
plus benzodiazepine (autopsy) 140 ng/mL, nevirapine
(positive)
EE e e Majchrzak
N-Propyl- 8.02 3.01 29-year- Acute respiratory Unknown b, vh, hvep LLE LC-MS/MS PB: 3200 ng/mL L/P=18 i M] et al.
pentedrone * * old woman distress kidney, brain L:5900ng/g (2018) [75]
777777777777777777777777777777777777777 bur g, CSE,
. 2 days after liver, lung, FB: 55.2 ng/mL . Waurita A.
7.66 2.46 21-year- Subarachnoid X ) C/P=12 Caffeine: 349 ng/mL,
«-PBP N i old’man hemorrhage death kidney, QuEChERS LC-MS/MS HB: 68.3 ng/mL L/P=15 acetominophen: 752 ng/mL etal. (2014)
(autopsy) spleen, L:82.6ng/g [76]
pancreas
T . _QTOF-  FB:30ng/mL
Cathinones «-PVP 7'f7 2',? 7 NA NA NA b, ur SPE Le ﬁsT OF AB: 15 rr‘é//r;L C/P=05 -
77777777777777777777777777777777777777777777777777777 _QTOF-  Bi8ng/mL
«PVP 767 287 NA NA NA b SPE HEQTOR AB: 8 ngg//mL c/p=1
77777777777777777777777777777777777777777777777777777 _QTOF-  B:2%4ng/mL
o-PVP 7'*67 2;87 NA NA NA b, ur SPE LC I%[éTOF AB: 218 ngg//mL C/P=09 -
77777777777777777777777777777777777777777777777777777 _QTOF-  B2ng/mL
«-PVP 767 287 NA NA NA b, ur SPE Le 1?45T OF AB:3 ngg//mL Cc/P=15
************************************************************************************* Glicksberg
767 287 LC-Q-TOF- IB: 21 ng/mL L. etal
«-PVP NA NA NA b, ur SPE . C/P=19 — - etal.
7777777777 oMo ke S s AL PR ooy
FB: 208 ng/mL _
«-PVP 767 287 NA NA NA b, liver SPE LC“SI‘STOF' AB: 224 ng/mL ]f://PP_‘<10'13
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, Liver <6Ong/g " _ _ ________.
1B: 1020 ng/mL _
«-PVP 767 287 NA NA NA b, liver SPE LC‘S/I‘STOF' AB: 1090 ng/mL LC//I’P—_<1611
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, Liver <60ng/g ' " _ _ _ _ __ _______.
FB: 44 ng/mL _
«-PVP 767 287 NA NA NA b, ur, liver SPE HCQ O AB: 58 ng/mL LC//PP:<11'34
Liver: <60 T
«-PVP 767 287 NA NA NA b, ur SPE LC‘S['STOF' g i‘; I;\gg//TnIT: C/P=09
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Table 1. Cont.
[P Samples Extraction Analytical C/P or L/P . . s
Classification NPS pKa logP  Ageand Sex Cause of Death PMI Collected Method Technique Results Ratios Other Toxicological Findings Reference
Intoxication with . Potocka-
. <5 h after . PB (carotid): .
«-PVP 767 287 28-year- oPVP with death b, ur, ge, liver, LLE LC-MS/MS 174 ng/mL L/P=11 Banas B.
* * old man subsequent (aut ) kidney L:190 ng/ et al. (2017)
.. cardiac arrest_ Y L _____ W . o
FB: 654 ng/mL
«-PVP 7.67 287 LHB: 442 ng/mL C/P=07
* * 40 h aft RHB: 458 ng/mL L/P=1.0 H
41-year- PVP poisoni d aher b, ur, gc, liver, L:681ng/g . asega\i\/a
,,,,,,,,,,,,,,, old man - poisoning eat Kidney SPE LC-MS/MS  _ _ _ __ 22 _ _ _ __ _ _._ K. etal
(autopsy) FB: 364 ng/mL (2014) [78]
OH-«-PVP 9.07 2.98 LHB: 311 ng/mL C/P=08
(dihydrometab) * * RHB: 298 ng/mL L/P=29
L: 1080 ng/g
. FB: 2377 ng/mL _
X b, vh, gc, bile, 8 C/P=05
ocPiHP o83 CSE liver, Hp: 1153 “8// mbL/P=02
. L ~48 h after brain, spleen, : ng/’g Wachholz P.
777777777777777 gﬁﬁaa; Fai?ii“ﬁi’}ifﬁ%"“ death lung, adipose, LLE LC-MS/MS ~~ -~ T T T T T etal. (2023)
' (autopsy) heart kidney, FB: 223 ng/mL 7]
OH-o-PiHP Y 8 c/P=01
Cathinones o dOC i b 9.08 331 thyroid, HB: 28 ng/mL L/P:l 4
(dihydrometab) * * pancreas L:310ng/g B
T 2 MAPB:7300ng/mL, 2CB
i diazepam: 20 ng/mL,
. . FB: 8 ng/mL (urlne),‘ p g ’ Theofel N.
Flephedrone 7.90 144 23-year- Multidrug b, ur, bile, gc, _ . C/P=04 nordiazepam: 10 ng/mL,
(4-FMC) * * old man intoxication Unknow liver Unknown LC-MS/MS HE g Ir:g?mL L/P=04 temazepam: 5 ng/mL, THC: et al[. 4(72]021)
Fone/s 44 ng/mL, THCCOOH:
67 ng/mL
e Ay A v
3-Methyl-4- 7.62 3.52 30-year- Fluoro-methyl- FB: 26 ng/mL _
fluoro-PVP * * old man PVP toxicity Unknown b, vh SPE GC-MS HB: 30 ng/mL C/P=11 N “ al[.SE)Z]OZZ)
777777777 790 144 oo T T U RBJHB: egpene
4-FMC C/P=09
* * Acute‘le:i)tO}:s;nmg 397/365 ng/mL. /
7.72 2.75 S FB/HB: . .
- - - 48-60 h aft =
4-MeO-o-PVP 7 - male, in his “Omf_‘;‘f/fg’“ of geaﬂi‘ er b SPE LCLITMS,  383/449ng/mL /P =12 MX_C};ZE“
4-F-o-PVP 7.62 3.03 20s 4-MeO--PVP, (autopsy) GC-MS FB/HB: C/P=11 (2021) [81]
: . 4-F-o- PVP, and 127/145 ng/mL
PV8 7.68 371 PV FB/HB: C/P=13
* * 167/218 ng/mL

Samples: PB: peripheral blood, FB: femoral blood, IB: iliac blood, SB: subclavian blood, CB: central blood, HB: heart blood, RHB: right heart blood, LHB: left heart blood, AB: aorta
blood, L: liver, ur: urine, vh: vitreous humor, SA: serum antemortem, SC: serum cardiac, SF: subcutaneous fat, IS: injection site.Analytical techniques: GC-NPD: gas chromatography
coupled to nitrogen—phosphorus detector, GC-MS: gas chromatography coupled to mass spectrometry; GC-MS/MS: gas chromatography coupled to tandem mass spectrometry, LC-Q-
TOF-MS: liquid chromatography quadrupole-time of flight mass spectrometry, LC-MS/MS: liquid chromatography-tandem mass spectrometry, LC-LIT-MS: liquid chromatography—
linear ion trap mass spectrometry.Extraction methods: LLE: liquid-liquid extraction, SPE: solid-phase extraction, QUEChERS: quick, easy, cheap, effective, rugged, and safe, PP:
protein precipitation. Substances: 2-MAPB: 1-(1-Benzofuran-2-yl)-N-methylpropan-2-amine, 25B-NBOMe: 2-(4-Bromo-2,5-dimethoxyphenyl)-N-(2-methoxyphenyl)methyl-ethanamine,




Psychoactives 2024, 3

542

2C-T-7: 2-(2,5-Dimethoxy-4-(n)-propylthio)phenylethylamine, 25C-NBOMe: 2-(4-Chloro-2,5-dimethoxyphenyl)-N-[(2-methoxyphenyl)methyl]ethanamine, 25H-NBOMe: 2-(2,5-
Dimethoxyphenyl)-N-[(2-methoxyphenyl)methyl]ethanamine, 25I-NBOMe: 2-(4-lodo-2,5-dimethoxyphenyl)-N-[(2-methoxyphenyl)methyl]ethanamine, 3-MMC: 3-methylmethcathinone,
3,4-DMMC: 3,4-dimethylmethcathinone, 4-F-o-PVP: 4-fluoro-alpha: 4-Fluoro-alpha-pyrrolidinovalerophenone, 4-FMC (flephedrone): 4-Fluoromethcathinone, 4-MEC: 4-methylethcathinone,
4-Methoxy-PV8: 1-(4-Methoxyphenyl)-2-(pyrrolidin-1-yl)heptan-1-one, 4-MeO-PV9: 1-(4-Methoxyphenyl)-2-(1-pyrrolidinyl)-1-octanone, 4-MPD: 4-Methylpentedrone, 5-APB: 5-(2-
Aminopropyl)benzofuran, 6-APB: 6-(2-Aminopropyl)benzofuran, DPH (diphenidine): 1-(1,2-Diphenylethyl)piperidine, MDALI: 5,6-Methylenedioxy-2-aminoindane, MDDM/MDDA:
Methylenedioxy-N,N-dimethylamphetamine, MDMA: methylendioxymethamphetamine, MDPV: 3,4-Methylenedioxypyrovalerone, PV8: 1-phenyl-2-(1-pyrrolidinyl)-1-heptanone, PV9:
1-phenyl-2-(1-pyrrolidinyl)-1-octanone, a-PBP: Alpha-pyrrolidinobutiophenone, x-PiHP: Alpha-pyrrolidinoisohexanophenone, x-PVP: Alpha-pyrrolidinovalerophenone. * Values of
pKa and logP predicted using ChemDraw Professional 15.0 © Copyright 1998-2015 Perkin-Elmer Informatics Inc.
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In terms of PMR, as shown in Table 1, only a single case of tissue distribution has
been documented [56]. Samples were collected during hospitalization (6 h before death),
upon admission to the mortuary (11 h after death), and during autopsy (29 h after death).
No significant postmortem concentration changes were observed for MDAI, as C/P ratios
at 11 and 29 h remained close to 1 in both periods of time. This suggests that, in this
case, MDALI did not undergo significant postmortem redistribution. However, the results
from a single observation cannot be generalized, and more observations are needed, es-
pecially considering that its closest structural analog, MDMA, does exhibit postmortem
redistribution PMR.

3.1.1.3. Diarylalkylamines—Diphenidines

Diphenidines refer to a class of chemical compounds that are derivatives or analogs
of diphenidine. Diphenidine itself is a dissociative anesthetic belonging to the diarylethy-
lamine class. It acts primarily as an NMDA receptor antagonist, similar to other dissociative
drugs, such as ketamine and PCP (phencyclidine). The main representants of the series are
1-(1,2-diphenylethyl)piperidine (diphenidine, DPH), N-Ethyl-(1,2-diphenyl)ethanamine
(ephenidine, EPE), 2-methoxphenidine (2-MXP), 3-methoxphenidine (3-MXP) and 2-Cl-
diphenidine (2-CI-DPH), see Figure 4.

R

l
N
e

Ry
Diarylalkylamines
R4 =H, Ry,R3 = -(CH5),-, Diphenidine (DPH)
R4 =H, R, = H, R; = Et, Ephenidine (EPE)
R; = OMe, Ry,R3 = -(CH,),-, MXP
R4 = 2-Cl, Ry,R3 = (CHy),-, 2-CI-DPH

Figure 4. Chemical structures of diphenidine derivatives.

Similar to other phenylethylamines, diarylalkylamines are basic drugs. The predicted
pKa values for DPH, EPE, 2-MXP, 3-MXP, and 2-CI-DPH are 9.33, 9.55, 9.13, 9.24, and
8.97, respectively, while the log P values are 4.7, 5.11, 4.58, 4.58, and 5.26, respectively [49].
These log P values indicate that they are highly lipophilic substances due to the presence of
aromatic rings. No pharmacokinetic data are currently available.

DPH is extensively metabolized through mono- or di-hydroxylation, N-dealkylation,
keto oxidation, and conjugation, with hydroxylation potentially occurring on any of the
three rings of the compound [82]. This complexity makes analysis challenging, and these
metabolites should be included as biomarkers of substance use in analytical procedures.

o  Postmortem Levels in Fatal Case Reports and PMR

Regarding DPH toxicity, 17 overdose victims had serum DPH concentrations averaging
88 ng/mL (range, 2-262) [83]. In a reported case, a 53-year-old male was found dead in his
apartment. An open package of a branded herbal blend labeled “Heart Shot BLACK” was
found next to the body; DPH heart blood level was 12 ng/mL, and a synthetic cannabinoid,
5F-ADB, was found as well [84]. Two cases were reported with cardiac and peripheral
blood analysis, as reported in Table 1. The first one [57] exhibited C/P and L/P ratios of
1.3 and 4.1, with synthetic cannabinoids AB-CHMINACA and 5F-AMB present in several
tissues as well. The second one [58] showed a C/P ratio of 1.2, consistent with the previous
case reported; 4-Methoxy PV8, PV9, and 4-Methoxy PV9 were also found in biological
samples. These findings suggest that diphenidine and probably related compounds may
suffer low-moderate PMR, but more data are needed to validate this claim.
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On the other hand, 2-MXP overdosage serum or plasma levels ranged between 187
and 409 ng/mL [83,85]. Three adult men were found dead after an acute overdosage
with 2-MXP; they exhibited postmortem femoral blood MXP levels of 1360, 2000, and
24,000 ng/mL [86].

3.1.2. Cathinones ([3-oxo-Substituted Phenethyl-Amines)

Cathinones (3-oxo-substituted phenethyl-amines) and its derivatives are closely re-
lated to the phenethylamine family. Often referred to as “bath salts”, they are a class of
drugs chemically similar to the monoamine alkaloid cathinone found in the khat plant
(Catha edulis), which is native to East Africa and the Arabian Peninsula. Synthetic cathi-
nones are usually sold as a white or brown crystalline powder and are often labeled not
for human consumption’ to avoid regulation. Cathinone itself is a 3-keto-amphetamine or
2-amino-1-phenyl-1-propanone. Cathinone itself is a 3-keto-amphetamine or 2-amino-1-
phenyl-1-propanone. This backbone can undergo various modifications, leading to a wide
range of synthetic cathinone derivatives, like primary (N,N-dihydrocathinones), secondary
(N-alkylcathinones), and tertiary (N,N-dialkylcathinones and pyrrolidine derivatives), and
different types of aromatic ring substituents (methylenedioxy, chlorine, fluorine, methyl,
etc.), see Figure 5.

/ N-alkylated cathinones

R4
R1=H, R3= Me; R4 = Me; methcathinone
R4 = Me, R3= Me; R4 = Me; 2-/3-/4-methylmethcathinone
R4 = F, R3= Me; R4 = Me; 2-/3-/4-fluoromethcathinone
R4 = Cl, R3= Me; R4 = Me; 2-/3-/4-chloromethcathinone
R4 = H, R3= Pr; R4 = Me; pentedrone

(o] T4 R4 = OMe, R3= Me; R4 = Me; methedrone
N “R
R s methylendioxy -cathinones pyrrolodinophenone cathinones
3
¥, W w '

Rs = Me, Ry= Me; methylone = Me, R3= Pr; Pyrovalerone

R3 = Me, R4= Et; ethylone R1 H, R3= Pr; a-PVP

R3 = Et, R4= Me; buthylone R, = H, Ry= Bu; a-PHP

Rs = Pr, R4= Me; penthylone R4= methylendioxy, R3= Pr; MDPV
\ R4 = tetramethylene, R3= Pr; TH-PVP

R4 = H, R3= pentyl; PV8
R =H, R3= hexyl; PV9

Figure 5. Chemical structures of synthetic cathinones.

Synthetic cathinones share common pharmacological effects with amphetamine, lead-
ing to an increased release of monoamines such as dopamine (DA), noradrenaline (NE),
and serotonin (5-HT). These neurotransmitters are believed to play a role in the euphoric
and rewarding effects of various drugs of abuse.

Regarding its chemical properties, they are basic drugs, like amphetamines. Some of
the pKa and log P have been consulted in bibliography, and others have been simulated [14,49].

Physicochemical properties, including Vd, pKa, and protein binding, are unknown
for many synthetic cathinones. Only some of them are known as 3-methylmethcathinone
(3-MMC), which has a Vd = 8 L/kg [87]. Given the structural similarity and chemical
properties between methamphetamine, MDMA, and cathinones, and the fact that PMR has
been observed in amphetamine tissue distribution studies [8,15,18,88-93], it is expected
that methyl- and methylenedioxy-cathinones will exhibit some form of PMR. In general
chemical and pharmacokinetic properties seem to indicate that they are susceptible to PMR.
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The stability of cathinones, influenced by the type and position of substituents on the
aromatic ring, can be explained by the Hammet equation [94]. Substituents that are electron-
withdrawing (e.g., nitro, cyano) generally increase the rate or equilibrium constant for
reactions where the transition state or the final state is stabilized by negative charge, and vice
versa for electron-donating substituents (e.g., methoxy, amino). Methylendioxy derivatives
are more stable than other types of aromatic substituents. Regarding the position of
aromatic substituents, meta-substituted cathinones exhibited higher decomposition rate
constants compared to para-substituted ones. For fluoromethcathinone (FMC), it was
shown that depending on the substitution on the aromatic ring, the order of stability is
4 (para) > 3 (meta) > 2 (ortho). It is presumed that oxidants such as dissolved oxygen
contribute to this decomposition, as the addition of antioxidants like L-ascorbic acid or
sodium sulfite had suppressive effects. Tertiary amines appeared to be more stable due to
resistance to oxidative deamination, unlike secondary aliphatic amines, which typically
undergo oxidative deamination. Combining all the observations made, a schematic figure
of general cathinone stability is displayed in Figure 6.

copualevan @**@**

or other tertiary amine = alkyl X =F, Cl, Br...

4 (para) > 3 (meta) > 2 (ortho)
)

Decreasing stability

Figure 6. Stability of synthetic cathinones.

Studies have found that synthetic cathinones with a secondary amine group and no
methylenedioxy substitution on the aromatic ring are highly unstable [95]. At 20 °C, their
degradation half-lives ranged from 22 h to 7 days but decreased to 8-29 h at 32 °C. Refriger-
ation at 4 °C extended their half-lives, though 3-FMC was notably unstable. Stability is also
affected by pH and additives [96], with samples being more stable in acidic environments
and with fluoride citrate additives. Storing alkaline or urine samples at room temperature
decreases stability, though preservatives can help prevent degradation [97-99].

Recently, metabolite profile of several synthetic cathinones has been proposed [100],
reduction in the -keto group constituted one of the main metabolic transformation of cathi-
nones. Parent analytes containing halogen, such as 4-chloro-ethcathinone (4-CEC), 4-chloro-
alpha-pyrrolidinopropiophenone (4-Cl-o-PPP), 4-chloro-alpha-pyrrolidinovalerophenone
(4-Cl-o-PVP), and 4-fluoro-pyrrolidinohexanophenone (4-F-PHP), are characterized by
extreme instability, but marked stability differences are observed for their respective dihy-
drometabolites in all storage conditions, making them potentially better biomarkers for
synthetic cathinones use [101,102]. Post-mortem interval and decomposition phenomena,
alkalinizing the pH of body fluids, may lead to cathinone degradation and decrease the
detected post-mortem concentration of the parent drug. Samples suspected of containing
synthetic cathinones should be analyzed as soon as possible after collection to ensure
accurate interpretation of toxicological results.

e Postmortem Levels in Fatal Case Reports

The concentrations of synthetic cathinones vary significantly in both fatal and nonfatal
cases, often overlapping. Non-fatal incidents typically show concentrations up to several
hundred ng/ mL, especially in hospitalized patients shortly after drug administration.
Higher concentrations in deceased individuals can indicate recent drug use before death,
while lower concentrations may occur if death followed extended hospital treatment.
Factors like the postmortem interval and drug instability also affect concentration levels.
Postmortem blood concentrations over 1000 ng/mL in individuals without tolerance may
be considered lethal if synthetic cathinones are suspected as the cause of death [103].
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The following cathinones exhibit the lowest concentrations in postmortem cases. In
two fatal instances, the blood concentrations of 4-Cl-x-PVP were 9 and 11 ng/mL [104]. The
postmortem blood concentrations of ethylcathinone ranged from 5 to 83 ng/mL in three
reported cases [105]. In two fatal cases, the blood concentration of «-PBP ranged from 52
to 200 ng/mL [76,106-108]. For PV8, blood concentrations in two fatalities were at 70 and
270 ng/mL [109]. N-Ethylhexedrone postmortem blood concentration in five fatal cases
range from 4 to 285 ng/mL [104,110]. In six reported cases where pentylone was detected,
the concentrations in blood range from 5 to 340 ng/mL [3,34,111,112]. 3,4-MDPHP ranged
in five fatal cases from 7 to 399 ng/mL [104,113,114]. On the opposite side are ephylone,
3,4-methylendioxypyrovalerone (MDPV), 3,4-dimethylcathinone (3,4-DMMC), methylone,
a-pyrrolodinovalerophenone (x-PVP), mephedrone (4-MMC), and 3-methylmethcathinone
(3-MMC), which have the highest postmortem blood concentrations of 1-50,000, <1-29,000,
53-22,000, 1 > 20,000, <1-11,000, and <1-4400 ng/mL, respectively, in several reported
deaths [103].

e  Tissue Distribution and PMR

According to the case report referenced in Table 1, several cathinones—including
mephedrone (4-MMC), 3-methylmethcathinone (3-MMC), 4-methylethcathinone (4-MEC),
3,4-dimethylmethcathinone (3,4-DMMC), methylone, 4-methoxy-PV8, 4'-methyl-«-
pyrrolidinohexanophenone (MPHP), N-ethyl-4’-methylnorpentedrone (4-MEAP), N-
propylpentedrone, and methylendioxypyrovalerone (MDPV)—show the highest C/P
ratios, suggesting that these substances may be particularly prone to postmortem
redistribution [3,59-72,114].

In one case, a 32-year-old man was found deceased in his home in the context of
chemsex. Toxicological analysis of postmortem peripheral and cardiac blood yielded a
C/P ratio of 2.4 [59]. In another instance, a 50-year-old man was discovered dead in a
friend’s apartment after a night of using psychoactive substances for sexual activity [60].
An autopsy performed 48 h later revealed the presence of mephedrone, normephedrone,
and dihydromephedrone in both femoral and cardiac blood, with C/P ratios of 1.5, 1, and
3.2, respectively, which are consistent with the findings for 3-MMC.

In another reported case, a 35-year-old man was discovered dead and naked at home by
a friend. Although the autopsy did not reveal any anatomical cause of death, toxicological
analysis detected 4-MEC and hydroxyzine at therapeutic levels. The concentration of
4-MEC was measured in peripheral blood, and the C/P ratio in cardiac blood was found to
be 2.9, suggesting potential postmortem redistribution (PMR) [61]. Another case report [62]
identified the presence of ethanol, tetrahydrocannabinol, and two cathinones: MPHP and
4-MEAP. The C/P ratios for MPHP and 4-MEAP were 2.0 and 2.2, respectively, indicating
possible PMR. A review of 43 cases [63], which included incidents such as driving under
the influence, domestic violence, suicides, overdoses, accidents, drug-facilitated assaults,
and homicides, found cathinones in six of these cases. In one instance, pyrovalerone was
detected in both femoral and cardiac blood, resulting in a C/P ratio of 1.4. In three other
cases, toxicological analysis of femoral and cardiac blood revealed MDPV, with C/P ratios
ranging from 1.6 to 1.7.

In a postmortem toxicological report [64], 3,4-DMMC was identified in femoral blood
and cardiac blood, indicating a C/P ratio of 3. In another case [65], 4-methoxy-PV8 was
identified and quantified in both femoral and cardiac blood, yielding a C/P ratio of 2.5.

Not all observed C/P ratios of methylenedioxycathinones follow a PMR behavior
similar to that of their MDMA analog (C/P =2.7) [3]. For instance, methylone has a median
C/P ratio of 1.5 (range 1-6.1) [3,66-69], and pentylone has a C/P ratio of 2 [3]. In contrast,
ethylone displays a median C/P of 1.1 (range 0.5-9.2) [3,71], while butylone has a C/P
ratio of 0.7 [3] and an L/P ratio of 1.6 [70]. N-ethylpentylone shows a median C/P of
1.2 (range 1-2) [72], and MDPV has a median C/P of 1.3 (range 0.6-1.7) [3,63], suggesting a
mild tendency toward PMR.

Pentedrone had an L/P ratio of 11.2 in a reported case [73], while 4-methylpentedrone
(4-MPD) has a C/P of 0.9 [74], and N-propyl-pentedrone recorded L/P ratios of 1.8 in an-
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other case [75]. Conversely, “«”-cathinone derivatives, such as «-PBP [76], «-PVP [3,77,78],
and «-PiHP [79], exhibited the lowest C/P ratios, as shown in Table 1.

Halogenated cathinones, such as methyl-Fluoro-PVP [80] and 4-FMC [81], exhibited
C/P ratios of 1.1 and 0.9, respectively. However, as noted earlier, these C/P ratios may be
affected by the instability of the parent drug in postmortem blood.

According to the data reported, the more stable a cathinone is and the less tendency
it has to degrade, the more likely it is to undergo PMR. Their instability can result in
concentration fluctuations during the storage and handling of biological samples, meaning
that measured concentrations may not accurately represent the levels present at the time of
blood collection. This inconsistency could lead to misleading conclusions regarding the
C/P ratios of the parent cathinone. Therefore, it is highly recommended to store samples at
—20 °C to prevent losses and to analyze metabolites, such as dihydrometabolites, which
are much more stable, in order to establish C/P ratios and better assess potential PMR.
However, we recognize the challenge posed by the lack of certified reference materials for
these dihydrometabolites, which complicates this analysis.

3.2. Phenmetrazines

Phenmetrazine, a sympathomimetic drug primarily used as an appetite suppres-
sant with effects similar to dextroamphetamine, was removed from the market due to
widespread abuse. In 2013, a patent was published detailing the synthesis and potential
therapeutic uses of phenmetrazine analogs, likely prompting the development of morpho-
line derivatives as legal alternatives. Several analogs were subsequently launched, includ-
ing 2-(4-fluorophenyl)-3-methylmorpholine (4-FPM), 2-phenyl-3,6-dimethylmorpholine
(3,6-DMPM), phenetrazine, 3-fluorophenetrazine, 4-methylphendimetrazine, phenmete-
trazine, and viloxazine, see Figure 7.

o o o R
(L™ (™ 1
: : !
Ry
R4 = H, phenmetrazine R4 = H, phenetrazine R1 = H, R,= Me, phendimetrazine
R4 =Me, 2-/3-/4-methylphenmetrazine R4 = F, 2-/3-/4-fluorophenetrazine R4 = H, R, = Et, phenmetetrazine

R1 = 2xMe, 3,6-dimethylphenmetrazine (3,6-DMPM)
R4 =OMe, 2-/3-/4-methoxyphenmetrazine

R4 =F, 2-/3-/4-fluorophenmetrazine (2-/3-/4-FMP)
R4 =Cl, 2-/3-/4-chlorophenmetrazine (2-/3-/4-CMP)

Figure 7. Chemical structures of phenmetrazines.

Phenmetrazine is a basic drug with a pKa of 8.5, a log P of 1.5, and a Fb of 0.20 [14].
Similarly, 3-fluorophenmetrazine (3-FPM) is also a basic drug, with a pKa of 7.8, a log P
of 1.66, and a volume of distribution (Vd) of 5.3 L/kg [115]. Other derivatives, includ-
ing 3-methylphenmetrazine (3-MPM), 3-methoxyphenmetrazine, 4-FPM, phenetrazine,
3-fluorophenetrazine, and 4-methylphendimetrazine, have predicted pKa values of 7.9,
7.94,7.9,7.98,7.85, and 7.93, and log P values of 1.99, 1.37, 1.66, 1.98, 2.14, and 2.36, respec-
tively [49]. These parameters indicate, from a theoretical point of view, that they may be
predisposed to PMR.

Phenmetrazine is metabolized by p-hydroxylation and conjugation and also by oxi-
dation at the 3-position in the morpholine ring to a lactam. N-hydroxylation may occur
to a certain extent. 3-FPM is subject to a minor degree of biotransformation via N-oxide
formation, phenolic hydroxylation, and keto oxidation and/or fission of the morpholine
ring [14,115].

Phenmetrazine kept stable in plasma for 2 weeks at 4 °C, and it was stable in urine for
1 month at 4 °C and 3 months at —20 °C [116,117].
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e  Postmortem Levels in Fatal Case Reports and PMR

Phenmetrazine intoxication was the cause of death of a 17-year-old boy after intra-
venous use of the drug, with a blood concentration of 4 mg/L, a liver concentration of
5 mg/kg, and a urine concentration of 24 mg/L [118]. For 3-FPM, doses of 20-60 mg
taken orally or injected are reported to produce effects that last 2-8 h. The mean serum
3-FPM levels were 303 ng/mL (range, 2.7-1416 ng/mL) in 15 adults treated for poisoning
as described in the literature [119]. Acute intoxication and lethal concentrations of 3-FPM
were reported, with levels in blood ranging from 0.5 to 4.0 mg/L for acute intoxication
and 0.1-4.9 mg/L for lethal cases, indicating a significant overlap between acute and lethal
concentrations [120-123]. Regarding PMR of phenmetrazine, a pair of cases has been
reported (see Table 2). The first one resulted in a C/P ratio of 1.08 [124]. In the second one,
a 27-year-old man was found dead in his room, with the estimated time of death ranging
between 4 and 10 days prior [125]. Toxicological analysis revealed a 3-FPM in femoral blood
and heart blood, resulting in a C/P ratio of 0.9, similar to the previously reported case.
This consistency in C/P ratios suggests minimal potential for postmortem redistribution of
3-FPM and possibly its derivatives, although this conclusion is only extracted from only
two cases.

3.3. Piperazines

Piperazine designer drugs are a category of synthetic substances that have emerged
on the illicit market since the late 1990s. The most common derivatives include [126]
1-benzylpiperazines (1-benzyl-4-methylpiperazine (MBZP), 1-benzylpiperazine (BZP), 1-(4-
fluorobenzyl)-piperazine (FBZP) and 1,4-dibenzylpiperazine (DBZP)) and 1-phenylpiperazines
subtype (1-(3-chlorophenyl)-4-(3-chloropropyl)piperazine (mCPCPP), 1-(3/4-chlorophenyl)
piperazine (m/p-CPP), 1-(4-fluorophenyl)piperazine (pFPP), 1-(2/4-methoxyphenyl)
piperazine (o/p-MeOPP), 1-(3/4-methylphenyl)piperazine (m/p-MPP), and 1-
(3-trifluoromethylphenyl) piperazine (TFMPP)), see Figure 8. Initially, piperazines were
present on the market, but they were very quickly replaced by cathinones.

R,

1-benzylpiperazines

R4

R4, Ry, R3 = H, Benzylpiperazine (BZP)

R2, R3= H, Ry = Me, 1-Benzyl-4-methylpiperazine (MBZP)
R,, Rz = H, R4 =F, 1-(4-Fluorobenzyl)-piperazine (FBZP)
R4, R, = H, Rz = CH,Ph, 1,4-dibenzylpiperazine (DBZP)

S

Z N
R
1-phenylpiperazine

R4 = Me, R, =H,1-(3/4-Methylphenyl)piperazine (m/p-MPP)

R4 = CI, R, =H, 1-(3-Chlorophenyl)piperazine (mCPP)

R4 =F, Ry =H, 1-(4-Fluorophenyl)piperazine (pFPP)

R4 = OMe, R, =H, 1-(2/4-Methoxyphenyl)piperazine (o/p-MeOPP)
R4 = CF3, Ry, =H, 1-(3-Trifluoromethylphenyl)piperazine (TFMPP)

Figure 8. Chemical structures of piperazines.
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Table 2. Summary of the results found in the papers included in this review that investigated the distribution of NPS from fatal cases in relation to phenmetrazines,

phenidates, arylcyclohexylamines, tryptamines, and designer benzodiazepines.

Samples

Extraction

Analytical

C/P or L/P

Classification NPS pKa  logP Age and Sex Cause of Death PMI Collected Method Technique Results Ratios Other Toxicological Findings Classification
Amitriptyline: 440 ng/mL,
nortriptyline: 290 ng/mL,
methamphetamine: <40 ng/mL,
amphetamine:70 ng/mL, Ellefsen
g 1.66 34-year- Multiple GC/MS FB: 2400 ng/mL _ diazepam: 200 ng/mL, K.N. et al.
3-FPM 78 * old man drug-toxicity Unknown b, vh, ur LLE LC-MS/MS CB: 2600 ng/mL C/P=11 nordiazepam: 180 ng/mL, (2017)
temazepam: 11 ng/mL, [124]
flubromazolam: positive,
delorazepam: positive, U-47700:
360 ng/mL
Phenmetrazines -~~~ -~~~ -~ - - -~ -~ -~~~ -~ =~~~ —— S, - - - - - - -TTT TS TTSTTTTTTTTTTTTTTTTT T TS T T T T T T T T s s s s e e s
p 051tloqal Pyrazolam: 28 ng/mL,
riiﬁgi;’gab diclazepam: 1 ng/L,
Ppoly—drug Y b, pericardial ?gi?;zf:g;?;;og ;Ig // nr?]? Lehmann
S EPM g 166 27-year- intoxication Ztand 210 fluid, ur bile, [rsp.gpge  HPLC-DAD e ;‘g//;’l‘l]: C/P=09  lorazepam: 22ng/mL,2-FMA  S.etal.
- * old man arfemsig rflr;m a{ltopsy iianey'lung' - LC-MS/MS L 160 gg e L/P=16  (urine), 2-FA (aprox 28 ng/mL), (2019)
benzodi;gze ines muscle, brain methiopropamine (aprox [125]
T P 2.2 ng/mL), amphetamine
an ft € p:;estgnce (aprox 21), diphenhydramine
of synthetic ine).
stimulants (rine)
Unknown
Cantrell
(known to PB: 1100 ng/mL
. 62-year- acute . . GC-NPD, C/P=09 FL.etal
* . -
Phenidates MPH 8.9 1.5 old woman MPD intoxication be ahvg b, vh, liver SPE GC-MS CB: 980 ng/mL L/P=33 (2014)
3 days prior L:3690ng/g [127]
to death)
Venlafaxine: 200 ng/mL,
. . FB: 375 ng/mL _ O-desmethylvenlafaxine: Theofel N.
2-0x0PCE  74% 224 Sryear Multidrug Unknown P17 8¢ bile SPE LC-MS/MS  HB: 2159 ng/mL LC/IF =8 50 ng/mL, etal. (2019)
! L:6137ng/g e N-desmethylvenlafaxine: [128]
4 L
Arylcyclohexyl o Ml
amines 4-Hydroxy-N-methyl-N-
Unknown + thyltryptamine, venlafaxine MeclIntyre
54-year- Acute mixed 25 h after he FB: 8200 ng/mL C/P=1.7 S p : i ILM. et al
4-MeO-PCP 94+ 401 Y ite mixec b, liver LLE LC-MS/MS  CB: 14,000 ng/mL = (510 ng/mL), olanzapine -vu et al.
* old man drug intoxication was found L: 120,000 ng/ L/P=15 (420 ng/mL), lorazepam (2015)
(autopsy) B /8 (50 ng/mL) and hydroxyzine [129]

(detected) in the PB
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Table 2. Cont.
Classification NPS pKa logP  Ageand Sex Cause of Death PMI CS;ﬁle lzltz?i E;;re;:;’c:‘;n ,‘?e IZ;]K:;?;_ Results C/II{’a(:irOI;/P Other Toxicological Findings Classification
25-year- .
Toxic effects of FB: 800 ng/mL _ .
old 5T, b, vh, ur, gc HB: 1200 ng/mL C/P=15 MDMA: <80 ng/mL
B
Toxic ‘cocktail .
25-year- , FB: 900 ng/mL _ Methylone, not quantitated,
old woman effefitrsug the b, vh, ur HB: 2600 ng/mL /T =29 6-APB in FB: <80 ng/mL
********** o T T - T T T T - - - - - T TS T T T T o T T T T T T T T~ 7" Seetohul
5APlorsaT 103 122 poxde effects of -~ Unknown LLE HPLC-DAD LN. etal.
22-year- the drugs, wit FB: 400 ng/mL , (2013) [130]
the role of b, vh, ur C/P=20 6-APB: 200 ng/mL in FB
old man . . HB: 800 ng/mL
epilepsy being
indeterminate
77777777777777777777777777777777777777 Amphetamine: 400 ng/mL (FB),
25-year- ‘Cocktail effect” b, vh ur FB:300 ng/ mL C/P=13 MDMA: 1500 ng/mL (FB), 4-
old woman of the drugs » Vi, U HB: 400 ng/ mL - methyl-N-ethylcathione, MDA,
benzylpiperazine and 6-APB
77777777777777777777777777777777777777777777777777777777777777777777777777777777777777 TimkoC.
Tryptamines  N,N-Dipropyl 10.06  3.45 18-year- Mixed-drug Unknown bllafl};/ E‘r;,e%q LLE GC-NPD 1553112300002%/ /Tnli C/P=1.1 Bupropion: 0.08 mg/L et a[li %(%?19)
tryptamine * * old male intoxication ki éney ! GC-Ms L~ 4500 ng/g L/P=37 Citalopram: 0.5 mg/L (abs}ract
only)
e Anautopsy """ Venlfaxine: 1100ng/mL,O-
24-vear- irlt/tltl)ﬁgagg;lg— was PB: 230 ng/mL C/P=08 desmethylvenlafaxine: MclIntyre
b - performed b, vh, ur, gc PP + SPE GC/MS CB: 190 ng/mL _ 1600 ng/mL, diphenhydramine: LM. etal.
old man primarily L/P=19
it : 29.5 h after L:430ng/g 450 ng/mL, mirtazapine: (2015) [132]
mitragynine death 240 ng/mL, ethanol 0.02%
O Ae
mitragynine
Mitragynine 7.3 1.73 intoxication
combined with The autopsy ) ) )
cardiomegal b, vh, ur, liver, LC-QTOF: FB: 3300 ng/mL _ 7-Hydroxymitragynine Mata D.C.
32-year- lomegaly was . . C/P=23 .
old with left erformed 50 brain, PP screening CB: 7500 ng/mL L/P=128 detected in et al. (2023)
ventricular 1:}’1 after death gc LC-MS/MS L:42,200ng/g o cardiac blood [133]
hypertrophy,
with severe
hepatomegaly
and obesity
Mirtazapine, .
Acute and . . . Crichton
NA chronic drug and Unknown b, vh, ur LLE LC-MS/MS FB: 57 ng/mL C/P=17 desmethylmirtazapine, EDDP, M.L. etal.

alcohol abuse

HB: 100 ng/mL

methadone, aloxone, atropine,
acetone

(2015) [134]
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[P Samples Extraction Analytical C/P or L/P . . s P
Classification NPS pKa logP  Ageand Sex Cause of Death PMI Collected Method Technique Results Ratios Other Toxicological Findings Classification
Paracetamol, nicotine,
diazepam, nordiazepam,
Adverse effects oxazepam, temazepam,
NA . FB: 148 ng/mL N -
of heroin and Unknown b, vh, ur LLE LC-MS/MS HB: 310 ne/mL C/P=21 codeine, morphine,
amphetamine. ’ & morphine-3-glucuronide (M3G),
morphine-6-glucuronide (M6G),
noscapine, papaverine
Chronic b, vh, ur, liver, FB: 38 ng/mL C/P=1.1 Dihydrocodeine, M3G, M6G
NA ! Unknown , V0, UL HVEL LLE LC-MS/MS HB: 41 ng/mL S Y s Y9t MOh
alcoholism muscle, brain L:382ng/g L/P=10.0 Ethanol
777777777777 o« FB:9ng/mL ., .. Citlopram,
NA Hanging Unknown b, vh, ur LLE LC-MS/MS HB: 138 ng/mL C/P=15 desmethylcitalopram, ethanol
7777777777777777777777777777777777777777777777777777777777 Nicotine, cotinine, levamisole,
cocaine, benzoylecgonine,
codeine, paracetamol,
Ad(\)/feff;sfiects b, vh. ur, liver FB: 9 ng/mL C/P=16 mirtazapine, caffeine,
NA 4 Unknown R T LLE LC-MS/MS HB: 14 ng/mL A noscapine, papaverine,
methadone ?“d muscle, brain L:125ng/g L/P =139 methadone, EDDP, fluoxetine,
buprenorphine nordiazepam, diazepam,
morphine, buprenorphine,
Designer 22 L e ! M3G MeG Crichton
Benz.odl- Phenazepam - ¥ . Naloxone, methadone, EDDP, M.L. et al.
azepines 11.2 No anatomical FB: 310 ng/mL diazepam, nordiazepam, (2015) [134]
NA cause (posible Unknown b, vh, ur LLE LC-MS/MS HB" 390 ng/mL C/P=12 temaze a/1m ibuprofen ’ ) [12
drug related) ’ & pam, 15up
metabolite
777777777 Noanatomical " Mirtazapine,
NA L SMRoSbe oo bnw  UE lowsas  [RISML cpugy demebimiupie
bolus temazepam, ethanol
e Diazepam, nordiazepam,
Adverse effects temazepam, oxazepam,
NA of methadone Unknown b, vh, ur LLE Lems/Ms o0 ‘r‘lg//‘;‘ILL C/P=11  methadone, EDDP, mirtazapine,
ne fn onia ’ & desmethylmirtazapine,
pneu gabapentin
o Citalopram,
Adverse effects _ FB: 71 ng/mL _ desmethylcitalopram,
NA of methadone Unknown b, vh, ur LLE LC-MS/MS HB: 95 ng/mL C/P=13 methadone, EDDP, diazepam,
nordiazepam
- - - - - -"-"-"-"-"-""-"""=""""""»"--"--"-~-~-~~-~ -~ -~ -~ -~ -~ -~ -~ -~ -~ -~ -~ -~ -~ -~ -~ -~ - - - - === == Paracetamol, methadone, ~ ~
Act};eadvefrse FB: 232 ng/mL EDDP, diazepam, nordiazepam,
NA € tid:s o Unknown b, Vh, ur LLE LC-MS/MS HB: 191 ng/mL C/P =0.8 temazepam, Citalopram,
methadone

desmethylcitalopram
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[P Samples Extraction Analytical C/P or L/P . . s P
Classification NPS pKa logP  Ageand Sex Cause of Death PMI Collected Method Technique Results Ratios Other Toxicological Findings Classification
Cor Pulmonale
and adverse FB: 80 ng/mL Tragadone, methadd‘one, EDDT,
NA effects of Unknown b, vh, ur LLE LC-MS/MS HB: 37 ng/mL C/P=05 lazepam, nordiazepam,
oxazepam, temazepam
methadone
e Paracetamol, noscapine,
Acute and . FB: 370 ng/mL papaverine, methadone, EDDP,
NA chronic adverse Unknown b, vh, ur, 11vgr, LLE LC-MS/MS HB: 287 ng/mL C/P=038 nordiazepam, diazepam,
effects of heroin muscle, brain L:807 ng/g L=22 temazepam, 4-MEC, codeine,
morphine, M3G, M6G
7777777777777777777777777777777777777777777777777777777777 Naloxone, DHC, mirtazapine,
P desmethylmirtazapine, EDDP,
ulmonary FB: 97 ng/mL had di
thromboem- Unk b, vh LLE LC-MS/MS ool C/P=038 methacone, diazepam,
NA bolism frenown , Vi ur - HB: 74 ng/mL = nordiazepam, oxazepam
Ols temazepam, morphine, M3G,
M6G
s Mirtazapine,
Adverse effects . FB: 18 ng/mL desmethylmirtazapine,
NA of morphine and Unknown b, vh, ur, thr, LLE LC-MS/MS CB: 30 ng/mL C/P=17 diazepam, nordiazepam
Desi diazepam muscle, brain L:99ng/g L=55 oxazepam, temazepam,
esigner i i )
Benzodi  Phenasepam - 57 L o ____ morphine, M3G, MEG, codeine _ Grichton
azepines 11.2 Adverse effects b, vh, ur, liver, II-:I]% 112861 ng//m]i C/P=14 Acetone, EDDP, methadone, (20.15.) 9[;;4]
NA of methadone Unknown muscle, brain LLE LC-MS/MS e nesm L=168 diazepam, nordiazepam
4 L:2125ng/g
" Methadoneand
morphine .
intoxication FB: 19 ng/mL eorphine MBG, MG,
NA associated With Unknown b, Vh, ur LLE LC—MS/MS HB: 15 ng/mL C/P =08 nor’diaze ;‘m P 4
aspiration bron- P
chopneumonia
S Paracetamol, amitriptyline,
nortriptyline, 6-acetylcodeine,
Adve'zrse gffects of FB: 28 ng/mL mirtazap'ine, npscapine,
NA heroin, diazepam Unknown b, vh, ur LLE LC-MS/MS HB: 77 ng/mL C/P=27 papaverine, diazepam,
and amitriptyline : nordiazepam, oxazepam,
temazepam, naloxone, codeine,
morphine, M3G, M6G
e F; ;47 7/7; © " Paracetamol, tramadol,
Tramadol toxicit - FoSng/m _ O-desmethyltramadol,
NA y Unknown b, vh, ur LLE LC-MS/MS HB: 67 ng/mL C/P=12 quetiapine and metabolites,

mirtazapine
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e Samples Extraction Analytical C/P or L/P . . SN e
Classification NPS pKa logP  Ageand Sex Cause of Death PMI Collected Method Technique Results Ratios Other Toxicological Findings Classification
Phenazepam 219- 357 FB: 960 ng/mL C/P=15 ~ 3-hydroxyphenazepam,
11.21 * Phenazepam and HB: 1430 ng /mL - nicotine, naloxone, promazine
777777777777777 NA enazepam Unknown b, ur LLE LC-MS/MS - — — — — — — — — — — — — — - and metabolites, morphine,
opiate toxicity M3G, M6G, di
3-hydroxy- 11.6 391 FB: 230 ng/mL C/P=12 g , dlazepam,
phenazepam * * HB: 280 ng/mL = nordiazepam, temazepam Crichton
7777777777777777777777777777777777777777777777777777777777777777777777777777777777777 M.L. etal.
Ph 219- 357 FB: 960 ng/mL (2015) [134]
enazepam 11.21 M Phenazepam HB: 1240 ng/mL C/P=13 3-hydroxyphenazepam,
- 5 h;; d;o;y 777777777 NA toxicit}; Unknown b, ur LLE LC-MS/MS - — FT3' 576 ng /;nL 77777777 diazepam, nordiazepam, DHC,
- N 11.6 391 : = icoti
phenazepam * * HB: 321 ng/mL C/P=12 MS6G, nicotine
777777777777777777777777 6N§a;d7777777777775gnjm77777777777777777777777777777777B;0r:1a;e1;ar;\:79.47né/;11:77777777
respiratory antemortem SA:37n amphetamine: 28 ng/mL . .
. . . : g/mL R . Giorgetti A.
Flualprazolam 227 37 21-year depression with 54 1 oen serum LLE LC-MS/MS — FB:219ng/mL  B/S=0s8¢  thdine 86ng/ml, nortilidine: ) % o000y
* old man agonal aspiration cardiac, b, ur, SC: 254 ng/mL 250 ng/mL, naloxone: [135]
of stomach gc, liver, FL0-ANg 49 ng/mL, GHB: <2.5 mg/L, o
contents kidney, brain THCCOOH: <5 ng/mL
777777777777777777777777 Acute toxic -~ -~~~ ~ -~~~ o~ T oo T T T T o T e
Caffeine: 190 mg/L, Kolbe V.
. 49-year- effects of . GC/MS, FB: 770 ng/mL _ § -
De51gne.r old'man etizolam and Unknown b, ur, hair SPE HPLC-DAD HB: 2820 ng/mL C/P=37 THCCOOH: 192 ng/ {)nL (urine),  etal. (2020)
Benzodi- . ethanol 0.19% [136]
i caffeine
azepines s m e — T
Acute polydrug Ethanol: 0.12 ng/mL, fentanyl:
toxicity of 21 ng/mL, norfentanyl: postive,
fentanyl, cocaine, alprazolam: 282 ng/mL,
27-year- and ethanol with PB: 237 ng/mL _ nordiazepam: positive, cocaine:
old woman a contributing 1week b, vh PP LC-MS/MS HB: 813 ng/mL C/P=34 302 ng/mL, benzoylecgonine
factor of metham- and cocaethylene: positive,
phetamine methamphetamine: positive,
presence diphenhydramine: positive
S T Fibanol: 0.5 g /L, 6MANE
18.16 .
11 ng/mL, morphine:
185 ng/mL, codeine: positive, Gevorkyan
34-year- Mixed-drug _ PB: 9 ng/mL _ hydrocodone: positive, Letal.
old man intoxication 1h b rp LC-MS/MS HB: <5 ng/mL C/P=<05 diphenhydramine: positive, (20121) [137]
citalopram: positive,
nordiazepa: positive,
desalkylfurazepam: positive
e Alprazolam: 179 ng/mL,
«-OH-alprazolam: positive,
34-year- Mixed-drug s PB: 15ng/mL _ dia.z.epam am"i nordiazepam:
old man intoxication 1day b, ur PP LC-MS/MS HB: 15 ng/mL C/p=1 positive, 7-amino-clonazepam:

positive, fentanyl: positive,
methamphetamine: posive,
chlorpheniramine: positive
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[P Samples Extraction Analytical C/P or L/P . . s P
Classification NPS pKa logP  Ageand Sex Cause of Death PMI Collected Method Technique Results Ratios Other Toxicological Findings Classification
Flubromazolam - 4;6 6 II;% ?31798 ngémli C/P=14 Ethanol: 0.02 ng/mL, fentanyl:
777777777777777 Acute __reeng/mt . 17 ng/mL, norfentanyl:
mixed-drug positive, methamphetamine
. P : " Gevorkyan
30-year- intoxication of 14 g and amphetamine: positive,
Etizolam 455- e old man fentanyl, y b, vh, ur PP LC-MS/MS PB: 187 ng/mL C/P=11 lorazepam: positive, (2()]216; 51%7]
18.16 ’ benzodiazepine, HB: 214 ng/mL o delorazepam: positive N
and ethanol flualprazolam: positive,
alprazolam: positive
777777777777777777777777 Acadental ~ ~ - -~~~ ~ o~ T oo T e T
. Unknown multiple-drug Unknown b, hv FB: 351 ng/mL C/P=16 NA Miller C.
Designer . A HB: 549 ng/mL
Benzodi- 4.55— intoxication etal. (2014)
. Etizolam : 406 - T T T T T T 7 Aciidental” ~ ~ - T " T T T T T T T T 77 LLE+SPE LCMS/MS -~~~ ~— — — -~ T T T T T 7~ [138]
azepines 18.16 : FB: 16 ng/mL _
Unknown multiple-drug Unknown b C/P=19 NA (abstract
. o HB: 30 ng/mL
intoxication only)
S Ly -~ -~ - - - "="""=""""""""""""/"/"""/"""”/""”"”"”/""”"”~""”~""”"""lng/mL "~ .-~~~ T777
Diclazepam 2.3 3;5 3 HB: 1ng/mL LC //PP__314 Lormetazepam: 6 ng/mL,
L:34ng/g B lorazepam: 22 ng/mL
Rl b, ur, ge, bile, T TFB:T00ng/mL T T O, e 3-Fluorofenmetrazine:
Delorazepam 21353 3'*3 0 27-year- Poly-drug 3: asngi ef%) 12 CSF, liver, ?)P%g)&%(;ss) LC-MS/MS HB: 250 ng/mL E;g - éi 10 ng/mL, 2-Fluoroanfetamine: Ltehlm (aZ%I} 95)
’ old man intoxication Y kidney, lung o a L:640ng/g - aprox 89 ng/mL, amphetamine: etal.
,,,,,,,,,,,,,,, autopsy . (liver) B [125]
brain, muscle aprox 21 ng/mL
3.59 FB: 28 ng/mL C/P=1 methiopropamine: aprox
Pyrazolam 3.3 * HB: 28 ng/mL L/P=33 2.2 ng/mlL, diphenhydramine
L:92ng/g (urine)

Samples:PB: peripheral blood, FB: femoral blood, IB: iliac blood, SB: subclavian blood, CB: central blood, HB: heart blood, RHB: right heart blood, LHB: left heart blood, AB: aorta
blood, L: liver, ur: urine, vh: vitreous humor, gc: gastric content, SA: serum antemortem, SC: serum cardiac, SF: subcutaneous fat, IS: injection site. Analytical techniques: GC-NPD: gas
chromatography coupled to nitrogen—phosphorus detector, GC-MS: gas chromatography coupled to mass spectrometry; GC-MS/MS: gas chromatography coupled to tandem mass
spectrometry, HPLC-DAD: High performance liquid chromatography-diode-array detector, LC-Q-TOF-MS: liquid chromatography quadrupole-time of flight mass spectrometry, LC-
MS/MS: liquid chromatography—tandem mass spectrometry, LC-LIT-MS: liquid chromatography-linear ion trap mass spectrometry. Extraction methods: LLE: liquid-liquid extraction,
SPE: solid-phase extraction, QUEChERS: quick, easy, cheap, effective, rugged, and safe, PP: protein precipitation. Substances: 2-oxo-PCE: 2-(Ethylamino)-2-phenylcyclohexanone, 3-FPM:
3-Fluorophenmetrazine, 4-MeO-PCP: 4-Methoxyphencyclidine, 5-API (5-IT): 5-(2-Aminopropyl)indole, MPH: methylphenidate. * Values of pKa and logP predicted using ChemDraw
Professional 15.0 © Copyright 1998-2015 Perkin-Elmer Informatics Inc.
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Although piperazines are generally less potent compared to amphetamines, they
exhibit dopaminergic and serotonergic activities. This means they affect neurotransmitters
in the brain, influencing dopamine and serotonin levels. These actions contribute to their
psychoactive effects and potential for abuse.

BZP is a basic drug, pKa value is 9.3, and log P is 1.35 [14]. Other derivatives such
as mCPP, pFPP, p-MPP, p-MeOPP, and TEMPP have the following predicted pKa (8.9, 8.6,
8.65, 8.62, and 8.49) and log P (2.26, 1.86, 2.18, 1.57, and 2.62) values, respectively [49].
mCPP has a Vd of 2.5-2.9 L/kg [14]. The moderate pKa values indicate that these drugs
tend to ionize in physiological pH conditions, which can influence their distribution in the
body. Additionally, their moderate-to-high log P values suggest that they have a propensity
to partition into lipids, affecting their solubility and potential for accumulation in fatty
tissues. The combination of these properties, moderate pKa, log P, and Vd suggests that
these piperazine derivatives may exhibit low-to-moderate tendencies for PMR.

BZP is metabolized primarily by cytochrome P450 enzymes and catechol-O-
methyltransferase (COMT). These enzymes can exhibit genetic polymorphisms, leading to
potential inter-individual differences in metabolism. In both animal and human studies,
the main metabolites of BZP include 4-hydroxy-BZP, 3-hydroxy-BZP, 4-hydroxy-3-methoxy-
BZP, piperazine, benzylamine, and N-benzylethylenediamine. The hydroxy-metabolites
are excreted as glucuronic acid and/or sulfate conjugates in urine [139]. mCPP, on the
other hand, is well characterized as a metabolite of the antidepressant trazodone and
other therapeutics like nefazodone, etoperidone, and mepiprazole. All of them, by N-
dealkylation, give rise to mCPP (see Figure S1 in Supplementary Materials). In rats,
mCPP undergoes metabolism primarily through hydroxylation of the aromatic ring and
to a lesser extent by degradation of the piperazine ring, resulting in metabolites such as
hydroxy-mCPP (two isomers), N-(3-chlorophenyl)ethylenediamine, 3-chloroaniline, and
hydroxy-3-chloroaniline (two isomers) [139]. Similar pathways of metabolism are observed
for other piperazine derivatives [139]. It is important to note that special care is needed re-
garding 2,3-dichlorophenylpiperazine (DCPP), a secondary metabolite of the anti-psychotic
drug aripiprazole, due to its potential implications and interactions in toxicological and
pharmacological contexts (see Figure S2 in Supplementary Materials).

BZP was stable in plasma for 24 h at room temperature, 2 weeks at 4 °C, and 3 months
at —20 °C, but it lost 96% of its original concentrations after 2 weeks at room tempera-
ture [140]. mCPP was stable in plasma for 3 h at room temperature and 21 h at —20 °C
and in urine for 6 months at —20 °C. It was stable in urine for 24 h at room temperature
but lost 29% of its original value after 1 week at that temperature [141,142]. The stability
of eight piperazines in whole blood at —20 °C, 4 °C, and room temperature was studied.
1-Phenylpiperazines were less stable than 1-BZP, MBZP, and FBZP. MBZP was the most
stable piperazine assessed, but it ultimately lost 30% of its analytes over the 12-month
study period [143]. These findings indicate that storage conditions significantly impact the
stability of piperazine derivatives in biological fluids. BZP and MBZP demonstrate better
stability compared to other derivatives like mCPP and 1-phenylpiperazines, especially at
higher temperatures. Proper storage at lower temperatures (—20 °C) generally extends
stability, but prolonged exposure at room temperature can lead to notable degradation,
affecting the accuracy of toxicological analysis in forensic investigations.

e  Postmortem Levels in Fatal Case Reports

Regarding postmortem levels, BZP was implicated in the death of a young man, who
exhibited a postmortem blood level of 1.7 mg/L together with unreported amounts of
MDMA and MDA [144]. In two other fatal cases, postmortem blood levels of 0.5 to 1.0
were found together with unreported amounts of TFMPP [14]. BZP and 3-TEMPP have
been detected and measured in three fatalities, with two cases involving both drugs [145].
BZP was found at concentrations of 0.71, <0.50, and 1.39 mg/L and 3-TFMPP was found at
concentrations of 0.05 and 0.15 mg/L in postmortem blood. To the best of our knowledge
and based on the bibliographic search conducted, there are no data available on C/P ratios;
therefore, interpretation of post-mortem levels of piperazines requires careful consideration.
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3.4. Phenidates

Phenidates are psychostimulant drugs and closely related to methylphenidate (MPH),
a prescribed drug for the treatment of attention deficit hyperactivity disorder (ADHD)
and narcolepsy. Ethylphenidate (EPH) is the main representant of the phenidate-like NPS
family.  Other compounds of this family are 4-fluoroethylphenidate (4F-EPH),
4-fluoromethylphenidate (4F-MPH), 4-methylmethylphenidate (4M-MPH), 3,4-
dichloromethylphenidate, and isopropylphenidate (IIPH), see Figure 9. EPH, often sold
under the street name “nopaine” or “gogaine”, is also produced in vivo as a metabolite
following the co-ingestion of methylphenidate and ethanol [146].

o

R
o 2

Iz

R4

R4 =H, R, = Me, methylphenidate (MPH)

R1 =H, Ry = Et, ethylphenidate (EPH)

R4 =F, R, = Me, 2-/3-/4-fluoromethylphenidate (2-/3-/4F-MPH)

R1 =F, R, = Et, 2-/3-/4-fluoroethylphenidate (2-/3-/4F-EPH)

R1 = Me, R, = Me, 2-/3-/4-methylmethylphenidate (2-/3-/4M-MPH)
R4 = 2xCl, R, = Me, 3,4-dichloromethylphenidate

R4 =H, Ry = isopropyl, isopropylphenidate

Figure 9. Chemical structures of phenidate-type NPS.

Phenidates, such as MPH and EPH, are basic drugs with pKa values of 8.8 and 8.9,
respectively, and log P values of 2.16 and 2.49. MPH has a volume of distribution (Vd)
ranging from 11 to 33 L/kg and a fraction bound (Fb) of 0.15 [14]. Based on their log P
values, these compounds exhibit high lipophilicity, attributed to the presence of cyclic rings,
making them potential candidates for PMR.

MPH and probably related compounds are bio-transformed by hydrolysis of the
ester moiety to ritanilic acid and derivatives, depending on the type of substituent in the
aromatic ring. The hydrolysis of the ester group is expected to generate ritalinic acid as a
primary metabolite in all pathways from Ry, as occurs in MPH and EPH. In addition, minor
pathways involving aromatic hydroxylation, microsomal oxidation, and conjugation have
been reported to form the p-hydroxy, oxo, and conjugated metabolites, such as 6-oxo-ritalic
acid. MPH can undergo transesterification with ethanol to form EPH [146].

MPH and ritanilic acid were stable in fluorinated blood or plasma after 3 months
at —20 °C, but the parent drug lost 64-70% of its original value in fluorinated blood
after 1 week at room temperature [147,148]. EPH was stable in plasma for 4 h at room
temperature [149].

e  Postmortem Levels in Fatal Case Reports and PMR

MPH-related deaths in the literature show postmortem blood MPH levels of 1.1 and
2.8 mg/L [127,150]. Despite its pharmacokinetic parameters and chemical properties, MPH
did not appear to exhibit PMR in one case, with C/P and L/P ratios recorded at 0.9 and
3.3, respectively [127]. Femoral blood concentrations of d-methylphenidate ranged from
5 to 58 ng/mL and of I-methylphenidate from undetectable to 48 ng/mL in 12 postmortem
samples in which methylphenidate was not implicated in the cause of death. In comparison,
blood from 10 living subjects who had no suspected methylphenidate intoxication had
concentration ranges and patterns similar to those of the postmortem cases. Therefore, it
does not appear to be affected by PMR [151].

One case of death due to overdose with EPH has been reported in the literature, with a
postmortem blood concentration of 2180 ng/mL [152]. Median postmortem femoral blood
EPH levels were 280 ng/mL (range, 8-1200) in 10 adults whose deaths were attributed
to polydrug use [153]. With regard to other phenidate-like NPSs, a 25-year-old man
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was found unconscious in bed, with blood toxicology showing 4F-MPH at a level of
17 ng/mL [154]; other findings were heroin metabolites, methamphetamine, and 3-MeO-
PCP. Another publication reports the case of a man who died in police custody. The
antemortem toxicological results show 4F-EPH at a level of 0.36 mg/L together with
alcohol, MDMA, and MDA; the postmortem femoral blood sample shows 4F-EPH at
0.078 mg/L together with MDMA and MDA [155].

Unfortunately, although there are some specific data on the post-mortem levels of
certain types of phenidates, there is practically no published information on the distribution
of phenidate NPSs across different tissues. This makes interpretation of post-mortem
concentrations in cardiac blood difficult.

3.5. Arylcyclohexylamines (Phencyclidines)

Arylcyclohexylamines, like ketamine and phencyclidine (PCP), are well-known drugs
of abuse. The arylcyclohexylamine core has been used in the synthesis of a range of
NPSs. The arylcyclohexylamines most frequently involved in cases of intoxication are ke-
tamine, deschloroketamine (DCK), 2-fluoro-deschloroketamine (2F-DCK), PCP, 3-methoxy-
phencyclidine (3-MeO-PCP), 3-hydroxy-phencyclidine (3-OH-PCP), eticyclidine (PCE), 2-
oxo-eticyclidine (2-oxo-PCE), methoxetamine (MXE), and methoxpropamine (MXPr) [156],
see Figure 10.

R4 =H, Ry = Me, R3 = O, Ry = 2-Cl, Ketamine

R1,R4 = H, R, = Me, R3 = O, Deschloroketamine (DCK)

R1=H, R; =Me, R3 = O, Ry = 2-/3-/4-F, 2-/3-/4-fluoro-deschloroketamine (2-/3-/4-F-DCK)
R1=H, R; = Et, R3 = O, R4 = OMe, Methoxetamine (MXE)

R4 =H, Ry = Pr, R3 = O, R4 = OMe, Methoxpropamine (MXPr)

R1, R3, R4= H, Ry = Et, Eticyclidine

R1,R4 =H, R, = Et, R3 = O, 2-Oxo-eticyclidine (2-oxo-PCE)

R;

S,
R, Ry
R4, Ry, Rz = H, Phencyclidine (PCP)
R1, Ro= H, R3 = OMe, 2-/3-/4-Methoxy-phencyclidine (2-/3-/4-MeO-PCP)
R4, Ro= H, R3 = OH, 2-/3-/4-Hydroxy-phencyclidine (2-/3-/4-OH-PCP)
R4, R3 = H, R, = OMe, 2'-/3'-/4'-Methoxy-phencyclidine (2'-/3'-/4'-MeO-PCP)

Figure 10. Chemical structures of arylcyclohexylamines NPS.

Ketamine is a basic drug with the following chemical properties: pKa =7.5,log P = 2.69,
Vd =3-5 L/kg, and Fb ranging between 0.30 and 0.35 [14]. PCP is also a basic drug with the
following chemical properties: pKa =8.5,1og P =5.31, Vd =5.3-7.5 L/ Kg, and Fb = 0.65 [14].
According to their chemical properties, both drugs and derivatives are prone to PMR.

At the beginning, ketamine was used as racemic mixture, but currently in human
medicine, S-ketamine is preferable due to its higher potency together with faster post-
anesthetic recovery times. Illicit trafficking keeps synthesizing racemic mixtures. Ketamine
and norketamine were stable in blood for 2 h at room temperature or 4 °C, and they were
stable in serum for 2 days at 4 °C and 2.5 months at —20 °C; other studies show stability in
urine for 2 weeks at 4 °C [157].

Regarding PCP stability, in fluorinated whole blood, it lost 17% of its original con-
centration after 1 year and 69% after 5 years when stored at room temperature, but it was
stable for 2 years at —20 °C and for 6 months in urine at 4 °C [158].
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e  Postmortem Levels in Fatal Case Reports and PMR

In a study of 114 ketamine-related deaths, the average postmortem blood concentration
was found to be 2400 ng/mL [14]. For PCP, an average postmortem blood concentration of
4800 ng/mL (ranging from 0.3 to 25) was observed in 17 related deaths [14].

There are 16 recorded fatalities [159,160] where 3-MeO-PCP was found and measured
in postmortem blood, with a median concentration of 145.5 ng/mL (ranging from 1 to
3525 ng/mL). In only one instance (380 ng/mL), 3-MeO-PCP was determined to be the
cause of death. In the other cases, the deaths were attributed to polydrug intoxication. In
another case, a 42-year-old man was discovered dead on his bed at home [161]. Nearby,
several drug tablets (alprazolam, tramadol, loxapine, lorazepam, and quetiapine) were
found, along with three plastic bags of powdered “research chemicals” labeled “2F-DCK,”
“3-MeO-PCE,” and “5-MeO-DMT.” Peripheral blood analysis revealed concentrations of
1780 ng/mL for 2F-DCK, 90 ng/mL for 3-MeO-PCE, and 52 ng/mL for 5-MeO-DMT. MXE
was documented in two fatalities, with a postmortem blood concentration of 8600 and
320 ng/mL [162,163]. In both cases, MXE was found alongside other drugs. Only in the
first case was MXE the cause of death attributed to an accidental acute overdose [162].

Few studies, based on the consulted bibliography, report both heart and femoral
blood concentrations of ketamine. One study found C/P ratios of 3.8 and 2.7 [164]. In
another study that compiled C/P ratios for various drugs, ketamine ratios of 0.8 and 2.3
were reported [4]. Since ketamine can be administered through multiple routes, including
intravenous and intramuscular injections, the differences between heart and femoral blood
concentrations observed in postmortem samples may be due to incomplete distribution.
If the drug is injected into the upper body and death occurs rapidly, the concentration in
the heart blood may be higher than in peripheral samples. PCP also may show PMR, with
average C/P ratios of 1.1 (ranging from 0.5 to 3.3) across 11 cases [17].

With respect to PMR of ketamine and PCP derivatives, there is a scarce amount of
data. 2-Oxo-PCE was detected in a case report [128] where C/P and L/P were 5.7 and 16.3
pointing to a possible PMR. In another case report [129] involving 4-MeO-PCP, the C/P
and L/P ratios were 1.4 and 15, respectively, pointing, as well, to a moderate PMR. This
deduction, which results from single observations, must be taken with caution.

3.6. Lysergamides

After being declared a Schedule I substance, the use of LSD has gradually declined
since the sixties. However, in recent years, there has been a resurgence, with the rise of
LSD-like NPSs, which has created a new horizon to be explored. Designing molecules
closely related to LSD, the most potent hallucinogen known to date, has been increasing
in recent years [165-175]. Reports describe molecules substituted at the indole nitrogen
(position Np) of LSD, e.g., with acyl groups (ALD-52, 1P-LSD, 1B-LSD, 1cP-LSD, and 1V-
LSD), that produce LSD-like effects. Furthermore, in vivo biotransformation to LSD by
Nj-deacetylation of these Ni-acyl-substituted ergoline derivatives has been reported to act
as prodrugs [176] (Figure 11).

LSD is a basic drug with the following chemical properties: pKa = 7.8, log P = 2.70,
Vd =0.28 L/kg, and Fb = 0.90 [14]; the low Vd makes it a poor candidate for PMR. The
instability of lysergic acid diethylamide (LSD) has been documented since the 1970s. The
degradation of LSD was accelerated when exposed to ultraviolet light. However, when
LSD was not exposed to light, it remained stable even at high temperatures. LSD and
N-desmethyl-LSD were stable in blood and serum protected from light for 2 weeks at
4 and —20 °C [177], while in another study, LSD and 2-oxo-3-hydroxy-LSD were stable
in serum for 6 months at —20 °C [178]. LSD undergoes extensive biotransformation via
N-demethylation and hydroxylation. In addition to N-desmethyl-LSD and hydroxy-LSD,
other metabolites are 2-ox0-LSD and 2-oxo-3-hydroxy-LSD, all of them being inactive.
The LSD-like NPS metabolism of 9 LSD derivatives was studied in vitro using pooled
human liver microsomes for reliable analytical detection in biological samples and for
differentiation of the LSD-like compounds [179].
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R4, R, = H, Lysergic acid diethylamide (LSD)

R¢=COCHg;, R, = H, ALD-52

R4 = COCH,CHj3, Ry = H, 1-propanoyl-LSD (1p-LSD)

R4 = CO(CH,),CH3, R, = H,1-butyryl-LSD (1B-LSD)

R4 = CO(CH,)3CH3, R, = H, 1-valeryl-LSD (1V-LSD)

R4 = COcP, Ry = H,1-(cyclopropylmethanoyl)-LSD (1cP-LSD)
R4 =H, R, = Br, 2-Bromo-LSD

Figure 11. Chemical structures of LSD-like NPS.

o  Postmortem Levels in Fatal Case Reports

Given the low concentrations of LSD administered (usual oral doses as the tartrate salt
are 25-250 pug) and its short plasma half-life of 3.6 h [14], LSD blood levels are commonly
very low. A case in which death was directly attributed to LSD presented antemortem
serum and postmortem blood concentrations of 14.4 and 4.8 ng/mL, respectively [180].
Blood LSD levels were 8 and 1250 ng/mL in two other deaths in which LSD and metabolites
were found in routine postmortem toxicology [181]. To the best of our knowledge, there
are no reports of post-mortem blood levels of either LSD-like NPS, and no studies have
been able to establish a C/P ratio for LSD.

3.7. Tryptamines

Tryptamines are psychedelic drugs derived from decarboxylation of the amino acid
tryptophan, which produces the typical indole ring. Because of their structural similarity
to serotonin, they act primarily as agonists at the 5-HT,, receptor, producing profound
changes in sensory perception, mood, and thought in humans. Dimethyltryptamine (DMT)
is a short-acting hallucinogenic that occurs with (3-carbonile alkaloids, like harmine, har-
maline, and tetrahydroharmine (THH), in certain South American plants (Banisteriopsis
caapi and Psychotria viridis) with a long traditional use by Amazonian tribes in an herbal
preparation known as ayahuasca. Other natural tryptamines are psilocybin and psilocin
present in the “Magic mushrooms’ belonging to Psilocybe cubensis species. Psilocybin is rapidly
dephosphorylated after oral ingestion. Due to the acidic environment of the stomach and
enzymatic action from alkaline phosphatase and other esterases in the intestine, kidney,
and possibly blood, psilocybin is dephosphorylated into psilocin. Psilocin, which can easily
cross the blood-brain barrier, is the primary agent responsible for psychoactive effects and
can be seen as a pro-drug. Psilocin is then metabolized by monoamine oxidase (MAO)
and probably aldehyde dehydrogenase (ALDH) to 4-hydroxyindoles-3-acetic acid and
4-hydroxytryptohole. Notably, psilocybin itself has not been detected in biological fluids in
reported cases of poisoning following the ingestion of hallucinogenic mushrooms. [182,183].
The psychoactive substances bufotenine and 5-MeO-DMT are found in the skin secretions
of the desert toad Bufo alvarius and in certain South American plants of genus Anadenanthera
or Bromisum. Mitragynine is an indole alkaloid with a tryptamine-like structure found in the
Kratom plant (Mitragyna speciosa), a tree commonly found in Southeast Asia. Mitragynine
and 7-hydroxymitragynine are considered the primary psychoactive alkaloids. Synthetic
modifications to the indolealkylamine core produce a huge list of novel tryptamine struc-
tures [184-186], see Figure 12.



Psychoactives 2024, 3

560

R o—
N-R4
R4 R, \ N y

N\ N H

N . O0—

H J
/o\/\\(o

Tryptamines Mitragynine

R1, Ry, R3, R4 = H, Tryptamine

R4, Ry = H, R3, Ry = Me, Dimethyltryptamine (DMT)

R4, R3, R4= H, Ry = Me, alpha-Methyltryptamine (AMT)

R4, Ry = H, R3, R4 = Et, Diethyltryptamine (DET)

R1, Ry = H, R3, Ry = 'Pr, Diisopropyltryptamine (DiPT)

R4 = OH, R; = H, R3, R4 = Me, 5-OH-N,N-DMT (Bufotenin)

R4 = OH, Ry = H, R3, R4 = Me, 4-OH-N,N-DMT (Psilocin)

Ry = OH, R, = H, R3, Ry = 'Pr, 5-Hydroxy-N, N-diisopropyltryptamine (5-OH-DiPT)
R; = OMe, R, = HR3, R4 = 'Pr, 5-Methoxy-N, N-diisopropyltryptamine (5-MeO-DiPT)

Figure 12. Chemical structures of tryptamine derivatives.

After death, a significant number of putrefactive indol derivatives are formed [187],
which are partly derived from the autolysis of tissues to their major constituents. Skatole (3-
methylindole) and tryptamine are formed in the intestine by the bacterial decarboxylation
of the amino acid tryptophan. In decayed samples, they can mask or alter the way a
drug is detected, leading even to false-positive results. This depends on the analytical
method used.

DMT, bufotenine, 5-MeO-DMT, harmine, psilocybin, and mitragynine [188] are basic
drugs that have pKa values of 8.7, 9.7, 7.6, 9.3, 8.8, and 7.3, respectively [14]. Log P values
are 1.90, 2.04, 2.38, 8.68, 1.25, and 1.73, showing lipophilicity [189,190]. Vds are available
only for DMT, psilocybin, and mitragynine: 38-53, 2.5-5, and 40-90 L/kg [14]. Only
mitragynine has a Fb value > 0.90 [14]. These compounds are good candidates for post-
mortem redistribution because they are basic compounds with large distribution volumes.

In fluorinated blood, psilocin lost nearly 40% after 1 day at room temperature, 10%
after 3 days at 4 °C, and 80% after 7 days at —20 °C [191]. Re-examination of a DUID case
stored at 4 °C after 26 days saw a 44% reduction in psilocin concentration [192]. Several
publications have found that the degradation of psilocin in urine and serum can however
be minimized by the addition of ascorbic acid at the time of collection [193,194]. Indoles
are electron-rich compounds and therefore easily oxidized.

Stability studies of mitragynine [195] revealed that its stability is significantly affected
by pH and temperature. These compounds are particularly sensitive to acidic conditions,
especially in alkaline environments, where mitragynine hydrolyzes the methyl ester, lead-
ing to the formation of 16-carboxymitragynine. Of the alkaloids studied, 7-OH-mitragynine
was identified as the most unstable. In another study [196], mitragynine remained stable in
plasma for 2 days at room temperature and for 1 month at —20 °C. In urine, it was stable
for 5 days at room temperature, as well as at 4 °C or —20 °C [197]. No data have been
reported for other tryptamine derivatives, at least in the literature revised.

e Postmortem Levels in Fatal Case Reports and PMR

Hallucinogens, in general, are powerful drugs capable of producing altered states of
consciousness in doses considered organically harmless. Few studies have been reported
on PMR (See Table 2). Nevertheless, synthetic tryptamines have been associated with fatal
cases in recent years. A 25-year-old white male was found dead after consuming herbal
extracts containing 3-carbolines and hallucinogenic tryptamines [198]; the C/P ratios for
DMT, 5-MeO-DMT, tetrahydroharmine (THH), harmine, and harmaline were 2, 1.6, 1.6,
2.1, and 1.7, respectively. To differentiate fatal intoxications associated with ayahuasca
from those involving synthetic DMT, various alkaloids in these herbal preparations—such
as harmine, harmaline, and tetrahydroharmine (THH)—can be monitored. Additionally,
metabolic biomarkers from phase I metabolism, including harmol, harmalol, and tetrahy-



Psychoactives 2024, 3

561

droharmalol, as well as their elimination in glucuronide form during phase II metabolism,
can also be assessed [188].

Dipropyltryptamine (DPT) was recently found in a case report of a 20-year-old man
who sniffed an unknown amount of DPT; toxicological findings revealed DPT levels of
210, 110, and 180 ng/mL in antemortem serum, postmortem heart blood, and urine,
respectively [199]. N,N-diisopropyltryptamine (5-MeO-DIPT, “foxy”) has been found
in a fatal overdose during a chemsex session [200]. The level of 5-MeO-DIPT and its
two metabolites, 5-hydroxy-N,N-diisopropyltryptamine (5-OH-DIPT) and 5-methoxy-N-
isopropyltryptamine (5-MeO-NIPT), in blood were 412, 327, and 20 ng/mL, respectively.
Those concentrations are higher than those published in other cases of 5-MeO-DIPT intoxi-
cations [201,202]. The literature reports a case involving a female who died after jumping
from a second-floor height following the consumption of hallucinogenic mushrooms. Post-
mortem analysis detected and quantified psilocin in femoral and cardiac blood, resulting
in a C/P ratio of 1.1 [203].

Alpha-methyltryptamine (AMT) has also been linked to a fatal case involving a young
student, where toxicological analysis found concentrations of 2.0 mg/L in iliac blood
and 24.7 mg/kg in liver tissue [204]. A related compound, alpha-ethyltryptamine (AET),
was detected in another fatal case [205]. Toxicological findings revealed AET levels of
1100 ng/mL in blood (without indicating the source) and 3300 ng/g in the liver.

5-(2-Aminopropyl)indole (5-API or 5-IT) has been associated with four deaths, with
an average C/P ratio of 1.9, ranging from 1.3 to 2.9, raising the possibility of postmortem
redistribution [130]. Although 5-IT is a positional isomer of AMT, it is not a tryptamine
because its indole ring is substituted at the 5 position instead of the 3 position. It is included
here due to its structural similarities. In another case [131], N,N-Dipropyltryptamine (DPT)
was identified in a fatal case involving a young man who died after snorting a white
powder purchased from the dark web. Postmortem analysis of femoral and cardiac blood
revealed a C/P ratio of 1.1.

Finally, regarding mitragynine, post-mortem blood concentrations ranged from 20 to
180 ng/mL in 9 deaths where mitragynine was detected [206]. In another case, a 17-year-
old man was found unresponsive in bed with a bag labeled “Bali Kraton”. Post-mortem
blood analysis revealed a mitragynine level of 0.60 mg/L [207]. In another case report,
a middle-aged man was found dead at home. At autopsy, mitragynine (1.06 mg/L) and
7-hydroxymitragynine (0.15 mg/L) were found in his blood, and both substances were also
found in his urine [208]. As previously described, mitragynine may exhibit PMR according
to its chemical properties, but in a case report [132], the central C/P ratio was 0.83, and
the L/P ratio was 1.9. These ratios suggest no potential PMR for mitragynine. In another
study [209], mitragynine’s C/P ratios ranged from 0.04 to 1.26, with a mean and median of
0.75 and 0.79, respectively. In contrast, in another death [133], the C/P ratio was 2.3, with a
post-mortem interval of 50 h, suggesting PMR.

The data suggest that DMT, 5-MeO-DMT, 5-AP]I, and 5-IT show signs of PMR, while
DPT has a C/P ratio close to 1, and results for mitragynine remain inconclusive. It is likely
that tryptamines may exhibit some form of PMR, but further studies are needed to confirm
that, and special care must be taken when interpreting postmortem levels.

3.8. Designer Benzodiazepines

In this study, ‘designer benzodiazepines (BZDs)’ refer to NPSs that feature a benzo-
diazepine core and are not regulated by the international drug control system. We also
include three benzodiazepines—phenazepam, etizolam, and flutazolam—which were
previously classified as NPSs but have recently come under international regulation. Etizo-
lam was initially developed and clinically used in Japan and is now licensed in India and
Italy; phenazepam originated in the Soviet Union and remains authorized in Russia and
neighboring countries; flutazolam was developed primarily for use in Japan. While these
drugs are not technically classified as designer BZs, they are monitored by the EUDA and
are often categorized with them.
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BZDs are widely prescribed for neurological and psychiatric disorders. They are
also frequently abused. Discovered in the mid-1950s, BZDs have been developed as
pharmacotherapies for anxiety, panic attacks, sleep disorders, and epilepsy. They have also
been used as myorelaxants during surgical and orthopedic procedures. A large number
of new synthetic compounds, mainly 1,4-benzodiazepines, triazolobenzodiazepines, and
thienotriazolodiazepines, known as designer BZDs, have been produced by making small
changes to the BZD nucleus at different positions, see Figure 13.
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Figure 13. Chemical structures of the primary groups of designer benzodiazepines.

BZDs derivatives are amphoteric compounds. Thus, they show a weak basic property,
due to the nitrogen heteroatom in the 4th position in the molecule, and a weak acidic
property, due to the lactam bond in 1,4-benzodiazepinas and oxazolobenzodiazepines. On
the other hand, most of the ‘classic’ and designer BZDs have comparatively high values for
log P and are extensively bound to plasma proteins (80-98%) [210]. Most benzodiazepines
have a moderate volume of distribution between 0.2 and 3 L/kg, but some, such as
flunitrazepam, loprazolam, lormetazepam, quazepam, and tetrazepam, have much larger
volumes, between 3 and 9 L/kg. Prazepam has the largest Vd, ranging between 12 and
14 L/kg [14]. Their amphoteric nature makes them poor candidates for PMR, although
some of them have a large volume of distribution, as has been described.

Previously published C/P blood ratios support this asseveration [1,4,16,17,211]. In
another study, the average autopsy/mortuary admission ratios (PM/AM) for the BZDs
group were 0.76 to 1.26 and suggest minor changes in this PM period [1,212]. Although
benzodiazepines are generally considered to exhibit limited PMR, there are some ex-
ceptions, such as alprazolam with C/P ratios averaging 1.5 (range: 1.0-2.8) in 4 fatal
cases [4]; bromazepam, whose C/P ratios averaged 1.5 (range 0.8-4.2) in a series of 6 fatali-
ties and 1.91 (1.49-2.33) in two fatalities [1]; and midazolam, whose C/P ratios averaged
3.3 (range, 0.2-10.5) in another series of 9 deaths [213]. A recent study of 179 benzodiazepine-
positive cases examined differences in the C/P ratios of BZDs (diazepam, nordazepam,
temazepam, oxazepam, midazolam, and «-hydroxymidazolam) between subgroups of
13 potentially significant variables and showed that the C/P ratios of midazolam and «-
hydroxymidazolam were close to 2 in all subgroups studied, suggesting possible PMR [16].
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Most BZDs are stable under refrigeration conditions, and some are even stable at
room temperature. Stability over 8 months at 4 and —20 °C was evaluated in a compre-
hensive study of 23 benzodiazepines and metabolites in antemortem (blood and urine)
and postmortem (blood, brain, liver, and stomach contents) matrices [214]. Concentrations
decreased over time and storage conditions had little effect on the decrease for most of
the drugs studied, regardless of the initial enriched concentration. Urine was found to be
the most stable matrix. Only phenazepam, 7-aminoclonazepam, 7-aminoflunitrazepam,
and 2-hydroxyethylflurazepam decreased by more than 20% over the 8-month period in
both storage conditions. The nitrobenzodiazepines, like clonazepam, flunitrazepam, and
nitrazepam, are well known for being converted to their corresponding 7-aminometabolites
in postmortem specimens, a process accelerated by enteric bacteria like Streptococcus fae-
calis and Clostridium perfringens [215,216]. With flunitrazepam being the most unstable,
complete or almost complete conversion of the parent drugs has been reported. As a
result, these three nitrobenzodiazepines are primarily identified in post-mortem cases as
the inactive 7-aminometabolites of their parent drugs. The median PM/AM ratios of the
nitrobenzodiazepines, clonazepam and nitrazepam (0.35 and 0.14), are consistent with their
instability [211]. In the five cases where both nitrazepam and 7-aminonitrazepam were
detected, the median PM/AM ratio of the total concentration was 1.0 (range: 0.60-2.1),
confirming previous studies and concluding that nitrobenzodiazepines do not show a
significant PMR in femoral blood. Clonazolam, like other classic nitrobenzodiazepines,
undergoes microbial degradation, so it is always recommended to look for its metbolite,
8-aminoclonazolam, in postmortem blood [217]. Two studies [218,219] have been car-
ried out investigating the stability of designer benzodiazepines (pyrazolam, diclazepam,
flubromazepam, meclonazepam, phenazepam, etizolam, nifoxipam, deschloroetizolam,
clonazolam, flubromazolam, and flutazolam) but only in urine for 1 month and 7 months.
These studies showed that flubromazepam, clonazolam, nifoxipam, and meclonazepam
(the latter three are nitrobenzodiazepines) were unstable in urine (at ambient temperature
and at 4 °C). Meclonazepam was only detected at 8% of its original concentration after
4 weeks at 4 °C and —20 °C after 4 weeks.

e Postmortem Levels of Designer Benzodiazepines in Fatal Case Reports and PMR

Regarding PMR studies on designer benzodiazepines, the existing literature is scarce
(see Table 2). There are several papers reporting on the post-mortem levels of designer ben-
zodiazepines, but there are few studies on the PMR phenomenon. The quantitative results
of 29 post-mortem cases in which phenazepam was detected are reported in one study [134].
C/P ratios averaged 1.3 (range, 0.5-2.7) and L/P ratios averaged 8.8 (range 2.2-16.8). Flu-
alprazolam was detected in a series of postmortem cases, the median concentration was
8.2 ng/mlL, and the range of blood concentrations was 2.0-620 ng/mL [220]. In another
study, flualprazolam was detected in 8 postmortem cases, and the range of blood concentra-
tions was 2.83-35.1 ng/mL [221]. A case report on the tissue distribution of flualprazolam
has been documented in the literature [135]. Flualprazolam was detected in antemortem
serum (37 ng/mL), postmortem cardiac serum (25.4 ng/mL), and postmortem femoral
blood (21.9 ng/mL). The lower concentration in peripheral blood compared to cardiac
serum suggests a blood-to-serum ratio of approximately 0.86, which is comparable to that
of diazepam (0.71). The similar levels in the clinical serum sample and postmortem cardiac
serum indicate no significant postmortem redistribution. Flubromazolam was present in
5 autopsy cases in unpreserved post-mortem femoral blood, and the concentrations ranged
from 1 to 70 ng/mL. None of the cases were directly attributed to flubromazolam toxicity
alone [222]. Diclazepam, delorazepam, lormetazepam, lorazepam, and pyrazolam C/P
ratios were 1.0, 2.5, 0.7, 1.0, and 1.0, respectively, in a case report [125]. Etizolam detected
in postmortem femoral blood was 8.5 ng/mL (range 1.0-172.0 ng/mL) in 24 cases [223]. In
another reported case, where a male died after consuming adulterated XANAX® tablets,
postmortem concentrations of etizolam in femoral and cardiac blood resulted in a C/P ratio
of 3.7 [136]. In another set of postmortem cases, etizolam was detected and quantified in
four instances, with C/P ratios varying from <0.5 to 3.4. The highest C/P ratio occurred in a
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case with a one-week postmortem interval [137]. Flubromazolam was also identified in one
of these cases, showing a C/P ratio of 1.4. Additionally, etizolam was detected in two other
postmortem cases, with C/P ratios of 1.6 and 1.9 [138]. Bromazolam was detected in 41 post-
mortem cases, the median bromazolam concentration observed was 1.6, ranging from 0.5 to
319.3 ng/mL, and the majority of cases co-occurred with fentanyl [224]. Desalkylgidazepam
(bromonordiazepam) is the latest designer benzodiazepine to appear in postmortem blood
samples. In a study report performed on 63 cases [225], the average desalkylgidazepam
concentration was 42.2 ng/mL, ranging from 3.7 to 220.6 ng/mL. Desalkylgidazepam
(bromonordiazepam) is the latest designer benzodiazepine to appear in postmortem blood
samples [226]. The Vd of desalkygidazepam is, on average, 4.27 L/kg [225], which is rela-
tively high compared to other benzodiazepines, indicating that desalkygidazepam is likely
to show PMR.

While the results are still preliminary, it appears that designer benzodiazepines, like
their traditional counterparts, have a low tendency for PMR.

3.9. Synthethic Opioids

Synthetic opioids such as fentanyl, methadone, and tramadol have different chemical
structures from classical opioids such as morphine, oxycodone, hydrocodone, oxymor-
phone, hydromorphone, dihydrocodeine, and buprenorphine. Some of these compounds,
including methadone and buprenorphine, were originally developed as treatments for
heroin addiction but have since been increasingly used and trafficked in the illicit drug
market. Fentanyl, for example, is a piperidine derivative with a phenylethyl group, fea-
turing different moieties at the 4-piperidinyl position, along with a propionyl group and
a benzene ring, see Figure 14. Various fentanyl derivatives exhibit substitutions in the
propionyl moiety (such as butyrfentanyl and acetylfentanyl), phenethyl moiety (like alpha-
methylfentanyl), N-phenyl ring (including 4-fluorofentanyl and 4-methoxy-butyryl fen-
tanyl), and the piperidine ring (such as carfentanil and 3-methylfentanyl).
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Figure 14. The chemical structure of classical opioid and fentanyl compared to unrelated new
synthetic opioids.

3,4-Dichloro-N-((1-(dimethylamino)cyclohexyl)-methylbenzamide (AH-7921), an opi-
oid developed by Allen & Hanburys Ltd. in 1975, later appeared on online markets as
a research chemical labeled “not for human consumption”. Shortly thereafter, a related
compound, U-47700, a structural isomer of AH-7921, emerged. Developed by Upjohn in
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1978, trans-3,4-dichloro-N-(2-(dimethylamino) cyclohexyl)-N-methylbenzamide (U-47700)
shares a 3,4-dichlorobenzamide core in common with AH-7921. In contrast, 1-cyclohexyl-4-
(1,2-diphenylethyl)piperazine (MT-45), a diarylethylamine derivative with synthetic opioid
properties, was also developed in the 1970s.

Opioids are basic drugs with a pKa range between 7.5 and 10.9. Their log P values
vary widely, from 0.8 to 5. Traditional opioids like morphine and its derivatives have
the lowest log P values, while fentanyl and its analogs range from 1.5 (remifentanil) to
5.3 (MT-45) [49,189,227]. This suggests rapid diffusion throughout the body, allowing them
to quickly cross the blood-brain barrier. Their lipophilicity and basic nature indicate a
potential tendency for PMR.

The Vd and protein binding (Fb) are only known for some fentanyl derivatives with
clinical applications, like fentanyl, remifentanyl, sufentanyl, and alfentanyl. Fentanyl and
sufentanil have the highest Vd (1.5-8 L/kg), while the Fb values range from 0.6 to 0.9 for
the four compounds [14].

The stability of fentanyl analogs has been studied in various matrices [228]. In one
study, 13 fentanyl analogs were examined [229]. All of them (except acrylfentanyl) were
stable in blood for 9 months under room and refrigerated temperatures. Acrylfentanyl was
unstable after 24 h under elevated (70% loss) and room temperatures (53-60% loss), 48-72 h
when refrigerated (28-40% loss), and 4 weeks when frozen (22% loss). Analyte degradation
was observed in frozen samples after four freeze/thaw cycles; so, it is recommended to limit
freeze/thaw cycles to maintain drug integrity [230]. This study shows that remifentanyl,
although stable at —20 °C, was unstable when stored at 4 °C, losing 50% of analytes after
1 day. Regarding urine, 13 fentanyl analogs [231] were stable in urine stored at —20 °C or
below for at least 2 months. However, remifentanyl decreased in urine by approximately
90% within 1 week at room temperature and by more than 50% in samples stored for 1 week
at 4 °C; so, it is recommended to analyze the primary metabolite, remifentanyl acid. In
a recent study [232], the influence of pH and temperature was studied in the stability of
17 fentanyl analogs, and the degradation products were studied as possible biomarkers.
While all the fentanyl analogs studied were stable under acidic conditions, pH = 6, or lower,
remifentanyl was the most unstable even in acidic conditions. N-dealkylated fentanyl
analogs were the most stable. N-dealkylation followed closely by oxidation of the piperi-
dine nitrogen and f3-elimination were the main degradation pathways observed. More
specifically, ester and amide hydrolysis (acetylfentanyl and 3-methylfentanyl), demethyla-
tion of the propenamide moiety (fentanyl), and O-demethylation (sulfentanil and alfentanil)
were observed for the mentioned compounds.

o  Postmortem Levels in Fatal Case Reports

The concentrations determined in postmortem specimens varied depending on the
type of synthetic opioid detected. Additionally, many of these compounds, including mor-
phine, can create a significant tolerance, meaning that higher doses are needed to achieve the
same effect. If use is temporarily stopped, resuming it can lead to an overdose. Derivatives
with potencies relative to morphine of more than 170 showed concentrations in femoral
blood in the low ng/mL or pg/mL range, while those derivatives with potencies similar
to morphine showed concentrations of hundreds and even thousands of ng/mL [233]. In
207 fentanyl-related deaths, the median postmortem blood concentration of fentanyl was
11 ng/mL, with a range of 1 to 60 ng/mL [233]. In several cases, 3-methylfentanyl was
identified as the cause of death, with postmortem blood concentrations ranging from 0.4
to 2.6 ng/mL [234,235]. Acetyl fentanyl had a median postmortem blood concentration of
12 ng/mL in 52 reported cases, with levels ranging from 0.31 to 600 ng/mL in peripheral
blood [159]. Acrylfentanyl showed a median postmortem femoral blood concentration of
0.24 ng/mL, with values ranging from 0.01 to 21 ng/mL in 45 reported cases [159].

In 15 fatalities involving AH-7921, the median postmortem femoral blood concentra-
tion was 430 ng/mL, with values ranging from 50 to 9100 ng/mL [159]. Butyrfentanyl had a
median postmortem femoral concentration of 15.9 ng/mL, with a range of 0.33 to 99 ng/mL
across 6 deaths [159,233]. Carfentanyl showed a median postmortem femoral concentration
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of 0.24 ng/mlL, ranging from 0.01 to 3.3 ng/mL in 75 deaths [159]. In 24 deaths related to
cyclopropylfentanyl [159], the median postmortem femoral concentration was 8.4 ng/mL,
with a range of 0.1 to 43.3 ng/mL [159]. p-Fluoroisobutyrylfentanyl (FIBF) had a median
postmortem peripheral blood concentration of 22 ng/mlL, ranging from 7.5 to 18 ng/mL
across 4 cases [159].

The median postmortem femoral blood concentration of furanylfentanyl in 13 fa-
talities was 2.7 ng/mL, with concentrations ranging from 0.4 to 42.9 ng/mL [233]. For
methoxyacetylfentanyl, the median postmortem femoral concentration in 15 fatalities was
15.6 ng/mL, with a range of 0.21 to 56 ng/mL [159]. In 31 cases involving the synthetic
opioid MT-45, the median postmortem peripheral blood level was 380 ng/mL, ranging
from 6 to 2900 ng/mL [159,236]. Ocfentanil had a median postmortem peripheral blood
concentration of 9.1 ng/mlL, with a range of 3.7 to 15.3 ng/mL across 5 cases [159]. U-47700
had a median postmortem femoral blood concentration of 252 ng/ mL, ranging from 7.8 to
1520 ng/mL in 20 cases [159].

In recent studies [159,237-241] examining fentanyl-related substances in postmortem
samples, fentanyl was detected in 1264 cases, with a median peripheral blood concentration
of 11 ng/mlL, ranging from 1 to 1646 ng/mL. Acetyl fentanyl was identified in 70 cases,
showing a median concentration of 5.5 ng/mL (range 1-83 ng/mL). B-Hydroxy thiofentanyl
was reported in 6 cases, with a median concentration of 17 ng/mL (range 1.6-97 ng/mL).
Carfentanyl appeared in 121 cases, with a median concentration of 0.43 ng/mL (range
0.16-8.5 ng/mL). Cyclopropyl fentanyl was present in 104 cases, with a median concentra-
tion of 19 ng/ mL (range 2-919 ng/mL). Furanylfentanyl was detected in 23 cases, with
a median concentration of 3.2 ng/mL (range 1.2-59 ng/mL). Methoxyacetylfentanyl was
found in 37 cases, with a median concentration of 0.32 ng/mL (range 0.12-232 ng/mL).
Finally, p-fluoro isobutyryl fentanyl was identified in 17 cases, with a median concentration
of 35 ng/mL (range 1-203 ng/mL). These results are similar to the studies reported in
previous years.

Opioid tolerance plays a significant role in assessing possible causes of death, which is
why “post-mortem levels” are discussed rather than “lethal concentrations”; levels may
overlap depending on whether or not the individual was habituated to opioids. In most of
the reported cases, including those displayed in Table 3, synthetic opioids were found in
combination with other substances, particularly central nervous system (CNS) depressants
like benzodiazepines, antidepressants, antipsychotics, antihistaminic drugs, ethanol, and
other opioids. Such combinations can lead to pharmacodynamic interactions, raising the
risk of respiratory depression. Mono-intoxication by a specific synthetic opioid is discussed
only in certain cases where no other compounds are found in the toxicological results or
pathological findings to account for the cause of death.

Published data indicate that acrylfentanyl, carfentanyl, and furanylfentanyl have
the lowest median postmortem peripheral blood concentrations. Acrylfentanyl’s low
levels may result from its instability in blood. Carfentanyl, which is 10,000 times more
potent than morphine [242], likely requires much smaller doses to produce similar effects
as other fentanyl analogs, explaining the lower concentrations detected. In the case of
furanylfentanyl, its low levels are likely due to its frequent co-occurrence with other opioids
and substances of abuse in fatal cases, rather than being present alone.

e Tissue Distribution and PMR

As can be seen in displayed data in Table 3, studies on fentanyl have reported C/P
ratios ranging from 0.7 to 4.6 (mean: 1.6) in 13 deaths and from 0.5 to 11.0 (mean: 2.7) in
80 deaths. The L/P ratio varied from 1.4 to 539.4 (mean: 6.6) in 75 deaths [14,159,231]. For 3-
methylfentanyl, a C/P ratio of 1.5 was observed in only one case report involving a 31-year-
old woman [235]. Acetylfentanyl exhibited C/P ratios ranging from 0.3 to 4.5 (mean: 1.6) in
14 deaths and L/P ratios ranging from 2.1 to 20 (mean: 6.2) in 12 deaths [65,235,243-249].
Butyrfentanyl showed C/P ratios ranging from 0.4 to 2.5 (mean: 1.7) in four reported
cases [244,248,249]. In one study [249], blood samples were collected at two time points:
the first 9 h after death, upon admission to the morgue, and the second during the autopsy,
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28 h after death. Comparing the two time points (t1 and t2) revealed an increase in
butyrfentanyl concentration of 120% in femoral blood and 55% in heart blood, while lung
concentrations decreased by 30% over the 19 h period. 4-Fluorobutyryl-fentanyl had L/P
ratios of 1.2 and 9.9 in two case reports [250]. Carfentanyl had C/P ratios of 5.3 and 2.1 in
two reported cases [235,251]. In one case where cyclopropylfentanyl was involved together
with methoxyacetylfentanyl and p-fluoroisobutyrylfentanyl, the C/P ratio was 1.5 [252].
Fluorofentanyl exhibited C/P ratios of 1.0 and 1.3 in two reported cases [64]. Lastly, p-
fluoroisobutyryl fentanyl had C/P ratios of 1.1 and 4.0 in two reported cases, while the L/P
ratios ranged from 7.9 to 21.3 (mean: 13.9) in five cases [253,254].

Furanylfentanyl C/P ratios ranged from 1.8 to 4.4 (mean: 2.5) across four
cases [235,252,255,256]. Methoxyacetylfentanyl C/P ratios were 5.0 and 1.7 in two reported
cases, with the latter involving a postmortem interval of 2-5 days [252,257]. Octfentanil
C/P ratios ranged from 1.0 to 1.5 (mean: 1.2) in three reported deaths [258-260]. For
p-fluorofuranylfentanyl, C/P ratios varied from 0.5 to 30 (mean: 4.5) in 19 deaths [261]. U-
47700 showed C/P ratios ranging from 0.65 to 2.6 (mean: 1.6) in five reported
deaths [251,257,262-264]. In another set of 26 U-47700-related fatalities, C/P ratios ranged
from 0.6 to 7.3 (mean: 1.9), while L/P ratios varied between 1.1 and 15.8 (mean: 4.9) [265].
The PMR results for these substances are consistent with previous findings for fentanyl.
AH-7921 had C/P ratios of 0.4 and 1.1 in two cases [266,267], while MT-45 showed a C/P
ratio of 0.5 in only one reported case [267].

Only a few derivatives, such as acetylfentanyl, p-fluorofuranylfentanyl, and U-47700,
have enough cases to suggest a potential PMR. For the remaining compounds, the lim-
ited data (14 cases per analyte) prevent definitive conclusions on PMR. However, for
the remaining revised compounds, individual findings indicate that they may also be
affected by PMR, as most showed a C/P ratio greater than 1 and tended to accumulate
in the liver. The exceptions are methoxyacetylfentanyl [257] and possibly AH-7921 [266],
which exhibited L/P ratios less than 1. Further studies are necessary to confirm these
preliminary observations.

3.10. Nitazenes

Nitazenes are a type of benzimidazole opioids that emerged on the illicit drug market
to meet the demand for cheaper alternatives to heroin, following the schedule of fentalogues.
Nitazenes are synthetic analogs of etonitazene, a p-opioid receptor agonist discovered
in 1956 by the pharmaceutical company CIBA Aktiengesellschaft in Basel, Switzerland.
The chemical structure of nitazenes includes a benzimidazole core with an N-ethylamine
side chain at position 1 and a phenylalkyl chain at position 2, see Figure 15. Despite
their structural differences from traditional opioids and fentanyl analogs, nitazenes have
demonstrated strong affinity for the p-opioid receptor, with many being more potent than
fentanyl. The most relevant are metonitazene, isotonitazene, protonitazene, N-pyrrolidino
etonitazene, etodesnitazene, N-pyrrolidino protonitazene, N-pyrrolidino metonitazene,
and butonitazene.

Rs R, Rs
R1,R, =Et, R3=OEt, Etonitazene R3=0Et, N-Pyrrolidino etonitazene R4,R; =Et, R3=OMe, Metodesnitazene
R1.R, =Et, R3=OMe, Metonitazene R3=0OMe, N-Pyrrolidino metonitazene R4,R; =Et, R3=OEt, Etodesnitazene
Ry.R, =Et, R;=O'Pr, Isotonitazene R3=0Pr, N-Pyrrolidino protonitazene

R1,R, =Et, R3=OPr, Protonitazene
R1,R2 =Et, R3=OBu, Butonitazene
R1,R, =Et, R3=F, Flunitazene
R1,Rz =Et, R3=Cl, Clonitazene

Figure 15. The chemical structure of the main nitazenes.
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Table 3. Summary of the results found in the papers included in this review that investigated the distribution of NPS from fatal cases in relation to synthetic opioids,
nitazenes, and synthetic cannabinoids.

P Age and Samples Extraction Analytical C/P or L/P . . . 2o [P
Classification NPS pKa logP Sex Cause of Death PMI Collected Method Technique Results Ratios Other Toxicological Findings Classification
Acute intoxication Naloxone,cotinine,
doephedrine: 620 ng/mL, .
3-methyl- 31-year-old by LC- FB: 1.7 ng/mL _ pseu . Sofalvi S. et al.
fentanyl 9.08 43 woman 3-methylfentanyl, Unknown b, vh SPE MS/MS HB: 2.6 ng/mL C/P=15 norpse‘udoeph.edrme. 22 ng/mL (2017) [235]
Y A Y & diazepam: <20 ng/mL
ident zepam: 8 ¢
acel nordiazepam: <20 ng/mL
oo~~~ -~ - -~~~ 7777 Aatepoisoning ~ -~~~ ~~~~~ -~~~ -~~~ -~~~ --ooo oo oo oo Mohovopvue T T 7
Acetyl- approx. 30 by "bath GC-MS:LC-  FB: 153 ng/mL T aminannsopem Yonemitsu K.
P 9.0 3.5 pprox. 54, salts”containing Unknown b, ur, gc QuEChERS ;. . & C/P=15 . pam, et al. (2016)
entanyl male MS/MS(Q)  HB:239ng/mL phenobarbital, methylphenidate,
acetylfentany and chlorpromazine and risperidone (6]
4-methoxy-PV8 P P
777777777777777777777777777777777777777777777777777777777777777777777777 Fentanyl: 35ng/mL — — ~ ~ = 7 7 7 7 7
. Norfentanyl: 0.53 ng/mL .
Acetyl, 90 35 Odyearold Unknown Unknown b, vh SPE Mé/cl\_/IS FB: 2218/ r/“L C/P=33 THC: 5.9 ng/mL ngfgi;l)s[.igg?l.
entany man ) 11-OH-THC: 1.1 ng/mL :
THC-COOH: 42 ng/mL
7777777777777777777777 Acetylfentanyl” ~ = ~12h+25h™ ~ ~ " -~~~ "~~~ " 7" " 7 "PB20ng/mL ~ "~ o~~~ " 7 7 7 77 7 McdntyreIM ~
fArfftKl'l 9.0 35 24'5;513;'0” intoxication, after he was b'li"h'r‘“ LLE GC-MS HB: 250 ng/mL LC//PP_‘OO(')%i etal. (2015)
entany a accident found (autopsy) ver L:1ng/g - [243]
S -7 "="""""7"7"4AAwte - - -~ -~ -~ -~ -~ -~~~ -~ -/ - - - - -/ -7 -7 -7 -7 ----"---~ - - - - - - - - - - - - - 77777
butyr-fentanyl, ~3h+~18h PB: 38 ng/mL _ Butyrfentanyl: 58 ng/mL, McIntyre LM.
Synthethic fArfte tr}:l_l 9.0 3.5 44-}:1‘32_01(1 acetyl fentanyl, after he was b, ur, liver, LLE GC-MS HB: 32 ng/mL CL//I;.,__OZS; benzoylecgonine: 0.08 mg/L, etal. (2016)
Opioids entany a and cocaine found (autopsy) L:110ng/g T levamisole:positive [244]
intoxication
7777777777777777777777777777777777777777777777777777777777777777777777 Acetylnorfentanyl: 2ng/mL,” ~ = =~ T~ 7~
C hine (free): 30 ng/mL,
Intoxication by morpi
. . PB: 9 ng/mL _ morphine (total): 60 ng/mL,
9.0 35 46-year-old heroin, fentanyl, Unknown b, vh, ur, bile LLE GC-MS HB: 26 ng/mL C/P=29 6-acetylmorphine: positive,
man acetyl fentanyl, liver, brain L: 180 L/P=20 ; .
. : ng/g fentanyl: 21 ng/mL, norfentanyl:
and cocaine .
3 ng/mL, cocaine: 70 ng/mL,
benzoylecgonine: 970 ng/mL
oo -~~~ -~ 7777 Infoxicationby- -~~~ ~~~ "~~~ ~"~~"~"~"~"~~"~"~~"“~"~"~“~"“=~"=~" =~~~ ., .~~~ o~ o~ oo o oo oo
_year- i i PB: 12 ng/mL = Poklis J. et al.
9.0 35 39-year-old heroin, fentanyl, Unknown b, vh, ur, bile LLE GC-MS HB: 6 ng/mL C/P=05 Fentanyl, norfentanyl, 6-MAM (201 5)][24 5]
man and acetyl liver, brain L: 29 L/P=24
fAcetyl—1 fentanyl :29ng/g Pearson J.
enfanyl - - - - —-—-----~------"~-“-" """ -~~~ - m T T T T T T T T T T T T T T - acetylnorfentanyl: Tag/mL, ~ ~ et a[lé 4(25)16)
L . : 46
41-year-old ﬁ?ﬁﬁﬁ“?ﬁﬁﬁf yl b, vh, ur, bile PB: 6 ng/mlL C/P=03 ;13: p}ﬁ?;: ((tfétezfl)) izz%?lg//ﬂlf
9.0 35 y ' Y Unknown , VL UL O LLE GC-MS HB: 2 ng/mL : P : <2UNg/ ML,
man acetyl fentanyl, liver, brain L:36ng/ L/P=6 6-acetylmorphine:positive,
and alprazolam ’ 8/8 alprazolam: 30 ng/mL, fentanyl:
19 ng/mL, norfentanyl: 8 ng/mL
S T T T T T T e T Acetylnorfentanyl: 63 ng/mL, ~
Intoxication by . PB: 310 ng/mL _ .
9.0 35 55-year-old acetyl fentanyl Unknown b'.Vh’ ur, b}le LLE GC-MS HB: 700 ng/mL C/P=22 oxycodone: 80 n.g/mL,
man liver, brain . L/P=22 oxymorphone (total): 20 ng/mL,
and oxycodone L:690ng/g

alprazolam: <20 ng/mL
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Table 3. Cont.

Age and Samples Extraction Analytical C/P or L/P

Classification NPS pKa logP Sex Cause of Death PMI Collected Method Technique Results Ratios Other Toxicological Findings Classification
N Intoxication by . PB: 400 ng/mL _ Acetylnorfentanyl: 3 ng/mL,
9.0 35 26‘/3]08;2;:1(1 acetyl fentanyl Unknown llij",;]rh’bl;;l; LLE GC-MS HB: 400 ng/mL E ; ﬁ - ig morphine (free): 30 ng/mL,
and morphine ¢ L:1800ng/g - morphine (total): 70 ng/mL Poklis J. et al.
T T T T T T 7 7 Infoxicationby” T T T T T T T T T - T T ST T T T T T T T T T PB:560ng/mL" ~ "~ T T o o (2015) [245]
fACte tyl-l 9.0 35 30-year-old acetyl fentanyl Unknown bl’.Vh’ f’ bile LLE GC-MS HB: 980 ng/mL %;g :; 17 Acetlylnorfle nta.nz}él. 2 ;1g/LmL, Pearson J.
entany’ man and alprazolam iver, brain L: 1200 ng/s. = alprazolam: cUng/m. et al. (2016)
T T T T T T o 0 7 Infoxicationby” T T T T T T T T T T T ST T T T T T T T T T PB:600ng/mL” ~ ", .0 T me [246]
90 35 ZByearold ilfentanyl Unknown ;. vhyur bile LLE GC-MS  HB:670ng/mL  /P=11  Acetylnorfentanyl: 36 ng/mL,
man liver, brain L/P=32 alprazolam: 230 ng/mL
e _____ondaprazolam o ________LWong/g T T .
Acetyl- 9.0 35 20-year-old Acute acet'y.l Unknown 73{):;2,’ ﬁf]’gf’ ILE GC-MS Ilf[]% 12%%.) Irllgg//ilél‘]i C/P=15 Fentayl, ﬂuoxgtine,
fentanyl man fentanyl toxicity brain L: 1100 ng/g L/P=57 methoxetamine Fort C. et al.
7777777777777777777777777777777777777 b, vhyur,ge,” T T T T T T T T T T T T . 7 7 7 7 7 7 "Venlafaxine: 2000 ng/mL, ~ ~ (2016) [247]
fAcetyl— 9.0 35 50-year-old Acute acet'y'l Unknown bile, liver, LLE GC-MS FB‘. 255 ng/mL C/P=15 chlordiazepoxide and
entanyl woman fentanyl toxicity brain HB: 210 ng/mL nordiazepam
777777777777777777777 Intoxicationby the ~ -~~~ ~~~~~~~~~~~ -~~~ -~ -~ -~ -~ -~ -~ -~~~ -~ =~~~ -~ =~~~ -~-~~“~“~“~"~“~"~°—~"“°“"=“—"~"—"="=""=°" "= " "7"77
combined effects
~ S B, vh, ur, gc, GC/MS PB: 21 ng/mL _ Acetylfentanyl: 21 ng/mL :
fACte tyll 9.0 3.5 4 fyearlold of buzylef(:ntarllyl, Unknown bile, liver, LLE LC- HB: 95 ng/mL E;g - ;}g Acetylnorfentanyl: <1 ng/mL P(gl(ﬁlg)] iZEAIS?L
. entany. emale acetylientanyt, brain MS/MS L:160ng/g - Alprazolam:40 ng/mL
Synthethic alprazolam, and
Opioids ethanol
Acute
44-vear-old butyr-fentanyl, ~3h+~18h PB: 58 ng/mL C/P=17 Acetyl-Fentanyl: 38 ng/mL McIntyre LM.
Butyrfentanyl 8.8 4.3 year-o acetyl fentanyl after he was b, ur, liver LLE GC-MS HB: 97 ng/mL L/P - 55 Benzoylecgonine: 0.08 mg/L etal. (2016)
man and cocaine found (autopsy L:320ng/g B Levamisole: positive [244]
T
53-year-old Fatal intoxication I—II)]E : 29290111'%/ /r?r}L C/P=22 .
female by butyrfentanyl L 4 ngg /g L/P=04
7777777 Intoxication by the ~ b, vh ur GC oS- - - - -~ - - - - -7
- , vh, ur, gc, /MS ) .
Butyrfentanyl 8.8 43 combined effects Unknown bile, liver, LLE LC— PB: 3.7 ne/mL Acetylfentanyl: 21 ng/mL Poklis J. ef al.
45-year-old  of butyrylfentanyl, . 8 C/P=25 Acetylnorfentanyl: <1 ng/mL (2016) [248]
Y Yy v brain MS/MS HB: 9.2 ng/mL Y Y 8
female acetylfentanyl, 1:39 n / L/P =105 Alprazolam: 40 ng/mL
alprazolam, and ’ &8 Ethanol: 1.1 g/L
ethanol,
S T s T T T 7 T buge, T T T T T T T T Benzoylecgonine: <LoQ  ~ T o oo
2year-old  Mostprobably liver, brain, LC- FB:66ng/mL o p_ g (1.25 ng/mL) Staeheli S.N.
Butyrfentanyl 8.8 43 male intoxication with 9 h after death hair, muscle LLE MS/MS HB: 39 ng/mL L/P=08 Midazolam: <LoQ (11 ng/mL) et al. (2016)
butyrfentanyl spleen L:57ng/8 Hydroxymidazolam: 1.0 ng/mL (249]
77777777777777777777777777777777777777777777777777777777 B (unspecific: ~~ -~~~ oo oo
26-year-old 5yt intoxication b, ur, gc, 91 ng/mL L/P=99 - S
4-Fluoro man liver, kidney, LC- L: 902 ng/g Rojkiewicz M.
butyryl- 8.7 40 - vemrold 7 Unknown brain SPE MS/Ms  Blumspecific: T T T T T T T T T T T T T T T oo oo etal. (2017)
fentanyl -year-o Acute intoxication b, ur, liver, 112 ng/mL L/P=12 - [250]
woman kidney L:136 ng/g
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Table 3. Cont.
A Age and Samples Extraction Analytical C/P or L/P . . 1. g
Classification NPS pKa logP Sex Cause of Death PMI Collected Method Technique Results Ratios Other Toxicological Findings Classification
Acute intoxication Fentanyl: <1 ng/mL, morphine:
by the combined 88 ng/mL, codeine: <10 ng/mL,
ffects of 6-acetylmorphine: <4 ng/mL, .
31-year-old ettec! . LC- FB: 0.36 ng/mL _ K Sofalvi S. et al.
Carfentanyl 8.0 3.7 female carfentar_ul, he_rom, Unknown b SPE MS/MS HB: 19 ng/mL C/P=53 clonazepan'm 19 ng/mL, (2017) [235]
benzodiazepinas, oxazepam: 22 ng/mL,
and temazepam: 110 ng/mL,
cyclobenzaprine cyclobenzaprine: 100 ng/mL
e BOR AL Nescapineposiive, oo
37-year-old LC- HB (right): cannabinoids: positive, Elliott 5.
Carfentanyl 8.0 37 Unknown Unknown b LLE 0.57 ng/mL C/P=21 . P etal. (2018)
male MS/MS K sertraline:positive, -
CB (aorta): " L:positi [251]
1.05 ng/mL paracetamol:positive
77777777777777777777777777777777777777777777777777777777777777777777777 Alprazolam, quetiapine,” ~ ~ ~ ~ T T T T
gabapentin, duloxetine,
S . . methoxyacetyl, fentanyl: Garneau B.
Cyclopropyl - g4 3g6%  29yearold by iioxication Unknown b, ur PP Lc FB:010ng/mlL ¢y 5 14 ng/mL, et al. (2020)
fentanyl man MS/MS HB: 0.15 ng/mL . A
p-fluoroisobutyrylfentanyl [252]
(FIBF): 27 ng/mL, 4-ANPP:
9.7 ng/mL
S - "7="="""""""""»"/"/"/"¥"/"/"/"¥"/"/"/"/"/"'"//'"//7/- /- /-soo-------------- T oo m s s T T T T T T T AAmitriptylinerpositive,” T T T T T T 7 T 7
R Poisoning by FB: 30 ng/mL _ opipramol:positive,
Synthethic 34 };Ie;;old fluorofentanyl: Unknown bi);,l}eb llilfl’e‘éc’ HB: 30 ng/mL E;II’) - ; g nordiazepam:positive,
Opioids - suicide ’ GC/MS L:80ng/g B amphetamine: positive, Strehmel N.
Fluoro . .
fentanyl 8.7 40 SPE LC- THC-COOH:positive etal. (2017)
77777777 Poisoningby ~ ~ =~~~ T T T T 7 77 MS/MS = "FB:30ng/mL ~ ~ -, ", L~ _  nicotine:positive, caffeine: ~ [63]
33-year-old q X ) C/P=13 I o U
uorofentanyl: Unknown b, ur HB: 40 ng/mL B positive, amitriptyline:positive,
woman . L/P=07 . i
suicide L:20ng/g opipramol:positive
B 7_1:1 7r7i 777777777777777777777777777777777777777777777777777777777777777777 Alprazolam, quetiapine, ~— ~ ~ =~~~ 7 7 7
P buto ° lso 29. old LC— FB: 27 ng/mL gabapentin, duloxetine, Garneau B.
£ wyry 9.0% 4.0 yearo Polyintoxication Unknown b, ur PP Forne/m C/P=11 methoxyacetyl, fentanyl: et al. (2020)
entanyl man MS/MS HB: 31 ng/mL 14 ng/mL, eycl Jfertanyl: [252]
(FiBF) g/mL, cyclopropylfentanyl: 5
0.10 ng/mL, 4-ANPP: 9.7 ng/mL
************************************* B T T iy e
90* 40 33-year-old Unknown Unknown bile, l}ver, LLE LC- 109 ng/mL L/P=128 N-Ethylpenty‘lon.e. 64.7 ng/mL,
man brain, MS/MS R amphetamine: 4.1 ng/mL
oa L: 1400 ng/g
idney
R Syearold e Lo Bmspecfion b lone 957 ng/mL,
Fluoro i 9.0* 40 yearo Unknown Unknown Le ven LLE 761ng/mL  L/P=213 y penty’one ¥/ 1g/me,
p-tluoro iso man brain, MS/MS amphetamine: 3.0 ng/mL i
butvrvl Kid L:1620ng/ g Zawadzki M.
A .« ideey Y o _______. etal. (2021)
fentanyl b, vh, ur, B (unspecific): [253]
FiBF - - ile, li - : - : o
(FiBF) 0* 40 38-year-old Unknown Unknown bile, l}ver, LLE LC 257 ng/mL L/P=79 N-Ethylpentylone: 20.1 ng/mL,
man brain, MS/MS R amphetamine: 1.9 ng/mL
Ki L:2040ng/g
idney
S - T T B (unspecific): — ~ T T T o .
. 22-year-old b, vh, ur, LC- _ 4-CMC: 4.2 ng/mL, alpha-PiHP:
9.0 40 woman Unknown Unknown liver, brain LLE MS/MS 119 ng/mL L/P=129 6.1 ng/mL, tramadol: 1.2 ng/mL

L: 1540 ng/g
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Table 3. Cont.
A Age and Samples Extraction Analytical C/P or L/P . . 1. g
Classification NPS pKa logP Sex Cause of Death PMI Collected Method Technique Results Ratios Other Toxicological Findings Classification
. GC/MS,
p-Fluoro iso blood, vh, HPLC 4 FB: 30 n
S T . - : g/mL _ Roosendaal J.
butyryl 90% 40  Soyearold 4-FiBF Unknown _urine, gc, SPE DAD HB: 120ng/mL ~ C/F =40 etal. (2023)
fentanyl man mono-intoxication liver, kidney, L/P=147 -
(FiBF) brain LC- L:440ng/g [254]
MS/MS
777777777777777777777 Aicﬁteiinfoﬁciti(?ni7777777777777777777777777777777777777777777Fe;1t;n;l‘71;ng/;g7777777777
conftﬁ:etzz te};;:ects GC/MS norfentanyl: 0.34 ng/mL,
Furanyl 9.0 * 36% 53-year-old of heroin, fentanyl, Unknown b, vh SPE LC- FB:-5.5 ng/mL C/P=16 morph'u'le: <1'O ng/ ITIL, 4'—ANPP: Sofalvi S. et al.
fentanyl woman X - HB: 8.7 ng/mL positive, nicotine: positive, (2017) [235]
diphenydramine MS/MS cotinine: positive
and . . !
furanylfentanyl diphenhydramine: <50 ng/mL
77777777777777777777777777777777777777777777777777777777777777777777777 Clonazepam: 94ng/mL,” — ~ ~ ~ = 7 7 7
. mehylphenidate: 15 ng/mL,
Szl)nt'he.guc THC: 18 ng/mL,THCCOOH:
p1oids . . 32 ng/mL, THC-OH: 3.3 ng/mL, Garneau B.
Furanyl 9.0* 3.6% 30-year-old . Mu!tlpl-e Unknown b, ur PP Le- FB: 0.89 ng/mL C/P=27 naproxen: 2.12 ng/mL, et al. (2020)
fentanyl man intoxication MS/MS HB: 2.4 ng/mL AN A
nortriptyline: 14 ng/mL, [252]
diazepam: 11 ng/mL, 4-ANPP:
18 ng/mL and U-47700:
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 2ng/mb .
Furanyl FB: 1.9 ng/mL
fent Yl 9.0%* 3.6* HB: 2.8 ng/mL C/P=15 Codeine: <50 ng/mL,
entany L: negative amphetamine: <20 ng/mL,
,,,,,,,,,,,,,, Acute GC/MS ~ ~ T T T T T T 777777 methamphetamine: <50 ng/mL, Martucci
23-year-old furanylfentanyl Unknown b, V?r ur, g¢, LLE LC— FB: 43 ng/mL THC: 4 ng/mL, THC-COOH: H.FH. etal.
4-ANPP 9.4+ 35* man toxicty ver MS/MS HB: 5.8 ng/mL C/P=13 17 ng/mL, nicotine: positive, (2018) [255]
L: negative cotinine: positive, caffeine:
positive
-~ Fgany” - .., ... -~ -~ -~ - - - - - - - - - -~ - - - - - ------------~ FB27ng/mC ~ " 5, ~~~~~~~~~ -7
9.0* 3.6* C/P=44
__fentanyl " 7 53-year-old ~ Acute intoxication 4‘/8v ilsafgi; }r;le b, ur, gc, bile, SPE LC- ~ %133751%23187/ nl[%f _ f o - Freni F. et al.
_ * * man Furanylfentanyl CSF MS/MS :oU.4ng/m) _ (2019) [256]
4-ANPP 9.4 3.5 (autopsy) HB: 935 ng/mL C/P=1.8
. Alprazolam, quetiapine,
Methoxy Pneumonia . ) . . Garneau B.
acetyl 89* 28+  2yearold secondary to drug Unknown b, ur PP MéCI:dS 11-211133 14 ng/ml]: C/P=5 5 gabape;tlg, d{’l loxetml(;, FIBE: L etal. (2020)
fentanyl man intoxication / +70ng/m 7ng/mL, Cyclopropylfentanyl: [252]
0.10 ng/mL, 4-ANPP: 9.7 ng/mL -
oS- - - "7="""""""""""""»""""\"""""\""-"""""”>"//"/"/"/"/"/"/-""/'"/"»"/""/"»"="="°-“~"=="°~"“~“~ =77 =777 7 7777 7 Furanylfentanyl 43ng/mL,” = = = =~ ~ = 7~
. 4-ANPP: 15 ng/mL, alprazolam . .
Methoxy . b, gc, liver, FB: 266 ng/mL _ 4 Giorgetti A.
Synthethic acetyl 8.9 * 08 20-year-old Nov'el. synt}}e.thlc 2-5 days after brain, PP LC- CB: 450 ng /mL C/P=17 69 ng/mL and alpha et al. (2024)
Opioids fentanyl man opioid toxicity the death Kidne MS/MS L:85ng/ L/P=03 hydroxyalprazolam: 3.2 ng/mL [257]
y y ’ &/8 as well as traces of diazepam -
and nordazepam
77777777777777777777777 Asphysxia ~ ~ ~ -~ -~~~ -~~~ ~ -~~~ —-~-~-~-~-~-~~ =~~~ -~ “~ "~ “““=“= "> "> 777777 7 "Ethanol: 200mg/mL ~ ~ ~ ~ ~ ~ 7
. 30-year-old syndrome likely . .. ,® LC-QTOF- PB: 3.7 ng/mL Acetaminophen: 3 mg/mL Allibe N. et al.
* * =
Octfentanil 8.9 36 woman related to toxic Unknown b, vh, gebile  Toxivial A MS HB:3.9 ng/mL C/p=1 Caffeine: 0.7 mg/mL (2018) [258]

origin

Morphine: <5 ng/mL
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GC-MS
3 - . o b, ur, gc, HPLC- FB: 15.3 ng/mL _ . . Coopman V.
Octfentanil ~ 89* 36+ Zﬁ:;"ld Aj;;:fl ntoxication Unknown kidney, liver, LLE DAD HB: 23.3 ng/mL Eﬁ; = ;g Acecta?‘.“"f_’%e% 45 I;Ig/LmL etal. (2016)
brain, bile Mé/Cl\—/IS L:312ng/g - attene: ©.25 mg/m [259]
-~ -~"——"7""""~>"=>"”>"=”""=”""=”"=“""=~""”""”"7 Autopsy3days ~ ~ ~ -~~~ ~~~~~~ -~ -~~~ ~~ -~~~ =~—-~—-—-~—~=—°—~ ==~ =—°—"—"7"7 Citalopram: 130 ng/mL™ =~ =~ — Bu;s;FE o
. 24-year-old Acute ocfentanil after LC- PB:9.1 ng/mL Quetiapine: <10 ng/mL b
* * =
Octfentanil 8.9 36 man intoxication discovering the b, ur LLE MS/MS HB: 27.9 ng/mL C/P=30 THC: 2.8 ng/mL, THC-COOH: et a[li 6%?16)
e mmmmmmmmmm e m oo SRS o <Sng/mL _ T .
p-Fluoro
furanyl " " PB:2.2 ng/mL _ - .
fentanyl 8.99 3.81 52-year-old Synthetic opioid LC-QTOF CB: 6.1 ng/mL C/P=28 Naloxone, mcot}ne, c'affeme,
(p-FFF) man toxicity Unknown b LLE LC- trazodone, lidocaine,
F4-ANPP  936% 365% MS/MS - PET0BeTg/mL T T p 5 0g hydroxyzine
,,,,,,,, L o ________________CEwngym. 7T _________.
p-FFF 8.99*  381* 37-vear-old LC-QTOF l(j:BB 215 :g//rr;ﬂi C/P=73 Morphine, cocaine, BZE,
,,,,,,,, 5;22;0 Multidrug toxicity Unknown b LLE LC- - 7P]§:-13 ng TmL ~ T T T T cocaethylene, levamisole,
B . v/ L
_FFF 899*  3.81* 27-vear-old Synthet.ic' opioid LC-QTOF CB: 2 ZI;gg//r;L C/P=07 Oxycodone, oxymorphone,
Synthethic F—E—ANPP ,,,,,,,, };Eano t0>C(i1C1ty: q Unknown b LLE LC- - 71,];:2;3 ng/mL = T T T T noroxycodone, ethanol
.. 9.36 * 3.65% oXxycodone an MS/MS i C/P =2.04 (0.143 g/dL
Opioids "7 7 ethanol toxicity CB: 4.7 ng/mL / g/dL)
777777777777777 PB:0.88ng/mL ~ . .~~~ T 777
- 899+  381* g g =
p-FFF 8550 Sel T 36-year-old . L. LC-QTOF CB: 1.5 ng/mL C/P=17 Morphine, amphetamine,
Multidrug toxicity Unknown b LLE LC- - S L phe
F-4-ANPP 9.36 * 3.65* woman MS/MS PB: 23 ng/mL C/P =161 methamphetamine, ibuprofen
_ AN .o / CB:3.7 ng/mL o Rodriguez
7777777777777777777777777777777 PB:19ng/mL ~ ., . 7 7 T 7 7777 Galas].etal
- 8.99 * 3.81* i ioi _ =
pEFE 8 SR 40-year-old  oynthetic opioid LCQIOF  cpi1ong/mL  </P=%5  oriho-Methyl-4-ANPP, ethanol ~ (2022) [261]
y Toxicity: acute and Unknown b LLE IC- - PRl - - - - - 4
. . man 1c1_ty. acute ar 0 PB: 32 ng/mL (0.258 g/dL), caffeine, ibuprofen
F-4-ANPP 9.36 3.65 chronic ethanolism MS/MS CB: 12 ng/mL C/P =037
******************************************************** PB: 18 ng/mL ~ ~ i T - -------—-
p-FFF 8.99*  3.81* 20 d Synthetic opioid LC-QTOF CB: 10 ng/ mL C/P=56 Naloxone, cocaine, cocaethy lene,
77777777 -};E:IO toxicity: Unknown b LLE LC- - PB13 Hggfmf — — — — — — - alprazolam, ethanol (0.048 g/dL),
) ,Fjl_él\ipli B 79.36: B Eaéfi 77777777 c Ofaini tOficjt}: 777777777 MS/MS CB-23 ng/mL C/P=177 caffeine, levamisole, lidocaine
. . - - - """"""""""\""=”"”-"\">"»"=”"-""”"»"=”"\”"”w-"=""~="=-~""“" "~ "~ ° PB:13ng/mL ~ . ,_. ., T~ T~ 777
p-FFF } §92 B 73'§17 _ 3l-year-old Synthetic opioid Unk LC'LQCTOF CB:1ng/mL C/P=077 Nal i
F-4-ANPP 9.36 * 3.65* woman toxicity o ° HE MS I\_/IS © - PBrpositive = :'7 o sloxone, sertratine
e .o / CB: positive
. . - - - -7 """>"""\">"\"=”"”-W"">">"»"=”"\"”"“""=""=""=""=""=-"" "~ "7 7 PB:0.6Ing/mL ~ ~ . o .~ ..~ 7
p-FEF _ ?92 _ 73'§17 _ 36-year-old Synthetic opioid N LC-LQCTOF CB: 1.3 ng/mL C/p=21 Naloxo}rlle, 7ia161(1)1é(;clorgizepam,
F-4-ANPP 936* 3.65* man toxicity Unknown b LLE - T T PBipositive T T T T T T ° et a?fo‘( 061 g/dL),
_ F4ANPP © eT ST T MS/MS CB: 0.56 ng/mL caffeine, quinine
B . - - - - - "="7""""">"=>"”"--"=>"\""-""=""=""=="">=-"-=-"""" PB:76ng/mL — ~ o T~~~ -~ "
p-FFF 7 §92 - 73.?17 _ 28-year-old Synthetic opioid § LC-LQCTOF CB: 12ng/mL C/P=1.6 Morphmf_e, noscapine, nor
9.36 * + man toxicity Unknown b LLE - T PBldng/mL T T 5 1. buprenorphine, THC, THC-OH,
F-4-ANPP .36 3.65 MS/MS C/P=11 THC-CCOH, lidocaine

CB: 16 ng/mL
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. .. PB: 6.6 ng/mL Morphine, naloxone, cocaine,
p-FFF 899*  3.81% Synthetic opioid LC-QTOF CB:11 ng/ mL C/P=16 benzgilec onine,cocaethylene
35-year-old toxicity: Unknown b LLE LC- he et le i ly '
F4ANPP T T 7~ man Morphine and MS/MS  ponese-. . - T T T T 7" P e'naceFm, evamisole,
-4~ PB:0.88 ng/mL lidocaine,diphenhydramine,
936 * 3.65* ethanol g C/P=12 -
intoxication CB: 1.1 ng/mL gabapentin
77777777777777777777777777777777777777777777777777777777777777777777777 "Naloxone, tramadol,” ~ ~
o-desmethyltramadol, cocaine,
* : i PB: 2.7 ng/mL cocaethylene, norcocaine,
p-FFF 8.99 3.81% 45-year-old Synthet}c' opioid LC-QTOF CB: 16 ng /mL C/P=59 levamisole, lidocaine, sertra line,
woman _t0x1c1ty: B Unknown b LLE LC- trazodone, hydroxyzine,
F-4-ANPP multidrug toxicity MS/MS gabapentin, bupropion, lam
TT o AT T T T PB:38ng/mL ~ L, T otrigine, mCPP, ethanol
,,,,,,,, e o _____ cBesmgm  FTIS oOugdhy
p-FFF 899%  3.81*% Multidrug toxicity: LC-QTOF gg g Ir:gér;% C/P=16 Methamphetamine, cocaine,
,,,,,,,, 53-year-old artedrAioscleroltic Unknown b LLE LC- - *PB{ 38 Hgg7mi - - == = cocaethylene, ethanol
* * man cardiovascular - = ine, li i
ey T et T T diesse . ______________________ MM cmesngm CFTI7 (03098/dL alfene idocaine
. ydrocodone, hydro morphone,
_FFF 899*%  381* Ovioid toxicity: LC-QTOF 2%2123 “g// mIE C/P=52 clonazepam,
N 24-year-old Slonazepamyv Unknown b LLE LC- R rlg 7m 77777777 7-aminoclonazepam, Rodriguez
Synthethic A * * man : it PB: 3.6 ng/mL _ acetaminophen, quinine, THC, Salas J. et al.
Opioigs  TUANFP 9367 35t TR mwodaton o MM cpggngme /P22 THC.COOH (2022) 261]
p-FFF 899*  3.81* Synthetic opioid LC-OTOF 1&% 6732 ng// mﬁ C/P=1138
,,,,,,,, 47-year-old ltoxicitly: Unknown b LLE LC- - 71’]37-' 578?12/{?11 - === Alprazolam, clindamycin
* * man alprazolam - =
,,Fjl_él\imi,,9'36,,,3'6,5,,,,,,,,,Lnggxi,caﬁon,,,,,,,,,,,,,,,,,,,,,,,E/IS,/IXIS,,,%gf;g,ng,j‘i‘;,,cip,zg ,,,,,,,,,,,,,,,,
123 ng/m
: 899%  381* S : _ C/P=16
PR T 40-year-old Synthetic opioid Unknown b LLE e I?(EOF g eng/mb . Methamphetamine, lidocaine
936%  3.65° man toxicity ° PB:74ng/mL = " p_q7 P ’
F-4-ANPP : - MS/MS CB: 13 ng/mL
T T T T T T T ees At T T e .o~~~ - oo ooomoomomomomom T PB:10ng/mL ~ -5 . T~~~ 777
8.99* 3.81*% Synthetic opioid C/P=0.7
,,,,,,,, Y toxicit}g - ,CB, 6,6 Ilg/,ml‘ _- - = = — -
p-FFF 62 |4 cocaine and heroin LC-QTOF 6-AM, morphine, cocaine, BZE,
_};E?;o intoxication, Unknown b LLE LC- PB: 2.3 ng/mL Norcocaine, cocaethylene,
F-4-ANPP 9.36 * 3.65% hypertensive MS/MS CB:0.71 ng/mL C/P=03 levamisole, lidocaine, MEGX
cardiovascular
disease
77777777777777777777777777777777777777777777777777777777 PB:2.7ng/mL ~ " o O T T T T T 7
_ 8.99*  3.81* o x . C/P=24 1 he he
PR T 48-year-old  Synthetic opioid Unknown b LLE we LQCT-OF - T’CE? 06;566%%;/7% ******* - gg;ziolayrirzral}?gleme
F-4-ANPP 9.36%  3.65% man toxicity MS/MS C'B:. positive - cyclobenzaprine, levetiracetam
77777777777777777777777777777777777777777777777777777777 PB:053ng/mL ~ ~ L, .~~~ T~ 77
8.99 % 3.81% C/P =30
p-FFF S Sunthetic opioid LC-QTOF CB:16ng/mL
o Tame 42 };181:1 old yni ’ (fxiii%?lol Unknown b LLE LC- © ~PBpositive T T~ T ° Ethanol (0.267 g/dL)
F-4-ANPP : - MS/MS CB: 6.8 ng/mL
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. - PB: 2.9 ng/mL . i
-FFF 8.99 * 3.81* Synthetic opioid LC-QTOF 8 C/P=09 Naloxone, 6-MAM, codeine, Rodriguez
P T T 49-year-old Y toxicit}g Unknown b LLE LC- S I[;:B,ZLG I—].g./—ml“ 7777777 methamphetamine, cocaine, Salas J. etal.
F-4-ANPP  936* 3.65* woman Multidrug toxicity MS/MS B, l;gzzzi BZE, lidocaine (2022) [261]
77777777777777777777777777777777777777777777777777777777777777777777777 Clonazepam: 94ng/mL,” — =~~~ ~ 7 7 7 °
mehylphenidate: 15 ng/mL,
Polyintoxication THC: 18 ng/mL, THCCOOH:
with the likely . 32 ng/mL, THC-OH: 3.3 ng/mL, Garneau B.
9.2% 4.0* 30-year-old contribution of Unknown b, ur SPE LC- FB'. 26 ng/mL C/P=17 naproxen: 2.12 ng/mL, et al. (2020)
man coronary MS/MS HB: 45 ng/mlL nortriptyline: 14 ng/mL, [252]
atherosclerosis. diazepam: 11 ng/mL, 4-ANPP:
18 ng/mL and furanylfentanyl:
0.89 ng/mL
- """"""""""""""/""/"/"/"/"//7/-//-s-s----------- 7777777777 Methadone: 290 ng/mL, EDDP: ~ ~ ~ = = 7 7 °
14 ng/mL, flubromazepam:
3 - 480 ng/mL and hydroxyflu
31-year-old i[r-ll é?gggttt;m%?; b, gc, liver, LC- FB: 204 ng/mL C/P=23 bromazepam: 85 ng/mL, Giorgetti A.
9.2% 4.0% y . '8 Unknown brain, PP CB: 470 ng/mL 1 diazepam: 300 ng/mLL, et al. (2024)
man combined intake . MS/MS L/P=10 -
s . . kidney L:198 ng/g nordazepam: 100 ng/mL, [257]
ynthethic of multiple drugs -10 L
Opioids temazepam: ng/m_ ,
P oxazepam and duloxetine
U-47700 (<LOQ), ethanol (1.64 g/kg)
77777777777777777777777777777777777777777777777777777777777777777 Alprazolam:0.12mg/L, ~ ~ =~~~ 7 7~
PB (iliac): nordiazepam: <0.05 mg/ L,
~28 h after he . doxylamine: 0.30 mg/L, Mclntyre IM
90% 40+  doyearold  Acute U-47700 and was found b, vh, ur, ge LLE GC-MS 190 ng/mL C/P=18 i hvdramine: 0 14% /L et al. (2017)
i : man alprazolam abuse (aut ) liver HB: 340 ng/mL L/P=89 P b Y fen: 24' : /L &/ [262]
autopsy L:1700 ng/g 1ouproten: &2 Mg/ L
salicylicacid: <20 mg/L
THC-COOH: 2.4 ng/mL
77777777777777777777777777777777 b B 71.7 T T T T T T T T T T UFB:B2Sng/mL T T T 7 7 7 7 "Unknown matrix: diphenidine: — T T T 7 7
I U-47700 I et HB: C/P=26 approx. 1.7 ng/mL,
consumption kigo,lne ’ 1347 ng/mL L/P=82 methoxphenidine: approx. Dziadosz M
92% 40+ Y LLE LC- L: 4300 ng/g 26 ng/mL o o017
: ’ ’777777777777777777777713771.777 MS/MS ~ FB:819ng/mL” ~ T~~~ T~~~ T T T T T o eaéé(g )
Unk U-47700 Unkn 1 ! ur,blvgr, HB: C/P=13 Ibuprofen: approx. 1.8 mg/mL 2631
nxnown consumption nxnown ung, brain, 1043 ng/mL L/P=3.8 Naloxone: 1.9 ng/mL
kidney L:3100ng/g
T T T A o ~24hafterhe ~ ~ . T T oo FB:400ng/mLC ~ "~ o .~~~ 777 Rohrig TP.” ~
26-year-old Acute U-47700 b, vh, ur, GC/MS C/P=0.6
" % , vh, . .
9.2 4.0 man intoxication was found liver, brain SPE GC-NPD HB.. 260 ng/mL L/P=07 THC: 19 ng/mL etal. (2017)
(autopsy) L:280ng/g [264]
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. b, vh, ur, gc, LC-QTOF- . MDPPP: ca. 1.9 ng/mL, x-PVP
92+ 40+ 207yearold S-T;;)olg ﬁ;sflgfz Unknown liver, SPE MS Il-:I%: Z%%?mgg//r;]i C/P=15 ca. 270 ng/ml,, o-PHP ca,
man stimulant drugs perlca.rdlal LC- L: 2200 ng/ L/P=39 18 ng/mL, x-PVT: detected,
g fluid MS/MS 8’8 butane: detected
77777777777777777777777777777777777777777777777777777777777777777 Diazepam: 240 ng/mL,
nordazepam: 210 ng/mL,
oxazepam: 14 ng/mL,
temazepam 17 ng/mL,
. b, vh, ur, gc, LC-QTOF- FB: 1000 ng/mL diphenhydramine: 160 ng/mL,
9% 40% 30-year-old S_(Z;%lg ;ditl}llsfl:‘i Unknown liver, SPE MS HB: C/P=20 amphetamine: trace amounts,
- : man stimulant drues pericardial LC- 2000 ng/mL L/P=39 MDMA: trace amounts, MDAI
& fluid MS/MS L:3900 ng/g ca. 520 ng/mL, 3-FPM: ca.
440 ng/mL, 4-Methyl-N-ethyl
norpentedrone: ca. 120 ng/mL,
N-ethylpentylone ca. 330 ng/mL,
4-BMC: ca. 10 ng/mL
. b, vh, ur, gc, LC-QTOF- k Pregabalin: 6200 ng/mL,
mbined use of . FB: 490 ng/mL L
92+ 40+ 2%yearold 5317700 svithsrel:w Unknown fiver, SPE MS HB: 88% ngg//mL C/P=18 quetiapine: 95 ng/mL,
man timulant drues perlca_rdlal LC- L: 6000 g/ L/P=122  N-ethylhexedrone ca. 120 ng/mL
s & fluid MS/MS &/8 (heart blood)
oS- - ""7"7""""""">"""">"\">"""\""»"-"=>"»"&”"\">"=>"""»">"=>"""\"”"”""”"»"=>"/"/"»"”"”/--~">"»"=”"»"="»"=""=-"=—""="=====77 Pregabalin: 2800 ng/mL, ~ ~
. b, vh, ur, gc, LC-QTOEF- . doxepin: 42 ng/mL, nordoxepin:
. . . 31-year-old Combined use of liver, & MS FB'A 500 ng/mL C/P=12 35 ng/ mL% amitriptyline:p Fels H. et al.
Synthethic U-47700 92 40 man U-47700 with new Unknown ericardial SPE LC- HB: 590 ng/mL L/P=3 8.1 ng/mL, nortriptyline: (2019) [265]
ioi timulant drugs P . L: 1500 ng/ N8 . pryne: ) [265
Opioids s 8 fluid MS/MS 8/8 4.6 ng/mL, 4F-MPH: ca.
110 ng/mL, PV8 ca. 100 ng/mL.
S "-7""7""7"7"""""=>"/"/"/"/"/"7/"/"/'"/"7//7/-/-/o//oo--------7- 777777777 Morphine: 5.6 ng/mL, codeine: "
1.9 ng/mL, doxepin: 23 ng/mL,
b, vh, ur, g, LC-QTOF-  FB: 1500 ng/mL epordoxepln: 38 /II‘I%{I‘;%PM
9% 40% 49-year-old Monointoxication Unknown liver, SPE MS HB: C/P=3.1 ca '%O n '/mL (I%eart l:;loo d)
: : man with U-47700 pericardial LC- 4600 ng/mL L/P=56 h &/m ‘ca. 11ng/ ! L
fluid MS/MS L: 8400 ng/g methiopropamine; ca. 1.1 ng/mL
(heart blood), methoxphenidine:
ca. 5.9 ng/mL (heart blood),
3-MeO-PCP: detected
oS- """"""">"""""""""""""""""""”"”""\"=”"7"\"="7""”"»"/>"/"/"/”"/"/"7/"\"/"/"7/"/' /v c/-/o/-/-/-----= Citalopram: 67 ng/mL, ~ ~ ~
. b, vh, ur, gc, LC-QTOF- . diclofenac: 25 ng/mL, x-PNP:
Combined use of . FB: 420 ng/mL
92+ a0+ Hyearold 47700 with new Unknown fiver, SPE MS HEB: 440 ng/ml, /P =105 ca. 7.0 ng/mL,
man timulant drues perlca‘rdlal LC- L: 3000 ng/ L/P=71 N-ethylhexedrone: ca.
s & fluid MS/MS 878 160 ng/mL, N-ethylpentylone:
ca. 900 ng/mL, etanol: 0.23%.
- - - """ """""""""""="""\""-"""=""""”-"""\""”//--~"="»"=""""=""""®=""-"=="="°="=—“~""=~ = =777 7777777 7 Doxepin: 110ng/mL, = ~ ~
b, vh, ur, gc, LC-QTOF- FB: 2100 ng/mL nordoxepin: 86 ng/mL,
9.0 4.0 * 33-year-old Monointoxication Unknown liver, SPE MS HB: C/P=12 venlafaxine: 1400 ng/mL,
: ) man with U-47700 pericardial LC- 2500 ng/mL L/P=19 N-desmethylvenlafaxine:
fluid MS/MS L:4100ng/g 540 ng/mL, N-ethylhexedrone:

ca. 7.4 ng/mL
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5F-ADBICA: ca. 0.14 ng/mL,
Combined use of b, vh, ur, gc, LC-QTOF- EB: 490 ng/mL 5F-MDMB-PICA: ca.
9% 40* 23-year-old U-47700 along Unknown liver, SPE MS HB: 870 ng /mL C/P=18 0.70 ng/mL, AMB-CHMICA:
’ ’ man with synthetic pericardial LC- L: 5800 rig / L/P=118 <0.1 ng/mL, MDMB-CHMICA:
cannabinoids fluid MS/MS : &/8 <0.1 ng/mL, MDMB-FUBICA:
<0.1ng/ mL
oS- -7 -"="7"7">"”"”"”"=>"/"“~"=“""~=""=/"”= b,vhourge,” ~ T T T 7 7] LC-QTOF- = FB:1000ng/mL ~ =~ =~ = =~ © 7 "Amphetamine: 61 ng/mL, =~ ~
& g p g
3l-year-old ~ Monointoxication liver, MS HB: C/P=11 MDMA: 100 ng/mL, MDA
* * 4 '’
92 4.0 man with U-47700 Unknown pericardial SPE LC- 1100 ng/mL L/P=14 1.5 ng/mL, clonazolam: trace
fluid MS/MS L:1400ng/g amounts, 8-aminoclonazolam:+
- - - - -"-""""""""""=""""-"""\"="//"""»"”-""-"\""”"/-’-"="°-~"""°-"~"-~"-~" ===~ ==~ ="~ =7 =777 7777777 Trimipramine: 680 ng/mL, ~ ~
diphenhydramine: 99 ng/mL,
fluoxetine: 290 g/mL,
mitragynine: 8.4 ng/mL,
X butylone: ca. 3.5 ng/mL,
56 1d Combined use of b, V{}’ ur, gc LC—SI;”OF— FB: 16?_%; g/mL C/P=30 sildenafil: 42 ng/mL,
92*  4.0* “year-o U-47700 alon Unknown ven SPE ' /P =3 mlodipine: 4.3 ng/mL
g ow _ amlodipine g ,
man . pericardial LC- 4900 ng/mL L/P=45 K
with other NPS fluid MS/MS L: 7200 ng/ 3,4-DMMC: ca. 1.8 ng/mL,
v : 8/8 5F-ADB < 0.1 ng/mL,
ADB-FUBINACA: ca. 4.7 ng/mL,
AM-2201: ca. 0.12 ng/mL,
AMB-CHMICA: ca. 0.1 ng/mL, Fels H |
: EG-018: ca. 4.7 ng/mL els H. et al.
heth e Ll ______4Hdocasd/ng/mL
Sg;io"itism U-47700 B, vh)uf, ¢, LC-QIOF ~ “pp i o o (2019) [265]
" N 31-year-old Monointoxication liver, MS y ng/m C/P=18 o
9.2 4.0 . Unknown . . SPE HB: 890 ng/mL Ethanol: 0.67%
man with U-47700 pericardial LC- R L/P=40
fluid Ms/Ms  Li1600ng/g
7777777777777777777777777777777 b,vhyur,ge,” © ~ © 7 7 7 TLC-QTOF- © FB:2000ng/mLC ~ T T T T T T o L T
. " 42-year-old Monointoxication liver, MS B: C/P=0.6 Amltr}ptyl}ne. 340 ng/mL,
9.2 4.0 . Unknown . . SPE nortriptyline: 300 ng/mL,
man with U-47700 pericardial LC- 1200 ng/mL L/P=11 diphenhydramine: ca. 28 ng/mL
fluid MS/MS L:2200 ng/g iphenfiydramine: ca. 26 ng/m
oS- - - - --"""""""=""""""\"="/-""""""»"/"/"\"/"/"/"/"»"/"'"/"’/'"/"/-/7/,-/ /oo --- 77777777777 Methadone: 24 ng/mL (serum),
Intoxication with EDDP: trace amounts (serum),
b, vh, ur, gc, LC-QTOF- pregabalin: 15,000 ng/mL
fentanyl . FB: 56 ng/mL
9.0 4.0 29-year-old accompanied b Unknown liver, SPE MS HB: 39 ng/mL C/P=07 (serum), fentanyl 1.4 ng/mL
i ’ man p y pericardial LC- : & L/P=13 (serum), norfentanyl: 2.0 ng/mL
U-47700 and fluid MS/MS L:72ng/g di .
alcohol ui / (serum), diazepam: traces
(serum), nordazepam: traces
(serum), ethanol: ca. 2%
- - - - -"-""=""""""""\"=""-"=""-"=""=""">"”"”"/"""»"="»"-"""-“""=—°-~"°“-"="=="= == "~ "= "= °-°7 "7 "7 777777 7 Anitriptyline: 260ng/mL, ~ ~
g -~ nortriptyline 280 ng/mL,
30-vear-old Combined use of b, Vﬂ;uf’ 84 Lc SgOF FB: 540 ng/mL Cc/P=11 methoxphenidine: ca.
9.2% 4.0% Y U-47700 with new Unknown ven SPE HB: 610 ng/mL Y 200 ng/mL, bromazepam:
man . pericardial LC- R L/P=46 . N
stimulant drugs fuid MS/MS L:2500ng/g 5.8 ng/mL, diazepam: traces,

nordazepam: traces, lorazepam:
traces, carbamazepine 35 ng/mL
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Fentanyl: 2.4 ng/mL,
L . b, vh, ur, gc, LC-QTOF- . norfentanyl: 0.67 ng/mL,
" " 26-year-old Intoxication with liver, MS EB: ,1000 ng/mL C/P=10 diazepam: traces, nordazepam:
9.2 4.0 both fentanyl and Unknown N . SPE HB: 990 ng/mL N
man U-47700 pericardial LC- L: 2800 ng/ L/P=28 1.7 ng/mL, tilidine: traces,
fluid MS/MS . 8/8 nortilidine: traces, fluoxetina:
o 98ng/ml
Methamphetamine: 31 ng/mL,
amphetamine: 34 ng/mL,
b, vh, ur, gc, LC-QTOF-  FB: 2100 ng/mL Jephedrine: 19 ng/ml,
90 % 40% 25-year-old Monointoxication Unknown liver, SPE MS HB: C/P=12 mor yhing' 14 n. /mL 4
: i man with U-47700 pericardial LC- 2600 ng/mL L/P=20 I o et
. N ydromorphone: traces,
fluid MS/MS L:4200ng/g b .
uprenorphine: ca. 0.3 ng/mL, Fels H. et al.
U-47700 o-PVP: 34 ng/mL, (2019) [265]
acetaminophen: traces
oS- --"""">""""""""""""//"""/"7"/"»"/"/""/"7/'/- /- /-, /-/ss-s----T-T-TTTTTTT TN Venlafaxine: 1600 ng/mL, ~ ~
N-desmethylvenlafaxine:
X 1200 ng/mL, pipamperone:
4 Moo o b, vlh, ur, gc, LC-QTOF-  FB: 220}?BrTg/ mL - 96 ng/ mL, promethazine:
9.2* g0+ Sbyearo onointoxication Unknown 1ver SPE MS ’ €/P=20 15 ng/mL, diazepam: traces
- . woman with U-47700 pericardial LC- 4400 ng/mL L/P=19 o™ daze, am: 26 n : /mlL, ’
Synthethic fluid MS/MS L: 4300 ng/g ordazepam: 2o ng/mw,
Onioids oxazepam: traces, temazepam:
P traces, oxycodone: 1.8 ng/mL,
noroxycodone: ca. 13 ng/mL
77777777777777777777777777777777777777777777 LC-QTOF- ~ "FB:330ng/mL ~ ~ ~ ~ ~ ~ - T T T 7
40-year-old Monointoxication b, vh, ur, gc, MS HB: C/P=73 Quetiapine: 570 ng/mL,
* *
92t 40 man with U-47700 Unknown liver SPE LC- 2400ng/mL  L/P=158 doxylamine: 2.3 ng/mL
MS/MS L:5200 ng/g
oS- - - - - - " -~"="7"""""»">"”"-""=""=""="="==="==7 b,urge,bille — 7 T T T T T T T T T P! E:'?l()T)rTg7m17777777777777777777777;/0;“:5}7’
AH-7921 9.1+ 37% 19-year-old Op_lOld in Unknown liver, k1dn'ey, LLE GC-MS HB: C/P=04 MPHP: 0.10 m-g/L B etal. (2014)
man toxication lung, brain, 3900 ng/mL L/P=0.6 Dextrometorphane: positive 1266]
spleen, heart L:6000ng/g
777777777777777777777777777777777777777777777777777777777777777777777777 Methadone: posifive ~ ~ ~ ~ © T T T 7 7
. b, vh, ur, gc, Diphenhydramine: positive
Consumption of . PB: 450 ng/mL _ R
AH-7921 9.1+ 37% 22-year-old an overdose of Unknown 1_1ver,' PP LC-QTOF- CB: 480 ng/mL C/P=11 Tetrazepam: Pos#lve Fels H. et al.
woman AH-7921 pericardial MS L 530 ne/ L/P=12 Methamphetamine: traces (2017) [267]
fluid ' 8/8 Amphetamine: traces
Mirtazapine: 43.2 ng/mL
oS- - - - """ ""~""”- ., - - - - - - - - - - - - - -~ Lidocaine: positive ~ ~ ~ ~ ~ © T T 7 7
Death attributed b, vh, ur, gc
. s e PB: 660 ng/mL _ PB-22: <0.1 ng/mL
MT-45 go4* 57+ 2Ayearold  toconsumption of Unknown liver, PP LCQIOF- o 1300 ng/m &P =19 5F-AKB-48 (SE-APINACA): Fels . et al.
man an MT-45 pericardial MS L: 24.00 L/P=83 0 L (2017) [267]
overdose fluid 124000 ng/8 <01 ng/m

Methoxetamine: positive
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pKa

Age and
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Cause of Death

PMI

Samples
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Extraction
Method

Analytical
Technique
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C/P or L/P
Ratios

Other Toxicological Findings

Classification

N-
Pyrrolidino
protoni-
tazene

Metonitazene

Nitazenes

8.5

8.79*

>4 29-year-old
= man

47-year-old

Multiple drug
intoxication

Multiple drug
intoxication

Date collected:
07/02/2023
Date received:
10/02/2023

Unknown

b, ur

LC-QTOF-
MS
LC-

MS/MS

LLE

LC-QTOF-
MS
LC-

MS/MS

LLE

PB: 0.1 ng/mL
CB: 0.4 ng/mL

PB:5ng/mL
CB: 12 ng/mL

C/P=4

C/P=24

4-ANPP: 3.9 ng/mL,
benzoylecgonine: 620 ng/mL,
chlordiazepoxide, cotinine,
diphenhydramine: 310 ng/mL,
fentanyl: 24 ng/mL,
hydroxyzine: 100 ng/mL,
naloxone, nordiazepam,
norfentanyl: 5.7 ng/mL,
quetiapine, quinine, xylazine:
28 ng/mL. In cardiac blood also:
protonitazene, metonitazene:
0.63 ng/mL, N-desethyl
protonitazene: 0.12 ng/mL
flualprazolam,fentanyl:

3.0 ng/mL, norfentanyl:
0.44 ng/mL, 4-ANPP, THC:
0.52 ng/mL, THCCOOH:

12 ng/mL, caffeine, nicotine,
bupropion: 300 ng/mL,
hydroxybupropion: 290 ng/mL,
10-OH-carbazepine:

9500 ng/mL,quetiapine:

590 ng/mL, gabapentin:
34,000 ng/mL.
5-aminometonitazene (352%),
N-desethyl metonitazene (<5%),
4/-hydroxy nitazene (<5%)

De Vrieze
L.M. etal.
(2024) [268]

Krotulski AJ.
etal. (2021)
[269]

Isotonitazene

8.79

8.79

- man

47-year-old
man

39-year-old
= man

Acute intoxication
with isotonitazene

Intoxication with
isotonitazene

Approximately
72 h after death

Approximately
48 h after death

Approximately
96 h after death

Unknown

b, vh, ur, gc,
CSF,
pericardial
fluid, liver,
lung, kidney,
splee, heart,
muscle, hair

GC/MS
LC-
MS/MS

SPE

FB: 2.28 ng/mL
HB: 1.70 ng/mL
L:<0.05ng/g

FB: 0.59 ng/mL
HB: 1.13 ng/mL
L: <0.05ng/g

FB: 0.74 ng/mL
HB: 0.70 ng/mL
L:<0.05ng/g

Diazepam: 29 ng/mL,
nordiazepam: 71 ng/mL,
oxazepam: 4.8 ng/mL,
mefenamic acid <5.0 ug/mL,
domperidone: 6.0 ng/mL,
acetaminophen: 4.8 ug/mL
Lorazepam: 12 ng/mL, THC:
56 ng/mL, THC-OH: 1.8 ng/mL,
THC-COOH: 6.5 ng/mL, CBN:

Mueller F.
etal. (2021)
[270]

bile, spleen,
liver, brain,
lung, heart,
kidney,
muscle, SF,
and
presumed IS

LC-

LLE MS/MS

FB: 1.17 ng/mL
HB: 1.76 ng/mL

C/P=15

Cetirizine, PB: 28 ng/mL,
4-OH-Nitazene (bile and ur),
N-desethyl-isotonitazene: CB,
0.1 ng/mL, positive in ur, lung,
heart and gc

Bendjilali-

Sabiani J.J.

et al. (2024)
[271,272]
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3 . X PB: 0.37 ng/mL _
| SFADB - 367 soyearold  Multiple drug . LC- CB:037ng/mL,  </P=10 _
5E-ADB 281+ 334 nan toxicity Unknown b SPE MS/MS ~ PB:Z4ng/mL ~ ~ C7/ 1:7*1 07 - Ethanol and cocaine
~_(coow) %o CB: 2.5 ng/mL B
3 . . - - - - - - - - ""-"—"""""="~""="-“~"~"~"=~"~"~"~" °~ "~ "~ "~ "~ "°~ °”/ "°/ "°”/ ”/ ”/”/7 PB:0.05ng/mC ~ ., ., "~~~ -~ 77~
- - Ef éD,B ,,,,,, 3;6 _ _ 50-year-old Acute 5-fluoro- Unk b - LC- CB: 0.31 ng/mL C/P=62 B
SF-ADB 3.84 % 334 % man ADB toxicity nknown S MS/MS B 46ng/ml ,C7Pi I7g ~
S CB: 81 ng/mL -
7777777777777777777777 PB:0.03ng/mC ~ -, . "~~~ T~~~ T 77~
F-ADB - 6% g —
5 3.6 37-year-old Acute 5-fluoro- LC- CB: 0.01 ng/mL C/P=03
TTSEADB T T T T T T T T g Unknown b SPE S PR el -~~~ - -
384% 334% man ADB toxicity MS/MS PB: 34 ng/mL C/P=19
e (gOﬁOEI)ﬁ o PB: 64 ng/mL -
77777777777777777777777777777 PB:0.02ng/mC ~ - . -~~~ -~~~
F-ADB - 6 * g —
o 57 77777777 376 _ _ 48-year-old Acute 5-fluoro- Unk S LC- CB: 0.04 ng/mL C/P=20 _“
SE-ADB T T Lo T3 man ADB toxicity nknown b PE Ms/Ms ~ PB:flng/mL = " o7 o
~_(co0H) v PB: 18 ng/mL B
77777777777 PB:027ng/mL ~ ., "~~~ -~~~ T~
F-ADB 6% g _
- - 5, ,,,,,,,, 376 _ _ 62-year-old Acute 5-fluoro- Unk b S LC- CB: 0.11 ng/mL C/P=04 B
SEADB - sgax 33ax man ADB toxicity ninown PE MS/MS ~ PB:Zing/mL T T 5 1o
_ _(coom) ¥ osmro R T CB:4lng/mL  /P=19
******************************** PB:0.0Sng/ml. ~ . T " """ """ 777777 ° BolandDM.
5F-ADB 36% 8 =
Synthetic ~ _~ 77 6 _ _ 37-year-old  Acute poly-drug Unkn b SPE LC- _ CB:0.15ng/mL C/P=19 Cocaine, etal. [273]
cannabinoids 5F-ADB 384*  334% man toxicity nknown MS/MS PB: 15ng/mL ~ C7/1; _Z 97 - heroin
. _(coow) o e CB: 73 ng/mL B
77777777777777777 PB:0.99ng/mLC ~ ., "~~~ -~ T~
5F-ADB 6% g _
,,,,,,,,,,, 376 _ _ 34-year-old Acute 5-fluoro- Unkey b . 1C- _ CB:0.11 ng/mL C/P=0.6 B
SF-ADB "’ . nan ADB toxicity nknown SPE MS,/MS PB:3ing/mL ~ ~ S5 T4
coony 38 33 CB:4lng/mL  /P=13
7777777777777777777777 "Aspitaton -~~~ ~ -~~~ ~~~~~~ -~ -~ - - - - =--"7-7"7/"7>" ">~ =>~" 7>~ 7>" /">~~~ = =" °>"°" 7" °"°>"°>"°" 7”7 °"°” °~" =~ °~/ °~ “~ "=~/ °7/°7°
. associated with PB: 0.12 ng/mL
5F-ADB 36 shoyear-old o fuoro ADB . CB. 001 ng i C/P=008
man toxicity, Part II: Unknown b SPE MS/MS -
T T5F-ADB T T Lo s aagx cardiomegaly, T PB:Tdng/mL T T S5
__(coon) 73‘534:‘ B 33:11 7777777 hypertensivetype CB: 21 ng/mL C/P=15
77777777777777 PB:0.56ng/mL ~ ., .~~~ T~ -~ T~ °
5F-ADB 6* g _
77777777777 376 _ . 49-year-old Acute combined Unkn b SPE LC- _ CB: 0.66 ng/mL 7C7/ Ii 7127 } MMB-2201, and
5F-ADB 384 % 334% man drug toxicity nknown MS/MS PB: 10 ng/mL C/P=10 N-ethylpentylone
~_(coow) %o CB: 10 ng/mL B
7777777777777777777 PB:0.77ng/mL ~ ~ . -~~~ T~ -~~~ T 7~
5F-ADB 6% 8 =
,,,,,,,,,,, 376 _ _ 50-year-old 5-fluoro-ADB Uk b - LC- CB: 0.76 ng/mL C/P=1.0 B
SE-ADB T T o s man toxicity nknown 5 MS/Ms ~ PBil2ng/mL T 5o
~_(coow) %o CB: 6.8 ng/mL B
7777777777777777777 PB:0.15ng/mC ~ -, .~~~ -~~~ -~~~ 77~
F-ADB - 6% g —
5 36 56-year-old Acute 5-Fluoro- LC- CB: 0.64 ng/mL C/P=42
TTSEADB T T T T T T T T g Unknown b SPE S PR A9reTml ~ " — - -
384% 334% man ADB Toxicity MS/MS PB: 4.9 ng/mL C/P=05
(COOH) : i CB: 2.4 ng/mL -
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B — * PB: 0.09 ng/mL _
- — S,F éD,B ,,,,,, 3;6 - - 20-year-01d 5-fluoro-ADB Unkn b SPE LC- - ,CB, 1;9 llg/,ml‘ — ,CKP: 2,11 - —
5F-ADB . . man toxicit nknown MS/MS PB: 14 ng/mL -
3.84 3.34 y C/P=28
(COOH) CB: 39 ng/mL
T spAPR . 2 T T oo T oo PB:0.07ng/mCL ~ ", T~~~ T~ T~ 777
R Fg: éD,B ,,,,,, 3;67 - 29'year'01d 5-fluoro-ADB Unkn b SPE LC- - SB:,OEOBg,/nlL, ,C,/P,_,l 4, - —
5F-ADB man toxicit niknown MS/MS PB: 15 ng/mLC
3.84*  3.34* Y C/P=05
(COOH) CB: 9.8 ng/mL
77777777777777777777777777777777777777777777777777777777 PB:0.03ng/mL ~ ", .~~~ T~ T~~~
5F-ADB - 3.6* C/P=77
77777777777777 56-year-old 5-fluoro-ADB Unk b SPE LC- _ CB:0.23ng/mL 7/7 o .
5F-ADB 381t 334 man toxicity nknown MS/MS PB: 2 ng/mL C/P-19
(COOH) : CB: 23 ng/mL
77777777777777777777777777777777777777777777777777777777 PB:0.0Ing/mL ~ "~ 5 . T~ 77~
- — * =
R S,FA/ED,B ,,,,,, 3;67 - 32'year'01d 5-Fluoro-ADB Unki b SPE LC- - gBLOZOBg/nlL, ,C,/li ,70, - —
5F-ADB . . man Toxicity nknown MS/MS PB: 15 ng/mL
384% 334 ' C/P=42
(COOH) CB: 63 ng/mL
77777777777777777777777777777777777777777777777777777777 PB:0.05ng/mCL ~ ", -, 7~
5F-ADB - 3.6* C/P=56
77777777777777 50-year-old  5-fluoro-ADB Unkonn . opE LC-_ CB028ng/mL_ /P36
5F-ADB 3.84% 334 man toxicity MS/MS PB: 14 ng/mL C/P=25
(COOH) CB: 35 ng/mL Boland DM
Synthetic = 7 5FADBT T ..., aane 46-year-old ~ ~Acute 5fluoro- ~ ~ ., T~~~ 7 7 TLC T T TPBllng/mL T . e T oland D.M.
cannabinoids  (CoOH) =~ 84T 3347 man ADB toxicity Unknown b SPE MS/MS CB:43ng/mL  /P=39 etal. [273]
- ">"""""""»"""""AA«qte - -~ -~ -~~~ -~ -~ - - -"/-"77>"""""7"""""=""""""\"=""">""=""="">"”>"\"""\"=--~""=""=""=""=="-==-===="="=""="=—= === =7
5F-ADB 59-year-old  5-fluoro-ADB and LC- PB: 19 ng/mL _
(COOH) 3.84*  3.34* man N-ethylpentylone Unknown b SPE MS/MS CB: 33 ng/mL C/P=17 N-ethylpentylone
,,,,,,,,,,,,,,,,,,,,,,, toxicity L o o
Acute
combined-drug
5F-ADB 44-year-old toxicity LC- PB: 11 ng/mL _ ~
H 84%  3.34*% man N-ethylpentylone Unknown b SPE MS/MS CB: 16 ng /mL C/P=14 N-ethylpentylone
coo e ylpenty g
and
5-Fluoro-ADB)
777777777777777 46-year-old ~ ~Acute 5-fluoro- ~ ~ -~~~ -~~~ -~~~ T"LC "~ "PB26ng/mL ~ ., S, "~~~ 7777
- 84T 3347 man ADB toxicit Unknown b SPE MS/MS CB:37 g/mL C/P=14
777777777777777 28-year-old ~ ~Acute 5-fluoro- ~ ~ .~ -~~~ -~~~ " LC-" " "PB2¥ng/mL = ., . 777~
(556%%‘3) 384T 3347 man ADB toxicity Unknown b SPE MS/MS  CB:29ng/mL /P13
T mh Ak aasx  mags  Db-year-old ~ “Acute5fluoro- ~ T T, T~~~ T~~~ 777 " " T LC " T TPBA4lng/mL T ., T T T T
(E’CF(')AO]?{% 384r 334 man ADB toxicity Unknown b SPE MS/MS  CB:166ng/mL /P =40
777777777777777 62-year-old ~ ~Acute 5-fluoro- ~ ~ .~~~ -~~~ o~~~ "LC-" " "PB1l5ng/mL ~ ., -, T T 777
5F-ADB 3.84* 3.34* man ADB toxicity Unknown b SPE MS/MS CB: 80 ng/mL C/P=53 -
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IB: 0.12 ng/mL
male. in his Acute circulatory RHB:
5F-ADB - 3.6* ¢ failure after drug Unknown b 0.24 ng/mL C/P=37
20s : .
inhalation LHB:
777777777777777777777777777777777777777777777 045ng/mL
male, in his Acute circulatory 1B: O.?{%I}Sg?mL C/P=58
5F-ADB - 3.6* i failure after drug Unknown b ) (calculated
50s inhalati 1.35 ng/mL from REIB
inhalation OUECHERS LC- LHB: NA rom ) . Usui K. et al.
7777777777777777777777777777777777777777777 MS/MS  ~ IB:0.I6ng/mL~ ~ ~ T T T ° (2018) [274]
male. in his Acute circulatory RHB:
5F-ADB - 3.6% 2’0 failure after drug Unknown b 0.14 ng/mL C/P=0.7
s . .
inhalation LHB:
777777777777777777777777777777777777777777777 0llng/mL
male, in his Acute circulatory 1B: 1.i§{1‘]§7mL C/P=14
5F-ADB - 3.6* i failure after drug Unknown b ) (calculated
50s inhalation 192 ng/mL from RHB)
LHB: NA
T AB- T T T T T T . - - - - " —"="7""""""=>""--">""=""""="""==="==—"=-7 FB:2.8ng/mL ~ "5, T T
CHMINACA 2% HB: Ling/mL  </P=04
T AB- T T T T " FB:097ng/mL” T T T
: FUBINACA HB: N.D.
Synthetic . Z-2°2 0 S
cannabinoids . FB: 0.19ng/mL
5F-AMB - 3.06 1(31113 tra/cesL - AM-2201: traces <0.1 ng/mL,
,,,,,,,,,,,,,, 25-year-old Diabetic b, vh, ur, LC- o _OAng/mbL - _ _ _ _ EAM-2201: traces <0.1 ng/mL, Hess, C. etal.
SE. . man Ketoacidosis Unknown CSE SPE MS/Ms  FBi051ng/mL JWH-122: traces <0.1 ng/mL, (2015) [275]
APINACA 3.98 HB: traces MAM-2201: traces <0.1 ng/mL
<0.1 ng/mL
T areqas T 7 " FB:0T6ng/mL~ T T T T T 7
STS135 . - HB: ND. —
T et Eapa T FB:0T6ng/mL~ T T T T T 7
TH]J 2201 5.22% HE N D,
777777777777777777777 Acute intoxication- -~~~ -~~~ ~~ -~~~ ~~~ "~~~ -~ -~ -~ -~ -~ -~ -~ -~ =-=-~=-= -~ -~ -~-~=-~-~=-= -~ -~ -~-~-~-~-~-~=~-=--~°=-—-—"“~="—°"~""=— "= "°="7"77
by Alive about 5 h FB: 7.0 ng/mL _ R
B o loanymi (PR Clenepodine
. resulting in found dead 4 L:404ng/g - P
cardiac arrhythmia .
******* ActteInfoxication ~ FoundatRome™ ~ = T T T T ° TS TTTTTTTTTT oo T TT oo oo lLainsES
AB- by the combined in a state of LLE LC- etal. (2015)
CHMINACA effects of AB moderate MS/MS Methadone: 167 ng/mL EDDP:  [276] (abstract
33 year-old CHMINACA, decomposition. b,' liver, FB:' 7.1ng/mL C/P=11 29.6 ng/mL Diphenhydramine: only)
woman methadone and She was last kidney, HB: 7.8 ng/mL L/P=162 <50 ng/mL
diphenhy- known alive brain, hair L:115ng/g : B-phenethylamine: positive
dramine” two days earlier Cotinine: positive

resulting in
cardiac arrhythmia

when leaving a
party
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CHNﬁgAC A 2.96* 10.21122/mL L/P=47
L:47.82ng/g
TTTABS TOT T T T T T T s T e s s s
PB: 1.63 ng/mL Knittel J.L.
CHMINACA  249* 3.38* L/P=78
metabolite 4 24year-old  AB-CHMINACA U by vh, ur, LC- L: 1280 ng/g etal. 2015)
77777777777777 nknown liver, heart, LLE o ___. 2771 (abstract
AKB48 . 448+ man use spleen MS/MS PB: 036 ng/mL L/P=29 [ ] (a strac
’ L:1.03ng/g B only)
T TURI#4-N- © T T T T T 77 RN EA et T T T
COOH 467% 37+ PB:05dng/mL y /p_q40
metabolite L:7.60ng/g
77777777777777777777777777777777777777777777777777777777 PB:210ng/mL~ -, 9 - - - - - - -7
XLR11 —  46l* CB:195ng/mL {0 =07
************** b, vh, ur, gc, - 7L7:0.7317r'1g7/g7 -—— - = - - Knittel ].L
UR144-N- liver, kidney, i 15)
COOH 4.67* 3.7* 24 year-old Multidrug Unknown 1::,;; s;,lg.:r{ LLE LC- 45.20 ng/ mL C/P=11 Hydrocodon: 160 ng/mL, et al. (2015)
metabolite man intoxication heart. brai MS/MS CB: XLR11-N-OH [277] (abstract
e;;.i)orsaem' 48.40 ng/mL only)
,,,,,,,,,,,,,, i R - L
Syntheti Ton . ure s e AB/mLC/p=15
ynthetic ) . - Fo.oang L/P=39
cannabinoids metabolite L:23.70ng/g
oo - - - - -~ - -~ - -~ 7777 Asphyxadwueto - -~~~ ~~~~~ -~ -~~~ -~~~ —~-~-~-~-=-=-~--~-~=-~=-~-~-~-~-~-~-~~~=~~=~~“~°“~-~"~°“~"—~=-~"“~"“~"“~°=°“=°“" "= "= """ "7°7
aspiration of
stomach contents b, ur, gc,
into the trachea, pericardial
which likely took fluid, liver,
g o place during kidney, lung, : FB: 6.05 ng/mL _ 5F-ADB found in gc, adipose Hasegawa, K.
CHII\\/I/[I?\I]?AC A --- 3.6 % 34-year-old vomiting under 35-40 h brain, QuEChERS LC HB: 9.30 ng/mL C/P=15 tissue, brain, heart muscle, etal. (2015)
man > MS/MS . L/P=258
low-consciousness spleen, heart L:156 ng/g pancreas [278,279]
conditions muscle,
provoked by adipose,
inhala tion of the pancreas
5-fluoro-ADB
smoke
cSMDMB-- T _ .~~~ -~~~ -~ -~~~/ ="°"°"°""°>""°"7?"°~" =~ "~ =~ =~ "~~~ =~ ~"=~ "~ "=~ "7+ PB:12ng/ml ~ 0 . - T T T T T
P7AICA - B Death 10 h after HB:0.69ng/mL C/P=06
8 . .
T BEMDMB- T " T~ T T~ ° admission to the PP+LLE T T T T T T T T T T T Subtherapeutic concentration of
P?AICA 31-year-old Lethal multiple hospital. The b, bile, liver, (blood) G%_Cl\jls PB:5.7 ng/mL morphine an;i atv ery low Walle, N. et al.
dimethyl 3.8* 271 % man trauma autopsy was kidney, lung SPE HB:46 ne /mL C/P=8.0 concentration (2022) [280]
butanoic - - performed 4 (tissues) MS/MS 26ng/m L/P=07  of benzoylecgonine in peripheral
acid days after death. L:4ng/ g blood

metabolite
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N-1- An autopsy was plasma
naphthalenyl- . Probablyacutecirculatory performed ; . . .
smuc,
indole-3- man inducedby NNEI after the liver l;idng’ MS/MS L:131 ng/ L/P=16 [éSl]
carboxamide a poisoning estimated time d.e ! he.y’ HRa 18
(NNEI) of death. adipose, hair
77777777777777777777777777777777777777777777777777777777 FB:163ng/mL ~ ., - ~ -~~~ -7
- — * =
MAM-2201 5.67 HB: 85.8 ng/mL C/P=52
T AN eoet amae T FB:140ng/mL T T S0 o,
- * * -
AM-1220 8.76 473 HB: 438 ng/mL C/P=31
T M rre e T FB:086ng/mL~ T L0 .
AM-2232 - 4.75* HB: 195 ng/mL C/P=22
" B3-Naphtoyl =~ =~ =~ =~ = 7 7 010 et T
indole g 91'31%‘;\5//1;‘5 C/P=15
metabolite Misuse of three Anautopsy was ene Zaitsu, K.
S 3@MehyE ~ " """ " - 20-year-old symthetic executed20h b (plasma), PP LCQTOF- - === == ———-~-—-~—- ctal. (2015)
1-naphtoyl) — . man cannabinoids . ?ft‘?r the ur MS FB: 1.79 ng/mL C/P=54 [282]
indole victim'’s death. HB: 9.76 ng/mL B
metabolite
"5OHwpentyl — T~ T T T T T T e e e e e e
. metabolite FB: 116 ng/mL _
Synthetic of HB: 223 ng/mL /P =19
cannabinoids MAM-2201
T MAMR220T- T T T T T T T T T T T T T T
COOH 47*  476% ;BB; 7'32“‘5/ mli C/P=19
metabolite :14.4 ng/m
e L o A
o was performed . 9-OH-risperidone: 18 ng/mL,
29-year-old 2 days after the b, ur, hair gg gé; ngémII: C/P=0.15 trimipramine: 250 ng/mL,
479+ man retrieval of the s ng/m +cinnarizine, +diphenhydramine
R o corpse.
The astopsy Morphine: 297 ng/mL, 6-MAM:
was periorme . 20 ng/mL, codeine: 21 ng/mL,
48-year-old with a b, ur PB: 0.23 ng/mL C/P =09 oxazepam: 450 ng/mL
woman 5F-Cumyl- postmortem 4 CB: 0.21 ng/mL 1 lam: 10 ng/mL 4 d Giorgetti, A.
5F-Cumyl- - PEGACLONE interval of 7 LLE LC- : p;iii;ﬁg <?0gnn>rfi1 et al. (2020)
PEGACLONE toxicity ~__days. MS/MS e E T 7g 77777 [283]
The aut Pregabalin: 6000 ng/mL,
3 © auiopsy temazepa: 230 ng/mL,
6-year-old was performed b, ur PB: 0.12 ng/mL C/P=-18 oxazepam: 12 ne /mL
man the same day of ’ CB: 0.22 ng/mL B alprazglam.- 16 ngg /mL,
the death. lorazepam <5 ng/mL
777777 ~ Theautopsy ~ ~ ~ T T T ° T T T T T T T 7T T T 7T 7 7 7 Benzoilecgonine: 107 ng/mL,”
33-year-old was performed . PB: 0.09 ng/mL _ ecgonine methyl ester:
man witha PMIof4 >t hair CB:035ng/mL /P =39 11 ng/mL, +cocaine,

days.

+THC-COOH
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Table 3. Cont.
A Age and Samples Extraction Analytical C/P or L/P . . 1. g
Classification NPS logP Sex Cause of Death PMI Collected Method Technique Results Ratios Other Toxicological Findings Classification
PB: 12.6 pg/mL
RHB: 19.6
AB- /mL C/P=16
2.64 % Case from 2013 P8 : -
PINACA reanalysed in L}I)‘IgB/Ii%6 L/P=134
2018 (blood and b, liver, LC AB-FUBINACA, o-PVP ishi
- A0 , g’ - L: 169 pg/ , & Yamagishi I
,,,,,,,,,,,,,, Unknown  Polydrug toxicity solid tlss‘;est kidney, lung LLE MS/MS - T’BTS@.6%§7§EL - == (detected but <LOQ) etal. [284]
reserved a
Synthetic 7%0 °C for five RHB/: 2%7 C/P=05
cannabinoids ~ * pg/m =
EAM-2201 6.09 years) LEB: 31.0 L/P=22
pg/mL
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, Lil%epsls L _______.
Acute poisoning GC-Ms
60-vear-old by intravenous GC- PB: 554 ng/mL C/P=10 Mochizuki A.
Mepirapim 26% yearo injection of Unknown b, ur LLE MS/MS HB: 587 ng/mL L/P :11' 4 Acetylfentanyl: 125 ng/mL etal.
man mepiramim and LC- L: 6300 ng/g = [285,286]
acetylfentanyl MS/MS

Samples:PB: peripheral blood, FB: femoral blood, IB: iliac blood, SB: subclavian blood, CB: central blood, HB: heart blood, RHB: right heart blood, LHB: left heart blood, AB: aorta
blood, L: liver, ur: urine, vh: vitreous humor, gc: gastric content, SA: serum antemortem, SC: serum cardiac, SF: subcutaneous fat, IS: injection site. Analytical techniques: GC-NPD: gas
chromatography coupled to nitrogen—phosphorus detector, GC-MS: gas chromatography coupled to mass spectrometry; GC-MS/MS: gas chromatography coupled to tandem mass
spectrometry, HPLC-DAD: High performance liquid chromatography-diode-array detector, LC-Q-TOF-MS: liquid chromatography quadrupole-time of flight mass spectrometry, LC-
MS/MS: liquid chromatography—tandem mass spectrometry, LC-LIT-MS: liquid chromatography-linear ion trap mass spectrometry. Extraction methods: LLE: liquid-liquid extraction,
SPE: solid-phase extraction, QUEChERS: quick, easy, cheap, effective, rugged, and safe, PP: protein precipitation. Substances:4-ANPP: 4-Aminophenyl-1-phenethylpiperidine, 5F-ADB:
N-[[1-(5-fluoropentyl)-1H-indazol-3-yl]carbonyl]-3-methyl-L-valine, methyl ester, 5SF-APINACA: N-(1-Amino-3-methyl-1-oxobutan-2-yl)-1-(5-fluoropentyl)-1H-indazole-3-carboxamide,
5F-Cumyl-PEGACLONE: 5-(5-fluoropentyl)-2,5-dihydro-2-(1-methyl-1-phenylethyl)-1H-pyrido [4,3-blindol-1-one, SE-MDMB-PICA: Methyl 2-(1-(5-fluoropentyl)-1H-indazole-3-
carboxamido)-3,3-dimethylbutanoate, AB-CHMINACA: N-(1-Amino-3-methyl-1-oxobutan-2-yl)-1-(cyclohexylmethyl)-1H-indazole-3-carboxamide, AB-PINACA: N-(1-Adamantyl)-
1-pentyl-1H-indazole-3-carboxamide, AKB48 (APINACA): N-(1-Adamantyl)- 1-pentyl-1H-indazole-3-carboxamide), AM-1220: 1-(2-Methoxyphenyl)-2-(1-pentyl-1H-indol-3-yl)ethanone,
AM-2232: 1-(4-Fluorophenyl)-2-(1-pentyl-1H-indol-3-yl)ethanone, EAM-2201: 5-Fluoro-N-ethyl-N-(1-pentyl)indole-3-carboxamide, F-4-ANPP: 1-(4-Fluorophenyl)-N-phenylpiperidin-
4-amine, AH-7921: 3,4-Dichloro-N-((1-(dimethylamino)cyclohexyl)-methylbenzamide, FiBF: p-Fluoroisobutyrylfentanyl, p-FFF: p-fluorofuranylfentanyl, MT-45: 1-Cyclohexyl-4-(1,2-
diphenylethyl)piperazine, MAM-2201: 1-(5-Fluoropentyl)-3-(2,2,3,3-tetramethylcyclopropyl)indole, STS135: (5-fluoro-APICA): 1-(5-fluoropentyl)-N-tricyclo[3.3.1.13,7]dec-1-yl-1H-
indole-3-carboxamide, THJ 2201: [1-(5-fluoropentyl)-1H-indazol-3-yl]-1-naphthalenyl-methanone, U-47700: 3,4-Dichloro-N-[2-(dimethylamino)cyclohexyl]-N-methylbenzamide, XLR11
(5-Fluoro-UR-144): ((1-(5-fluoropentyl)-1H-indol-3-y1)(2,2,3,3- tetramethylcyclopropyl)methanone. * Values of pKa and logP predicted using ChemDraw Professional 15.0 © Copyright
1998-2015 Perkin-Elmer Informatics Inc.
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N-Pyrrolidino etonitazene and protonitazene are approximately 43 and 25 times more
potent than fentanyl, respectively. In comparison, N-Pyrrolidino metonitazene is twice as
potent as fentanyl [268]. Meanwhile, N,N-diethyl derivatives such as isotonitazene, pro-
tonitazene, and metonitazene are 9, 4, and 2 times more potent than fentanyl, respectively.
Butonitazene and etodesnitazene are 2 and 4 times less potent than fentanyl [287].

Nitazenes exhibit both acidic and basic properties, with the basic properties being
more pronounced due to the presence of two basic groups: the benzimidazole ring and
the tertiary amine in the side chain. However, analogs lacking a nitrogen substituent can
still form anions in the presence of strong bases [288]. The electron-withdrawing NO,
group at position 5 reduces the basicity of the heteroaromatic ring [289]. Despite this,
nitazenes generally have higher basic pKa values compared to acidic ones. Predicted pKa
values are 9.90 and 9.60 for metonitazene and etonitazene, respectively, 8.5 for both N-
pyrrolidino metonitazene and N-pyrrolidino etonitazene, and 8.9 for metodesnitazene and
etodesnitazene [49,189]. Nitazenes are also lipophilic compounds. Although experimental
n-octanol-water partition coefficient (log P) values have not been reported, calculated values
are available. With log P values of >4 [49,189], nitazenes, similar to fentanyl (log P = 4.28),
are about a thousand times more lipophilic than morphine (log P = 1.07). These chemical
properties suggest that, in principle, these compounds may undergo PMR.

The metabolism of metonitazene, etonitazene, and protonitazene has been studied
in vitro using human hepatocyte incubations. In the hydrolyzed culture medium, phase I
metabolites such as N-desethyl, N,N-di-desethyl, O-desalkyl, N-desethyl-O-desalkyl, N,N-
di-desethyl-O-desalkyl, and N-oxidized metabolites were identified. In the unhydrolyzed
culture medium, O-glucuronides of the phase I metabolites with O-dealkylation were
observed as phase Il metabolites [290]. Another study [291] compared in vitro results with
real postmortem samples, finding that in urine samples for isotonitazene, metonitazene,
etodesnitazene, and metodesnitazene, O-dealkyl and N-deethyl-O-dealkyl metabolites,
as well as glucuronides, were predominant. The O-dealkyl metabolites of isotonitazene
and metonitazene were identical molecules, likely produced through the metabolism of
structural analogs like etonitazene, protonitazene, or butonitazene, which differ from iso-
tonitazene and metonitazene only in the composition of their alkoxy side chains. Similarly,
the O-dealkyl metabolites of etodesnitazene and metodesnitazene were identical molecules
and may result from the metabolism of isotodesnitazene or protodesnitazene. Reduction in
the nitro group to form 5-amino-nitazene has been documented in nitro derivatives like
metonitazene and isotonitazene [269,292] and probably in the rest of nitro derivatives but
is less common than de-alkylation metabolites. This reduction may occur due to microbial
degradation, similar to the process observed with nitro-benzodiazepines. Degradation of
metonitazene into its metabolites, 5-aminometonitazene and 5-acetamidometonitazene,
has been observed in unpreserved postmortem blood. However, no such degradation
was detected in preserved blood samples treated with fluoride/oxalate [293]. Regarding
isotonitazene, the reduction in the 5-nitro group led to a >200-fold reduced potency, when
compared to isotonitazene [292]. On the other hand, the metabolite N-desethylisotonitazene
has the same potency as etonitazene and is more potent than isotonitazene itself [287].

In a study [294], clonitazene, etodesnitazene, etonitazene, etonitazepyne, flunitazene,
isotonitazene, metodesnitazene, metonitazene, and protonitazene were generally stable in
the autosampler after 1 and 3 days, though metodesnitazene and etodesnitazene showed
some exceptions. All analytes met freeze—thaw stability requirements, except for etodesni-
tazene and protonitazene, for which repeated freezing should be avoided.

e  Postmortem Levels in Fatal Case Reports and PMR

Several studies have reported postmortem concentrations of various nitazenes, but
research on their distribution in postmortem tissues remains limited. Metonitazene was
detected in 18 postmortem cases, with a median blood concentration of 3.8 ng/mL (ranging
from 0.5 to 33 ng/mL). In 30% of these cases, metonitazene was the only opioid present,
while in 55%, it was found alongside fentanyl. Additionally, it was detected with other
substances such as NPS benzodiazepines, opioids, and hallucinogens in 45% of cases [269].
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In one of these reported cases, a 47-year-old man with a history of heroin use was found
deceased on his bed at home. His femoral blood and heart blood concentrations yielded a
C/P ratio of 2.4. Additionally, flunitazene was detected in both femoral and heart blood,
producing a C/P ratio of 2.3.

In another study [292], isotonitazene was found in 18 postmortem cases, with a median
blood concentration of 1.0 ng/mL (ranging from 0.4 to 9.5 ng/mL). The lowest concentration
observed was 0.4 ng/mL in two cases, where no other opioids were detected. Additionally,
a separate study [295] reported that isotonitazene had an average blood concentration
of 1.59 ng/mL in 69 deaths, with concentrations ranging from 0.5 to 9 ng/mL. In three
documented deaths linked to isotonitazene use, the postmortem concentrations in femoral
blood and cardiac blood yielded C/P ratios of 0.7, 1.9, and 0.9 [270]. The distribution of
isotonitazene in postmortem analysis was investigated in the first case attributed to this
substance in France [271,272], resulting in a C/P ratio of 1.5.

Protonitazene was linked to the cause of death in five male individuals, aged 20
to 35 years, in a French department of the Indian Ocean. Postmortem femoral blood
levels of protonitazene in these cases ranged from below LOQ to 0.8 ng/mL [296]. N-
Desethyl isotonitazene was detected and quantified in nine related deaths, with an average
blood concentration of 3.4 ng/mL, ranging from 0.82 to 8.3 ng/mL [268]. Additionally,
etodesnitazene was present in 15 deaths, with a median postmortem blood concentration
of 4.0 ng/mL, ranging from 0.1 to 120 ng/mL [268].

For N-pyrrolidin derivatives, N-pyrrolidino metonitazene was present in 11 deaths,
with a median blood concentration of 0.47 ng/mL (range, 0.2 to 26) [268]. N-pyrrolidino
etonitazene had a median concentration of 2.2 ng/mL in 15 deaths, with a range from 0.3
to 8.3 ng/mL [297]. Lastly, N-pyrrolidino protonitazene was found in 26 deaths, with a
median postmortem blood concentration of 1.2 ng/mL, ranging from 0.3 to 55 ng/mL [268].
In one case [268], a 29-year-old man showed a N-pyrrolidino protonitazene was quantified
in peripheral and cardiac blood, yielding a C/P ratio of 4. Other nitazenes found were
protonitazene metonitazene and N-desethyl protonitazene, without specifying the matrix.

According to the initial cases studied, nitazenes are associated with a tendency for
PMR, although there were exceptions where the C/P ratio was below 1 in two instances of
isotonitazenes [270]. Stability may be a significant factor, as post-mortem concentrations in
the body can be affected by microbial degradation of the nitro group.

3.11. Synthetic Cannabinoids

Synthetic cannabinoids are a varied group of compounds designed to mimic the effects
of delta-9-tetrahydrocannabinol (A’-THC) by binding to cannabinoid receptors CB1 and
CB2. While A-THC acts as a partial agonist at these receptors, most synthetic cannabinoids
serve as full agonists, often demonstrating much greater potency [298,299]. JWH-018 was
the first synthetic cannabinoid detected in Spice mixtures in 2008. It is part of a series
of compounds synthesized by John W. Huffman (JWH) for studies conducted at NIDA
(National Institute on Drug Abuse), which were intended to explore their potential use
in the pharmaceutical industry. Since then, the number of new synthetic cannabinoids
entering the drug market has systematically and intensively increased. Initially promoted
as “safe” alternatives to marijuana due to their comparable pharmacological effects to
A%-THC and other phytocannabinoids, numerous in vitro and in vivo studies, as well as
multiple reports and warnings, have since highlighted their severe adverse effects and
heightened toxicity. Cannabis users may also face the risk of unintentional exposure to
synthetic cannabinoids, as adulterated cannabis can closely resemble its unadulterated
form and be sold unknowingly. Additionally, the rise of cannabis edibles, often sweets
infused with cannabis extract, on the illicit market poses further concerns [300,301].

The use of synthetic cannabinoids is unpredictable and can result in serious health
complications, including cardiovascular, neurological, and cognitive disorders, as well as
death. Intoxication from synthetic cannabinoids is often linked to cardiovascular events,
kidney damage, seizures, and psychiatric symptoms, though many individuals can fully
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recover with proper hospital care. However, more severe effects, such as heart attacks or
organ failure, may directly or indirectly lead to fatal outcomes [302-304].

A typical structure features a main core (with various side chains), a linker, and a sec-
ondary moiety. The linker connects the main core such as indole, indazole, benzimidazole,
or carbazole to the secondary moiety, which can include groups like naphthalene, quinoline,
valine, or tert-leucine. Generally, the linker may be a carbonyl, ester, or amide. Major struc-
tural classes of synthetic cannabinoids according to their main core [10] are carbonyl-indoles
(JWH-007, JWH-018, JWH-201, AM-1220, AM-2201, 5F-MDMB-PICA, etc.), carbonyl-
indazoles (5F-ADB, 5F-NPB-22, FAB-144, THJ-018, MDMB-4en-PINACA, ADB-PINACA,
AB-PINACA, MAB-CHMINACA, 5F-CUMYL-PINACA, etc.), carbonyl-benzimidazoles
(JWH-018 benzimidazole analog, FUBIMINA, etc.), carbonyl-carbazoles (EG-018, EG-2201,
MDMB-CHMCZCA, etc.), and phenyl-carbonyl-pyrazoles (AB-CHMFUPPYCA, 5F-AB-
FUPPYCA, etc.), see Figure 16. Recently, dibenzopyran cannabinoids, also known as
semi-synthetic cannabinoids, have emerged on the illicit market. This is likely due to the
deregulation of cannabidiol (CBD) in several countries and the increased availability of
this compound. Examples include A8-THC, the acetate ester of A°>-THC (THC-O), and
hexahydrocannabinol (HHC), among others.

Linker
T secondary moiety
R4 /‘,

[ Rs ™
\ | main core

R, \ L

] Ry
carbonyl-indol carbonyl-carbazol

R,= pentyl, R4=naphtyl, R4,R3=H, EG-018

R,= 5-F-pentyl, R4=naphtyl, R4,R3=H, EG-2201

Ry= 1-(cyclohexylmethyl), Rs=tert-leucine methyl ester,
R4=H, MDMB-CHMCZCA

R,= pentyl, R4=naphtyl, R3= Me, Ry=H, JWH-007

R,= pentyl, R4=naphtyl, Ry, R3=H, JWH-018

R,= pentyl, R4=4-ethylnaphthalen-1-yl, R4, R3=H, JWH-210

R,= 5-F-pentyl, R4=naphtyl, R{,R3=H, AM-2201

R,= 5-F-pentyl, R4=4-methylnaphthalen-1-yl, R4,R3=H, MAM-2201
R,= 5-cyanopentyl, Ry=napthyl, R1,R3=H, AM-2232

R,= pentyl, R4=4-methoxybenzyl, R4,R3=H, JWH-201 \ N Ra "
R2= (R)-(1-methylpiperidin-2-yl)methyl, R4=naphtyl, R4,R3=H, AM-1220 “‘ @[ N 3
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R,= 5-F-pentyl, Ry=tert-leucine methyl ester, R{,R3=H, 5F-MDMB-PICA
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carbonyl-benzimidazol

R,= pentyl, Rz=naphtyl, Ry=H, JWH-018 benzimidazole analogue
R2= 5-F-pentyl, Rz=naphtyl, R4=H, FUBIMINA

main core
phenyl-carbonyl-pyrazole

R,= 1-(cyclohexylmethyl), Rz=valine amide, R1=p-F-phenyl, Linker
AB-CHMFUPPYCA .
R,= 1-(cyclohexylmethyl), Rs=valine amide, Ry=p-F-phenyl,
5F-AB-FUPPYCA
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R,= 5-F-pentyl, R3=tert-leucinemetyl ester, Ry=H, 5F-ADB
R,= 5-F-pentyl, Rz=quinolinyl, Ry=H, 5F-NPB-22
R,= 5-F-pentyl, R3=tetramethylcyclopropyl, R1=H, FAB-144

9,10 double bond, R4=H, Ry=pentyl, A>-THC Ry= pentyl, Ry=naphtyl, Ry=H, THJ-018

9,10 double bond, R4=Ac, Ry=pentyl, THC-O R,= pent-4-en-1-yl, Ry=tert-leucine metyl ester, R,=H, MDMB-4en-PINACA
9,10 double bond, R4=H, R,=butyl, THCB R,= 1-(cyclohexylmethyl), Rs=tert-leucine amide, Ry=H, MAB-CHMINACA
9,10 double bond, R4=H, Ry=hexyl, THCH R,= 1-(cyclohexylmethyl), Rz=valine amide, R1=H, AB-CHMINACA

9,10 double bond, Ry=H, Ry=heptyl, THCP R,= 5-F-pentyl, Rz=cumyl, R4=H, 5F-CUMYL-PINACA
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R4=H, Ry=pentyl, HHC R,= 4-fluorobenzyl, R3=tert-leucine amide, R4=H, ADB-FUBINACA

Figure 16. The main cores of synthetic cannabinoids and semi-synthetic cannabinoids and some
examples of each core.
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The diverse chemical structures of synthetic cannabinoids can greatly influence their
pharmacokinetics. Several studies have been conducted to investigate the physicochemical
properties of synthetic cannabinoids, including 5F-MDMB-PINACA, 4F-MDMB-BINACA,
and their ester hydrolysis metabolites (carboxylic acids). The pKa values for 5F-MDMB-
PINACA and its carboxylic acid metabolite are —0.76 and 14.65, and —0.76, 3.86, 14.65,
respectively. Similarly, the pKa values for 4F-MDMB-BINACA and its carboxylic acid
derivative are —0.76 and 14.65, and —0.76, 3.86, 14.65, respectively. In terms of lipophilicity,
the logP values for 5F-MDMB-PINACA, 5F-MDMB-PINACA carboxylic acid, 4F-MDMB-
BINACA, and 4F-MDMB-BINACA carboxylic acid are 3.56, 3.42, 3.12, and 2.97, respec-
tively [305]. These values shed light on the acidic and basic characteristics of these com-
pounds and their metabolites and can be approximately applied to other related com-
pounds. In general, there is limited information on their chemical properties and phar-
macokinetics, making it difficult to detect synthetic cannabinoids in biological samples
and interpret test results accurately. Similar to phytocannabinoids, synthetic cannabinoids
are highly lipophilic, meaning they tend to accumulate in fatty tissues. Their logP val-
ues, which reflect their lipophilicity, are directly related to their chemical structure. For
instance, compounds with more condensed aromatic rings, such as naphthoyl/benzoyl
indole/indazole/benzimidazole derivatives (e.g., JWH-018, JWH-210, MAM-2201, AM-
2232) or indole-3-carboxylate/carboxamide derivatives with naphthol/quinol groups (e.g.,
5F-PB-22, FUB-PB-22, NM-2201), exhibit logP values ranging from 5.01 to 8.14 and 5.80 to
6.74, respectively. In contrast, compounds containing valine/tert-leucine derivatives (e.g.,
5F-AMB, 5F-AB-PINACA, AB-CHMINACA, ADB-FUBINACA) have logP values between
2.29 and 3.81, indicating lower lipophilicity [306].

All synthetic cannabinoids studied so far are extensively metabolized, resulting in
minimal to no unchanged parent drug detectable in human urine, which typically has
higher drug concentrations and a longer detection window than blood or oral fluid. Gener-
ally, phase I metabolites are the most effective biomarkers for documenting intake because
they yield higher mass spectrometry responses and are more stable over time than phase
II metabolites [307]. Some hydroxylated urinary metabolites are even more toxic than
their parent drugs. For instance, the major metabolites of JWH-018, 4’-OH-JWH-018, and
5-OH-JWH-018, as well as the AM-2201 metabolite, 4'-OH-AM-2201, continue to act as full
agonists at nanomolar concentrations [308,309].

In general, synthetic cannabinoids with ester linkages are susceptible to hydrolysis,
resulting in the formation of carboxylic acids, while those with carbonyl and amide linkages
do not undergo hydrolysis. For carbonyl derivatives, the main core often experiences either
aromatic or aliphatic hydroxylation within the alkyl chain. The oxidation of w-hydroxyl-
alkyl and w-1-hydroxyl-alkyl intermediates leads to the production of carboxylic acids
and w-1-carbonylated metabolites. These alkyl chain oxidations are observed in synthetic
cannabinoids with ester and amide linkages. Synthetic cannabinoids containing an amide
linker and a secondary moiety of valine or tert-leucine amide typically undergo hydrolysis
of the terminal amide, producing a carboxylic acid. This process is frequently accompanied
by carbonylation, which usually targets the w-1 carbon of the alkyl chain or the terminal
methyl groups of the secondary moiety [307].

The stability of 84 synthetic cannabinoids was examined [310] in fortified serum
samples stored at —20 °C, 4 °C, and room temperature for 150 days, including the impact
of three freeze/thaw cycles. The study revealed that 51 analytes remained stable at —20 °C
throughout the study period. The most unstable analytes were 3-CAF and MAM-2201,
which lost 49.3% and 24.2% of their concentration, respectively, after one month at —20 °C.
The research concluded that AMB- and SBD-type cannabinoids were the least stable. It was
also observed that hydrolysis of the ester group in the valinate residue of AMB, 5F-AMB, or
FUB-AMB occurred rapidly at elevated temperatures. In a separate study [311], the stability
of MMB-FUBINACA, 5F-MDMB-PINACA, 5F-MDMB-PICA, and ADB-FUBINACA, along
with their metabolites, was assessed in blood samples stored at 22 °C, 4 °C, and —20 °C.
Analyzed over a 35-day period, the metabolite-only samples remained stable, while all
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parent compounds, except ADB-FUBINACA, showed degradation. MMB-FUBINACA
was found to be the least stable parent compound, degrading into MMB-FUBINACA
3-methylbutanoic acid within one day at room temperature.

Like A°-THC, lipophilic synthetic cannabinoids can adsorb to polypropylene tubes [312];
so, it is advisable to store them in glass containers. Although this group of compounds is
relatively stable, for long-term storage of samples containing these drugs, refrigeration or
freezing is recommended.

e  Postmortem Levels in Fatal Case Reports

There is considerable literature documenting synthetic cannabinoid concentrations
linked to fatal events. However, many reported cases encounter the issue of unquantified or
unidentified metabolites. Similar to A’-THC, synthetic cannabinoids are rapidly distributed
throughout various organs and tissues, accumulating in fatty tissues from which they can
later enter the bloodstream. Additionally, they undergo extensive hepatic metabolism
and may exhibit instability in postmortem samples. These factors can result in low or
undetectable levels in postmortem blood. Therefore, analyzing metabolites in blood and
especially in urine is an effective approach to confirm intake. There is frequently an overlap
between toxic levels observed in non-fatal and fatal cases. Alternative matrices, such
as adipose tissue or hair, can be analyzed as specific reservoirs for detecting their use.
For instance, in three reported deaths in Germany, femoral blood samples revealed the
presence of 5F-PB-22, AB-CHMINACA, and 5F-ADB at concentrations of 0.37 ng/mL,
4.1 ng/mL, and 0.38 ng/mL, respectively [313]. These concentrations are relatively low
compared to other published cases. However, when considering the death scene, forensic
autopsy findings, and comprehensive toxicological analysis, the deaths were determined to
be a direct result of synthetic cannabinoid consumption. In the case of 5F-ADB, the low
concentration can be attributed to its instability in blood samples, as it undergoes cleavage
by carboxylesterases [314]. Nevertheless, despite this, a series of cases with postmortem
concentrations of certain synthetic cannabinoids are referred below.

A recent study [315] provided a comprehensive report on 98 fatalities related to
synthetic cannabinoids. The most commonly detected compound was 5F-ADB (n = 21),
followed by 5SF-MDMB-PICA (n = 13), AB-CHMINACA (n = 10), ADB-CHMINACA (n =9),
and MDMB-CHMICA (n = 9). Due to the rapid distribution and metabolism of synthetic
cannabinoids after use, it has been noticed that a longer interval between consumption
and death (ranging in the study from 1.5 h to approximately 47 days) may lead to lower
concentrations in postmortem blood. The average femoral postmortem concentrations for
5F-ADB, 5F-MDMB-PICA, AB-CHMINACA, ADB-CHMINACA, and MDMB-CHMICA
were 1.61 ng/mL (range, <0.1 to 14), 1.44 ng/mL (range, <0.1 to 7.2), 7.40 ng/mL (range,
0.2 to 28), 5.95 ng/mL (range, 0.26 to 22), and 0.91 ng/mL (range, <0.1 to 1.8), respectively.
In a different study [273], 5F-ADB was involved in 43 fatalities. The peripheral blood
concentrations ranged from 0.010 to 0.77 ng/mL for 5F-ADB and from 2.0 to 110 ng/mL
for its carboxylic acid metabolite. A 26-year-old man with a long history of abusing
NPS and multiple previous drug-related offenses was found unconscious in his room
while wearing an electronic tagging device. Resuscitation attempts were unsuccessful.
The autopsy revealed brain edema, internal congestion, petechial hemorrhages, pleural
ecchymoses, and increased blood fluidity. Toxicological analysis identified 7.2 ng/mL of
MDMB-4en-PINACA and 9.1 ng/mL of 4F-ABUTINACA in the peripheral blood [316].

In a recent case report [317], a 33-year-old man lost consciousness after smoking
an unidentified substance. At the scene, a glass pipe and lumps containing 5F-MDMB-
PICA and 4F-MDMB-BINACA were found. Blood, urine, and cerebrospinal fluid samples
were analyzed, with 5F-MDMB-PICA detected in all samples at 0.9 ng/mL in blood and
3.2 ng/mL in cerebrospinal fluid. 4F-MDMB-BINACA was found only in cerebrospinal
fluid at 0.1 ng/mL. The rapid elimination of parent drugs and the prolonged presence
of their metabolites make these metabolites useful for identifying substance intake. The
literature describes a case involving a 35-year-old man found kneeling over a bucket with
his head just above the water. Despite emergency medical services’ efforts, resuscitation
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was unsuccessful [318]. The autopsy revealed coronary artery disease and liver congestion
but no acute myocardial ischemia. Femoral blood concentrations were 14 ng/mL of fentanyl
and 3200 ng/mL of pregabalin. Additionally, 2.7 ng/mL of 5F-ADB and 13 ng/mL of
5F-MDMB-P7AICA were found in cardiac blood, along with lower levels of five other
synthetic cannabinoids. In total, up to 17 synthetic cannabinoids were detected in the
kidney, liver, urine, and hair.

Reported postmortem blood concentrations for the JWH series of synthetic cannabi-
noids are as follows: JWH-018 ranges from 0.1 to 199 ng/mL, JWH-073 from 0.1 to
68.3 ng/ mL, JWH-122 from 0.12 to 17 ng/mL, and JWH-210 from 0.18 to 15 ng/ mL [319].
For AM-1220, AM-2201, and AM-2232, postmortem blood concentrations in fatalities ranged
from 140 to 438 ng/mL, 0.1 to 17 ng/mL, and 0.86 to 1.95 ng/mL, respectively [282,319]. Lastly,
UR-144 and XLR-11 had postmortem blood concentrations ranging from 1.4 to 12.3 ng/mL
and 0.6 to 2.1 ng/mL, respectively [319].

e Tissue Distribution and PMR

Semi-synthetic cannabinoids like THC-O, HHC, THCH, THCB, etc., are expected
to exhibit a postmortem distribution similar to that of A°>-THC. However, the PMR of
A9-THC remains a subject of debate. In one study [320], A°-THC blood concentrations
were analyzed in 14 postmortem cases, comparing antemortem (AM) blood, blood at
admission to the morgue (AD), and blood during autopsy (PM). The median concentrations
were 4.0 ng/mL (range: LOQ-48) for AM, 15.5 ng/ mL (range: 4.0-176) for AD, and
4.4 ng/ mL (range: LOQ-56) for PM. The median elapsed times from AM to AD and AD
to PM were 33 and 97.5 h, respectively. These findings indicate a significant increase in
A®-THC concentration in the early postmortem period, followed by a decrease, although
the median blood concentrations at autopsy were similar to those observed antemortem. In
a recent study [321] on the PMR of cannabis, data from antemortem and postmortem cases
positive for cannabinoids were compiled into a database. The analysis revealed significantly
higher concentrations of A’-THC in postmortem blood compared to antemortem blood.
PMR of A’-THC can be suspected when the following indicators are observed: (i) A’-THC
blood concentration exceeding 50 ng/mL, (i) a A’-THC central-to-peripheral (C/P) ratio
lower than 1.0, (iii) a blood A?-THC to THCCOOH concentration ratio greater than 1.0,
and (iv) the absence of detectable THCCOOH in urine. Some researchers argue that due
to site-specific variations and substantial fluctuations in A°~-THC concentrations during
the postmortem interval and storage, along with the limited relevance of cannabinoid
levels in living individuals, measuring cannabinoid concentrations in postmortem blood
(even peripheral blood) to determine levels at the time of death or impairment is not
advisable. The presence of A’-THC in postmortem blood merely suggests prior drug use
at an undetermined time, and such concentrations should not be regarded as forensically
reliable [322]. Drawing a parallel with A°-THC and pending research to confirm this
assertion, semi-synthetic cannabinoids are expected to exhibit similar behavior due to their
structural similarity. On the other hand, synthetic cannabinoids do not seem to show a
consistent or predictable postmortem distribution.

In a previously cited study [273], 5F-ADB and its metabolite, 5F-ADB carboxylic acid
(metabolite 7), were analyzed in samples from 24 cases of peripheral and central blood. For
5F-ADB, the average C/P ratio was 7.8, with a median of 1.7 and a range from 0.1 to 70.
Out of 24 cases, 14 (58%) showed a C/P ratio greater than 1 for 5F-ADB. In contrast, the
5F-ADB carboxylic acid had an average C/P ratio of 2.7, with a median of 1.7 and a range
of 0.5 to 17.6. In this case, 17 out of 24 cases (71%) demonstrated a C/P ratio greater than 1
for metabolite 7. These results suggest that they both undergo postmortem redistribution to
some extent. Additionally, in another study [274] involving four reported deaths, 5F-ADB
was quantified in both postmortem iliac and cardiac blood samples. The median C/P ratio
was 2.5, with a range of 0.7 to 5.8, supporting the hypothesis that 5F-ADB may exhibit PMR.

According to Table 3, carbonyl indazole AB-CHMINACA was detected in the femoral
and cardiac blood of a man suffering from diabetic ketoacidosis, likely due to synthetic
cannabinoid use [275]. This resulted in a C/P ratio of 0.4. Other synthetic cannabinoids,
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including AB-FUBINACA, 5F-AMB, 5F-APINACA, STS135, and THJ 2201, were detected
only in femoral blood and not in heart blood. AB-CHMINACA was identified and quanti-
fied in another two related deaths [276]. The C/P ratios were 2.4 and 1.1. The L/P ratios
were 57.7 and 16.2. In another reported case of a 24-year-old man who died following
AB-CHMINACA use, the L/P ratios were 4.7 for AB-CHMINACA, 7.8 for its metabolite
4 (carboxylic acid), 2.9 for AKB48, and 14.0 for the UR144-N-COOH metabolite [277].

A 24-year-old man who died from multidrug intoxication, XLR11 and the UR144
metabolites, UR144-N-COOH and UR144-N-OH, were detected and quantified in pe-
ripheral and central blood, resulting in C/P ratios of 0.9, 1.1, and 1.5, respectively [275].
Additionally, hydrocodone was found at a toxic level. In another case report [278,279],
MAB-CHMINACA was detected in a man with a history of synthetic cannabinoid use. The
postmortem concentrations in femoral and cardiac blood, along with the liver concentration,
resulted in C/P and L/P ratios of 1.5 and 25.8, respectively. Furthermore, 5F-ADB was
present in the gastric contents, adipose tissue, brain, heart muscle, and pancreas. 5SF-MDMB-
P7AICA and its metabolite, dimethyl butanoic acid, were identified in postmortem samples
from a 31-year-old man who died after jumping from a roof [280]. The concentrations of
5F-MDMB-P7AICA and metabolite in peripheral and heart blood resulted in C/P ratios of
0.8 for the parent drug and 8.0 for the metabolite.

N-1-Naphthalenyl-1-pentyl-1H-indole-3-carboxamide (NNEI), a synthetic cannabi-
noid, was identified in a man in his twenties who likely died from acute circulatory
disturbance caused by NNEI poisoning [281]. The C/P and L/P ratios were 0.8 and 1.6,
respectively. In another case, MAM-2201, AM-1220, AM-2232, and some metabolites were
identified and quantified in plasma from femoral blood. The concentrations of parent drugs
and their metabolites in heart blood (right and left ventricles) were 1.5-5.5 times greater
than in femoral blood, indicating postmortem redistribution. Additionally, the levels of
parent drugs in the left ventricle were 1.1-2.8 times higher than in the right ventricle,
suggesting drug accumulation in the myocardium. This accumulation may explain the
cardiotoxic effects of this synthetic cannabinoids.

The gamma-carboline-based synthetic cannabinoid 5F-cumyl-PEGACLONE was re-
ported in four deaths [283]. The calculated C/P ratios were 0.15, 0.9, 1.8, and 3.9.

In 2018, AB-PINACA and EAM-2201 were reanalyzed from postmortem samples re-
lated to an unresolved case from 2013, with the samples having been stored at —80 °C [284].
The postmortem concentrations found in peripheral blood and left heart blood for AB-
PINACA and EAM-2201, led to C/P ratios of 1.6 and 0.5 for the two compounds. Given
the low levels detected, it is important to consider the potential degradation of these
compounds over the storage period.

Finally, mepirapim was detected in an incident involving two individuals, one fatal
and the other non-fatal [285,286]. The survivor inhaled the substance, while the deceased
self-administered approximately 50-60 mg via intravenous injection. Postmortem concen-
trations of mepirapim in peripheral blood, heart blood, and liver yield C/P and L/P ratios
of 1.0 and 11.4, respectively.

As noted, there is currently inadequate literature to make definitive conclusions about
the PMR of synthetic cannabinoids. Evidence suggests that some compounds, such as
5F-ADB [273,274], AB-CHMINACA [274], MAM-2201, AM-1220, and AM-2232 [282], along
with their metabolites, may exhibit PMR, as indicated by observed C/P ratios in certain
cases. Data regarding metabolite PMR supports this hypothesis. Their lipophilic structures
imply a susceptibility to this phenomenon. However, challenges such as instability in
biological matrices and frequent difficulties in accurately quantifying metabolites—often
due to the unavailability of reference standards—complicate efforts to gather adequate
data on potential PMR.

4. Conclusions

Although qualitative analysis of NPS is commonly considered adequate for routine
forensic work [323], quantification data from specialized forensic laboratories and exam-
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ination of various postmortem tissues can offer crucial insights into the PMR of these
substances. While many studies report NPS-related fatalities, fewer investigate the post-
mortem distribution of NPS in tissues and quantify their levels in peripheral blood, central
blood, and liver to assess potential PMR. A review of 94 studies (peer-reviewed papers and
communications for congresses), all of which provided data on fatal cases involving NPS
in different tissues, was conducted.

Based on the chemical properties of the 11 NPS groups studied (phenylethylamines
(alpha and phenyl-substituted/ 3-oxo-substituted, cathinones)/phenmetrazines/piperazines/
phenidates/arylcyclohexylamines (phencyclidines)/lysergamides/tryptamines/designer
benzodiazepines/synthetic opioids/nitazenes/synthetic cannabinoids) and insights from
previous research on the PMR of classical related parent drugs, we have attempted to
predict whether these substances are likely to undergo PMR. Additionally, we reviewed
various studies on the stability of each NPS group, as this can significantly affect the
detectable concentrations in a corpse, particularly if the postmortem interval is prolonged.

New synthetic opioids, synthetic cathinones, phenethylamines/amphetamines, and
synthetic cannabinoids were the most commonly found NPS in postmortem samples.
Polydrug use was prevalent, increasing overdose risks due to potential drug interactions.
Substances like synthetic cannabinoids, fentanyl analogs, and nitazenes can be lethal even at
low doses, making detection and toxicological analysis challenging. For synthetic cannabi-
noids, their rapid metabolism and tissue distribution result in low blood concentrations,
making alternative matrices, such as adipose tissue useful for detection. It is also highly
recommended to study the metabolic profile of synthetic cannabinoids [324].

Based on the reviewed papers, the NPS groups most likely to exhibit PMR include
phenylethylamines (excluding NBOMe or 2C-X derivatives, potentially due to their in-
stability), certain synthetic cathinones like N-alkylcathinones (e.g., mephedrone, 3-MMC,
3,4-DMMC), some pyrrolidin cathinones (e.g., MPHP, MDPV), tryptamine derivatives
such as 5-API (5-IT), and some synthetic opioids (e.g., acetylfentanyl, furanylfentanyl, p-
fluorofuranylfentanyl, U-47700). Nitazenes and synthetic cannabinoids may also be prone
to PMR, although further case reports are needed to confirm these findings.

In terms of instability, groups such as synthetic cathinones are particularly unstable in
postmortem samples, especially those with halogen atoms, which leads to the recommen-
dation to look for dihydrometabolites as biomarkers of exposure. Nitazenes and others
NPS compounds with a nitro groups, such as new nitrobenzodiazepines clonazolam, are
unstable by nitroreduction. The chemical instability of NPS with labile ester functions
(e.g., mytragynine, acrylfentanyl, remifentanil, and some synthetic cannabinoids (e.g.,
ADB, MDMB, EMB derivations in secondary moieties)) may hinder their detection through
the formation of their carboxylic acid by heat and changes in and liberation of enzimes
carboxylesterases released postmortem into the bloodstream.

LC-MS/MS (LC-QQQ) methods were the most commonly employed for quantification
analysis, while GC-MS and LC-HRMS/MS techniques were frequently used for screening
and confirmation. Additionally, LC-HRMS/MS was the preferred method for identifying
metabolites.

Establishing the cause of death based solely on concentration levels is difficult and
requires a holistic approach, including clinical history, autopsy, and histopathological
findings for each case. This compilation of postmortem concentrations, along with C/P
and L/P ratios, is intended as a reference to identify relevant studies on specific NPS or
substance groups and should be used as a guide to determine if the detected substance
may be prone or not to PMR.

The review findings highlight the need for continual updates and reassessment of
our understanding of the metabolism, stability, and PMR of NPS. It is essential for routine
toxicological screening methods to evolve continuously, integrating new strategies to
analyze emerging NPS and their metabolites [325].
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Glossary

11-hydroxy-THC

11-Hydroxy-A9-tetrahydrocannabinol

1-BZP 1-Benzylpiperazine

1B-LSD 1-Butanoyl-lysergic acid diethylamide

1cP-LSD 1-Cyclopropanoyl-lysergic acid diethylamide

1P-LSD 1-Propanoyl-lysergic acid diethylamide

1V-LSD 1-Valeroyl-lysergic acid diethylamide

25B-NBOMe 2-(4-Bromo-2,5-dimethoxyphenyl)-N-(2-methoxyphenyl)methyl-
ethanamine

25C-NBOMe 2-(4-Chloro-2,5-dimethoxyphenyl)-N-[(2-methoxyphenyl)methyl]
ethanamine

25H-NBOMe 2-(2,5-Dimethoxyphenyl)-N-[(2-methoxyphenyl)methyl]ethanamine

25I-NBOMe 2-(4-Iodo-2,5-dimethoxyphenyl)-N-[(2-methoxyphenyl)methyl]
ethanamine

2-Al 2-Aminoindane

2-Cl-DPH 2-Chloro-diphenidine

2C-T-7 2-(2,5-Dimethoxy-4-(n)-propylthio)phenylethylamine

2F-DCK 2-Fluorodeschloroketamine

2-FMA 2-Fluoromethamphetamine

2-MAPB 1-(1-Benzofuran-2-yl)-N-methylpropan-2-amine

2-FMP 2-Fluorophenmetrazine

2-MXP 2-Methoxyphenidine

2-oxo-PCE 2-(Ethylamino)-2-phenylcyclohexanone

3,4-DMMC 2-(Methylamino)-1-(3,4-dimethylphenyl)propan-1-one

3,6-DMPM 2-Phenyl-3,6-dimethylmorpholine

3-FPM 3-Fluorophenmetrazine

3-MeO-PCP 3-Methoxyphencyclidine

3-Methyl-4-fluoro-PVP
3-MMC

(RS)-1-(3-Methyl-4-fluorophenyl)-2-(pyrrolidin-1-yl)pentan-1-one
3-Methylmethcathinone

3-MPM 3-Methylphenmetrazine

3-MXP 3-Methoxyphenidine

3-OH-PCP 3-Hydroxyphencyclidine

4-CEC 4-Chloro-ethcathinone

4-Cl-a-PPP 4-Chloro-alpha-pyrrolidinopropiophenone
4-CEC 4-Chloro-ethcathinone

4-Cl-«-PVP 4-Chloro-alpha-pyrrolidinovalerophenone
4F-ANPP 1-(4-Fluorophenyl)-N-phenylpiperidin-4-amine
4F-EPH 4-Fluoroethylphenidate

4-Fluorobutyryl-fentanyl
4-FMC

4F-MPH

4-F-PHP

N-[1-(2-Phenylethyl)-4-piperidinyl]-N-phenyl-4-fluorobutanamide
1-(4-Fluorophenyl)-2-(methylamino)propan-1-one
4-Fluoromethylphenidate

4-Fluoro-pyrrolidinohexanophenone
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4-FPM
4-F-o-PVP
4-MA

4-MEAP
4-MEC
4-MeO-PCP
4-MeO-x-PVP
4-Methoxy-PV8
4-Methoxy-PV9

4-MMC (mephedrone)

4M-MPH
4-MPD
4-MTA
4-PV8
5-APB

5-API
5-APINACA

5-EAPB
5F-ADB(COOH)
5F-ADB

5F-AMB
5F-MDMB-PICA

5FE-NPB-22
5-HT

5-TIAI
5-MAPB
5-MeO-DiPT
5-MeO-NiPT
5-OH-DiPT
6-APB
6-APDB

AB
AB-CHMINACA

AB-FUBINACA

AB-PINACA
AB-PINACA

Acetyl-fentanyl
ADB-PINACA

AET
AH-7921

AKB48 (APINACA)
ALD-52

ALDH

AM-1220

AM-2201

AM-2232

AMT

AM

ADHD

BZDs

4-Fluorophenmetrazine
1-(4-Fluorophenyl)-2-(pyrrolidin-1-yl)pentan-1-one
4-Methylamphetamine

N-Ethyl-4’-methylnorpentedrone

4-Methylmethcathinone

4-Methoxyphencyclidine
1-(4-Methoxyphenyl)-2-(pyrrolidin-1-yl)pentan-1-one
1-(4-Methoxyphenyl)-2-(pyrrolidin-1-yl)heptan-1-one
1-(4-Methoxyphenyl)-2-(pyrrolidin-1-yl)octan-1-one
4-methylmethcathinone

4-Methylmethylphenidate

4-Methylpentedrone

4-Methylthioamphetamine

4-Methoxy-PV8

5-(2-Aminopropyl)benzofuran

5-(2-Aminopropyl)indole
N-(1-Amino-3-methyl-1-oxobutan-2-yl)-1-(5-fluoropentyl)-1H-
indazole-3-carboxamide

5-(2-Ethylaminopropyl)benzofuran
1-(5-Fluoropentyl)-1H-indazole-3-carboxylic aci

Methyl 2-(1-(5-fluoropentyl)-1H-indazole-3-carboxamido)-3-
methylbutanoate

Methyl 2-(1-(5-fluoropentyl)-1H-indazole-3-carboxamido)-3-
methylbutanoate

Methyl 2-(1-(5-fluoropentyl)-1H-indazole-3-carboxamido)-3,3-
dimethylbutanoate

1-(5-Fluoropentyl)-8-quinolinyl ester-1H-indole-3-carboxylic acid
Serotonin

5-lodo-2-aminoindane

5-(2-Aminomethylpropyl)benzofuran
5-Methoxy-N,N-diisopropyltryptamine
5-Methoxy-N-isopropyltryptamine
5-Hydroxy-N,N-diisopropyltryptamine
1-(1-Benzofuran-6-yl)-2-(aminopropane)
6-(2-Aminopropyl)-2,3-dihydrobenzofuran

Aorta blood
N-(1-Amino-3-methyl-1-oxobutan-2-yl)-1-(cyclohexylmethyl)-1H-
indazole-3-carboxamide
N-(1-Amino-3,3-dimethyl-1-oxobutan-2-yl)-1-(4-fluorobenzyl)-1H-
indazole-3-carboxamide
N-(1-Adamantyl)-1-pentyl-1H-indazole-3-carboxamide
N-(1-Amino-3-methyl-1-oxobutan-2-yl)-1-pentyl-1H-indazole-3-
carboxamide
N-(1-Phenethylpiperidin-4-yl)-N-phenylacetamide
N-(1-Amino-3,3-dimethylbutan-2-yl)-1-pentyl-1H-indazole-3-
carboxamide

Alpha-Ethyltryptamine
3,4-Dichloro-N-((1-(dimethylamino)cyclohexyl)-methylbenzamide
N-(1-Adamantyl)- 1-pentyl-1H-indazole-3-carboxamide)
1-Acetyl- lysergic acid diethylamide

Aldehyde dehydrogenase
1-(2-Methoxyphenyl)-2-(1-pentyl-1H-indol-3-yl)ethanone
1-(5-Fluoropentyl)-3-(1-naphthoyl)indole
1-(4-Fluorophenyl)-2-(1-pentyl-1H-indol-3-yl)ethanone
Alpha-Methyltryptamine

Antemortem

attention deficit hyperactivity disorder

Benzodiazepines
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BZP
COMT

CB

C/P

DA

DBZP
DCK
DCPP
DET

DHC
DiPT
DMT
DOB

DPH (diphenidine)
DPT
EAM-2201
EMCDDA
EPE (ephenidine)
EPH
EUDA
FAB-144
FB

FBZP
p-FFF
p-FiBF
FMC

Fb

GI

GC-MS
HB

1B

IIPH

IS

JWH
JWH-007
JWH-018
JWH-201
L
LC-HRMS/MS

LC-MS/MS
LC-QQQ

LHB

L/P

LLE

logP

LSD

m/p-CPP
m/p-MPP
MAB-CHMINACA

MAM-2201
MAO
MBDB
MBZP
mCPCPP
MDAI
MDAT

1-Benzylpiperazine

catechol-O-methyltransferase

Central blood

Central Blood /Peripheral Blood

Dopamine

1,4-Dibenzylpiperazine

Deschloroketamine

2,3-Dichlorophenylpiperazine

Diethyltryptamine

dihydrocodeine

N,N-diisopropyltryptamine

N,N-Dimethyltryptamine
2,5-Dimethoxy-4-bromoamphetamine
1-(1,2-Diphenylethyl)piperidine

N,N-Dipropyltryptamine
5-Fluoro-N-ethyl-N-(1-pentyl)indole-3-carboxamide
European Monitoring Center for Drugs and Drug Addiction
N-Ethyl-(1,2-diphenyl)ethanamine

Ethylphenidate

The European Union Drugs Agency
1-Pentyl-3-(2,2,3,3-tetramethylcyclopropoyl)indole
Femoral blood

1-(4-Fluorobenzyl)piperazine

p-Fluorofuranylfentanyl

Fluoroisobutyrfentanyl

Fluoromethcathinone

fraction bound to plasma proteins

gastrointestinal tract

Gas Chromatography—Mass Spectrometry

Heart blood

Iliac blood

Isopropylphenidate

Injection site

John W. Huffman
1-Pentyl-3-(2-chlorophenylacetyl)indole
1-Pentyl-3-(1-naphthoyl)indole
1-(5-Fluoropentyl)-3-(4-methyl-1-naphthoyl)indole

Liver

Liquid Chromatography—High-Resolution Tandem Mass
Spectrometry

Liquid Chromatography—Tandem Mass Spectrometry
Liquid Chromatography—Triple Quadrupole Mass Spectrometry
Left heart blood

Liver/Blood

Liquid-Liquid Extraction

log of the partition coefficient of a solute between octanol and water
Lysergic acid diethylamide
1-(3/4-Chlorophenyl)piperazine
1-(3/4-Methylphenyl)piperazine

Methyl 2-(1-(cyclohexylmethyl)-1H-indazole-3-carboxamido)-3-
methylbutanoate
1-(5-Fluoropentyl)-3-(2,2,3,3-tetramethylcyclopropyl)indole
monoaminoxydase
N-Methyl-1-(3,4-methylenedioxyphenyl)-2-butanamine
1-Benzyl-4-methylpiperazine
1-(3-Chlorophenyl)-4-(3-chloropropyl)piperazine
5,6-Methylenedioxy-2-aminoindane
6,7-Methylenedioxy-2-aminotetralin
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MDDM
MDMAI
MDMB-4en-PINACA

MDPV
MEAI
MMAI

MPA

MPH
MPHP
mMPP
MT-45

MXE (methoxetamine)
MXPr (methoxpropamine)
NA
NBOMes
NE

NPS

NIDA
NM-2-Al
NPD
o/p-MeOPP
PB

PCE

PCP

pFPP

PEAs
PMEA
PMMA

PM

PMR

PP

PV8

PV9
QuEChERS
Rasagiline
RHB

SA

SB

sC

STS135 (5-fluoro-APICA)

SF

SPE
TFEMPP
THC
THC-COOH
THH
THJ-018
THJ 2201
U-47700
UNODC
Ur

vd
XLR11

vh
«-PBP

5,6-Methylenedioxy-N,N-dimethyl-2-aminoindane
5,6-Methylenedioxy-N-methyl-2-aminoindane
Methyl-2-(1-(4-methoxyphenyl)-3-indazole-carboxamido)-3,3-
dimethylbutanoate
3,4-Methylenedioxypyrovalerone
5-Methoxy-2-aminoindane
5-Methoxy-6-methyl-2-aminoindane
Methiopropamine

Methylphenidate
4'-Methyl-a-pyrrolidinohexiophenone
1-(3-methylphenyl)pyperazine
1-Cyclohexyl-4-(1,2-diphenylethyl)piperazine
2-(ethylamino)-2-(3-methoxyphenyl)-cyclohexanone
2-(3-methoxyphenyl)-2-(propylamino)cyclohexan-1-one
Not available

N-methoxybenzyl derivatives

Noradrenaline

New Psychoactive Substances

National Institute on Drug Abuse
N-Methyl-2-aminoindane

N-Propylpentedrone
1-(2/4Methoxyphenyl)piperazine

Peripheral Blood

Ethylphencyclidine
1-(1-Phenylcyclohexyl)piperidine
1-(4-Fluorophenyl) piperazine

Phenylethylamines
para-Methoxyethylamphetamine
para-Methoxymethamphetamine

Postmortem

Postmortem redistribution

Protein Precipitation
1-phenyl-2-(1-pyrrolidinyl)-1-heptanone
1-phenyl-2-(1-pyrrolidinyl)-1-octanone

Quick, Easy, Cheap, Effective, Rugged, and Safe
N-Propargyl-1(R)-aminoindane

Right heart blood

Serum antemortem

Subclavian blood

Serum cardiac
1-(5-fluoropentyl)-N-tricyclo[3.3.1.13,7]dec-1-yl-1H-indole-3-
carboxamide

Subcutaneous fat

Solid-Phase Extraction
1-(3-Trifluoromethylphenyl)piperazine
A?-Tetrahydrocannabinol
11-Nor-9-carboxy-A°-tetrahydrocannabinol
Tetrahydroharmine
1-Naphthoyl-3-(1-pentylindazole)
1-(5-fluoropentyl)-1H-indazol-3-yl]-1-naphthalenyl-methanone

3,4-Dichloro-N-[2-(dimethylamino)cyclohexyl]-N-methylbenzamide

United Nations Office on Drugs and Crime

Urine

Volume of distribution

(5-Fluoro-UR-144) ((1-(5-fluoropentyl)-1H-indol-3-y1)(2,2,3,3-
tetramethylcyclopropyl)methanone

Vitreous humor

Alpha-pyrrolidinobutiophenone
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o-PiHP Alpha-pyrrolidinoisohexanophenone
o-PVP Alpha-pyrrolidinovalerophenone
A°-THC (-)-A9-trans-Tetrahydrocannabinol
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