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Abstract  

In the last decade, the rapid emergence of a group of compounds known as 

novel psychoactive substances (NPS) has become a worrying problem due to 

their ambiguous legal status, their easy availability, their extensive 

consumption and their severe adverse effects. NPS are compounds designed 

to mimic existing established recreational drugs. The most commonly 

clinically encountered NPS are stimulants (such as mephedrone) and 

cannabinoids (such as “spice”) and our knowledge of their pharmaco-

toxicological profile is very limited. The evaluation of hundreds of substances 

in a short time period is a challenge for public health and drug policies 

globally. This thesis aims to contribute to the pharmacological evaluation of 

NPS by developing a targeted metabolomics approach (on neurotransmitters 

and steroids) applied to brain tissue as well as in plasma and urine as a tool to 

predict the pharmacological profile of NPS, circumventing limitations of the 

current evaluation approach. We focused on specific NPS (i.e. cathinones, 

synthetic cannabinoids) to demonstrate the proof of principle of the 

methodological approach developed. By using chromatographic techniques 

coupled to tandem mass spectrometry, the quantification of endogenous and 

exogenous compounds, presumably altered after drug intake, was achieved in 

different biological matrices. We studied more in depth the metabolic 

clearance of mephedrone in humans focusing on its pharmacokinetics and 

pharmacogenetics aspects regulating its disposition as well as the interactions 

with its pharmacodynamics in a set of multi-dose randomized double-blind 

clinical trials. The pharmacological predictions for novel drugs was 

accomplished by quantifying the neuro-metabolomic fingerprint alterations of 

NPS compared to those observed after the intake of classical drugs of abuse. 

In brief, this work has contributed to describe the human disposition of 

mephedrone and it also highlight the potential of using targeted metabolomics 

as a tool to predict the pharmacological profile of NPS. 
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Resum  

En l'última dècada, la ràpida aparició d'un grup de compostos coneguts com a 

noves substàncies psicoactives (NPS) s'ha convertit en un problema 

preocupant a causa del seu estatus ambigu, el seva fàcil accés, el seu consum 

extens i els seus efectes adversos greus. Les NPS són compostos dissenyats 

per imitar les drogues d’abús ja establertes. Les NPS més reportades a nivell 

clínic són els estimulants (com la mefedrona) i els cannabinoides (com ara 

"spiece") i el nostre coneixement del seu perfil farmaco-toxicològic és molt 

limitat. L'avaluació de centenars de substàncies en un curt període de temps 

és un repte per a la salut pública i les polítiques de drogues a nivell mundial. 

Aquesta tesi pretén contribuir a l'avaluació farmacològica de les NPS 

desenvolupant un enfocament metabòlic dirigit (en neurotransmissors i 

esteroides) aplicat al teixit cerebral, al plasma i a l'orina com a eina per predir 

el perfil farmacològic de les NPS, evitant les limitacions de l’avaluació 

actual. Ens hem centrat en NPS específiques (com les catinones i els 

cannabinoides sintètics) per demostrar la prova del principi de l'enfocament 

metodològic desenvolupat. Mitjançant l'ús de tècniques cromatogràfiques 

acoblades a l'espectrometria de masses en tàndem, es va aconseguir la 

quantificació de compostos endògens i exògens, presumptament alterats 

després de la ingesta de drogues en diferents matrius biològiques. Es va 

estudiar més a fons l'eliminació metabòlica de la mefedrona en humans, 

centrant-nos en els seus aspectes farmacocinètics i farmacogenètics que 

regulaven la seva depuració, així com les interaccions amb la seva 

farmacodinàmica en un conjunt d'assaigs clínics aleatoritzats de dosis 

múltiples. Les prediccions farmacològiques de nous fàrmacs es van assolir 

quantificant les alteracions neuro-metabolòmiques de les NPS en comparació 

amb les observades després de la ingesta de drogues d’abús clàssiques. En 

resum, aquest treball ha contribuït a descriure la disposició humana de la 

mefedrona i també destaca el potencial d'utilitzar metabolòmica dirigida com 

a eina per predir el perfil farmacològic de NPS. 
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Resumen  

En la última década, la rápida aparición de un grupo de compuestos 

conocidos como nuevas sustancias psicoactivas (NPS) se ha convertido en un 

problema preocupante debido a su estatus legal ambiguo, su fácil 

disponibilidad, su extenso consumo y sus graves efectos adversos. Las NPS 

son compuestos diseñados para mimetizar las drogas de abuso ya 

establecidas. Las NPS más reportadas clínicamente son los estimulantes 

(como la mefedrona) y los cannabinoides (como el "spice") y nuestro 

conocimiento de su perfil fármaco-toxicológico es muy limitado. La 

evaluación de cientos de sustancias en un corto período de tiempo es un reto 

para la salud pública y las políticas de control de drogas a nivel mundial. Esta 

tesis pretende contribuir a la evaluación farmacológica de NPS desarrollando 

un enfoque metabolómico dirigido (con neurotransmisores y esteroides) 

aplicado al tejido cerebral, al plasma y a la orina, como herramienta para 

predecir el perfil farmacológico de las NPS, evitando las limitaciones de los 

protocolos de evaluación actual. Nos hemos centrado en NPS específicos 

(como las catinonas y los cannabinoides sintéticos) para demostrar la prueba 

del principio del enfoque metodológico desarrollado. Mediante el uso de 

técnicas cromatográficas acopladas a la espectrometría de masas en tándem, 

se consiguió la cuantificación de compuestos endógenos y exógenos, 

presuntamente alterados después de la ingesta de drogas en diferentes 

matrices biológicas. Se estudió más a fondo la depuración metabólica de la 

mefedrona en humanos, centrándonos en sus aspectos farmacocinéticos y 

farmacogenéticos que la regulan, así como las interacciones con su 

farmacodinamia en un conjunto de ensayos clínicos aleatorizados de dosis 

múltiples. Las predicciones farmacológicas de nuevos fármacos se alcanzaron 

cuantificando las alteraciones neuro-metabolómicas de la NPS en 

comparación con las observadas tras la ingesta de drogas de abuso clásicas. 

En resumen, este trabajo ha contribuido a describir la depuración metabólica 

en humanos de la mefedrona y también destaca el potencial de utilizar 

metabolómica dirigida como herramienta para predecir el perfil 

farmacológico de las NPS. 
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Preface 

Recently, the emergence of New Psychoactive Substances (NPS) has 

become a global issue. Hundreds of novel unknown drugs have been 

proliferated due its ambiguous legal status and easy availability with an 

increasing consume among youths. These substances mimic the effects of 

classical drugs of abuse (such as ecstasy or methamphetamine) but with 

small structural changes that can radically affect its ability to bind 

effectively to a given target and produce adverse medical consequences. 

The scientific evaluation of these substances has been thwarted due the 

great quantity of substances in a changing poly-consume market, which 

constantly adapts to be ahead of public health prevention and law-

enforcement. On top of this, the collection of research data for these drugs 

become unfeasible considering the labor-intensive and the time-

consuming costs required for a drug systematic evaluation, multiplied by 

hundreds of unequaled substances.  

In this context, it is necessary to concentrate on the most problematic and 

prevalent substances and to develop predictive models to evaluate the 

NPS pharmacology in vivo. 

Therefore, the presented thesis arises from the need to approach the 

challenge of the pharmacological evaluation of NPS.  
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Thesis structure 

This PhD dissertation is structured in several sections as follows: firstly, 

an Introduction provides a comprehensive context of the NPS situation, 

emphasizing the relevance of mephedrone, one of the most popular NPS 

used worldwide and firstly evaluated in humans by our research group. 

Furthermore, highlights of analytical strategies used in the thesis are 

introduced with an special emphasis to metabolomics. Then, the 

Objectives and Hypotheses section presents the initial hypothesis and the 

aims of the presented work. The Methods and Results section has two 

differentiated parts (part I and part II) introduced with a brief summary to 

introduce each part. Each part includes different chapters adapted from 

scientific publications in peer-review journals that facilitate the thesis 

lecture. In Part I, the human metabolic disposition of mephedrone is 

studied. Chapter 1 and 2 focuses on the development of analytical 

strategies (with chromatography techniques coupled to mass 

spectrometry) to monitor mephedrone and its metabolites in human 

matrices and a broad pharmacokinetic study is presented. In chapter 3, a 

comprehensive study of the pharmacokinetics, the pharmacodynamics and 

the pharmacogenetics study at different dosages of mephedrone is 

presented. In Part II, a novel experimental approach with targeted 

metabolomics is developed. In chapter 4, the prediction of the 

pharmacological profile of two examples of NPS (mephedrone and JWH-

018) was obtained by targeting monoamines neurotransmitters and steroid 

hormones pathways. Limitations and improvements of the model are 

presented in the additional information section. In chapter 5, an LC-

MS/MS quantification method for amino acids neurotransmitters (such as 

GABA or Acetylcholine) was validated in brain and plasma with the 

analysis of all samples used for the targeted metabolomics study. Then a 

new prediction model was constructed with two synthetic cathinones 
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(alpha-PVP and MDPV) detailed with another additional information. 

Afterwards a general Discussion of the methodology and results achieved 
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1.1. Drugs of abuse 

Since thousands of years, humans have been looking for substances 

capable to produce changes on the central nervous system, in order to find 

changes on perception, on the emotional states and alertness. These 

substances, present in plants or fungus, produced desired effects, but also 

could cause adverse effects, abuse and addiction disorders. Over time, 

advances in technology lead the identification, manufacturing and world-

wide consumption of these drugs of abuse. Nowadays, a quarter of a 

billion people, 1 in 20 adults (from 15 to 64 years), consumed at least one 

drug of abuse in the past 2 years, being the majority of them globally 

illegal1. Recently, the European Monitoring Centre for Drugs and Drug 

Addiction (EMCDDA) presented a global estimation of the drug-type 

consume, being cannabis, methamphetamine, ecstasy (MDMA), cocaine 

and opioids (considered as classical drugs) and new psychoactive 

substances (catalogued as novel substances) the most popular drugs 

consumed world-wide (see Figure 1)2.  

Drugs of abuse can produce stimulant, hallucinogen, euphoric or paranoia 

effects (among others effects), depending on their targeted side of action. 

Generally, the drug-interaction produces alterations in endogenous 

metabolic pathways such as the monoamine neurotransmitters, the 

endocannabinoid system, the steroid hormones, etc3–6. Each drug of abuse 

has its own target site of action with its specific pharmacology associated. 
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Figure 1. Estimation of drug use in the European Union during the 2018. Adapted 

from the European Monitoring Centre for Drugs and Drug Addiction2. 
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1.1.1. New Psychoactive Substances 

a. Definition  

In recent years, a new group of substances, so called New Psychoactive 

Substances (NPS) emerged in the market as an alternative to traditional 

drugs of abuse. NPS were defined as those “narcotic or psychotropic 

drugs that are not controlled by the 1961 United Nations Single 

Convention on Narcotic Drugs or the 1971 United Nations Convention on 

Psychotropic Substances, but which are liable to abuse and dependence 

and produce similar effects on the central nervous system (CNS) 

compared to Schedule I and II drugs”7,8. The term “new” does not 

necessarily refer to new drug inventions but may include substances that 

recently become available and consumed9,10. Those substances were 

designed to mimic the effects and to intentionally circumvent the existing 

controlled substances11. The chemical structures of many NPS are based 

on compounds extracted from biomedical literature or analogs of illicit 

drugs and prescribed medications but with an unknown pharmaco-

toxicological profile11. Therefore, many of the NPS are analogues of 

endogenous neurotransmitters and their pharmacological effect relies in its 

interaction with the endogenous receptors12.  

b. Emergence  

NPS have proliferated uncontrollably, establishing 3% of the total drug 

consumption worldwide13. The total number of such substances, already 

estimated to be in the hundreds, is still growing steadily due to their 

increment in diversity, potency and availability1,14. Since 2008, these 

novel substances have experienced a remarkable increase in popularity 

and by the end of 2017, the EMCDDA was monitoring over 600 NPS that 

have appeared on Europe’s drug marked2 (see Figure 2). The list of 
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substances appearing on the drug marked is still maintained, with about 

one new substance reported weekly in Europe2. Over 100 countries and 

territories in all regions have reported the emergence of NPS2. 

Figure 2. Number and categories of new psychoactive substances notified to the 

EU Early Warning System for the first time, 2005-17. Adapted from the 

European Monitoring Centre for Drugs and Drug Addiction2. 

In all, due to the newness substances available, their ambiguous legal 

situation, their ability to be undetected in toxicological test, their rapid 

adaptation on legal restrictions, their easy manufacturing and distribution, 

their potent advertising and commercial tools on the Internet and a minor 

public knowledge of their adverse effects, NPS has become a worrying 

phenomenon worldly2,10,15. 

NPS presents a serious global public health threat, since there is no quality 

control in their manufacturing and their biological effects are still 

unknown11,16.  
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c. Challenges to evaluate NPS 

The emergence of hundreds of NPS during the past decade unleashed a 

challenge to public health and drug policies at international level10.  

Synthetic drugs producers rapidly adapted by modifying chemical 

structures with the intention of avoiding law-enforcement and shifting 

drug trends10.  In this manner, they started to sell substances not listed for 

control on the open market, by arguing that: “whatever that is not 

expressly prohibited must be allowed for open sale”17. Adding these 

substances to the controlled list obliges law enforcement to test and 

evaluate the potential public health harm of those substances17. However, 

technical and financial resources are not increased accordingly17. 

Furthermore, by the time that a law is updated (it can take more than a 

year), newer drugs appears replacing the illegal ones17. Indeed, analogs of  

classical drugs are relatively easy to synthesize and the production of 

stimulants, hallucinogens, entactogens or emphatogens can be rapidly 

distributed globally10. 

The evaluation of the potential public health risk of these substances 

requires a first characterization of the pharmacological effect of NPS.  At 

the present time, in vitro techniques have been used to describe the 

mechanism of action of many NPS18,19. Moreover, in vivo studies have 

investigated the pharmacokinetics20–22, clinical monitoring (e.g. heart-rate, 

activity levels, etc.) or toxicity23 (among other disciplines) of some NPS. 

However, the speed with which scientific evaluation is obtained for a 

substance is still insufficient to be relevant in humans. The need of 

generating and accumulating research data to face the challenge of NPS 

has been thwarted by the large quantity of current NPS, by the complexity 

of their presentations (mixtures) and by its alegal status10. The soaring 

research costs and the immense amount of time required to evaluate a 

single substance clearly limited the pharmacological evaluation of NPS in 



 Introduction 

8 

humans10. In that manner, novel high-throughput approaches are required 

in order to overcome these limitations. In this thesis, we have focused in 

the human disposition of one of the most problematic and relevant NPS, 

mephedrone (Part I) and we have created a targeted metabolomics 

prototype model able to predict the pharmacological profile of examples 

of NPS (Part II). 

d. Consumption and users

The use of NPS was concentrated among young adults (aged 16 to 24) 

with around 1 in 40 (2.6%) young adults took an NPS in countries like 

England in 2015-1624. Moreover, the prevalence of NPS was major in 

young men than in women and poly-drug consume was present in around 

85.2% of the young adults consumers of NPS25,26. 

The motivations that can incite users to try NPS instead of classical drugs, 

were described to be the followings27:  

i. To skirt the law. As NPS produce similar effects to banned drugs but

they are not being prohibited itself, they can be sold and consumed

without criminal implications.

ii. To avoid its detection in random drug tests. As NPS are many of

them undetectable in drug test, they can be an alternative to heavily

monitored users (such as prisoners, athletics or public transport

drivers among others).

iii. To seek new experiences. In a similar way as the early stages of

ecstasy consumption during the 1970s and 1980s where consumers

discovered a unique entactogenic experience, users (so called

psychonauts) would consume NPS in order to find new drug effects.
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iv. To potentiate currently controlled substances. Drug suppliers could 

sell NPS as traditional drugs in order to adulterate or potentiate 

currently controlled substances.  

e. Adverse effects  

The consumption of NPS produces reinforcing effects at recreational 

doses but give rise to adverse medical consequences at higher doses or 

after chronic exposure28,29. Although NPS are designed to be analogous in 

subjective effects to classical drugs they present off-target site of action 

due to their different chemical structure16. These unknowns’ interactions 

of NPS could produce unexpected adverse medical consequences. General 

adverse effects produced by NPS include aggression, anxiety, confusion, 

depression, paranoia or psychosis16,30. 

Moreover, another potential threat to human health is on the production 

and manufacturing of NPS. These drugs are produced in clandestine 

laboratories with poor quality controls and unregulated conditions. As a 

result, these substances are synthetized without confirmation on the 

chemical structure or the dose distributed and without controlling the 

presence of adulterants and contaminants30. Consequently, the presence of 

adverse effects associated to NPS use and overdose has increased among 

users and it has become a growing issue globally among emergency 

departments and intensive care units31. Furthermore, many case reports of 

intoxication are due the combination of more than one substance and the 

un-knowledge of the substances or the ingested dose difficulties their 

possible treatment32,33.  
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f. Categories of NPS

NPS may be categorized by chemical structure, by psychoactive 

properties and pharmacological and clinical effects (stimulants, 

entactogens, hallucinogens…) by biological targets (dopaminergic, 

serotoninergic…) or by source (plant, synthetic or semi-synthetic)10,29. 

Considering the chemical class of NPS, their pharmacological and 

subjective effects, the main types of NPS are: synthetic cannabinoids, 

synthetic cathinones, phenethylamines, piperazines, tryptamines and 

others14,29. In table 2, a brief description of the different most popular NPS 

types is presented according the EMCDDA and UNDOC34,35. Currently, 

synthetic cannabinoids and synthetic cathinones are the most consumed 

NPS world-wide1,13. 
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Chemical class 
Pharmacological 

action 
Signs and symptoms Substances 

Synthetic 
cannabinoids 

CB1 and CB2 receptor 
agonists displaying 

higher affinity, efficacy 
and potency compared 

to Δ9-THC28,36,37. 

Mainly sedatives. 
Anxiolytic, antidepressant-

like effects, euphoria 
paranoia, tachycardia, 

panic, convulsions, 
psychosis, visual/auditory 
hallucinations, vomiting 

and seizures29,38. 

JWH-018, JWH-
081, AB-Pinaca, 

AM-2201 

Synthetic 
cathinones 

Sympathomimetic 
drugs that act on 

serotonin, dopamine 
and noradrenaline 
pathways19,39,40.  

Mainly stimulants. 
Agitation, aggression 

euphoria, restless, 
abdominal pain, vertigo, 

rhabdomyolysis, 
convulsions and even 

death41,42. 

Mephedrone, 
Methylone, 

MDPV,α-PVP, 4-
MEC 

Phenethylamines 

Agonist of the 
serotoninergic 

receptors that cause 
psychedelic effects 

and inhibit the 
monoamine 
reuptake43. 

Mainly stimulant, 
entactogenic or 
hallucinogenic. 

Hypertension, vomiting, 
hyperthermia, convulsions, 

visual/auditory 
hallucinations, dissociation, 

respiratory deficits, liver 
and kidney failure and 
death associated29,44. 

2C-B, 2C-E, 25I-
NBOMe, 6-APB 

Piperazines 

Inhibitors of the uptake 
of monoamines and 

promoters of the 
release of dopamine 
and noradrenaline45. 

Mainly stimulants. 
Hyperthermia, convulsions, 
hallucinations, kidney and 

heart failure and death 
associated46. 

BZP, mCPP 

Tryptamines 

Agonist of the 
serotoninergic 

receptors 5-HT2A and 
the 5-HT reuptake 

inhibitors47. 

Mainly hallucinogenic. 
Alterations in sensory 

perception, intensification 
of colors, distortion of body 

image mood lability, 
depersonalization and 

anxiety29,48. 

DMT, 5-MeO-
DMT 

Table 2. Classification of substances categorized as NPS based on chemical class, 

pharmacological effects and subjective effects by the EMCDDA and UNODC. 

Adapted from Papaseit E. et al14 and Milliano et al.29. 
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1.1.2. Synthetic cannabinoids 

Cannabis plants have been cultivated in Europe, Asia, Africa and the 

Americas for thousands of years, as a source of medical and recreational 

products49. To date, products derived from the Cannabis plants are the 

most widely produced and consumed as illicit substance worldwide1,50.   

The psychoactive effects of Cannabis are mainly produced by Δ9-

Tetrahydrocannabinol (Δ9-THC or THC), a partial agonist of CB1 (central) 

and CB2 (peripheral) cannabinoid receptors51. Since the discovery of Δ9-

THC, characterized in the 1940s and synthetized in 196452,53, a wide 

quantity of synthetic cannabinoids were designed to pharmacologically 

evaluate novel therapeutics applications54.  

However, by the early 2000s, some of these compounds were 

manufactured and consumed to obtain a recreational marijuana-like effect 

but avoiding legal issues and toxicological screenings. These substances 

were sold in various commercial herbal blends products such as Spice or 

K2 (see Figure 3)28 labeled as not for human consumption. These 

packages contained synthetic cannabinoids from different chemical 

classes and different CB receptor affinities28,55.  

Figure 3. Spice blend herbal product. Image produced by the United States 

Marine Corps. 
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Synthetic cannabinoids englobe more than 150 compounds identified, 

with a broad structural diversity (naphthoylindoles or phenylacetylindoles 

among others)28,56. These products mainly bind with higher affinity to the 

CB1 receptors in the brain in comparison with natural products of 

cannabis, producing an increase in the health risk associated to their 

consumption. Consequently, although synthetic cannabinoids produce 

similar effects to those of THC, these are generally accompanied by 

adverse and harmful effects56–58. Some of the most popular synthetic 

cannabinoids found in Spice products were: JWH-018, a full CB1 agonist 

synthetized by John W. Huffman, or AB-PINACA, a CB1 and CB2 

agonist, synthetized by Pfizer® in 2009 as an analgesic medication (see 

Figure 4). 

 

Figure 4. Chemical structures of THC (active compound of Cannabis), JWH-018 

and AB-PINACA (both synthetic cannabinoids). 

Recently, Theunissen E et al performed a phase I, placebo-controlled pilot 

study with JWH-01855. They found that JWH-018 produced impaired 

performance on neurocognitive function and subjective feelings of high55. 

Furthermore, JWH-018 presented active metabolites59 found in urine60 and 

serum61, but not in oral fluid62. 
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1.1.3. Synthetic cathinones 

Synthetic cathinones are semi-synthetic derivatives of the parent 

compound cathinone which is a naturally psychoactive component found 

in the leaves of Catha Edulis plant63 (see Figure 5). Catha Edulis, 

commonly known as khat is a flowering plant native to the Horn of Africa 

and the Arabian Peninsula. For centuries, the local communities chewed 

khat leaves during cultural and religious ceremonies. This tradition or 

social costume was practiced regularly in order to obtain stimulant, well-

pleasant and euphoric effects63,64. 

Figure 5. Fresh leaves of the Catha Edulis plant, which belongs to the 

Celastraceae family. Image obtained from the South African National 

Biodiversity Institute65. 

The fresh leaves of the khat plant contain over 40 compounds including 

alkaloids, tannins, flavonoids, terpenoids, glycosides, etc63. At the end of 

1880’s Flückiger and Gerock detected an alkaloid which had psychoactive 

properties and years later it was identified as norpseudoephedrine or 

cathine66. Afterwards, in 1975 the United Nations Laboratory found a β-

keto analog of cathine: the cathinone63,67 (see Figure 6). Cathinone was 7 

to 10 times more potent than cathine but with a shorted life time, which 

explained the costumer’s need to chew fresh khat leaves in order to obtain 

its pharmacological activity63,68. 
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Figure 6. Chemical structures of two natural alkaloids of the khat plant. 

By the early 1990s a growing number of cathinones derivatives were 

evaluated for their therapeutic potential purposes, mainly as 

antidepressants and anorectic drugs. As an example, in 1985 a cathinone 

derivatives called bupropion was introduced as antidepressant and it is 

still used nowadays. Another example of the therapeutic potential uses of 

cathines derivates was found in 1996, where methylone (a cathinone 

analogously to MDMA) was patented as an antidepressant and anti-

Parkinsonian agent66,69.  

However, by the early 2000s synthetic cathinones started to appear as 

‘legal highs’ or emerging substances for recreational purposes66. They 

were designed to mimic the pharmacological activity of compounds such 

as MDMA or amphetamines but avoiding the circumvolving laws70,71.  

Synthetic cathinones were usually sold as ‘bath salts’ products but instead 

of  the bath salt powders, the package contained psychotropic compounds 

ready to be consumed28,70. These compounds were: 4-

methylmethcathinone (mephedrone), 3,4-methylenedioxymethcathinone 

(methylone), α-pyrrolidinopentiophenone (α-PVP) and 3,4- methylene-

dioxypyrovalerone (MDPV) among many others66,70. Nowadays, synthetic 

cathinones represent the second largest group of NPS in the street drug 

market14,43,50. Mephedrone became the headline of synthetic cathinones70.  



 Introduction 

16 

These groups of substances were designed to mimic the stimulants effects 

of forbidden drugs such as METH, MDMA or COCA (see figure 7). 

Indeed, all cathinones act as inhibitors of the monoamine transporters 

(SERT, NET and DAT) but with different affinity and in a similar manner 

to classical drugs of abuse18. The different interactions between synthetic 

cathinones and catecholamines’ transporters could explain their distinct 

clinical effects and toxicities reported18. Nevertheless, according to their 

transporter interaction and users experiences, synthetic cathinones were 

mainly classified as follows72: 

i) MDMA-like effects: mephedrone, methylone and buthylone among

other substances. These substances have more affinity for 5-HT

receptors (especially 5-HT2A), in a similar manner to MDMA19,40,73.

ii) Cocaine-like effects: MDPV and α-PVP among others. These

substances potently block the dopamine and norepinephrine uptake

producing dangerous cardiovascular stimulation and a highly

addictive  potential similar to cocaine74–76.

iii) Methamphetamine-like effects: cathinone and methcathinone. These

substances are described as potent releasers of dopamine and

norepinephrine with amphetamine-like stimulants effects77,78.
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Figure 7. Chemical structures of classical drugs and their synthetic cathinones 

analogs.  

Furthermore, considering that analogs of cathinone (such as pyrovalerone) 

are relatively easy and cheap to produce as they can be chemically altered 

in many ways to produce newer group of substances with stimulants, 

entactogens or empathogens effects, the synthetic cathinones products has 

become a worrying phenomenon. Indeed, the chemical products currently 

available represent a small fraction of the conceivable active structures10. 

Moreover, the cathinones studied until now have demonstrated that each 

compound elicited unique health risks and psycho-activities related 

effects10.  
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1.1.4. Mephedrone 

a. Physicochemical properties

Mephedrone, (RS)-2-methylamino-1-(4-methylphenyl)propan-1-one, is a 

ring-substituted synthetic cathinone derivative, considered one of the most 

popular drugs in the dynamic NPS scene14. It is commonly abbreviated as 

4-methylmethcathinone, 4-MMC, or MEPH and it has no license for

medical use79. MEPH is a β-keto-amphetamine stimulant drug of abuse 

with structural and mechanistic similarities to methamphetamine and 

MDMA79,80. 

The synthesis of MEPH is usually performed through precursors such as 

N-methylcathinone derivatives81. Similar equipment and chemical

knowledge to that needed for the synthesis of amphetamines or MDMA is 

required82. Moreover, as MEPH also contains a chiral centre at the C-2 

carbon of the propane sidechain, it can be synthetized stereo-selective. 

However, it is usually sold as a racemic mixture (R/S-MEPH)83.  

MEPH is known in the streets as meow meow, miaou miaou, bubbles or 

crystal bath (among other names) and it can be presented as a yellowish 

liquid (at ambient temperature) or white powder (as the hydrochloride 

salt)79.  

b. Emergence

MEPH was firstly synthetized in 1929 by Saem de Burnaga Sanchez but 

remained in obscurity for decades84. However, in the early 2000s, 

clandestine chemist began to modify the chemical structure of cathinone 

in order to synthetize unscheduled compounds84. In 2003, descriptions of 

MEPH’s synthesis appeared online and in 2007 it started to be mentioned 

in online forums for recreational users83,85,86. In subsequent years the 

popularity of MEPH increased drastically being extensively consumed as 
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drug of abuse in the late 2008s and with a popularity still maintained 

nowadays45,87.  

The primary factors in MEPH’s popularity were: an extended availability 

and its legal status. In 2008-2009, there were no restrictions to purchase 

online MEPH, in terms of minimum age requirements, quantities or 

customers identifications, and it was no necessary any knowledge of illicit 

markets as it is required to purchase illegal drugs88. MEPH was 

widespread available online with a very competitive pricing and with a 

low perception of potential harm89. MEPH was usually advertised and 

sold as ‘bath salts’, ‘incense’ or ‘plant food/fertilizer’ and marked as not 

for human consumption to avoid a potential legislative control (see Figure 

8)84. 

Moreover, the Serious Organised Crime Agency (dependence of the UK 

Government) heralded a large increase in the wholesale cost of cocaine 

and as an immediate consequence; there was the lowest record of 

cocaine’s purity at the street level24,88. The cocaine seized by the English 

police showed a drop in purity from over 60% in 1999 to 22% in the first 

quarter of 200924. Additionally, at that time, the ecstasy market started to 

be highly instable. The purity levels of MDMA dropped drastically and 

MEPH was misleadingly sold by drug dealers as a legal substitute of 

ecstasy in countries such as the Netherlands (see Figure 8)87,90.  

So the increase in MEPH popularity was also linked not only for its 

availability and its legal status, but also as a response to the dissatisfaction 

with the quality of established illicit drugs such as cocaine and ecstasy, 

leading users to look for alternative substances with higher purity and 

easily availables86.  
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Figure 8. a) Package of MEPH sold in the Internet as bath salts 

(http://www.plantfeedshop.com/) b) Variations of the average of content of 

MDMA per tablet (in mg) through 2006 to 2010; adapted from Brunt T. et al87. 

The high prevalence use of MEPH in Europe (associated with reports of 

numerous hospital admissions and related overdose death consumption) 

produced that MEPH started to be the spotlight of regulatory agencies84,91. 

Therefore, as a consequence of the media attention and official risk 

assessment,  in 2010 MEPH became one of the first NPS to be banned 

through the European Union86,91. Firstly it became illegal in the UK, 

which classified MEPH as a Class B substance under the Misuse of Drugs 

Act on April 2010. Afterward, other European countries and USA also 

adopted control measures and in 2011, MEPH was submitted to control 

measures and criminal penalties under the 1971 United Nations 

Convention on Psychotropic Substances91,92.  

c. Consumption

While global usage rates of MEPH were not documented at that time 

(2008) but state-level surveys such as the British crime survey showed 

that users consumed MEPH in a similar rate to traditional and illicit drugs 

of abuse as cocaine or ecstasy93. Indeed, the gain in population of MEPH 

seemed even higher among subpopulations such as regular club-goers 

http://www.plantfeedshop.com/


Introduction 

21 

(with life time usage rates closer to 40% in 201094 and around 61% in 

201195) although these surveys were not-representative of the wider 

population of club-goers96.  

After the ban of MEPH and due the (re)emergence of quality drugs of 

abuse, an initial decrease on MEPH consumption was noticed84. Indeed, 

the Crime Survey for England and Wales estimated that the MEPH use 

among young people (16-24 years) was 0.9 % at 2015/16 and 0.3% in 

2016/17; similar as previously, but down from the 4.4 % observed in 

2010/11, before control measures were introduced25,26. From 2010, other 

several single-country surveys of general population or young people 

samples have been conducted with last year prevalence levels rates that 

have also between 0.1% and 5%, depending on the country84 and in 2012, 

Van Hout and Brennan announced that around half of the users continued 

using MEPH after it had been banned while the remaining reverted to 

traditional illicit drugs97.  

So, despite after MEPH prohibition a decline in reported levels use was 

observed, MEPH still retained its popularity in countries such as UK98,99. 

Besides, the buying and selling of MEPH significantly changed. An illegal 

market for MEPH emerged after the ban and users continued using MEPH 

by buying it from street dealers86 instead of the buying it from the 

internet100. 

The results of the largest worldwide survey of self-selected convenience 

samples (Global Drug Survey) listed MEPH in 2014, among the top 20 

drugs most used in the last 12 months, with a prevalence of 7.9% in 

United Kingdom (n=7,326) and 1.2% in Hungary (n=3,239) even though 

its use was internationally prohibited101. During the 2014-2015 in 

England, there was an increase of death in which MEPH use was detected, 

similarly to the number of deaths associated to an established recreational 
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drug of abuse; MDMA99. These MEPH-associated deaths occurred among 

different subgroups of population99:  

a. Recreational drug users who took the drug in combination with other

drugs such as cocaine, amphetamine or alcohol.

b. Intravenous drug users who combined MEPH with drugs such as

heroin.

c. Men who have sex with men (MSM) who combined the drug with γ-

hydroxybutyrate (GHB) and methamphetamine99.

To date, the latest official epidemiological data indicate that MEPH 

continues to be one of the most popular NPS in recreational settings 

according to indirect estimations50,84. MEPH  is currently involved in 

approximately 50% of all hospital emergency presentations related to NPS 

misuse in Europe, particularly in England84,102. 

MEPH has remained popular in cities as London and it has become an 

established drug of choice in diverse sub-groups of population of drugs 

users (e.g. chemsex sessions103) alone or in combination with other 

psychoactive drugs99. So, contrary to what usually occurs with other short-

lived NPS, MEPH has become established as a permanent illicit drug, 

probably because of its relatively cheap cost, purity, easy availability 

(online market and traditional black market) and effects resembling those 

of classical illicit psychostimulants100,104–106. 

d. Patterns of use

Typically, MEPH is sold with a very high purity (around 99%) in a white 

or unlighted white powder or as tablets and capsules84. The powder can be 

directly snorted by intranasal route, ingested orally (in tablets, powder or 

capsules), dissolved with water or saline for intramuscular or intravenous 

injection and dissolved in an enema or gelatin capsules for rectal 
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use81,88,91. Due MEPH physical characteristics, it is unlikely that MEPH is 

suitable for smoking even through some users reported its inhalation and 

vaporization79,82. Despite the different administration routes, in 

recreational use, MEPH is predominantly consumed by nasal insufflation 

(around 70%) and orally (around 30%)79,94.   

The intranasal administration route (by snorting or insufflation) avoids a 

possible first-pass hepatic effect or an erratic compound bioavailability, 

but it has many undesired effects related, such as: nasal burning, clogging 

and dripping of nasal cavities and even nasal bleeding42,79,84. Some users, 

after the intranasal administration of MEPH shift to oral ingestion in order 

to avoid the painful effects on the nasal cavity79. The oral administration 

route for MEPH can be usually performed by 4 manners: i) with a direct 

ingestion of MEPH in tablets or capsules, ii) with a swallowed by 

‘dabbing’ the powder with a wet finger, iii) with wrapping a dose of 

powder in a paper wrap (‘bombing’) or iv) with mixing the powder into a 

beverage and drinking it quickly42,79,84. The combination of both 

administration routes (nasal and oral) during a whole session has been 

frequently reported as a way to maintain psychoactive effects and 

avoiding clinical complications. The administration intravenously route of 

MEPH is practiced among high-risk drug users (that normally inject other 

drugs such as heroin and amphetamines) or among drug-naïve injecting 

drug users42,88,89.  

Recreational users reported on Internet forums that MEPH is usually 

dosed from 15 to 300 mg for oral ingestion and 5 to 125 mg for nasal 

insufflation82,107. Intravenous/intramuscular injection has been reported as 

half or one third of the oral dosage and around 100 mg is an usual dose for 

rectal administrations84,108. In a similar manner to MDMA, it is common 

to re-dose in order to maintain the pleasurable effects of MEPH106. A 

typical MEPH session last for around 8 to 10h, consuming in total around 
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0.5 to 1.9g in 5-6 doses82,109. Moreover, it is estimated that consumers that 

arrive whit acute toxicity of MEPH in the healthcare services had 

consumed around 0.1-7g of MEPH82. 

e. Pharmacodynamics effects

The pharmacodynamics studies englobe the endogenous response to a 

specific compound, in terms of biochemical and physiological effects. In 

the case of MEPH, the knowledge of its pharmacodynamics was crucial in 

order to understand the drug effects induced in humans. 

The pharmacodynamics effects of MEPH have been characterized in vitro, 

in experimental animals and in humans. In humans, most of the 

information regarding subjective and psychological effects of MEPH was 

reported in web sites, with questionnaires and surveys, whereas clinical 

acute toxicity has been provided by case reports from emergency 

departments84,110. The information of pharmacodynamics effects of MEPH 

in humans under controlled conditions were mainly obtained from the 

clinical trials performed in our research group80,111. 

The pharmacodynamics of MEPH is presented through its mechanism of 

action, its physiological effects, subjective and cognitive effects, adverse 

effects and addictive potential. 

Mechanism of action 

The mechanism of action of MEPH was mainly described in vitro (in rat 

synaptosomes19,40, in recombinant human monoamine transporters112 or in 

HEK 293 (Human Embryonic Kidney cells)39 and in vivo (in rats73).  

In vitro, MEPH has a (i) direct interaction with the monoamine 

transporters, as it compete with the endogenous substrate (DA, 5-HT or 

NA) to inhibit the uptake in the rat synaptosome19, similarly to cocaine22. 
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However, MEPH is also capable to (ii) reverse the normal transporter flux 

to induce a transporter-mediated release of monoamines, in a comparable 

manner to MDMA73. The process of release neurotransmitters is 

predominant versus the competing uptake inhibition20. In human 

recombinant monoamine transporters, MEPH interacted as (iii) substrates 

of DAT, SERT and NET in a similar manner as MDMA and METH, but 

with a lower potency in binding the receptor than inhibiting the 

uptake79,112. In HEK-293 cells, results were in the same direction, with a 

non-selective monoamine uptake and a release of 5-HT in the synaptic 

cleft39 (see Figure 9).  

In vivo, Baumman et al performed micro-dialysis analysis in the nucleus 

accumbens of the rats and MEPH produced dose-related increases in 

extracellular DA and 5-HT, being greater boost in 5-HT concentrations73.  

Figure 9. Graphical scheme of the mechanism of action of mephedrone in a 

typical chemical synapsis. Adapted from www.scistyle.com113. 

http://www.scistyle.com/
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Physiological effects 

In rodents, MEPH induces dose-related increases of the arterial pressure 

and heart rate, reverted with β-blockers such as atenolol or α-blockers as 

phentolamine114. Besides, MEPH also causes an augmentation of the 

locomotor activity, prevented with ketanserin of haloperidol, and it causes 

hyperthermia40,73. The acute locomotors effects of MEPH are analogous to 

those produced by MDMA73. 

In healthy humans, our research group described the physiological effects 

of MEPH after the oral ingestion of 200 mg, under controlled conditions80. 

MEPH showed significant increases in the arterial blood pressure along 

with boosted heart rate. Also it produced a moderate augmentation of the 

pupil diameter and soft changes in the oral temperature80 (see Figure 10). 

Figure 10. Time-course of physiological effects (n=12, mean, standard error); □, 

200 mg of MEPH; Δ, 100 mg of MDMA; ○, placebo. *p<0.05 and **p<0.01 

indicate MEPH significant differences from MDMA. Filled symbols indicate a 

significant difference from placebo (p<0.05). From Papaseit et al80. 
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Subjective and cognitive effects 

According to surveys data, consumers describe the acute effects of MEPH 

as typical stimulant drugs47,48,115. After its consumption, users reported 

feelings of: 

a. Intense stimulation, alertness and euphoria with a reduced perception 

of tiredness and increased concentration. 

b. Increase in sociability, empathy and feelings of closeness and 

talkativeness. 

c. Intensification of sensory feelings. 

d. Mild sexual excitement or stimulation. 

e. Loss of appetite, sweating and clenched jaw. 

In order to assess MEPH’s acute cognitive and subjective effects, 

Freeman et al, performed an observational (or naturalistic) study with 

healthy volunteers whom ingested MEPH at their own home115. They 

measured variables such as the visual analogue scale (VAS) or working 

memory parameters from the intoxicated subjects (MEPH condition) 

versus drug free subjects (controls)115. They found out that MEPH induced 

an acute impairment in working memory and subjects described higher 

feelings of depression and paranoia. Remarkably, users reported a 

“wanting” effect with increase in the psychomotor speed and stimulant-

like effects115. Another naturalistic study performed by Hergiz et al 

described that MEPH users had decreased performance in verbal learning 

and fluency after the drug use116. However, the design of these naturalistic 

or observational studies presented several methodological limitations. 

These limitations implicated unmonitored variables such as the drug 

purity, the dose, the possible poly-drug consume or the lack of a clear 

placebo condition, among others. Our research group described the 

subjective and cognitive effects after the oral ingestion of 200 mg of 
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MEPH in a single dose under controlled conditions in order to overcome 

these limitations80,111. 

With regard to the subjective sensations, MEPH induced stimulant-like 

effects, euphoria, well-being, feelings of pleasure and mild changes in 

perceptions. These effects were similarly presented in same volunteers 

whom consumed MDMA80 (see Figure 11).  

With regard to the cognitive effects, MEPH improves psychomotor 

performance, impairs spatial memory and seems to unaltered task of 

divided attention111. The impairment of short-term spatial memory is also 

observed after the administration of drugs such as MDMA117,118, where the 

stimulation of 5-HT2A receptors is associated with memory 

decrements111,119.  

Figure 11. Time-course of subjective effects (n=12, mean, standard error); □, 200 

mg of MEPH; Δ, 100 mg of MDMA; ○, placebo. *p<0.05 and **p<0.01 indicate 

MEPH significant differences from MDMA. Filled symbols indicate a significant 

difference from placebo (p<0.05). From Papaseit et al80. 
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Adverse effects 

In addition to pleasurable and well-being effects, recreational user’s 

reported frequently undesirable effects link to MEPH use. These adverse 

effects include: jaw clenching, bruxism, sweating, palpitations, anxiety, 

tremor in extremities, blurred vision, shortness of breath, headache, cold 

or numb extremities, nausea and vomiting, agitation, anxiety, 

aggressiveness, paranoia, and panic105,106,120. In some cases, when acute 

“amphetamine-like” effects (cardiovascular and neuropsychiatric) are 

unexpected, experienced as traumatic and/or presenting relevant 

magnifications, they require emergency medical assistance or 

hospitalization. In fact, life-threatening toxicity reactions presented as 

hypertension, cardiac arrhythmia, chest pain, paranoia, psychosis, 

hallucinations, agitation, aggressive behavior, and suicidal ideation have 

resulted in emergency room presentations and some deaths attributed to 

MEPH use121–135. These findings are in accordance with more recent 

official data from Hospital emergency presentations and acute drug 

toxicity in Europe102. In the last report of the Euro-DEN study136, MEPH 

was the 8th most commonly reported illicit drug among the emergency 

presentations registered (986 occasions in 10,956 presentations from 

October 2013 to September 2015) and the most common NPS involved in 

deaths (4/5 fatal cases). Overall, 88 presentations involving solely MEPH 

were in males (68.2%) from 24-33 years (mean 27 years) and MEPH in 

combination with alcohol (18.2%). The common effects included 

agitation, anxiety, palpitations, chest pain which required a hospital stay 

of 3.45 hours (range 2.03-7.19) before discharge, requiring critical care 

(2.3% cases) and fatal consequences in 1.1%136. In the UK the number of 

individuals requiring treatment for MEPH has more than doubled from 

2010-2011 (n=953) to 2014-2015 (n=2,024)137. Since 2014, according to 

data from Imperial College London’s Toxicology Unit, the number of 
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cases in which MEPH has detected in postmortem samples has increased 

(n=34, 1.5% of total cases) comparable to those in which MDMA is 

detected (n=28, 1.2% of total cases). 

More information about cases of clinical intoxications of mephedrone is 

detailed in the annex of the thesis [adapted from Papaseit E*, Olesti E* et 

al. Mephedrone Concentrations in Cases of Clinical Intoxications. Review 

article. Current Pharmaceutical Design 23,1-12, (2017)42] . 

Addictive potential 

MEPH presents an abuse potential profile similar to MDMA, but with a 

rapid onset and a shorter duration of their stimulant effects20,80. Therefore, 

to prolong the desired effects, a more compulsive pattern, with several re-

dosing per session, is commonly followed by consumers80. It is also 

described that MEPH taken intranasal has a potential of abuse similar to 

cocaine or methamphetamine47,138. Moreover, in heavier users a stimulant 

withdrawal syndrome has been documented with effects of tiredness, 

insomnia, impaired concentration, irritability, shivers, increased or 

decreased temperature, palpitations, depression, anxiety and a strong 

feeling of paranoia47,138.  

f. Pharmacokinetics

The pharmacokinetics studies englobes the time course of a specific 

substance in an organism. This information is crucial in order to i) 

interpret the toxicology of the substance ii) to determine the analytical 

targets (parents and/or metabolites) evaluating the biological effects of the 

drug and iii) to provide preclinical safety data22. Pharmacokinetics 

includes the process of Absorption, Distribution, Metabolism and 

Excretion (collectively known as ADME). The study of these processes is 

englobed under the drug disposition of the targeted drug. 
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With regard to mephedrone, previous studies have described its 

pharmacokinetics in rats models139,140. In humans, users reported 

subjective effects after the ingestion of mephedrone and toxicokinetics 

data was extrapolated from forensic analysis84.  However, the time-course 

study of mephedrone and its metabolites was still unknown. No 

information about the human disposition of mephedrone and its 

metabolites was found in literature.  

The human disposition of mephedrone was investigated in this thesis. 

In chapter 1 and 2, analytical strategies are developed in order to 

quantify mephedrone and its metabolites combined with a 

pharmacokinetics study. In chapter 3 a pharmacokinetics, pharmaco-

dynamics and pharmacogenetics study of mephedrone and its 

metabolites is presented. 

Absorption 

As the input sources of MEPH are exogenous to the organism, the 

absorption process is mainly conditioned by the administered dose and the 

administration route.  

With the regard to the administration routes, a subcutaneous 

administration of MEPH in rats produced maximum plasma levels of the 

drug within 15-30 min post drug administration141, whereas after an oral 

administration of MEPH, rats achieved maximum effects at 0.5-1 h post 

drug administration20.  

The absolute bioavailability of MEPH fluctuated from 7.3 to 11.2 % in 

rats at different doses20, which meant that from the total dose administered 

by oral route, only around 10% of the drug pass-through systemic 

circulation (see Figure 12). The bioavailability of MEPH in humans is 

hypothesized to be equally low, differently to other related compounds 
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such as MDMA which bioavailability in humans oscillates around 

80%142,143. 

Figure 12. Schematic representation of the variables that condition the disposition 

of a drug delivery to target sites by oral route. Adapted from Roden D. et al144. 

Distribution 

Once absorbed, MEPH is extensively distributed throughout the tissues, 

which fit with an open two-compartment model20. MEPH is described to 

cross the blood-brain barrier due its lipophilic characteristics to produce a 

stimulant-like effect20. However, MEPH has a lower brain penetrance in 

comparison with other related compounds such as MDMA or 

amphetamine, as its protein binding rate was about 22%20.  
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Metabolism 

The metabolism of MEPH was described in rats20,145, in liver 

hepatocytes146, in human liver microsomes85 and in human samples147. 

MEPH (and its metabolites) suffered biotransformation pathways147 

through the liver metabolism (see Figure 14) in order to detoxify 

potentially harmful compounds and removing them from the circulation 

and excreting them from the body. The biotransformation pathways of the 

phase I metabolites were mainly mediated by the cytochrome P450 2D6, 

with some other contribution of NAPDH-dependent enzymes79,85. Our 

research group described several phase I and phase II human metabolites 

of MEPH147 (see Figure 13).  

MEPH phase I metabolites included:  

i) Reduction of the keto function to form 1’-dihydro-mephedorne 

(DIHYDRO-MEPH). 

ii) Hydroxylation of the methyl of the aromatic ring, to form 4’-

hydroxymethyl-mephedrone (or 4’-hydroxytolyl-mephedrone) with a 

posterior oxidation of the benzylic methyl to carboxylic acid forming 4’-

carboxymephedrone (COOH-MEPH). 

iii) Hydroxylation of the propyl side chain. 

iv) N-demethylation of the primary amine to form N-demethyl-

mephedrone or nor-mephedrone (NOR-MEPH), with a posterior 

hydroxylation.  

MEPH phase II metabolites include reactions of: 

i) Glucuronidation of the alcohol to form hydroxylmephedrone-3-O-

glucuronide and hydroxylnor-mephedrone-3-O-glucuronide, or the 

secondary amino group to form 4’-carboxy-mephedrone-N-glucuronide. 
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ii) Succinylation of the primary amino group of the nor-mephedrone to

form N-succinyl-nor-mephedrone (SUCC-NOR-MEPH). The succinyl 

conjugation was reported firstly in humans by discovering SUCC-NOR-

MEPH. 

Occasionally, the liver metabolism may activate compounds (so the 

xenobiotic becomes a pro-drug) or it may produce intermediates that can 

induce toxicity148. In  the case of MEPH, its metabolites 4’-

hydroxymethyl-mephedrone, DIHYDRO-MEPH and NOR-MEPH were 

transporter substrates of DAT, NET and SERT in vitro. Furthermore, in 

vivo, NOR-MEPH increases extracellular dopamine and 5-HT in the 

brain148. 

Despite the good characterization of MEPH metabolites in humans 

and their biological activity, their metabolic disposition still remains 

unknown. In this thesis, the relevance of the metabolic disposition is 

investigated for the pharmaco-toxicological evaluation of MEPH. 

Excretion 

Human and rat studies revealed that MEPH metabolites are excreted in 

urine suggesting that MEPH’s elimination is mediated through the 

kidney20,140,147,149. However, there is a information gap on the 

mephedrone’s recovery and its metabolic ratio in humans. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. Human metabolism of MEPH. Adapted from Pozo et al.147 
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1.2. Analytical strategies 

1.2.1. Definition 

Analytical Chemistry is a scientific discipline that develops and applies 

methods, instruments and strategies in order to identify compounds and 

mixtures (qualitative analysis) or with the aim to determine the 

proportions of the constituents (quantitative analysis)150,151. The analytical 

strategies commonly used include spectroscopy, immunoassays, 

chromatography, etc151. 

Over the last decades, chromatographic techniques coupled to mass 

spectrometry (e.g. GC-MS or LC-MS/MS) have become powerful 

analytical tools able to identify and quantify small molecules with a broad 

range of physicochemical properties (from cations/anions to non-polar 

compounds) in diverse types of biological samples (plasma, urine, hair, 

sweat, oral fluid, etc)152. These small molecules include indistinctly either 

endogenous metabolites (e.g. neurotransmitters) or exogenous compounds 

(e.g. drugs of abuse, NPS)152.  

For the quantitative analytical determination of the pharmacokinetic 

studies (Part I) and the metabolomics analysis (Part II) of this thesis, 

chromatography techniques coupled to mass spectrometry were used. 

a. Chromatography

The main aim of chromatography techniques is to separate different 

compounds of a mixture, according to the compound’s relative affinities 

for a liquid/gaseous mobile phase and a solid stationary phase153. The 

stationary phase is hold with a chromatographic column where the 

compound separation takes place154. The compounds are separated due to 

their chemical properties (e.g. polarity, electrical charge or molecular size) 
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and recorded in a detector at the time of elution from the chromatographic 

system153,155. The effectivity of the separation critically depends on the 

mobile and stationary phase. 

In the gas-chromatography (GC) technique, the sample is heatedly 

injected via a transporter gas (mobile phase, normally He, H2 or N2) into 

the chromatographic column (stationary phase, normally) and analytes are 

separated through a range of temperature program in the column.  

In the liquid-chromatography (LC) technique, the sample is transported 

with the mobile phase (normally) through the chromatographic column 

(stationary phase, normally). The mixture of analytes is separated through 

a gradient elution with organic (such as methanol and acetonitrile) and 

aqueous solvents.  

The chromatographic techniques are coupled to different detectors types, 

as an example: thermal conductivity receptors (for GC), ultra violet 

detectors (for LC) and mass spectrometers (for GC and LC)153. The 

coupling of a chromatographic technique and the mass spectrometer was 

used in this thesis.  

b. Mass-Spectrometry 

The mass-spectrometry technique (MS) is based on the formation of ions 

that are subsequently separated according to their mass-to-charge (m/z) 

ratio and detected154. The MS is composed with: 

i. Ionization of the compounds at the ion source. The types of 

ionization in the ion source are commonly hard ionization 

(predominantly used in GC) and soft ionization (commonly in LC). 

The hard ionization technique produces multiple fragments when 

high-energy electrons interact with the gaseous molecules (electronic 

ionization, EI). There are mass spectral libraries used for 
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identification of EI spectra in GC-MS. In contrast, the soft ionization 

(with approaches such as the electrospray ionization, ESI) the 

fragmentation in the source is limited and the molecular ion is mainly 

observed. The ESI used in LC-MS converts the liquid sample into an 

aerosol that can be ionized by a strong electric field. The ESI is an 

atmospheric pressure ionization (API) interface between the liquid 

chromatography and the mass analyzer156. ESI can be performed in 

positive or negative mode for a wider analyte coverage154. The 

molecular species formed at the ion source are (habitually) [M+H]+ 

in ESI+ for analytes with high proton affinity (basic) and [M-H]- in 

ESI- for analytes which transfer a proton to the solvent (acids). 

However, other molecules species or adducts can be formed such as 

[M+Na]+, [M+Cl]- and [M+NH4]+.  

ii. Mass analyzer: the ions are separated according to their m/z. There

are different types of mechanisms to separate ions in the mass

analyzer with high resolution analyzers (such as time-of-flight (TOF)

or Orbitrap) and low resolution analyzers (such as the triple

quadrupole)157. In high resolution analyzers, the mass measurements

are accurate and provide detailed structural information. In contrast,

low resolution analyzers are used with specific transitions in order to

obtain higher sensitivity and unequivocal compound identification

and quantification157. In this thesis, a low resolution strategy using a

triple quadrupole was followed.

A quadrupole consist in four parallel rods that can selective filter a

m/z ratio of the ions that travels through. The combination of the

chromatography’s techniques with a single quadrupole strategy was

materialized in the LC-MS and GC-MS equipment. However, in

order to gain compound specificity and sensitivity, triple quadrupoles

(LC-MS/MS and GC-MS/MS equipment) were developed by adding
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a collision cell and another quadrupole in the mass analyzer (QqQ). 

The QqQ presented different scan modes, utilized depending on the 

purpose: full scan, selected ion monitoring (SIM) or selected reaction 

monitoring (SRM), product ion scan, precursor ion scan and neutral 

loss scan154. In the SRM, a selected precursor ion of our targeted 

compound is isolated in the first quadrupole (Q1), then fragmented in 

the collision cell (q2) and specific fragments or products ions are 

filtered in the third quadrupole (Q2)158. The selection of the parent 

ion and the product ion is known as a transition158. A schematic 

representation of the basic LC-MS/MS functionality in SRM mode is 

represented in Figure 14. 

iii. Registration of the ions with the detector. The detector produces a 

signal of the relative intensity or abundance of the recognized ions 

(and fragments). There are different types of detectors such as the 

secondary electron multiplier or the photonic conversion detector, 

among others. The photonic conversion detector applies a voltage 

to provoke the attraction and shock of the ions to an initial 

dynode. This shock produce multiple photons that in vacuum 

conditions move to the photomultiplier and the electron chain 

multiplies the signal159.  

The combination of chromatography techniques coupled to mass 

spectrometry provided separation characteristics with an increase of the 

compounds identification and sensitivity. 



Figure 14. Schematic representation of a LC-MS/MS equipment in SRM mode. The different colorful geometrical figures represent 

molecules which are firstly separated in the LC, then ionized (ESI+) and filtered through the first quadrupole. Analytes are fragmented in the 

collision cell and selected in a second quadrupole. Finally all data is analyzed by the photomultiplier detector. 
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The measurement of specific compounds (exogenous and endogenous) 

with high- precision and accuracy has become the commonly chosen 

analytical strategy applied in fields of pharmacology and toxicology, in 

applications such as: pharmacokinetics and toxicokinetics studies160, 

diseases diagnosis161, therapeutic drug monitoring162, forensic 

identifications163 or metabolomics studies164 among others.  

In this thesis we have approached the challenges of evaluating NPS by 

measuring the concentrations of mephedrone in different matrices 

and by measuring the endogenous alterations of targeted metabolites 

after the administration of different NPS. 

1.2.2. Exogenous compounds: mephedrone 

The exogenous compounds have the peculiarity that they are originated 

externally from the organism. Substances such as drugs, pesticides or 

pollutants are considered exogenous. The measurement of drug 

concentrations in biological matrices (such as serum, plasma, blood, urine, 

and saliva) is a crucial step in order to understand its biological behavior.  

The analysis of mephedrone has been mainly performed with 

immunoassay methods and chromatography strategies coupled to mass 

spectrometry:  

i. The immunoassays methods had a main limitation on its use, as the 

technique requires the previous development of antibodies and 

commercial immunoassays, limiting its use for emerging substances 

such as MEPH. Even though, a semi-quantification commercial 

immunoassay for urinary cathinone detection (including MEPH) was 

developed but with a large negative percentage of bias22,165.  

ii. Through the use of chromatographic techniques (GC or LC) coupled to 

mass spectrometry (MS or MS/MS), MEPH was widely identified and 
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quantified by GC-MS and LC-MS/MS in a grand variety of matrices, 

such as: dried blood spots166, in dried plasma167, in dried urine167, in 

blood168,169, in urine170 and in oral fluid167,171,172 and hair173–175.  

However, as far as we know, there are no validated methodologies for 

the quantification of mephedrone and its metabolites in human 

plasma and urine or in rodents’ brain homogenates. But, its 

monitorization is fundamental and necessary in order to understand 

de human disposition of mephedrone and its metabolites. Analytical 

strategies to quantify mephedrone and its metabolites in human 

matrices are essential to i) report the clinical and forensic behavior of 

MEPH and metabolites, ii) link the causative agents of the drugs to 

their toxicological effects, iii) enhance the interpretation of the drug 

performance in living humans and postmortem cases22 and iv) to 

monitor its use in professional sports competition176,177 (mediated by 

WADA). 

The simultaneous quantification of MEPH and its metabolites supposes an 

analytical challenge due to the different physicochemical characteristics of 

mephedrone’ metabolites. For instance, COOH-MEPH is a highly polar 

compound, whereas SUCC-NOR-MEPH has less polar affinity. 

1.2.3. Endogenous compounds: metabolomics 

The endogenous compounds are characterized due to their natural 

occurrence in biological matrices. Metabolomics covers the study of the 

endogenous compounds in biological matrices.  

a. Definition

The term “omics” encompasses a set of techniques that simultaneously 

studies thousands of molecular species of specific biological matrices (in 

cells, tissues, organs or organisms)178–180. These molecular species include 
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gens (genomics), mRNA (transcriptomics), proteins (proteomics) and 

metabolites (metabolomics), see Figure 15. Metabolomics is the most 

recent research field of the so-called omics-techniques cascade. Omics 

technologies can be applied to increase a better understanding of 

physiological process, drug responses and diseases among other 

challenges178,179.  

 

Figure 15. Schematic representation of the omics techniques and their subjects of 

study. Adapted figure from Patti G J et al.181 

By applying the omics technologies a vast quantity of data is commonly 

obtained. This data is usually combined with computational and 

mathematical approaches in order to model a complex biological 

system178. The combination of omics data and bioinformatics (which is the 

core for systems biology) leave to data interpretation and comprehensive 

and systematic analysis.  

Metabolomics refers to the systematic identification and quantification of 

the small molecule metabolic products (normally weighting < 1500 Da) of 

a biological system181,182. These molecules with low molecular weight 

include a wide range of compounds classes such as sugars, amino acids, 

fatty acids, nucleosides and organic acids. The complete set of small-

molecules chemicals of a biological system constitutes the metabolome. 

Changes in the metabolome can be produced by an internal stimuli or after 
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the exposure to xenobiotic sources such as microorganisms, dietary or 

drug exposure182.  

b. Emergence

The ancient Chinese cultures (1500-2000 BC) started to recognize urine 

matrix as a source of health-related information, being sweet-tasting urine 

as indicative of a disease (nowadays known as diabetes)183. But, it was not 

until the 1971, due the technology development of techniques such as 

chromatography; than Linus Pauling and collaborators conceived the idea 

that the measurement of individual components in biological fluids could 

provide valuable information that would reflect the functional status of a 

complex biological system184 and in 1998, Stephen Oliver185 used firstly 

the term metabolomics. Early 2000, it was suggested the use of 

metabolomics as a new technique for rapid toxicity screening. Shortly 

after, the Consortium for Metabonomic Toxicology (COMET) was 

formed between five pharmaceutical companies and the Imperial College 

of Science, Technology and Medicine (IC), in London, UK186 with the 

objective to predict liver and kidney toxicity after the exposure to several 

compounds though metabolomics. Additionally, in 2007 David Wishart 

developed the Human Metabolome Database187, a freely electronic 

database containing detailed information form more than 100.000 

endogenous metabolites found the human body187 (http://www.hmdb.ca). 

Nowadays, HMDB presents comprehensive information about metabolites 

and its biological roles, physiological concentrations, diseases 

associations or metabolic pathways, etc188. 

From then, the interest in metabolomics has grown exponentially in the 

last decade (see Figure 16). The number of scientific papers related with 

metabolomics published in PubMed increased more than 15 times 

between 2007-2017 (as it is shown in Figure 16). 

http://www.hmdb.ca/


 Introduction 

45 

Figure 16. Growing number of scientific papers published in PubMed during 

2000-2017 containing the word metabolomics. 

c. Advantages

The principal benefit of the metabolomics approach is its close relation 

with the phenotype. During the last decades, the grand development of the 

transcriptome profiling permitted new mechanistic insights such as novel 

candidate genes for diseases and genetic risk scores among many others 

discoveries179,180. The genome studies described what might happen in the 

organism causing vast advances in biomedical research. However, their 

discriminative power to separate case and controls samples was very 

low179. The extensive advances of novel analytical techniques (such as 

chromatography coupled to mass spectrometry) lead the development of 

metabolomics as a new approach to study the gene-environment 

interactions in organisms. The metabolomics profiling indicate what is 

currently taking place in the organism, with a robust discrimination of 

cases and controls based on the gene expression profiles179,180. So, 

compared with the genome, the metabolome study (gene-derived 

metabolites and environmentally derived metabolites) appeared to be 

much closer to the phenotype, generating a quantitative molecular 

phenotype189. Therefore, the monitoring of the metabolic responses might 
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have more predictive power in identifying phenotype alterations as it is 

directly linked to genes and environment179,180. 

The metabolome is extremely dynamic as changes on a studied system are 

immediately reflected in the metabolome. In this manner, metabolomics 

can reflect a real-time status of the biological system190 with a direct 

signature of biochemical activity157. 

d. Classification

The main methodologies that are used for metabolomics experimental 

studies are based on untargeted or targeted approaches. On Figure 17, a 

schematic workflow for both approaches is presented with its main 

characteristics and procedures181.  

Untargeted metabolomics 

The untargeted approach in metabolomics aims to identify and quantify as 

many endogenous metabolites as possible, present in a sample without a 

priori expectation about the changes on the metabolome181,182. The 

metabolites quantified depend on the matrix, the extraction process and 

the analytical methodology used. The output of an untargeted 

metabolomics approach is a complex dataset that requires computational 

tools to correlate the chromatographic peaks with knowing metabolites 

structures (obtained from the libraries or synthetized standards) and to 

identify their relation in a specific metabolic pathway. The strength of the 

untargeted approach lies on the unbiased analysis of the sample, obtaining 

unexpected information without initial hypothesis required. On the other 

hand, a limitation on this approach is the low sensitivity achieved with the 

current analytical methodology and the no-absolute quantification of the 

metabolites181,182. Therefore, in the untargeted approach, only important 
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changes on the most prevalent metabolites are observed and either subtle 

alterations or less abundant metabolites can be overlooked.  

Targeted metabolomics 

The targeted approach in metabolomics aims to quantify a predefined set 

of metabolites which could be involved in a common metabolic pathway 

or have structural similarities. These targeted metabolites are a priori 

known, whereby analytical strategies are developed and optimized for the 

analysis of specific metabolites and metabolic pathways of interest181,182. 

To perform a targeted metabolomics approach a bioanalytical validation 

method is required (with reference standards) to confirm the robust and 

correct quantification of the selected analytes181,182. The strength of a 

targeted metabolomics analysis is its capability to monitor high specific 

and less abundant compounds. It provides a high sensitivity and 

selectivity analysis of the metabolites, with an initial hypothesis required. 

Moreover, as the metabolite quantification is previously validated the 

obtained concentration is robust and reliable. On the other hand, a 

limitation on the targeted approach is the time-cost of the validation 

procedure for each set of metabolites and the possible bias selecting only a 

specific part of the whole metabolome.  

In the presented thesis, a targeted metabolomics study was performed 

by quantifying several metabolic pathways related with the 

mechanism of action of drugs of abuse. These pathways were: 

neurotransmitters pathways (monoamines and related amino acid 

neurotransmitters) and steroid hormones.  

 



Figure 17. Schematic workflow of targeted metabolomics and untargeted metabolomics experimental design. 

Adapted figure from Patti G J et al.181 
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e. Strategies to quantify the (un)targeted metabolome 

Due to the broad variety of molecules classified as metabolites with 

different physicochemical properties and abundance, it is (nowadays) 

impossible to monitor the entire metabolome157. The metabolome 

coverage is in compromise with the sample type analyzed and the 

analytical methodology used (schemed in Figure 18). The scope of the 

analysis (untargeted or targeted) depends on the abundance of the 

metabolite in the sample and the sensitivity of the instrument to quantify 

the metabolite (see Figure 18). Metabolites’ abundance depends 

principally on the matrix studied and the instruments’ sensitivity for a 

metabolite (chromatography, fragmentation and ionization steps). 

Consequently, the combination of different types of sample treatments and 

analytical instruments can increase the metabolic coverage189. 

The metabolome covering of an untargeted approach focuses on large 

quantities of metabolites in a sample that can be detected by the 

instrumental technique. In contrast, the covering of a targeted approach 

centers with the sample and instrumental optimization for the detection of 

a specific metabolic pathway.  
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Figure 18. Schematic representation of a simulation of the whole metabolome, 

ordained in Y-axis metabolites by its abundance in the sample and in X-axis by 

its sensitivity in the instrument. The regions in color represents a possible 

metabolite covering by untargeted-metabolomics (in red) and by targeted-

metabolomics (in blue). 

The most common analytical techniques used in metabolomics studies are 

nuclear magnetic resonance (NMR) spectroscopy and high-resolution 

mass spectrometry (MS)180,191. The MS-based techniques are usually in 

combination with a previous chromatographic separation coupled to the 

MS. The main advantages of the MS techniques in comparison with the 

NMR are the higher sensitivity with smaller sample volumes and 

relatively lower instruments costs associated. Moreover, the benefits of 

NMR techniques are the non-destructive sample preparation with no 

separation process180.  
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f. Applications

Recently, metabolomics has become a potential tool for many scientific 

applications. A few examples of metabolomics applications are180,189:  

a. To diagnose a pathology (metabolomics biomarkers).

b. To understand mechanism of diseases.

c. To monitor the effectiveness of a treatment (biomarkers of drug

efficacy) and disease status (biomarkers of diseases).

d. To associate risk factors with certain pathologies.

e. To facilitate drug discovery and development (especially in drug

safety by measuring acute preclinical drug toxicity).

f. To discriminate potential positives of drugs’ consumption192.

Furthermore, metabolomics has been also used as a tool to characterize 

related drug abuse out-comes, such as: drug addiction193,194, drug acute 

intoxications195, prolonged intoxications196–199, drug-related diseases 

characterizations179 or multi-dose drug administration200. These 

metabolomics studies have monitored biomarkers of the tricarboxylic 

acids, sugars and amino-acids that contributed notably to a better 

understanding of the drug-relation consequences. However, a difficult 

interpretation of the results was derived. Moreover, in some cases, the 

targeted metabolome selected is not directly linked to the drug’s 

mechanism of action, providing an indirect measurement of the studied 

situation. 

In the context of a growing challenge of the NPS evaluation, targeted 

metabolomics is proposed as potential tool to predict the in vivo drug 

pharmacology.  
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g. Metabolomics pathways

In this thesis, the targeted metabolomics pathways monitored were: 

monoamine neurotransmitters, amino acid neurotransmitters and related 

compounds and steroid hormones. 

Monoamines pathways 

Monoamine neurotransmitters are a group of molecules that contain one 

amino group connected to an aromatic ring by a carbon-carbon chain157. 

They are endogenously synthetized by the decarboxylation of the aromatic 

amino acids (phenylalanine, tyrosine and tryptophan).  These 

neurotransmitters (serotonin, dopamine and noradrenaline) are involved in 

the regulation of cognitive process such as emotion or memory and related 

in the pathogenesis of several mental disorders201. The mechanism of 

action of several drugs of abuse is strongly and directly related to the 

synthesis, release, reuptake and metabolism of the monoamines 

neurotransmitters, being mainly all abuse drugs substrates of the 

monoamine transporters with different degrees of affinity3,73. 

In terms of synthesis, packaging, release and degradation, the monoamine 

neurotransmitters share similar metabolic pathways but differently 

distributed through the brain neurons. These biogenic amines are 

synthetized from the hydroxylation of essential amino acids and 

metabolized mainly by the mono-amine oxidase (MAO) and the catechol-

O-methyl transferase (COMT) (see Figure 19). In detail, serotonin is

formed by the dietary tryptophan while dopamine from dietary 

phenylalanine and tyrosine. Noradrenaline is formed by the hydroxylation 

of dopamine. The metabolism of monoamine neurotransmitters by MAO 

enzyme produces the metabolites: 5-Hydroxyindoleacetic (5-HIAA) (if 

the precursor is serotonin), DOPAL and posteriorly 3,4-

Dihydroyxphenylacetic acid (Dopac) and homovanillic acid (HVA) (in the 
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case of dopamine). The action of the COMT produces normetanephrine 

(NM) and metanephrine (MM) (from noradrenaline) and 3-methoxy-

tyramine (3-MT) (from dopamine) (see Figure 19)202,203. 

For the quantification of multiple monoamine neurotransmitters and 

related compounds, the use of mass spectrometry is preferred in order to 

achieve high sensitivity with a small amount of sample use204. There are 

several LC-MS/MS methods for the detection of Trp205 and its metabolites 

as well as Tyr and its metabolic pathway206. The treatment applied for 

purifying the sample include solid-phase extracions (SPE) and liquid-

liquid extractions (LLE)157 or dilute and shoot strategies204.  Furthermore, 

some methodologies have also quantified monoamines and metabolites by 

derivatizating these compounds with reagents such as Dansyl Chloride207. 

Due to the hydrophilicity and polarity of these compounds, monoamines 

are poorly retained in conventional reverse-phase columns157 and they can 

be monitored either in positive or in negative mode (ESI) [ESI+ protoning 

amino groups and ESI- by desprotoning hydroxyl radicals]157.  



Figure 19- Metabolic pathway of monoamines neurotransmitters (precursors and metabolites). 
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Amino acids neurotransmitters  

Other groups of neurotransmitters include amino acids (e.g. glutamic acid, 

glycine, γ-aminobutyric acid or glutamine), cholinergic (e.g. 

acetylcholine) and purines (e.g. adenosine)208. These diverse groups of 

neurotransmitters have in common their highly polar physicochemical 

characteristics. The long neutral amino acids (LNAA), which are brain 

neurotransmitters precursors, are the aromatic amino acids (Tyr, Phe and 

Trp) and the branched-chain amino acids (Leu, Ile and Val)209. These 

essentials amino acids (obtained from the diet) can modify their 

conversion to neurotransmitters. With regard to the acidic amino acids 

(glutamate, glutamine or GABA), they are neurotransmitters themselves, 

but their dietary intake does not have a direct access to brain tissue. 

Glutamate is the main excitatory neurotransmitter while GABA act as the 

principal inhibitor210. Another relevant neurotransmitter is acetylcholine, 

essential chemical implicated in the autonomic nervous system, in the 

neuromuscular junction and many other cell functions211. From the purines 

group, adenosine acts as a neuromodulator by playing an important role 

from the neuronal excitability212. Other compounds related to the amino 

acids neurotransmitters are carnitines (carnitine and acetylcarnitine) which 

are related to the body transport of fatty acids in the mitochondria211. 

Alterations of the concentrations of these compounds have been also 

related with the administration of several drugs of abuse213,214. In figure 20 

a brief summary of the chemical structures and metabolic pathways of the 

mentioned compounds related to the amino acid neurotransmitters are 

shown.  

For the quantification of amino acid neurotransmitters and related 

compounds, a number of methods for the analysis of polar 

neurotransmitters (e.g. glutamate or γ-aminobutyric acid) and related 

compounds in biological matrices have been developed using LC-MS/MS. 
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Typically amino acids and related compounds (such as carnitines) are 

monitored without any extraction step prior to the analysis. Furthermore 

they can be quantified with and without any derivatization step157. One of 

the challenge to quantify amino acids and related compounds is their high 

hydrophilicity and polarity, which causes low recoveries and poor 

retention times with in conventional reverse-phase columns (such as 

C18)157,215. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 20. Chemical structures and metabolic pathways of amino acid neurotransmitters and related compounds (LNAA, glutamatergics, 

cholinergics, purines, creatinines and carnitines). 
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Steroid hormones 

Steroid hormones are a group of cholesterol derived compounds secreted 

by the adrenal cortex, testes and ovaries and by the placenta during 

pregnancy. Steroid hormones are involved in development of sexual 

characteristics, immune functions and inflammation among many other 

pharmacological effects .They are classified into four groups, accordingly 

to their binding receptors: progestogens, corticoids (subdivided in 

glucocorticoids and mineralocorticoids), androgens and estrogens (see 

Figure 21). All groups of molecules have a cyclopentano-

perhydrophenanthrene skeleton in common157.  

Cholesterol is the main precursor of the steroid hormones. It is firstly 

metabolized to pregnenolone and activated to progesterone (Prog), from 

the progestogens group. Progesterone is the precursor of 11-deoxy-

corticosterone (DOC) and corticosterone (B), both with corticosteroid 

activity in rats. The inactive form of corticosterone is 11-

dehydrocorticosterone (A). Through the metabolism of pregnenolone, 

androgens are formed. Androstenedione (AED) and testosterone (T) are 

responsible of the sexual hormones from the organism (see Figure 19). 

Some drugs of abuse, are described to alter the hypothalamic–pituitary–

adrenal (HPA) axis, increasing the release of some of the steroid 

hormones such as corticosterone in rats and cortisol in humans 199,216. 

The quantification of the steroid hormones are typically performed by 

GC-MS after their hydrolysis and derivatization217. But, lately, the 

introduction of LC-MS/MS provided new advantages for the steroid 

hormones analysis, such as a shorter analysis time and a direct detection 

of conjugated steroids157,217. The steroid hormones have low polarity 

properties and consequently they are commonly excreted as phase II 

metabolites (such as glucuronides or sulphates). Traditionally, steroids are 
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released from its conjugated form by enzymatic hydrolysis. Enzymatic 

preparations (i.e. β-glucoronidase and/or sulfatase) are typically used. 

Then unconjugated steroids can be extracted from the matrix with LLE 

and SPE procedures157,218. These extraction steps are also useful for 

preconcentrating some of the low abundant steroids metabolites. For the 

sample collection, the presence of circadian rhythms for some of the 

steroids metabolites has to be minimized to have comparable results157. 



Figure 21. Metabolic pathway of steroid hormones of progestogens, corticosteroids, androgens and estrogens



2. Objectives and Hypothesis





The NPS phenomenon has become a global issue causing clinical 

consequences, delays on public health prevention and difficulties in legal 

enforcement. The aim of the presented thesis is to tackle the 

pharmacology evaluation of NPS by focusing on the human disposition of 

mephedrone, one of the most prevalent NPS and headline of the 

cathinones (in Part I) and by evaluating the potential of targeted 

metabolomics for the prediction of the NPS pharmacology (in Part II). 

Each approach has different hypothesis and objectives, explained below. 

Part I 

The initial hypothesis of Part I, was that a better understanding of 

mephedrone human pharmacology requires in depth studies on its 

metabolic fate. In vitro studies suggest that mephedrone metabolism 

would be regulated partially by polymorphic enzymes as CYP2D6 but 

little is known about its clinical relevance.   

The general aim of Part I is to evaluate the human metabolic disposition 

of mephedrone. To achieve this main objective, 4 specific objectives were 

proposed: 

a. To develop analytical strategies to monitor mephedrone and its

metabolites in human matrices and in rodents brain.

b. To determine the pharmacokinetic parameters of mephedrone and

its metabolites in human matrices under controlled conditions in a

multi-dose regime.

c. To describe the pharmacokinetic/pharmacodynamics modeling

evaluating the relationship between cardiovascular activity,

serotonergic activity and subjective effects and mephedrone and

its metabolites concentrations in a multi-dose regime.
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d. To evaluate in humans the relevance of CYP2D6 polymorphism

regulation of mephedrone disposition and its clinical implications.

Part II 

The initial hypothesis of Part II, was that drugs of abuse and NPS would 

alter drug-specifically some targeted parts of the metabolome 

(monoamines pathway and steroids hormones) in the brain of rodents. 

Being capable to quantify these endogenous metabolites alterations after 

the acute drug administration, we expected to use these data as a tool to 

predict the pharmacological effect of novel substances using well 

characterized classical drugs as a reference.  

The aims of Part II are to better understand the changes of a specific part 

of the metabolome underlying exposure to classical drugs and NPS and to 

develop a predictive pharmacology model using the specific-drug 

alterations of the targeted metabolome. To achieve these main objectives, 

3 specific aims were proposed: 

a. To develop and apply analytical methodologies to quantify

endogenous metabolites following a targeted metabolomics

approach.

b. To characterize the drug-specific alterations of the targeted

metabolome induced by different classical drugs and NPS after its

acute administration in rats.

c. To create a predictive model, capable to predict the

pharmacological effect of NPS according to its targeted

metabolomics profile.
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In order to characterize the pharmacokinetics of mephedrone in humans, 

our department performed a randomized, double-bind, crossover and 

placebo-controlled clinical trial at the Clinical Research Unit at IMIM 

with healthy volunteers. The biological samples obtained from this phase I 

clinical trial were the core study of the Part I of this thesis. In detail, the 

methodology used in each chapter follows as: 

In chapter 1, a GC-MS methodological strategy was validated and 

experimental parameters of MEPH’ pharmacokinetics were described in 

humans. The method was accurate and precise for MEPH quantification. 

However, due to the limitations of the GC-MS methodology to include the 

quantification of the main MEPH metabolites, a second analytical strategy 

was designed. 

In chapter 2, a LC-MS/MS method (including 4 of the most relevant 

MEPH metabolites) was developed and validated in human matrices. 

Additionally, the methodology was also validated in rodent’s brain to 

investigate the MEPH and metabolites permeability through the blood 

brain barrier (BBB). The experimental pharmacokinetic parameters for 

metabolites and MEPH were described in humans.  

In chapter 3, the determination of MEPH and its metabolites (using the 

LC-MS/MS validated methodology from chapter 2) was performed in 

human samples, from volunteers who ingested different doses of MEPH 

(from 50 to 200 mg). Then, pharmacokinetics parameters were calculated. 

Moreover, the MEPH interaction with the serotoninergic system, its 

subjective and cardiovascular effects and its CYP interaction was also 

studied. 



CHAPTER 1 

3.1. GC-MS quantification method for 

mephedrone in plasma and urine: application to 

human pharmacokinetics. 

Olesti E, Pujadas M, Papaseit E, Pérez-Mañá C, Pozo ÓJ, Farré 
M, et al. GC-MS Quantification Method for Mephedrone in 
Plasma and Urine: Application to Human Pharmacokinetics. J 
Anal Toxicol. 2017 Mar 1;41(2):100–6. DOI: 10.1093/jat/
bkw120

https://academic.oup.com/jat/article/41/2/100/2333832


CHAPTER 2 

3.2. Pharmacokinetics of mephedrone and its 

metabolites in human by LC-MS/MS 

Olesti E, Farré M, Papaseit E, Krotonoulas A, Pujadas 
M, de la Torre R, et al. Pharmacokinetics of 
Mephedrone and Its Metabolites in Human by LC-
MS/MS. AAPS J. 2017 Nov 21;19(6):1767–78. DOI: 
10.1208/s12248-017-0132-2

https://link.springer.com/article/10.1208/s12248-017-0132-2


CHAPTER 3 

3.3. Dose-dependent pharmacology study of 

mephedrone and its metabolites: pharmacokinetics, 

serotoninergic effects and CYP interaction  

Olesti E, Farré M, Carbó ML, Papaseit E, Perez-Mañá 
C, Torrens M, et al. Dose-Response Pharmacological 
Study of Mephedrone and Its Metabolites: 
Pharmacokinetics, Serotoninergic Effects, and Impact 
of CYP2D6 Genetic Variation. Clin Pharmacol Ther. 
2019 Sep 8;106(3):596–604. DOI: 10.1002/cpt.1417

https://ascpt.onlinelibrary.wiley.com/doi/full/10.1002/cpt.1417


CHAPTER 4 

3.4. Metabolomics predicts the 

pharmacological profile of new psychoactive 

substances 

Olesti E, De Toma I, Ramaekers JG, Brunt TM, Carbó 
ML, Fernández-Avilés C, et al. Metabolomics predicts the 
pharmacological profile of new psychoactive substances. 
J Psychopharmacol. 2019 Mar 19;33(3):347–54. DOI: 
10.1177/0269881118812103

https://journals.sagepub.com/doi/10.1177/0269881118812103
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The tidal wave of new emerging substances has become a worrying issue 

world-wide10. This thesis aims to contribute to the pharmacological 

evaluation of these novel substances, by focusing on: the characterization 

of the human disposition of MEPH, one of the most problematic NPS, 

(part I) and on the evaluation of the potential of targeted metabolomics to 

predict the NPS’ pharmacology profile (part II). To do so, several 

analytical approaches based on chromatography coupled to mass 

spectrometry have been developed and applied in order to shed light on 

the evaluation of NPS’ pharmacology. 

4.1. Mephedrone 

In this thesis, as a result of the quantification of mephedrone and its 

metabolites in biological samples from a double-blind, placebo-controlled 

and randomized phase I clinical trial (Chapter 1 and Chapter 2), the 

human disposition of mephedrone was evaluated (Chapter 3). A brief 

summary of the main outputs obtained in this thesis from the human 

disposition study of MEPH are the followings (and summarized in Figure 

54): 

i. Absorption: In humans, the MEPH concentrations in biological

matrices presented a large inter-individual variability, which could be

explained by the fluctuating low bioavailability, an elevated hepatic

first pass effect20,149. The absorption of MEPH was found to be erratic

between and within individuals (Chapter 1 to 3). In a similar manner to

other psychostimulant drugs (such as MDMA289 or cocaine290), MEPH

presented a rapid absorption (Tmax at 1.2h).

ii. Distribution: MEPH is rapidly and widely distributed throughout the

organism. In Chapter 2, we have quantified MEPH concentrations in

the rodent’s brain tissue, which suggest that MEPH crosses the blood-

brain-barrier. Interestingly, MEPH’s active metabolite, NOR-
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MEPH148,  nearly doubled the concentrations of MEPH in rodents’ 

brain tissue (Chapter 2) but there was no correlation between the 

cardiovascular and subjective effects and the plasma of NOR-MEPH 

concentrations in humans. 

iii. Metabolism (CYP2D6): From urinary and plasmatic concentrations of

MEPH and metabolites, we have reported different recoveries and

kinetics of the synthetic cathinone and its metabolites according to the

CYP2D6 phenotype of volunteers. Indeed, extensive CYP2D6

metabolizers had a lower exposure to MEPH in comparison with the

intermediates metabolizers. In the absence of poor metabolizers among

subjects included in clinical studies (this phenotype was an exclusion

criteria) we can only speculate that these individuals will be more

exposed to MEPH that might be associated to higher risks of clinical

complications. The formation of the most abundant metabolites, nor-

mephedrone and 4’-carboxy-mephedrone, was regulated by CYP2D6.

iv. Excretion: Regarding the MEPH excretion, all the studied metabolites

were found in urine from 0 to 48h post drug administration, being

COOH-MEPH the most abundant one.

v. Cardiovascular and subjective effects and serotonin concentrations in

blood: The subjective and cardiovascular effects reported by volunteers

and the 5-HT concentrations in blood correlated to MEPH

concentrations in plasma. With regard to the metabolites, NOR-MEPH

and DIHYDRO-MEPH were described to be neurochemically

active148, but only NOR-MEPH reached significant concentrations in

rats’ brain (Chapter 2) and no-correlation was found between any

studied metabolite and any pharmacodynamics parameter (subjective,

cardiovascular or 5-HT concentrations) effects in humans (Chapter 3).
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Figure 54. Schematic summary of the main outputs described in the thesis of the 

MEPH distribution in humans. The pictures were obtained from the webpage: 

www.mindthegraph.com. 

http://www.mindthegraph.com/
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Strengths and limitations 

The strength of this work is the ability of combing metabolic data, with 

subjective and cardiovascular effects and biomarkers of the drug 

mechanisms of action (serotonergic activity). In addition the availability 

of subject’s genotype and phenotype for CYP2D6 allowed to evaluate the 

contribution of this polymorphic enzyme in the regulation of MEPH 

metabolic disposition and to speculate on the clinical transnationality of 

the observations to clinical situations.  

On the other hand, the report has some limitations as the low number of 

subjects per dose that participated in the trial, with the drawback that not 

all subjects ingested all doses. Although the contribution of CYP2D6 to 

MEPH metabolic disposition was further confirmed with an independent 

second set of subjects, the number of subjects participating in the study is 

low for genetic studies. In addition because poor metabolizers were not 

included in clinical trials for safety reasons, we can only speculate on the 

potential clinical implications of this phenotype.  Another limitation is the 

fact that women were not include in clinical trials while there have been 

described that there are relevant differences in the drug’s effects produced 

in both genders291,292. 
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4.2. Analytical strategies 

Small chemical molecules (either endogenous, such as dopamine and 

serotonin or exogenous, such as ecstasy or mephedrone) interact within 

organisms producing a broad range of effects. The importance of its 

quantification in biological samples relies in their relevance in pharmaco-

toxicological studies and in targeted metabolomics approaches, among 

other disciplines152. Optimized chromatographic methods coupled to mass 

spectrometry techniques are necessary in order to satisfy the selectivity 

and sensitivity requirements to quantify different types of compounds 

(drugs, metabolites, neurotransmitters, etc.) in biological matrices158. The 

validation of bioanalytical methods are required in order to guarantee that 

the developed method is accurate, reproducible, robust and reliable for 

their diverse applications156,221.  

In the present thesis, we have validated 2 bioanalytical methods for the 

quantification of exogenous compounds (mephedrone and its metabolites, 

in Chapter 1 and 2 that were applied in Chapter 3) and 1 quantitative 

method for endogenous metabolites (amino acid neurotransmitters and 

related compounds, in Chapter 5). Furthermore, 2 additional methods 

were employed to quantify the targeted metabolome (monoamines 

neurotransmitters204,207 and steroid hormones218, in Chapter 4).  

All analytes were quantified by using the selected reacting monitoring 

(SRM) mode of a liquid-chromatography coupled to a triple quadrupole 

mass analyzer, where both quadrupoles operated by filtering a selected 

m/z. Inherently, an increase of sensitivity, selectivity and specificity was 

achieved with SRM when compared to other scan modes (such as full 

scan or the other SIM mode used in the GC-MS method for MEPH158. The 

targeted analytes (MEPH and its metabolites, dansyl-monoamines, steroid 

hormones, polar NT and related compounds) presented a protonable 
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centre (basic) that favoured an efficient positive ionization (ESI+) in the 

interface, obtaining the molecular species of [M+H]+, [M+NH4]+, [M+H-

H2O]+, [M+Na]+ and [M]+. In all methods, at least two MS/MS transitions 

were monitoring in order to confirm the analyte identity (one for 

quantification and the other one for compound confirmation)158. 

Furthermore, suitable internal standards were selected when available in 

order to correct potential variations on the analytical procedure. 

In the table 37, a brief summary of the experimental set-up of the 

analytical methodologies used and developed in the thesis is presented.  



 

 

 

 

Table 37. Summary of the principal characteristics of the analytical strategies used in this thesis. Brain areas include: PFC, prefrontal cortex; 

Cer, cerebellum; HC, hippocampus, St, striatum. Abbreviations: PP, Protein precipitation; DS, dilute and shoot and LLE, liquid-liquid 

extraction. 

Method Equipment Column type Derivatization 
Sample 

Treatment 
Targeted 
Matrices 

Type of 
analytes 

Analytes 
quantified 

References 

Mephedrone GC-MS 
Phenylmethylsiloxane 
capillary column (5%) 

Yes (MSTFA) 
PP and 

LLE 
Human plasma 

and urine 
Exogenous 1 

Olesti E et 
al223. 

Mephedrone and 
metabolites 

LC-MS/MS 
ACQUITY UPLC BEH 

C18 1.7µm 
No PP and DS 

Human plasma 
and urine and rats’ 

brain areas 
Exogenous 5 

Olesti E et 
al160. 

Amino acid 
Neurotransmitters 

LC-MS/MS 
ACQUITY UPLC BEH 

Amide 1.7µm 
No PP and DS 

Rats’ plasma and 
brain areas 

Endogenous 16 
Olesti E et al. 
(submitted) 

Steroid hormones LC-MS/MS 
ACQUITY UPLC BEH 

C18 1.7µm 
No 

PP and 
LLE 

Rats’ plasma and 
brain areas 

Endogenous 6 
Adapted from 

Marcos et 
al218. 

Monoamines LC-MS/MS 
ACQUITY UPLC BEH 

C18 1.7µm 
Yes (Dansyl-

Chloride) 
PP and DS 

Rats’ urine and 
brain areas 

Endogenous 12 

Modified from 
Marcos et 

al204 and Lu H 
et al243. 
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Methodological design 

Each methodology was designed and optimized according to the targeted 

compounds, the biological matrix and the selected instrument. Therefore, 

different strategies were used depending on several factors including: 

i. Physicochemical properties of the analytes: The physicochemical

properties of the analytes were the main driving force to select part of

the methodological design including sample treatment and

chromatography. Thus, the low polarity of the steroid hormones

advised to perform an extraction step in order to concentrate the

metabolites whereas this step was not feasible for more polar analytes

such as neurotransmitters. These properties were also critical in the

selection of the chromatography. Thus, the quantification of

derivatizated monoamine neurotransmitters and steroid hormones was

achieved with a reversed-phase C18 column whereas the amino acids

neurotransmitters required a HILIC amide column for its retention due

their high hydrophilicity (difficult retention in C18).

ii. Abundance of the analyte in the biological matrix: The analytical

methodology must be able to quantify the expected amounts of the

analyte in the selected matrix. In the case of endogenous compounds,

these amounts can vary from the low ng/mg range of monoamine

neurotransmitters in some brain areas to the µg/mL range of some

amino acids in plasma. These differences on concentrations guided the

sample treatment in some methods. As an example, whereas a 2-fold

factor of pre-concentration (300 µL of the sample were evaporated and

reconstituted in 150 µL) was needed for the quantification of

monoamines, to quantify the amino acids neurotransmitters and related

compounds a 20 fold dilution was required for their quantification.
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iii.  Instrumental sensitivity: Closely related with the physicochemical 

properties of the analyte and its abundance in the targeted matrix, the 

instrumental sensitivity for an analyte will define the methodological 

design. If the instrumental sensitivity for a specific analyte is too high 

for the amount present in the targeted matrix, a dilution strategy will be 

advised. That is the case of some polar neurotransmitters (Chapter 5). 

On the other hand, if the instrumental sensitivity was not enough, an 

additional strategy must be followed. In the case of monoamines 

neurotransmitters, a derivatization strategy (with Dansyl-Chloride) was 

required in order to improve the analyte ionization. After derivatization 

with Dansyl, a substantial gain of sensitivity was obtained. For 

instance, NA was poorly detected without derivatization in urine 

samples with S/N close to 3 (see figure 55a). The selected 

derivatization step improved substantially the sensitivity of the 

method. Dansyl-Chloride reacts with phenols and amines, forming 

mono-Dansyl, bis-Dansyl and tris-Dansyl species (e.g. Trp- Dansyl, 5-

HT-bis-Dansyl or DA-tris-Dansyl).  In the case of NA, the detection of 

the tris-dansyl derivative improved the sensitivity of the method more 

than one order of magnitude (Figure 55b) allowing for the 

determination of NA in all tested samples. 
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Figure 55- Chromatograms and chemical structures of a) norepinephrine 

and b) norepinephrine-trisDansyl in a real urine sample. The 

quantification transitions used were: 170>135 for NA and 869>617 for 

NA-trisDansyl. 

iv. Exogenous vs endogenous analytes: The nature of the studied

compounds (endogenous or exogenous) is also extremely relevant for

the quantitative method development mainly for the selection of the

validation strategy. For the validation of methods dealing with the

quantification of exogenous compounds obtaining drug free-matrix for

the validation procedure is not problematic and therefore, it is feasible

to follow most of the guidelines for bioanalytical method validation

based on spiking blank matrices221,293. In this thesis, the method

validation for MEPH and metabolites was performed following the

European guideline for bioanalytical method validation221. In contrast,

endogenous compounds are inherently present in biological matrices,

which complicate the validation of the method. As a consequence,
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typical guidelines for bioanalytical method validation221,293 cannot be 

strictly applied and, given the absence of specific guidelines for 

endogenous compounds, alternative approaches for the validation 

might be employed (such as, standard addition, the background 

subtraction, surrogate matrix and surrogate analyte method156). In the 

thesis the standard addition strategy294 was applied for the quantitative 

validation of polar NTs and related compounds (in Chapter 5). With 

this validation procedure, we have proved that the “calculated” 

concentration (obtained with the solvent calculation curve) coincided 

with the “actual” concentration of the matrix (obtained with the 

addition standard in matrix). In this manner, the analysis of all the 

samples was performed by interpolating its values into the solvent 

calibration curve (identically as for monoamines neurotransmitters and 

steroids hormones, in Chapter 4). 

v. Selection of the instrument: Besides the instrumental sensitivity, the 

inherent characteristics of the instrument selected for the determination 

also guide the methodological design. As an example, for the analysis 

of MEPH and metabolites, we developed two methodologies based on 

GC-MS223 and LC-MS/MS160 respectively. The pre-treatment 

procedure for both instruments differed substantially (schemed for 

urine analysis in Figure 56) since GC-MS required the MEPH 

derivatization for its detection (to make the analyte volatile and 

thermally stable for its retention through the column). Since the 

presence of water would hamper the derivatization procedure, an 

evaporation step (among previous cleaning-up steps) was needed for 

the quantification of MEPH by GC-MS. MEPH might be partially lost 

during evaporation and the use of its labelled isotope internal standard 

was required to correct for these losses. Since evaporation rates for 

MEPH and its metabolites are different (e.g. NOR-MEPH evaporated 
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faster than MEPH) the use of only on labeled internal standard was not 

enough for the proper correction of the metabolites. Therefore, the 

developed GC-MS method was able to quantify only the parent drug. 

The shift from GC-MS to LC-MS/MS permitted the inclusion of 

MEPH metabolites in a unique analysis. With the LC-MS/MS 

equipment, a rapid dilute and shoot strategy was validated, avoiding 

the evaporation loses of the analyte in urine. In plasma, a partial 

evaporation strategy minimized the differences on evaporation 

between MEPH and metabolites allowing for the use of the only 

available labeled compound (MEPH-d3) as internal standard for all 

analytes. Additionally, due to the suitable chromatography and 

ionization of MEPH and its metabolites no derivatization step was 

needed.  

Figure 56- Schematic work-flow for the quantification of MEPH in human 

urine by GC-MS and by LC-MS/MS. Abbreviations: IS (internal standard), 

LLE (liquid-liquid extraction), Evap. (evaporation), Dev. (derivatization), 

TMS (derivative agent). 

Another relevant difference between GC-MS and LC-MS/MS 

methodologies was the sensitivity reached by the instrument. With 

regard to the lowest concentration level at which the presence of our 

analyte can be detected (LOD), the LC-MS/MS methodology was 10 

fold more sensitive than GC-MS [for LC-MS/MS (0.1ng/mL and 0.4 

ng/mL), for GC-MS (1.1 ng/mL and 4.5 ng/mL) in urine and plasma 
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respectively]. Furthermore, the quantity of sample used for the GC-MS 

analysis was 50 to 20 folds (in urine and in plasma) higher than the 

needed for LC-MS/MS. Therefore, LC-MS/MS technique is more 

suitable than GC-MS for the MEPH and metabolites identification and 

quantification and it was the method used for pharmacological studies.  

vi. Matrix: The selection of the matrices for the procedure mainly depends 

on the purpose of the study. In humans, mainly urine and plasma were 

used for the mephedrone and metabolites study, whereas in the 

targeted metabolomics study, the addition of rats’ brain areas permitted 

an accurate drug-fingerprint characterization.  

Matrix components co-eluting with the studied analyte (e.g. salts or 

phospholipids) can interfere in the compound ionization by producing 

the suppression or the enhancement of the analyte ionization156,158. 

Indeed, the presence of molecules in the matrix that compete for the 

same charges of the MS source produce that different analytes with the 

same concentration may produce different MS responses156. Therefore, 

without a proper correction, the matrix effect can bias the obtained 

concentration of the sample. In this thesis, all analytes (in all matrices) 

were quantified with an internal standard in order to overcome the 

matrix effect. Other strategies to minimize the matrix effect included 

the analytes purification or a clean-up sample treatment like the LLE 

performed for steroid hormones analysis.  

Matrix interferences depend on the selected matrix and they guide to 

some extent the selection of the analytical strategy. Thus, the cleaning-

up sample treatment in plasma and brain areas included a protein 

precipitation (PP) step. Different strategies to precipitate proteins 

were295: a) by changing the pH of the sample with the addition of 

acidic compounds (such as the perchloric acid, used in Chapter 1), b) 
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by decreasing the dielectric constant with the addition of an organic 

solvent (such as acetonitrile, used in Chapter 2, 4 and 5) and c) by 

increasing the ionic strength (not used in the thesis)156. In urine, this PP 

step is not required and a dilute-and-shoot approach (strategy used for 

MEPH and metabolites in Chapter 2, for monoamine neurotransmitters 

in Chapter 4 and for polar neurotransmitters and related compounds in 

Chapter 5) was used to minimize the matrix effect and to avoid low 

extraction recoveries227. However, the extraction steps were necessary 

in some cases for further cleaning up and concentrating the sample. For 

the quantification of MEPH (by GC-MS, Chapter 1) and steroid 

hormones (by LC-MS/MS, Chapter 4)  liquid-liquid extraction step 

(LLE) was used to gain sensitivity223 and to decrease matrix effect218. 

Overall, the analytical strategies developed and used in the presented 

thesis fit to the aimed purpose. Therefore, the developed methods can be 

considered as the ideal analytical tools for the evaluation of the NPS 

pharmacology. 

4.3. Targeted metabolomics study 

In order to perform a rapid pharmaco-toxicological evaluation of different 

NPS in vivo, a model based on targeted metabolomics was developed. 

With the selected analytical strategies (either developed or available), we 

have determined different metabolic pathways to be applied in targeted 

metabolomics approaches. Nowadays, the use of metabolomics strategies 

has been studied in different disciplines, such as: to characterize diseases 

behaviors179 or to discover pathologies biomarkers242. For our model, we 

decided to select the accuracy and precision of the data obtained by 

targeted analysis than the wide coverage provided by untargeted 

approaches. We generated data for 34 metabolites in 6 different matrices 

at 2 different administration times. Each animal was defined by 298 data 
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points. This dataset was used for predicting the pharmacological profile of 

NPS. As far as we know, this is the first time that a targeted metabolomics 

study has been used as a tool to predict the pharmacological profile of 

novel drugs. 

The preselection of the metabolic pathways is a prerequisite in targeted 

metabolomics. The classical drugs of abuse (and specially 

psychostimulants) are described to strongly interact with the monoamine 

neurotransmitters pathway4. Since NPS were designed to mimic the 

classical drugs, their mechanism of action is strongly similar to well-

known drugs of abuse such as cocaine, ecstasy or THC29,73,74. For that 

reason, the monoamine neurotransmitters system (precursors, 

neurotransmitters and its metabolites) was firstly selected in order to 

obtain the maximal changes among psychostimulants. The alterations 

observed in monoamines, were specific of each studied drug and mainly 

expected (e.g. MDMA, described to produce serotoninergic effects,  

robustly depleted 5-HT and its metabolite, and COCA administration, 

described to block the DA uptake, strongly altered the DA pathway, see 

Chapter 4).  

Moreover, all the assayed drugs were also described to interact with the 

steroid hormones pathway, producing stimulants and cardiovascular 

effects. Then, the inclusion of the steroid hormones pathway permitted a 

more detailed picture of the metabolome alterations after the 

administration of each drug of abuse (see Chapter 4). The steroids 

produced a high differentiation between drugs and vehicles as their 

alterations were significantly increased for all drugs at 1h post drug 

administration in comparison with the vehicle treatment. These alterations 

were in accordance with the scientific literature and they provided a 

predictive metabolic fingerprint for each assayed drug (classical; MDMA, 
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COCA, METH, HEROIN, THC) and NPS (MEPH, JWH-018) (see 

Chapter 4).  

Using these two main pathways, the pharmacological effect of both 

MEPH and JWH-018 was successfully predicted. The rationale for 

choosing MEPH and JWH-018 as examples of NPS was their high 

consume and popularity28, their extensive characterization in a scientific 

level73,79,296 and their different drugs-type pharmacological effect62,80,252. In 

this way, either the administered dose or their pharmacological differences 

could be compared and supported by the literature.  

The miss-prediction result obtained with the inclusion of two other 

synthetic cathinones (MDPV and α-PVP) revealed potential 

improvements of our metabolomics approach (additional information, 

Chapter 4). By adding a third metabolomics pathway (amino acids 

neurotransmitters and related compounds), a direct improvement of the 

targeted metabolomics prediction for psychostimulants was achieved. 

Indeed, both synthetic cathinones were highly affected by the targeted 

pathway and closely classified as COCA-like compound, in coherence 

with the literature74. Furthermore, the alterations were nearly identical 

between both analogues drugs (see Chapter 5). 

Overall, our results confirm that the selection of the metabolic pathways is 

critical for targeted metabolomics approaches. Based on the metabolic 

pathways evaluated, the presented model was able to correctly predict the 

pharmacological effect of examples of NPS. For instance, the inclusion of 

other metabolic pathways (such as endocannabinoids260) could be required 

for the study of synthetic cannabinoids297. 

The use of large-scale biological screening methods has been devised as a 

possible approach to face the growing  problem of NPS10. Thereby, the 
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use of in silico techniques that mimic the drug-receptor interaction240,241 

could be proposed as a tool to predict the NPS effect. However, according 

to experts in the pharmaceutical industry, nowadays it is still a challenge 

to provide a reliable guidance to predict the efficacy or toxicity of a 

compound when exposed to human population with in silico techniques298. 

And indeed, assays are even less reliable when predicting the compounds 

that interact with the Central Nervous System298. The predictions of the 

drugs-receptor interaction are valuable, but the interpretation of their 

biological relevance is still unclear298. In this context, we proposed the 

combination of experimental data (in vivo) and machine learning 

algorithms (in silico) as a strategy to predict the pharmacology of 

unknown drugs. 

Regarding the selected matrices, the use of brain areas (PFC, Cer, HC and 

ST) was critical for the drug fingerprint characterization. The 

determination of the targeted pathways in different brain areas permitted a 

closer and accurate analysis of the direct drug effect. In contrast, the 

alterations described in plasma and urine were residual and not sufficient 

to independently characterize each assayed drug. These results would 

hamper the translation of such approach to humans. 

Overall, our model demonstrated that with relatively short experimental 

analysis (quantification of the neuro-metabolomics markers), a predictive 

classification was achieved for known classical drugs and NPS. The 

presented predictive model is a preliminary model which has some 

strengths, potential improvements and inherent limitations. 
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Model strengths 

The targeted metabolomics approach developed in this thesis has the 

following strength points: 

i. Combination of in vivo and in silico (learning algorithms analysis):

The quantification of the selected part of the metabolome in-vivo

permitted the biological characterization of each drug. In this way, the

targeted metabolomics profile provides information about the effect of

not only the parent drug but also the potential active metabolites of the

administered drug (in case of pro-drugs). Moreover, the presence of

toxic adducts or toxic reactions formed by the drugs could be indirectly

detected by regarding to the metabolomics fingerprint alterations (e.g.

the neurotoxicity of MDMA observed by a decrease in tryptophan

hydroxylase activity299). Furthermore, the in-vivo study can provide

first in-sights of the mechanism of action of the drug, its

pharmacokinetic/toxicokinetic behavior and its active dose. With the in

vivo data, the model constructed (in silico) permitted the prediction and

drug-type classification of different NPS (synthetic cathinones and

synthetic cannabinoids) pharmacological profile.

ii. Robust and coherent neuro-metabolomics alterations: Most of the

neuro-metabolomics alterations described in the targeted metabolomics

studies for the 3 metabolic pathways (monoamines and steroids in

Chapter 4 and amino acid neurotransmitters and related compounds in

Chapter 5) were homogeneous among the different individuals and

among the different brain areas (see the heat map representation

example in Figure 57 and in supplementary material of the thesis,

Figures 60-77, where the individual data of each variable is placed in

rows and each brain area in columns). In general, the increases or

decreases of the metabolite trended to go into the same direction with
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similar intensities. Therefore, the neuro-metabolomics fingerprints 

obtained can be considered as robust. Furthermore, the alterations 

produced by each drug were in accordance to the literature. The 

fingerprint was also coherent with the substance pharmacology and its 

mechanism of action. For instance, the MDMA depletion observed in 

Chapter 4 was strongly marked for 5-HT at 1h post-drug 

administration and consistently, its metabolite (5-HIAA) was then 

deeply decreased at 4h post MDMA administration (see figure 57). 

iii.  Rapid pharmacological evaluation: Another advantage of the 

proposed NPS evaluation strategy is the valuable information acquired 

within a short period of time at relatively low cost. Based on targeted 

metabolomics, the drug-type NPS classification could be predicted 

within a cost-effective short time period. 

 

Figure 57- Partial heat map and graph bar of the alterations produced in the 5-

HT pathway. 
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Potential improvements 

The miss-prediction obtained with 2 metabolic pathways (monoamines 

and steroids) at 2 administration times (1-4h), revealed weak points of the 

constructed predictive model. These weak points are related with: a) the 

administered dose, b) the time of drug’s administration  and c) the 

targeted metabolic pathway. We hypothesized that the method might be 

improved by performing a pilot-dose-effect study for each drug, by 

increasing the time-of-drug administration points and by adding new 

metabolic pathways (additional information, Chapter 4). From these 

potential improvements we have successfully overcame the miss-

prediction of two NPS by quantifying a new metabolic pathway (the 

amino acids neurotransmitters and related compounds; Chapter 5). In any 

case, each of these potential improvements would imply increases on the 

cost of the approach.  

The model would benefit also from the addition of more reference 

substances in each drug-type classification group. In this way, each 

reference group would have wider range of compounds (e.g. 

serotoninergic drugs, dopaminergic drugs, etc.) and the probability to have 

overfitting would decrease. 

Limitations 

The targeted metabolomics model presented two inherent limitations of 

the study design: i) lack of a clear bridge between the rodent’s described 

metabolomics and its translation into humans and ii) lack of complete 

picture of the drug effect. 

i. Translation into humans: Due the complexity of the translation of

research evidence from animals to humans300, the targeted

metabolomics fingerprint obtained for each drug in rats’ matrices
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(brain areas, plasma and urine) does not guarantee that these alterations 

are persisted on the complex human body. Although the alterations 

observed in rats’ brain were in the same line that the reported effects in 

humans (e.g. MDMA was described to produce a serotoninergic effect 

in humans301 and a grand affectation was observed in all rats’ brain 

areas), there is not enough evidence for a direct translation from 

rodents to humans. Further experiments are required for that purpose. 

ii. Drug effect vs metabolomics: Another limitation of the targeted 

metabolomics study is the fact that different metabolomics profiles 

could be obtained for a common pharmacological effect. In other 

words, drugs that globally produce a determinated NT related effect 

(e.g. serotoninergic or dopaminergic) could produce different 

metabolomics alterations due their different mechanism of action (see 

Figure 58 for a detailed example). In this situation, a possible bias with 

the drug-type classification could be made by classifying differently 

drugs with the same pharmacological effect. It is expected that this 

limitation might be minimized by the addition of a larger number of 

known drugs into the model. 
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Figure 58. Simulation of the mechanism of action of three hypothetic drugs that 

could globally produce a neurotransmitter related effect (expected effect). a) 

Schematic mechanism of action of the drugs b) Table of the different expected 

metabolomics alterations (neurotransmitter and metabolites) and the same 

expected effect of the 3 hypothesized drugs. Chemical synapsis draw was adapted 

from www.scistyle.com113. 

http://www.scistyle.com/
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4.4. Future directions 

Based on the strategies used in the thesis to evaluate the pharmacology of 

novel substances, future research studies can be drawn. In these studies, it 

would be of great interest to dig deeper into the disposition of MEPH and 

study other highly consumed and problematic toxic substances. 

Furthermore, the improvement of the metabolomics predictive model 

prototype would be required for its routinary implementation.  

The suggested potential research lines for the human disposition approach 

developed in Part I, follows as: 

a. To add and validate the quantification of other metabolites of MEPH 

with the LC-MS/MS methodology (such as 4’-Hydroxy-tolyl-

MEPH). 

b. To study the human disposition of MEPH after its ingestion by other 

routes of administration (such as insufflation). 

c. To test the pharmacogenetics relation of MEPH and metabolites 

within a larger population. To investigate if there is a relation 

between the low CYP2D6 metabolizers and the patients with MEPH 

clinical intoxications.  

d. To study the human disposition of other problematic and prevalent 

NPS (such as MDPV) by studying the pharmacokinetics, 

pharmacodynamics and pharmacogenetics under a Phase I Clinical 

trial.   

e. To evaluate the potential of MEPH metabolites as biomarkers for the 

MEPH misuse to enhance athlete’s performance. 
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The proposed potential future directions for the targeted metabolomics 

model prototype in Part II, follows as: 

a. To enlarge the predictive model created by adding more reference

drugs per each group.

b. To perform a dose-finding study in order to obtain the equivalence

dose of the novel drug assayed with the doses used for the classical

drugs of abuse.

c. To use the microdialysis technique to obtain more frequent snap-

shots of the variations on the targeted metabolome among time.

d. To develop novel targeted bioanalytical methods in different matrices

in order to monitor a wider part of the metabolome (such as,

estrogens, fatty acids, prostaglandins or leukotrienes among others).

e. To evaluate the potential of this approach in order to check the

mechanism of action of drugs acting on the central nervous system

(such as cognitive enhancer drugs).

f. To develop a new metabolomics predictive model with known

commercial and therapeutic drugs in order to evaluate the adequacy

as a drug candidate. The big-pharma industry could value the

development of a targeted metabolomics approach for the facilitation

of the evaluation of new candidate drugs.

g. To evaluate the translation of the model to humans. Since brain

analysis is not feasible in humans, other biological matrices (such as

hair or oral fluid among others) could be used in order to test

potential alterations on the targeted metabolomics.
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In summary, the work presented in the thesis has contributed to evaluate 

the pharmacology of novel psychoactive substances. Overall, the results 

obtained lead to the following conclusions: 

Aim 1: Human disposition of mephedrone 

1. The analysis of mephedrone and metabolites was achieved using gas 

chromatography–mass spectrometry and liquid chromatography 

coupled to tandem mass spectrometry. The later permitted an 

increase in sensitivity and in selectivity and also allowed the direct 

detection of mephedrone metabolites without a derivatization step. 

2. The pharmacokinetics of mephedrone, nor-mephedrone, N-succinyl-

nor-mephedrone, 1'-dihydro-mephedrone, and 4'-carboxy-mephe-

drone was described following analytical developments for the first 

time.  

3. Mephedrone presents a rapid and erratic absorption (Tmax= 1.2 h), 

with a low bioavailability and extensive hepatic metabolism. Is 

rapidly cleared (with a half-life of 2h). About 15% of mephedrone is 

excreted un-altered in urine and the most abundant excreted 

metabolite is 4’-Carboxy-mephedrone.  

4. The administration of mephedrone induced a dose-dependent release 

of free serotonin concentrations in blood in parallel with an increase 

of the cardiovascular and subjective effects. There was a good 

correlation between these effects and mephedrone plasma 

concentrations. 
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5. For the first time we describe that the formation of the most abundant

metabolites, nor-mephedrone and 4’-carboxy-mephedrone, was

regulated by CYP2D6. Subjects with low CYP2D6 activity tend to

accumulate mephedrone in the body which may explain some acute

intoxications cases although this observation has to be balanced by

the erratic oral absorption of the drug.

Aim 2: Prediction of the NPS pharmacology by targeted metabolomics 

6. The use of liquid chromatography coupled to tandem mass

spectrometry has allowed the validation of quantitative methods for

the determination of exogenous (mephedrone and its metabolites) and

endogenous compounds (amino acid neurotransmitters and related

metabolites) in different biological matrices (from humans and from

rodents). Furthermore, previous analytical methodologies developed

in our laboratory with liquid chromatography coupled to tandem

mass spectrometry have been used to quantify monoamine

neurotransmitters and steroid hormones.

7. With regard to the targeted-metabolomics study, classical drugs of

abuse (ecstasy, cocaine, methamphetamine, tetrahydrocannabinol and

heroin) and examples of NPS (mephedrone, JWH-018, MDPV and α-

PVP) were characterized by quantifying the neurochemical

alterations of monoamines, steroid hormones, amino acid

neurotransmitters and related compounds in brain areas, plasma and

urine. Each drug of abuse had its specific metabolomics fingerprint in

accordance to its pharmacological profile.
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8. Based on the metabolomics fingerprints of classical drug, a predictive

model using random forest algorithms was able to group the

similarity of NPS with specific drug categories. In this manner,

mephedrone was predicted to act as an ecstasy-like drug and JWH-

018 as tetrahydrocannabinol-like drug. An improved analysis

permitted the classification of MDPV and α-PVP as cocaine-like

drugs.

In all, this thesis has contributed to i) study the human disposition of 

mephedrone ii) highlight the potential of using metabolomics in the search 

for evaluating the pharmacological profile of new psychoactive 

substances.  
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Figure 59. Chemical structures of the different drugs of abuse assayed in the 

metabolomics studies (part II) of this thesis. The classical drugs group included 

MDMA, METH, COCA,  THC and HEROIN, whereas as examples on NPS we 

included MDPV, α-PVP, MEPH and JWH-018.
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Figure 60. Detailed MDMA metabolomics fingerprint (monoamines and steroid 

hormones pathway). a-d) Bars graph of the variations of precursors, 

neurotransmitters and metabolites of the serotonin, dopamine, noradrenaline and 

steroid hormones pathways after the administration of MDMA in comparison 

with saline vehicle administration (0.9% NaCl) in hippocampus. e) Heat map 

representation of all brain areas, urine and plasma after MDMA administration 

(1-4h). 
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MDMA administration (15 mg/kg) mainly altered the serotoninergic 

pathway in rat brain (Fig. 60 a). In HC, Trp concentrations at 1h post drug 

administration as compared to the saline vehicle were significantly 

increased (p = 0.015). We observed a sustained 5-HT depletion 1h and 4h 

post drug administration (p = 0.002 and p = 0.026) with a related decrease 

of its main metabolite, 5-HIAA (p = 0.015 and p = 0.002 at 1h and 4h post 

administration). The depletion of 5-HT was more pronounced 1h post 

administration whereas the drop of 5-HIAA was more marked at 4h post 

MDMA treatment. Those results were in concordance with the reduction 

of the tryptophan hydroxylase after the MDMA administration, described 

in literature199,200,302. Hippocampal DA concentrations at 4h treatment and 

NM at 1h were incremented in relation to the vehicle administration (p = 

0.026 and p = 0.002 respectively) (Fig. 60 b-c). The steroid hormones 

(Fig. 60 d) were certainly altered in HC after the psychostimulant 

administration. Corticosteroids (such as B or A) were highly increased 

after 1h of MDMA administration and normalized at 4h post drug 

administration. On the other hand, androgens (like testosterone) were only 

boosted 4h post-drug administration (p = 0.004) with similar values to 

vehicle at 1h post administration. The homogeneous effect of the MDMA 

in the targeted metabolome showed similar tendencies between the 

individual animals (Fig. 60 e). The metabolome alterations described in 

hippocampus were extended also to the prefrontal cortex, the cerebellum 

and the striatum. Plasmatic steroids showed similar alterations to the ones 

observed in brain. Only slight changes were observed in the selected 

urinary metabolome. 
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Figure 61. Detailed MEPH targeted metabolomics profile (monoamines and 

steroid hormones pathway). a-d) Bars graph of the variations of precursors, 

neurotransmitters and metabolites of the serotonin, dopamine, noradrenaline and 

steroid hormones pathways after the administration of MEPH in comparison with 

saline vehicle administration (0.9% NaCl) in hippocampus. e) Heat map 

representation of all brain areas, urine and plasma after MEPH administration (1-

4h). 
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MEPH administration (30 mg/kg) principally altered the 5-HT and DA 

pathway in the brain. As an example, in the hippocampus, MEPH 

decreased 5-HT concentrations 1h post drug administration (P = 0.02) 

(Fig. 61 a), similarly to the 5-HT depletion by MDMA (Fig 61 a). MEPH 

also altered the DA pathway in this brain area, increasing DA and Dopac 

(P = 0.004 and P = 0.002 respectively) at 4h post drug administration (Fig. 

61 b). In the literature, MEPH is described to act as a substrate of DA and 

5-HT receptors18,19,73. We did not find significant differences of

hippocampal NA, NM and ME (Fig. 61 c). Regarding steroid hormones, 

corticosteroids were significantly increased (B, P = 0.002; and A, P = 

0.002) at 1h post administration and A was decreased 4h post MEPH 

administration (A, P = 0.09) (Fig. 61 d). Overall, these changes of the 

metabolome in HC were extended in all brain areas (Fig. 61 e). 

Remarkable steroid hormones alterations were found in after MEPH 

administration. Thus, both progestogens and corticosteroids reached larger 

plasmatic concentrations 1h after administration. We also detected a 

substantial reduction in androgens. Plasmatic steroids tended to normalize 

4h after MEPH administration. The most remarkable alterations found in 

urine were the decrease in DA levels and the increases in both Dopac and 

NM levels.  
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Figure 62. Detailed METH targeted metabolomics profile (monoamines and 

steroid hormones pathway). a-d) Bars graph of the variations of precursors, 

neurotransmitters and metabolites of the serotonin, dopamine, noradrenaline and 

steroid hormones pathways after the administration of METH in comparison with 

saline vehicle administration (0.9% NaCl) in hippocampus. e) Heat map 

representation of all brain areas, urine and plasma after METH administration (1-

4h). 
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METH administration (15 mg/kg) altered the targeted metabolomics 

profile of all the neurotransmitters and steroid hormones pathways when 

compared with the saline vehicle administration. Regarding the 5HT and 

the DA pathways, MEPH increased concentrations of the precursors at 1h 

post drug administration, (Trp, p = 0.002; Tyr, p = 0.004 in HC) and 

decreased concentrations of serotonin and dopamine (5-HT, p = 0.002; 

DA, p = 0.041 in HC) (Fig. 62 a-b). These results agree with the depletion 

of both tryptophan hydroxylase and tyrosine hydroxylase reported to be 

induced by METH247,303,304. At 4h post administration, DA and its 

metabolite Dopac were significantly increased (p = 0.015 and p = 0.002 

respectively in HC) whereas not significant altered for 5HT and its main 

metabolite 5HIAA. In the NA pathway (see Fig. 62 c), NM increased at 

1h post administration (p = 0.002 in HC) whereas ME decreased 4h post 

administration (p = 0.041 in HC). Regarding steroid hormones, 

corticosteroids rose (B and A p = 0.004 in HC) 1h post drug 

administration whereas testosterone increased 4h after METH 

administration (p = 0.015 in HC) (Fig. 62 d). The alterations were 

homogeneous in the selected brain areas and between individuals (Fig. 62 

e). Plasmatic steroids behaved similarly to brain with the main exception 

of androgens which showed a marked depletion 1 h after METH 

administration. In urine, metabolites related to DA and NA notably 

incremented compared to the vehicle administration. 
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Figure 63. Detailed COCA targeted metabolomics profile (monoamines and 

steroid hormones pathway). a-d) Bars graph of the variations of precursors, 

neurotransmitters and metabolites of the serotonin, dopamine, noradrenaline and 

steroid hormones pathways after the administration of COCA in comparison with 

saline vehicle administration (0.9% NaCl) in hippocampus. e) Heat map 

representation of all brain areas, urine and plasma after COCA administration (1-

4h).



Supplementary material 

327 

COCA administration (20 mg/kg) mainly rose metabolites and precursors 

in the monoamine neurotransmitters pathway (especially DA and NA) and 

in the steroid hormones in agreement with previous reports305,306. In the 5-

HT pathway, we observed increased concentrations of hippocampal Trp, 

5-HT and 5-HIAA at 1h post COCA administration (p = 0.002 in all

cases) (Fig. 63 a). In the hippocampus, Tyr values were enhanced 1h after 

COCA administration (p = 0.002) compared to the vehicle condition, 

whereas DA and its metabolite, Dopac, increased 4h after COCA 

treatment (p = 0.03 and 0.04) (Fig. 60 b). In the NA pathway (Fig. 63 c), 

NA and its metabolites (NM and ME) were significantly incremented in 

the hippocampus (p = 0.002 for all compounds) with a sustained boost of 

NM (p = 0.017) at 4h post drug administration. Hippocampal 

corticosteroids and androgens markedly rose after 1h of the 

psychostimulant administration (p values for B, A and T of 0.002) (Fig. 

63 d). Other brain areas behaved similarly for steroid hormones and DA 

pathway. Remarkably, the alterations observed in the hippocampus were 

more intense than the ones in other brain areas mainly in the 5HT pathway 

but also for NA pathway (Fig. 63 e). Plasmatic steroid hormones slightly 

increased at 1h after administration with the main exception of androgens. 

Their concentrations returned to basal levels 4h after administration. 

Changes in the urinary metabolome were almost undetectable (Fig. 63 e). 
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Figure 64. Detailed HEROIN targeted metabolomics profile (monoamines and 

steroid hormones pathway). a-d) Bars graph of the variations of precursors, 

neurotransmitters and metabolites of the serotonin, dopamine, noradrenaline and 

steroid hormones pathways after the administration of HEROIN in comparison 

with saline vehicle administration (0.9% NaCl) in hippocampus. e) Heat map 

representation of all brain areas, urine and plasma after HEROIN administration 

(1-4h).
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HEROIN administration (30 mg/kg) produced changes in comparison 

with the vehicle administration on the monoamine pathways and the 

steroid hormones even through the HEROIN principally interacts with the 

opioid receptors307. We found the significant increases of hippocampal 

Trp and 5-HIAA (p = 0.015 and p = 0.002 at 1h and 4h post 

administration respectively), already described in rats after morphine 

administration308 (Fig. 64 a). In the DA pathway, hippocampal Dopac 

increased at 4h post administration in concordance with the literature309 (p 

= 0.04, Fig. 64 b). We did not find significant changes on the NA 

metabolic pathway (Fig. 64 c). The selected corticosteroids (B and A), 

increased in the hippocampus at 1h post HEROIN administration (p = 

0.02 and 0.04 respectively) whereas androgens (such as T) were 

significantly decreased (p = 0.009) also 1h post drug administration (Fig. 

64 d). Results for steroid hormones, 5HT and NA pathways were 

consistent between all the brain areas studied. However, the alterations 

found in the dopaminergic pathway in the striatum followed a different 

trend when compared with the other areas. This difference was more 

notably observed at 4h (Fig. 64 e). Similar to the other drugs, the 

administration of HEROIN was followed by a rise in plasmatic 

corticosteroids and by a decrease of androgens. The urinary metabolome 

was characterized by an increment on DA and Dopac concentrations.  
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Figure 65. Detailed THC targeted metabolomics profile (monoamines and steroid 

hormones pathway). a-d) Bars graph of the variations of precursors, 

neurotransmitters and metabolites of the serotonin, dopamine, noradrenaline and 

steroid hormones pathways after the administration of THC in comparison with 

saline ethanol-vehicle administration (5% ethanol. 5% cremophor. 90% saline) in 

hippocampus. e) Heat map representation of all brain areas, urine and plasma 

after THC administration (1-4h).
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THC administration (15 mg/kg) changed the targeted metabolome profile 

of the rats. THC directly interacts with the cannabinoid receptors (mainly 

CB1) and indirectly with the monoamine neurotransmitters and the steroid 

hormones3,51. In the 5-HT pathway in HC, only significant increases in the 

tryptophane at 1h post administration were observed (p = 0.002) (Fig. 65 

a). Regarding the DA metabolism, hippocampal DA was risen 1h post 

administration (p = 0.026) whereas its metabolite Dopac was enhanced 4h 

after the THC administration (p = 0.009) (Fig. 65 b). In the NA pathway, 

significant alterations were observed in HC with a reduction of ME at 4h 

post drug administration (p = 0.015) (Fig. 65 c). Regarding steroid 

hormones, hippocampal corticosteroids incremented (B, p = 0.002; A, p = 

0.009) and androgens decreased (T, p = 0.026) at 1h post drug 

administration (Fig. 65 d). Globally, THC produced similar changes in all 

tested individuals and brain areas with the main exception of DA 

metabolites (Fig. 65 e). Similar to other classical drugs, THC increased 

the plasmatic corticosteroids values (1h post drug administration) but the 

boost was less intense than the one observed for the psychostimulants 

tested (MDMA, COCA and METH). In urine, the most remarkable 

alteration was the increment in several metabolites belonging to the DA 

pathway. 
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Figure 66. Detailed JWH-018 targeted metabolomics profile (monoamines and 

steroid hormones pathway). a-d) Bars graph of the variations of precursors, 

neurotransmitters and metabolites of the serotonin, dopamine, noradrenaline and 

steroid hormones pathways after the administration of JWH-018 in comparison 

with ethanol-vehicle administration (5% ethanol. 5% cremophor. 90% saline) in 

hippocampus. e) Heat map representation of all brain areas, urine and plasma 

after JWH-018 administration (1-4h). 
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JWH-018 administration (10 mg/kg) altered the targeted metabolome 

profile of monoamines and steroid hormones. Regarding the 5-HT 

pathway, 5-HT and its principal metabolite (5-HIAA) increased 1h post 

drug administration (p = 0.041 and p = 0.015 respectively in HC) (Fig. 66 

a). In the DA pathway, DA and its metabolite Dopac significantly 

increased (p = 0.015 and p = 0.002 for hippocampal DA at 1h and 4h 

treatment and p = 0.002 for hippocampal Dopac for 1h and 4h post drug 

administration) (Fig. 66 b). With regard to the NA metabolism, NA 

concentrations incremented 1h post administration (p = 0.015 in HC) and 

decreased (together with ME values) at 4h post JWH-018 administration 

(p = 0.002 for both metabolites in HC) (Fig. 66 c). Brain corticosteroids 

(B and A) significantly rose (p = 0.002 in both cases in HC) at 1h post 

drug administration and normalized 4h post JWH-018 administration (Fig. 

66 d). Similar alterations were detected in all the selected brain regions 

(HC, PFC, Cer and St) (Fig. 66 e). Similarly to the other tested drugs, 

JWH-018 boosted its plasmatic steroid concentrations at 1h post 

administration, but with less intensity than the psychostimulant drugs. 

Finally, JWH-018 administration leads to an increase in several 

metabolites of the DA pathway in the urinary metabolome.
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Figure 67. Detailed MDPV targeted metabolomics profile (monoamines and 

steroid hormones pathway). a-d) Bars graph of the variations of precursors, 

neurotransmitters and metabolites of the serotonin, dopamine, noradrenaline and 

steroid hormones pathways after the administration of MDPV in comparison with 

saline vehicle administration (0.9% NaCl) in hippocampus. e) Heat map 

representation of all brain areas, urine and plasma after MDPV administration (1-

4h).
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MDPV administration (4 mg/kg) principally altered the principal 

monoamine neurotransmitters (5-HT and DA and NA). With regard to the 

5-HT pathway, MDPV strongly decreased the 5-HT and its metabolite (5-

HIAA) concentrations in HC and the other studied brain areas (p= 0.002 

and p=0.015) at 1h post drug administration (see Fig. 67 a). MDPV was 

described to blockade the catecholamines transporters (specially DA and 

NA)74,310 and we observed a 20% drop of  the DA and 3-MT (metabolite 

of the COMT from DA) concentrations in comparison with the vehicle 

administration during the first hour of the drug administration in all brain 

areas (p = 0.002 for both compounds in HC) (see Fig. 67 b). Nevertheless, 

Dopac concentrations were boosted 4h post drug administration (p = 

0.002). In the NA pathway, a marked depletion on NA and NM 

(metabolite of the COMT enzyme) values was observed for both 

compounds at 1h post MDPV administration (p =0.009 and p =0.002 in 

HC) (see Fig. 67 c) with residual alterations were observed 4h post drug 

administration. Regarding the steroid hormones profile, increases on the 

1h post drug administration were found in Prog, B and A (p = 0.009, p = 

0.002 and p = 0.002, respectively) (see Fig. 67 d). Then, at 4h post MDPV 

administrations a decrease on progestogens and corticoids was slightly 

observed. In plasma, a decrease in the androgens concentrations were 

observed at 1h post drug administration (p = 0.002 for AED and p = 0.041 

for T) with a maintained drop of progestogens and corticoids (p = 0.02 for 

Prog, p = 0.002 for DOC, p = 0.004 for B and p = 0.004 for A) at 4h post 

MDPV treatment. In urine, no relevant alterations were observed after 

MDPV administration.  
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Figure 68. Detailed α-PVP targeted metabolomics profile (monoamines and 

steroid hormones pathway). a-d) Bars graph of the variations of precursors, 

neurotransmitters and metabolites of the serotonin, dopamine, noradrenaline and 

steroid hormones pathways after the administration of α-PVP in comparison with 

saline vehicle administration (0.9% NaCl) in hippocampus. e) Heat map 

representation of all brain areas, urine and plasma after α-PVP administration (1-

4h).
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α-PVP administration (4 mg/kg), identically as MDPV, produced a 

profound alteration of the monoamine neurotransmitters. The 

concentrations of 5-HT (with respect to the vehicle administration) were 

deplected significantly at 1h post drug administration (p = 0.002 in HC) 

and returned to basal levels at 4h treatment (see figure 68 a). 

Homogeneously in all brain areas, DA and its metabolite 3-MT were 

decreased 1h post drug administration in HC (p = 0.002 in both cases). 

Tyr, precursor of DA was also hipocampusly deplected at 1h treatment (p 

= 0.004). Additionally, Dopac concentrations were slightly increased both 

at 1h and 4h post drug administration) (see figure 68 b). With regart to the 

NA pathway, the concentrations of NA where slighlty decreased and the 

values of its metabolite (NM) were significantly droped at 1h post drug 

administration (p = 0.004 in HC) (see figure 68 c). At 4h post α-PVP 

administration, ME values were reduced in comparison with the vehicle 

administration (p = 0.002). The steroid hormones were also altered after 

the administration of α-PVP, which significantly increased during the first 

hour the values of Prog (p = 0.002), B (p = 0.004) and A (p = 0.002) 

hippocampusly and in the other brain areas (see figure 68 d). At 4h these 

steroid hormones returned to basal levels. In plasma, the androgens were 

decreased (p = 0.002 for AED and T) at 1h post drug administration. In 

urine, no relevant changes were observed after the administration of α-

PVP (see figure 68 e). 
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Figure 69. Detailed MDMA targeted metabolomics profile (amino acid 

neurotransmitters and related compounds). a-b) Bars graph of the variations of 

amino acid neurotransmitters (such as Glu, Ach and Ade) and related compounds 

(Ch, ACar and Creat) after the administration of MDMA in comparison with 

saline vehicle administration (0.9% NaCl) in hippocampus. c) Heat map 

representation of all brain areas, urine and plasma after MDMA administration 

(1-4h). 

MDMA administration (15 mg/kg) nearly unaltered the targeted amino 

acid neurotransmitters and related compounds pathway. Significant 

alterations were observed at ACh and Creat at 1h post drug administration 

(p = 0.05 and p = 0.002, respectively) (figure 69 a-b). ACar showed 

decreased concentrations in Cer and St brain areas, 1h post administration. 

With regard to the targeted metabolites at 4h post drug administration, no 

alterations in any brain area were observed (see figure 69 c).   
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Figure 70. Detailed MEPH targeted metabolomics profile (amino acid 

neurotransmitters and related compounds). a-b) Bars graph of the variations of 

amino acid neurotransmitters (such as Glu, Ach and Ade) and related compounds 

(Ch, ACar and Creat) after the administration of MEPH in comparison with saline 

vehicle administration (0.9% NaCl) in hippocampus. c) Heat map representation 

of all brain areas, urine and plasma after MEPH administration (1-4h). 

MEPH administration (15 mg/kg) produced a deep depletion of Ch 

concentrations (in all brain areas) at 1h post administration (p = 0.004 

with an increased recovery at 4h post treatment (p = 0.009) in HC. In 

reverse, ACar was boosted 1h post MEPH administration (p = 0.002), but 

significantly decreased at 4h post drug treatment (p = 0.009). Creat and 

Glu were also decreased at 4h post MEPH administration (p = 0.015 and p 

= 0.026, respectively, in HC) (figure 70 a-b).  In coherence with the 

results in brain, plasma concentrations were increased 4h post drug 

administration (p =0.009) (figure 70 c). 
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Figure 71. Detailed METH targeted metabolomics profile (amino acid 

neurotransmitters and related compounds). a-b) Bars graph of the variations of 

amino acid neurotransmitters (such as Glu, Ach and Ade) and related compounds 

(Ch, ACar and Creat) after the administration of METH in comparison with 

saline vehicle administration (0.9% NaCl) in hippocampus. c) Heat map 

representation of all brain areas, urine and plasma after METH administration (1-

4h).

METH administration (15 mg/kg) nearly unaffected the targeted amino 

acids and related compounds in all brain areas. Only slightly increases on 

Creat values in comparison with the vehicle administration were observed 

at 1h post drug administration (p = 0.002, in HC). Also, Ch concentrations 

were also decreased 1h post METH treatment (p = 0.026 in HC). At 4h 

post drug administrations, Glu was decreased significantly (p = 0.041) and 

it was increased at 1h post METH injection in plasma (p = 0.004) (figure 

71 a-b). At the same time, carnitines and creatinines were also boosted in 

plasma 1h (p = 0.002 for Creat, p = 0.002 for Cr, p = 0.002 for Car and p 

= 0.004 for ACar) (figure 71 c).   
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Figure 72. Detailed COCA targeted metabolomics profile (amino acid 

neurotransmitters and related compounds). a-b) Bars graph of the variations of 

amino acid neurotransmitters (such as Glu, Ach and Ade) and related compounds 

(Ch, ACar and Creat) after the administration of MDMA in comparison with 

saline vehicle administration (0.9% NaCl) in hippocampus. e) Heat map 

representation of all brain areas, urine and plasma after MDMA administration 

(1-4h). 

COCA administration (20 mg/kg) showed significant alterations in many 

targeted metabolites. The most relevant increases (around 6 to 8 folds the 

basal values) were observed during the 1st hour post drug administration in 

Ch and Creat concentrations (p = 0.002 for both analytes in HC). These 

increases was maintained for Ch at 4h post drug administration (p = 0.026 

in HC). Additionally, increased concentrations of Glu, ACar, Ade and 

ACh were also observed at 1h post COCA administration (p = 0.002 for 

the first three compounds and p = 0.009 for ACh in HC) (see figure 72 a-

b). In plasma, significant alterations were observed in Ch and in creatines 

(p = 0.026 for Ch, p = 0.026 for Cr and p = 0.004 for Creat) (figure 72 c). 
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Figure 73. Detailed HEROIN targeted metabolomics profile (amino acid 

neurotransmitters and related compounds). a-b) Bars graph of the variations of 

amino acid neurotransmitters (such as Glu, Ach and Ade) and related compounds 

(Ch, ACar and Creat) after the administration of HEROIN in comparison with 

saline vehicle administration (0.9% NaCl) in hippocampus. e) Heat map 

representation of all brain areas, urine and plasma after HEROIN administration 

(1-4h). 

HEROIN administration (30 mg/kg) produced significant changes on the 

hippocampal cholinergic system at 1h post drug administration: a decrease 

on Ch (p = 0.041) and an increase on ACh (p = 0.009). Moreover, higher 

alterations were observed at 4h post drug administration, with a global 

increase of Ch and Car concentrations (p = 0.002 and p = 0.009, 

respectively in HC). Then, a decrease on Creat concentrations was 

observed at 4h post drug administration in comparison with the vehicle 

treatment (p =0.004 in HC) (figure 73 a-b). With regard to the plasma 

values, Car concentrations were slightly higher that vehicle (p = 0.026) 

(figure 73 c).  
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Figure 74. Detailed MDPV targeted metabolomics profile (amino acid 

neurotransmitters and related compounds). a-b) Bars graph of the variations of 

amino acid neurotransmitters (such as Glu, Ach and Ade) and related compounds 

(Ch, ACar and Creat) after the administration of MDPV in comparison with 

saline vehicle administration (0.9% NaCl) in hippocampus. e) Heat map 

representation of all brain areas, urine and plasma after MDPV administration (1-

4h). 

MDPV administration (4 mg/kg) considerably altered 5 of the 13 targeted 

compounds at 1h post drug administration. Creat and Ch concentrations 

were 8 and 4 fold increased in comparison with vehicle administration 

whereas ACh, ACar and Ade were deeply decreased (p = 0.002, for all 

compounds in HC). These alterations were homogeneously extended in all 

brain areas and they were recovered at 4h post drug administration. 

Indeed, no alterations in comparison with the vehicle administration were 

seen in any amino acid neurotransmitters and related compounds at 4h 

post drug administration (see figure 74 a-b). In plasma, only a slightly 

decrease on the Creat concentrations was observed (p = 0.041) (figure 74 

c). 
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Figure 75. Detailed α-PVP targeted metabolomics profile (amino acid 

neurotransmitters and related compounds). a-b) Bars graph of the variations of 

amino acid neurotransmitters (such as Glu, Ach and Ade) and related compounds 

(Ch, ACar and Creat) after the administration of α-PVP in comparison with saline 

vehicle administration (0.9% NaCl) in hippocampus. e) Heat map representation 

of all brain areas, urine and plasma after α-PVP administration (1-4h). 

α-PVP administration (4 mg/kg) induced a 4-fold increase of Ch 

concentrations mantained at 1h and 4h post drug administration (p = 0.002 

and p = 0.009, respectively in HC). Additionally, an increase of Creat 

values was observed at 1h post drug administration (p = 0.002 in HC) but 

it was recovered at 4h post α-PVP administration. With regard to the rest 

of metabolites, Ade and ACar were significantly deplected at the 1st hour 

treatment (p = 0.002 for both compounds in HC) (see figure 75 a-b). The 

variations produced in all metabolites were homogeneously extended in 

all brain areas. In coherence with the brain alterations, concentrations of 

Creat were boosted (p = 0.002) at 1h post drug administration (see figure 

75).  
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Figure 76. Detailed THC targeted metabolomics profile (amino acid 

neurotransmitters and related compounds). a-b) Bars graph of the variations of 

amino acid neurotransmitters (such as Glu, Ach and Ade) and related compounds 

(Ch, ACar and Creat) after the administration of THC in comparison with 

ethanol-vehicle administration (5% ethanol. 5% cremophor. 90% saline) in 

hippocampus. e) Heat map representation of all brain areas, urine and plasma 

after THC administration (1-4h). 

THC administration (15 mg/kg) induced a marked increase of ACar 

concentrations (in relation to the vehicle administration) at 1h post drug 

administration (p = 0.002) but with a significant decrease at 4h post drug 

treatment (p = 0.015). Reversely, Ch values were deplected 1h post THC 

administration (p = 0.41) and increased at 4h post drug treatment (p = 

0.002). Moreover, Ade concentrations were increased 4h post drug 

administration (p = 0.041) (see figure 76 a-b). With regard to plasma 

concentrations, creatines were significantly altered (increased for Cr, p = 

0.41 and decreased for Creat, p = 0.002) at 1h post drug administration 

(figure 76 c). 
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Figure 77. Detailed JWH-018 targeted metabolomics profile (amino acid 

neurotransmitters and related compounds). a-b) Bars graph of the variations of 

amino acid neurotransmitters (such as Glu, Ach and Ade) and related compounds 

(Ch, ACar and Creat) after the administration of JWH-018 in comparison with 

ethanol-vehicle administration (5% ethanol. 5% cremophor. 90% saline) in 

hippocampus. e) Heat map representation of all brain areas, urine and plasma 

after JWH-018 administration (1-4h).

JWH-018 administration (10 mg/kg) mainly decreased Creat in all brain 

areas in a maintained manner at 1h and 4h post drug administration (p = 

0.009 and p = 0.026, respectively in HC). Furthermore, JWH-018 

produced an small increase of the following metabolites: Glu, Gln, Ch, 

ACar, ACh (p = 0.009 for all of them) and Ade (p = 0.002) at 4h post drug 

administration (figure 77 a-b). Cocentrations of ACar were also increased 

in plasma at 4h treatment (0.026) (figure 77 c). 
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