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Abstract

Benzodiazepines are a class of compounds that were initially developed for medicinal purposes.

Multiple benzodiazepines have appeared as `new psychoactive substances' on the illicit drug

market and have never been developed for medicinal use. Very little pharmacokinetic data exists

regarding them. This information is valuable as it allows the prediction and interpretation of

their e�ects in humans and aids with forensic and toxicological work.

In this work the lipophilicity (log D 7.4), the pKa and the plasma protein binding were determined

for benzodiazepines appearing as new psychoactive substances and these were compared to

theoretical values from software packages. ACD/I-LAB returned the most accurate values for

log D7.4 and plasma protein binding while ADMET Predictor returned the most accurate values

for pKa. None of the software packages were able to predict parameters to a su�cient degree

of accuracy andin vitro data is currently preferable.

An improved relationship to calculate the volume of distribution at steady state (Vdss) by using

the �ie-Tozer equation, the log D7.4, the pKa and the plasma protein binding of benzodiazepines

was developed. The Vdss of benzodiazepines could be predicted to within a 1.11-fold accuracy.

The blood to plasma concentration ratios of six benzodiazepines appearing as new psychoac-

tive substances were determined. Despite the small dataset a large variation in ratios was

observed, from 0.57 for phenazepam to 1.18 for pyrazolam, highlighting the need for accurate

pharmacokinetic data.

The metabolic characterisation of illicit compounds is an important aid in toxicological inter-

pretations. This is commonly performedin vitro using human hepatocellular carcinoma cell

lines and the choice of cell line is crucial in order to obtain reliable results. The C3A and

HepaRG cell lines were characterised with respect to six major phase I metabolic enzymes.

HepaRG was shown to have a greater expression of these enzymes and thus have a superior

utility in a metabolic study.

The metabolism of 12 benzodiazepines appearing as new psychoactive substances was investi-

gated with the HepaRG cell line. Some of the benzodiazepines were observed to have di�erent

metabolic pathways to those previously reported. This again highlights the need for accurate

experimental data in order to assess the pharmacokinetics of new psychoactive substances.
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Chapter 1

Introduction

1.1 Substance abuse

The term `substances of abuse' commonly refers to three categories of compounds; speci�c

drugs of abuse, medications and toxins [1]. Substances have been abused for hundreds if not

thousands of years as a result of their psychoactive e�ects [2]. Psychoactive substances are

broadly de�ned as:

\compounds that when consumed can a�ect the central nervous system of a person by

stimulation or depression resulting in hallucinations or a signi�cant disturbance, or signi�cant

change to, motor function, thinking, behaviour, perception, awareness or mood."[3,4]

The earliest substances of abuse were plant-based, for example; alcohol, opium, cocaine and

cannabis [2]. Various cooperative international attempts have been made to control the trade

and supply of illicitly-used compounds as a result of their damaging e�ects upon health. The

Single Convention on Narcotic Drugs of 1961 aimed to control cannabis and a variety of opi-

oids [5]. This was followed by the Convention on Psychotropic Substances of 1971 which

aimed to control compounds not speci�ed in the previous convention such as; phenethylamines,

tryptamines, cathinones, synthetic cannabinoids, barbiturates and benzodiazepines [6]. All of

1
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these substances are commonly abused [1]. In order to circumvent and evade these interna-

tional controls, a variety of compounds have emerged and are abused that are not regulated

under either convention [7]. This circumvention of existing legislation is often known as a `cat

and mouse game' and is exempli�ed by the appearance of compounds di�ering by a single

atom from those that are controlled substances [8]. Compounds that appear as substances of

abuse and that are not under international control are known as `new psychoactive substances'

(NPS) [9]. In terms of the control of new psychoactive substances in the United Kingdom; the

Psychoactive Substances Bill became law in 2016 [7]. This law aimed to control any substances

which were not under control of the Misuse of Drugs Act 1971 and were capable of producing

a psychoactive e�ect, with exemptions for compounds such as ca�eine, alcohol and tobacco [7].

1.2 The Rise of New Psychoactive Substances

NPS are de�ned by the United Nations O�ce on Drugs and Crime (UNODC) as being:

\substances of abuse, either in a pure form or a preparation, that are not controlled by the

1961 Single Convention on Narcotic Drugs or the 1971 Convention on Psychotropic

Substances, but which may pose a public health threat."[9]

The word `new' refers to the substance appearing on the illicit drug market and not whether it

is an entirely new compound. Many of these compounds have been previously synthesised and

patented during the early stages of drug development [9]. NPS are usually grouped by similarity

in structure and pharmacological mechanism of action. These include synthetic cannabinoids,

cathinones, opioids, phenylethylamines, piperazines, tryptamines, benzodiazepines and plant

derivatives such as khat [10-19].

In Europe, the European Monitoring Centre for Drugs and Drug Addiction (EMCDDA) is

responsible for monitoring the availability and illicit use of NPSs [20]. The number of NPSs

has increased markedly in recent years and peaked in 2014 with 101 compounds being reported

to the EMCDDA. This total then decreased to 98 compounds in 2015, to 66 compounds in
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2016 and to 51 compounds in 2017 [21-24]. This increase and decrease can be seen in Figure

1.1 with the data obtained from the EMCDDA [20-22,25-31]. In total over 620 compounds are

currently monitored in Europe by the EMCDDA as NPS [31].

Figure 1.1: Number of NPSs reported to the EU Early Warning System by year since 2005
[20-22,25-31].

1.3 Benzodiazepines as Medicinally-Important Com-

pounds

One group of NPSs to emerge are the benzodiazepines which were initially developed for medic-

inal use [16,32]. Benzodiazepines have sedative, anticonvulsant and anxiolytic properties and

are medicinally important for the treatment of epilepsy, anxiety, muscle spasms and alcohol

withdrawal syndrome [33-38]. Benzodiazepines are typically prescribed on a short-term basis

as longer durations of use can lead to cognitive problems such as amnesia, tolerance and de-

pendence [38-41]. Severe withdrawal symptoms can occur with abrupt discontinuation of use

[42,43]. Benzodiazepines succeeded the use of barbiturates in most medicinal areas as their

lower addictive nature purportedly left them less open to abuse [44].
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1.4 Benzodiazepines as Drugs of Abuse

Despite having a lower abuse liability and being less addictive than the barbiturates, the anx-

iolytic and sedative e�ects of benzodiazepines still cause them to be misused [45,46]. Ben-

zodiazepines are often misused concurrently with opioids, often to increase the e�ects gained

from the use of either of these drugs in isolation [47-52]. It is thought that rather than a�ect

the pharmacokinetics of opioids, co-ingestion of benzodiazepines with opioids instead a�ects

the pharmacodynamics of opioids [48]. Research suggests that at least some of the analgesic,

anxiolytic e�ects of benzodiazepines are as a result of their binding to opioid receptors [53-56].

It is suggested that benzodiazepines increase the `high' or rewarding e�ects of opioid ingestion

[57,58]. The pharmacodynamics of benzodiazepines will be discussed in greater detail in Section

1.9.

The co-ingestion of benzodiazepines and opioids can lead to respiratory depression and death

[59-61]. The main binding site for benzodiazepines, the GABAA receptor (see Section 1.9), is

co-expressed in the central nervous system (CNS) with opioid receptors [62]. It is thought that

both receptors are co-expressed in areas of the CNS that are responsible for ventilatory control

and interactions of opioids and benzodiazepines at these sites may contribute to respiratory

depression [60]. Benzodiazepine use in combination with alcohol is known to lead to excessive

sedation and it has also been reported that high levels of alcohol and benzodiazepine intake

can also cause respiratory depression [63,64].

Benzodiazepines are widely misused in the UK. For example, one report indicated that ben-

zodiazepines (including prescription diazepam and the new psychoactive substance etizolam,

see Section 1.6) were implicated or involved in 552 drug-related deaths (DRDs) in Scotland in

2017 (59 % of the total). In 336 out of 552 DRDs, the only drugs found to be present were

benzodiazepines which were also new psychoactive substances. In the majority of these the

benzodiazepine was etizolam [65]. In England and Wales, benzodiazepines were involved in

6383 DRDs from 1993 - 2016 [66]. The benzodiazepine found in the majority of these cases was

diazepam (53 %) and DRDs involving benzodiazepines were noted to be increasing [66].
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Another form of misuse for benzodiazepines comes from attempted self-medication by users

[67,68]. Research conducted in the UK using an online questionnaire suggests that the most

common reasons given by users for self-medication were to help with sleep (66 % of respondents)

and to cope with stress (37 %) [69].

The side-e�ects caused by benzodiazepine use when under prescription was recognised very early

on in the 1960s [70,71]. Dependence and addiction were reported when using benzodiazepines

long-term, as was severe withdrawal syndrome following abrupt discontinuation of use [72].

Their side-e�ects and their potential for misuse led to 35 benzodiazepines and their closely-

related derivatives being placed under control by the United Nations (UN) Convention on

Psychotropic Substances of 1971 [6].

In terms of comparison to other substances of abuse, benzodiazepines are held to have a greater

potential for physical harm than drugs such as alcohol, cannabis, LSD and ecstasy, a greater

potential for dependence than drugs such as ketamine, amphetamine, cannabis, LSD and ecstasy

and a greater potential for social harm than amphetamine, cannabis, LSD and ecstasy [73].

1.5 The Structure of Benzodiazepines

The most common benzodiazepines are the 1,4-benzodiazepines. Their basic structure is a

fused benzene ring and a diazepine ring with an additional phenyl ring typically being present

at position 5 (Figure 1.2A). Other benzodiazepines exist, such as 1,5-benzodiazepines and 2,3-

benzodiazepines but their use is outside the scope of this research as they are not thought to

be illicitly used in a widespread manner, possibly as a result of their lack of sedative e�ects

when compared to 1,4-benzodiazepines [74-76]. In addition to 1,4-benzodiazepines, a number of

derivatives exist that are often grouped under the generic umbrella of `benzodiazepines' as they

have similar structures and they act on the same pharmacological target [16]. These include

triazolobenzodiazepines (Figure 1.2B), oxazolobenzodiazepines (Figure 1.2C) and thienotria-

zolodiazepines (Figure 1.2D). Despite the thienotriazolodiazepines not being `true' benzodi-

azepines in the sense that they contain a thiophene ring rather than a benzene ring, they are
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often grouped together as `benzodiazepines' as they have the same pharmacological mechanism

of action and similar pharmacokinetics [77]. For simplicity this trend will be continued in this

work.

Benzodiazepines are often substituted with functional groups at various positions. These typi-

cally take the form of a halogen atom (Cl, Br, F) or nitro group (NO2) substitution at position

2 (Figure 1.2D), position 7 (Figures 1.2A and 1.2E) or position 8 (Figure 1.2B). Substitution

on position 1 (Figure 1.2A and Figure 1.2B) by an amine-, alkane- or alkene-containing group

is common. Less common but still observed is substitution at position 3 (Figure 1.2A) with a

hydroxyl or methyl group. The R2' position on the phenyl ring often has a substituent, usually

a halogen atom. The majority of benzodiazepines that do not have an additional triazole ring

(i.e. 1,4-benzodiazepines) contain a carbonyl group on position 2 (Figure 1.2A).
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Figure 1.2: Structures of a 1,4-benzodiazepine, a triazolobenzodiazepine, an oxazolobenzodi-
azepine, a thienotriazolodiazepine and a thienodiazepine.
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1.6 Benzodiazepines as New Psychoactive Substances

There are currently 27 benzodiazepines that have emerged on the illicit drug market as NPSs

(Table 1.1, data collected from the EMCDDA). To distinguish these benzodiazepines from those

that are used medicinally, the term \NPS-benzodiazepine(s)" will be used from here onwards

to refer to them.

In addition to the benzodiazepines controlled under the UN Convention on Psychotropic Sub-

stances 1971, there are other benzodiazepines that are medically-licensed and prescribed in

various countries around the world. By virtue of existing outside of this legislation, when they

are used illicitly in countries where they are not licensed they are denoted as being NPS. Three

of these to appear as NPSs are phenazepam (originally prescribed in Russia), etizolam (orig-

inally prescribed in Japan and India) and 
utazolam (originally prescribed in Japan) [78-80].

Other NPS-benzodiazepines to appear were simply patented and not developed further into

marketable drugs (e.g. pyrazolam), are metabolites of medically-used benzodiazepines (e.g.

desalkyl
urazepam) or never gained marketing approval (e.g. adinazolam) [16,81,82]. A sum-

mary of the names of these compounds, the year that they were patented (if any) and the year

that they were reported to the EMCDDA is shown in Table 1.1 [20-22,25-31].

In Europe, 1,4-benzodiazepines, triazolobenzodiazepines, oxazolobenzodiazepines, thienodi-

azepines and thienotriazolodiazepines have all appeared as NPSs [16]. Their names and struc-

tures are listed in Tables 1.2 to 1.6.
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Table 1.1: NPS-benzodiazepine, year patented and year reported to the EMCDDA

Compound Year patented Year reported to the EMCDDA References

3-Hydroxyphenazepam Not reported 2016 [31]
4'-Chlorodiazepam 1964 2016 [31,83]

Adinazolam 1976 2015 [22,84]
Bentazepam 1978 2018 [85,86]
Bromazolam 1976 2016 [31,87]
Clonazolam 1971 2015 [22,88]

Cloniprazepam Not reported 2016 [31]
Desalkyl
urazepam Not reported 2016 [89]
Deschloroetizolam 1998 2014 [21,89]

Desmethyl
unitrazepam 1963 2016 [31,91]
Diclazepam 1964 2013 [29,83]

Di
udiazepam 1970 2017 [92,93]
Etizolam 1978 2011 [27,94]

Flualprazolam Not reported 2018 [95]
Flubromazepam 1962 2013 [29,96]
Flubromazolam 1978 2014 [21,97]
Fluclotizolam 1979 2018 [95,98]
Flunitrazolam Not reported 2016 [31]

Flutazolam 1970 2014 [86,99]
Meclonazepam 1975 2014 [21,100]

Methyl-clonazepam Not reported 2018 [95]
Metizolam 1988 2015 [22,101]
Nifoxipam 1985 2015 [22,91]
Nitrazolam 1971 2015 [22,102]

Phenazepam 1974 2007 [20,78]
Pyrazolam 1979 2012 [28,103]

Thionordazepam 1972 2017 [104,105]
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Table 1.2: The substitutions of 1,4-benzodiazepines appearing as NPSs (From Figure 1.2A)

Compound R1 R2' R3 R7 R4' R6'
3-Hydroxyphenazepam H Cl OH Br H H

4'-Chlorodiazepam CH3 H H Cl Cl H
Adinazolam CH3 H H Cl Cl H

Cloniprazepam Methylcyclopropane Cl H NO2 H H
Desalkyl
urazepam H F H Cl H H

Desmethyl
unitrazepam H F H NO2 H H
Diclazepam CH3 Cl H Cl H H

Di
udiazepam CH3 F H Cl H F
Flubromazepam H F H Br H H
Meclonazepam H Cl CH3 NO2 H H

Methyl-clonazepam CH3 Cl H NO2 H H
Nifoxipam H F OH NO2 H H

Phenazepam H Cl H Br H H
Thionordazepam1 H H H Cl H H

1Thionordazepam has a sulphur atom rather than an oxygen atom at the R2 posi-
tion

Table 1.3: The substitutions of triazolobenzodiazepines appearing as NPSs (From Figure 1.2B)

Compound R1 R2' R8
Adinazolam CH2N(CH3)3 H Cl
Bromazolam CH3 H Br
Clonazolam CH3 Cl NO2

Flualprazolam CH3 F Cl
Flubromazolam CH3 F Br
Flunitrazolam CH3 F NO2

Nitrazolam CH3 H NO2

Pyrazolam1 CH3 None Br
1Pyrazolam has a pyridine ring rather than a
phenyl ring at position 6

Table 1.4: The substitutions of thienotriazolobenzodiazepines appearing as NPSs (From Figure
1.2C)

Compound R2 R2' R9
Deschloroetizolam CH2CH3 H CH3

Etizolam CH2CH3 Cl CH3

Fluclotizolam Cl F CH3

Metizolam CH2CH3 Cl H
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Table 1.5: The substitutions and name of a thienodiazepine appearing as an NPS (From Figure
1.2D)

Compound R2' R7 R10
Bentazepam1 H H H

1Bentazepam has an additional
benzene ring (part of a benzoth-
iophene system) attached to its
thiophene ring

Table 1.6: The substitutions and name of an oxazolobenzodiazepine appearing as an NPS (From
Figure 1.2E)

Compound R2' R7 R10
Flutazolam1 F CH2CH2OH Cl
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1.7 Physicochemical Properties of Benzodiazepines

The physicochemical properties of compounds a�ect their pharmacokinetics and pharmaco-

dynamics. Therefore knowledge of physicochemical properties is an important prerequisite in

pharmaceutical development and is also important for the prediction of pharmacokinetic prop-

erties [106,107]. This will be expanded upon in the relevant Sections (1.7.1 and 1.7.2) of this

work. Two physicochemical properties will be discussed here with regards to benzodiazepines;

their lipophilicity and their pK a.

1.7.1 Lipophilicity

The lipophilicity of a compound is commonly measured by the partition constant (P), a ratio

of the distribution between two phases; water and an organic phase such as octanol [105].

Compounds interact with organic phases via Van der Waals forces and with a water phase

via hydrogen bonding or dipolar forces [108]. When the partition coe�cient is measured with

an aqueous phase other than water, it is known as the distribution coe�cient (D). The most

common aqueous phase for the measurement of D is a bu�er with a pH mimicking the pH

of physiological system, for example 7.4 for the human body [109]. This will be referred to

henceforth as the log D7.4. The values for P and D are usually given as the base-10 logarithm

and denoted as log P or log D7.4 respectively for ease of comparison between di�erent molecules.

The lipophilicity of a molecule a�ects its absorption within the body. Highly lipophilic drugs

are hydrophobic and poorly soluble in aqueous solutions which can have implications for their

absorption inside the body in gastrointestinal 
uid or blood [110]. Cell membranes are com-

monly accepted to consist of phospholipids arranged in a bilayer formation [111]. The transfer

of drugs across the cell membrane is mediated by two processes, active transport and passive

di�usion. For most drugs, passage across the cell membrane occurs by passive di�usion and the

e�ect of lipophilicity on this process has been well-reviewed [112]. Drugs that are too lipophilic

typically exhibit a preferential association with the cell membrane and have poor absorption

across the membrane into target tissues [112].
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Following absorption into the body, the distribution of a compound within the body is also

a�ected by its lipophilicity. Drugs that are very lipophilic can engage in o�-target binding to

other structures within the body which is generally referred to as drug promiscuity [113]. Drug

promiscuity is undesirable as exempli�ed by the propensity of highly-lipophilic compounds to

bind to the human ether-a-go-go related gene (hERG)-encoded potassium channel and cause

fatal cardiac arrhythmias [114,115]. A higher lipophilicity is also typically associated with

increased plasma protein binding which will be discussed in further detail in Section 1.8.1

[116]. As a general rule the more lipophilic a compound is, the easier it is for the compound

to cross the blood-brain barrier (BBB) and distribute within the brain [117]. However many

highly-lipophilic drugs often experience a lower than expected BBB partition as a result of

them being substrates for ATP-binding cassette (ABC) transporters which are highly-e�cient

proteins capable of quickly removing compounds from the central nervous system [117,118].

The majority of drugs are metabolised in the liver by the oxidative CYP450 enzyme family

and this pharmacokinetic process will be discussed in greater detail in Section 1.8.4 [119,120].

Lipophilicity a�ects CYP450 enzyme metabolism and the relationship generally follows a

parabolic arc; compound a�nity increases for CYP450 enzymes up to a certain value for

lipophilicity and thereafter the a�nity rapidly decreases as a result of the compound being

too hydrophobic [121,122].

The excretion of a compound also has the potential to be a�ected by its lipophilicity. As many

drugs are excreted via the kidneys in a process known as glomerular �ltration they require a

reasonable degree of water solubility. Drugs that are highly lipophilic may not be adequately

metabolised into hydrophilic compounds and must be reabsorbed and metabolised into more

hydrophilic compounds in order to facilitate their excretion [123].

The previously-discussed e�ects of lipophilicity on absorption, distribution, metabolism and

excretion means that it is an important parameter in the initial stages of drug development

[110,124].

Attempts are often made to relate physicochemical parameters and/or molecular descriptors

to pharmacokinetics or other biological activity of compounds, this is known as quantitative-
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structure-activity-relationship (QSAR) modelling [125,126]. This allows for basic measurements

regarding physicochemical properties to be conducted and then utilised to predict more complex

parameters thus allowing for rapid screening of compounds and a theoretical assessment of their

potential activity in the body [127]. The importance of lipophilicity measurements for QSAR

has been well-reviewed and it is often regarded as one of the most important parameters in

QSAR models [121,126]

Benzodiazepines typically have reasonably high values for lipophilicity and thus they undergo

rapid absorption into the body, accumulate in lipid-high areas of the body, partition with ease

across cell membranes, experience a high distribution within the brain and have a high volume

of distribution [128-133].

The log P values of ten NPS-benzodiazepines were recently published in 2017 with a view to

making them available for the estimation of pharmacological and toxicological properties of

NPS-benzodiazepines [134].

The lipophilicity of a compound, as well as other parameters such as plasma protein binding and

pKa can be used to predict a pharmacokinetic parameter known as the volume of distribution

and this has been previously demonstrated for some benzodiazepines [135]. This is described

in further detail in Section 1.8.2.

Various methods exist for measuring the log D7.4but the most common is the so-called `shake-


ask' method [136]. Here a known mass of the compound is dissolved and allowed to equilibrate

in equal volumes of octanol and a bu�er at pH 7.4 [136]. Following equilibration the concentra-

tions in each phase are determined, typically with HPLC-DAD or LC-MS. Further discussion

of analytical methods such as these will take place in Section 1.10. This process is depicted in

Figure 1.3. Although this experimental measurement of log D7.4 can be time-consuming as it

requires equilibration of the two phases followed by separation and analysis it is generally con-

sidered the `gold-standard' for determining lipophilicity as it is accurate, precise and repeatable

measurements can also be obtained [136,137].

To reduce the time taken to generate log D7.4values a variety of software packages exist in order
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to provide theoretical values [109]. A common method of predicting log D7.4relies on totalling

the individual contributions to lipophilicity from each atom or fragment of a molecule [125,138].

However lipophilicity is not a simple addition and therefore corrections are often included; for

example some approaches assess how these fragments or atoms interact in an intramolecu-

lar manner along with their lipophilicity descriptors [136]. More complex approaches exist

which involve topological and molecular orbital descriptors and these have been well-reviewed

[139,140].

Figure 1.3: The shake-
ask method for measuring log D7.4 [133].
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1.7.2 pK a

The pKa of a compound is the base-10 logarithm of its acid dissociation constant (Ka) [141].

It is essentially a measure of the strength of an acid or base in solution; in other words its

propensity to dissociate into a proton and an anion. Compounds can have multiple pKa values

for each ionisable site that they contain [142].

Knowledge of the pKa of a compound is important during pharmaceutical development espe-

cially when used in conjunction with other parameters such as molecular weight and lipophilic-

ity [106,141,143]. pKa directly in
uences physicochemical parameters such as the log D7.4 and

solubility and hence indirectly in
uences pharmacokinetic parameters such as absorption and

distribution [141,144]. Ionised compounds have a greater solubility in aqueous solutions as a

result of their increased polarity. This increased solubility and hydrophilicity comes at a cost

of reduced lipophilicity. The e�ect of this reduced lipophilicity is that the permeability of

compounds through biological membranes is decreased and hence ionised compounds tend to

have a lower permeability compared to neutral compounds [145]. Ionised drugs are not able

to di�use easily across hepatocyte membranes in the liver and as a result are more likely to

undergo renal clearance [146,147].

The pKa of compounds has been used in pharmacokinetic modelling for predicting the volume

of distribution [107,148]. This is discussed in greater detail in Section 1.8.2. The pKa of

benzodiazepines has also been postulated to be important in determining the extent of their

distribution into adipose tissue as well as predicting their post-mortem distribution [149,150]. A

model capable of predicting post-mortem distribution with an R2 of 0.98 has been reported for

benzodiazepines where ionisation (i.e. pKa) exerted signi�cant impact [149]. Benzodiazepine

distribution into adipose tissue was found to be signi�cantly related to pKa but unrelated to

lipophilicity (as log P) [150].

Benzodiazepines either have one pKa value (e.g. 
unitrazepam with 1.8) or two pKa values

(e.g. clonazepam with 1.5 and 10.5) [151,152]. As mentioned previously each pKa value refers

to a separate site of ionisation on the molecule. The �rst pKa value for benzodiazepines refers
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to the deprotonation of the nitrogen cation at position 4 and the second pKa refers to the

deprotonation of the nitrogen atom at position 1 (from Figure 1.2A) [153]. The deprotonation

of the nitrogen atom at position 1 is thought to be resonance-stabilised with the negatively-

charged oxygen atom [153]. This can be visualised in Figure 1.4 for clonazepam.
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Figure 1.4: pKa values and structures for clonazepam [148,149].

A variety of methods exist for measuring pKa such as potentiometry, calorimetry and elec-

trophoresis and these have been well-reviewed [154,155]. A commonly used method is capillary

electrophoresis because of its e�ciency, ease of use and the low concentrations (in the order of

ng mL-1) that are required [156,157]. In this technique, ions are separated using an applied elec-

trical voltage as a result of their di�ering electrophoretic mobilities [158]. The electrophoretic

mobility of a compound describes its rate of movement when an electrical �eld is applied in a

speci�c solution [159]. A compound in its unionised state has no electrophoretic mobility. Once

an electrical voltage is applied and the compound is fully ionised then its electrophoretic mo-

bility is at its maximum [160]. Between this minimum and maximum electrophoretic mobility

there exist various intermediate mobilities that are dependent on the pH of the solution. The

e�ective electrophoretic mobility of a compound can be calculated with knowledge of the di�er-

ence in migration time between the test compound and a neutral marker compound (Equation

1.1) [156].
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� e� = (
LdL t

V
)(

1
ta

�
1
tm

) (1.1)

Equation 1.1 Determination of e�ective mobility where � e� is the e�ective mobility, ta is the

migration time for the test compound (in seconds),tm is the migration time for the neutral

marker (in seconds),Ld is the total length from the capillary inlet to the detection window

(cm), L t is the total capillary length (in cm) and V is the applied voltage.

Once the e�ective mobility of a compound has been determined at a speci�c pH, it can be

related to the pKa of a compound through Equations 1.2 and 1.3.

� e� =
� � 10-pH

10-pK a + 10-pH
(1.2)

Equation 1.2 Relationship between e�ective mobility at a speci�c pH and the pKa of a compound

where � e� is the e�ective mobility, pH is the pH of the bu�er solution, pKa is the compound

pKa and � is a �tting constant for acidic compounds equal to the electrophoretic mobility of

the ionised form of the compound with the subscript denoting to the order of ionization.

� e� =
b1(10-pH )2 + a110-pK a1 10-pK a2

(10-pH )2 + a110-pK a1 10-pH + 10-pK a1 10-pK a2
(1.3)

Equation 1.3 Relationship between e�ective mobility at a speci�c pH and the pKa of a compound

where � e� is the e�ective mobility, pH is the pH of the bu�er solution, pKa is the compound

pKa and � and � are a �tting constants equal to the electrophoretic mobilities of the ionised

forms of the compound with the subscript denoting to the order of ionization for acidic and

basic compounds respectively.

Equation 1.2 describes the relationship between the e�ective electrophoretic mobility of a com-

pound and its pKa when it contains one ionisable basic group and Equation 1.3 describes the

relationship between the e�ective electrophoretic mobility of a compound and its pKa when it

contains both an ionisable basic and acidic group [161]. In equations 1.2 and 1.3,a and b are

constants.
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As determination of pKa by capillary electrophoresis requires measurement of the elec-

trophoretic mobility of a compound at a range of pH values, often in triplicate, it can be

time-consuming even with automated equipment. Therefore multiple theoretical approaches

exist. Some of these are similar to those used for predicting log D7.4 in that they take into

account the contributions of individual atoms and fragments in a compound or use training

datasets of compounds with known pKa values [162]. Linear free-energy relationships, often

based on Hammett-Taft methods are commonly used [142]. A linear free-energy relationship

describes two parallel sets of reactions where changes to the �rst reaction a�ect the second

reaction in the same manner [159]. Hammett-Taft equations take into account the electronic

e�ects of substituents in a compound, namely their ability to donate and withdraw electrons

[163]. The use of di�erent software packages to predict pKa values has been well-reviewed [162].
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1.8 Pharmacokinetics of Benzodiazepines

Benzodiazepines have various routes of administration, however oral is the most common route

of administration overall, with injective routes of administration being more common amongst

opiate users [47,164,165]. The pharmacokinetics of NPS-benzodiazepines have been previously

reviewed [16]. Three pharmacokinetic parameters;the plasma protein binding, the volume of

distribution at steady state and the blood to plasma ratio will be discussed here along with the

pharmacokinetic phase of metabolism.

1.8.1 Plasma Protein Binding

Whole blood consists of blood cells (45 % by volume) and a liquid component known as plasma

(55 % by volume) [166]. The plasma can be subdivided into water (92 %), proteins (7 %)

and inorganic ions (1 %) [167]. Following absorption, compounds in the body typically bind in

a reversible manner to plasma proteins [168]. Important plasma proteins for binding include

human serum albumin (HSA), alpha-1 acid glycoprotein (� 1AGp) and lipoproteins [169]. Acidic

and neutral compounds preferentially bind to human serum albumin and basic compounds to

alpha-1 acid glycoprotein although this is a simplistic description and many compounds bind

to both human serum albumin and� 1AGp as well as additional proteins or components within

the blood such as lipoproteins or erythrocytes [168,170174].

The fraction that is not bound to plasma proteins (known as the unbound or free fraction) is re-

sponsible for a pharmacological e�ect of a compound and undergoes metabolism and excretion

[168]. Therefore plasma protein binding directly a�ects the pharmacokinetics of a compound

and this has been well-reviewed [168]. The clearance of a compound (the rate at which it is

removed from a speci�c volume of blood) from the body can be a�ected by plasma protein

binding as only the free fraction of a compound is metabolised and excreted, therefore com-

pounds with high plasma protein binding generally have a lower clearance from the body and

thus an increased half-life (t1/2 ) [175,176]. High protein binding is generally de�ned as being

greater than 95 % [177]. Plasma protein binding is highly correlated with cerebrospinal 
uid
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concentrations for benzodiazepines [178]. Plasma protein binding is an important determinant

of the volume of distribution along with tissue binding and this will be discussed in more detail

in Section 1.8.2 [168,179]. Knowledge of plasma protein binding is therefore important to help

characterise the pharmacokinetics of drugs as it allows predictions to be made prior to, or in

the absence of,in vivo studies.

As mentioned previously, the majority of plasma protein binding is to human serum albumin

and alpha-1 acid glycoprotein. Human serum albumin is a globular protein that consists of

three domains (I, II and III), with each domain further separated into two subdomains (A and

B) [180-183]. Diazepam and other benzodiazepines have been observed to bind to a site known

as the IIIA subdomain [172-186]. It has been observed that 
unitrazepam does not generally

bind to the IIIA site and that benzodiazepines which do not bind to the IIA site are unlikely to

experience a large binding a�nity to HSA [187]. Several benzodiazepines have also been shown

to bind to alpha-1 acid glycoprotein although at a lower a�nity than human serum albumin

[188]. The majority of benzodiazepines are highly protein-bound such as diazepam which is

96.8 - 99 % bound [189,190]. Some benzodiazepines experience lower plasma protein binding

such as alprazolam which is 68.9 - 76.7 % bound [191,192].

Plasma protein binding has been reported to be concentration-independent for a number of

benzodiazepines within the concentration ranges found during typical therapeutic use [189,193].

For example the plasma protein binding of diazepam, alprazolam and 
unitrazepam remains

unchanged in the concentration of 10 ng mL-1 to 10000 ng mL-1 [189].

A number of methods exist for the measurement of the plasma protein binding of a compound

such as equilibrium dialysis, ultracentrifugation and ultra�ltration [194]. Equilibrium dialysis

is often referred to as the `gold standard' for measuring plasma protein binding because of its

accuracy and reproducibility [195]. In equilibrium dialysis, plasma and an appropriate bu�er are

placed into two chambers separated by a semi-permeable membrane with a speci�c molecular-

weight-cut-o� for proteins (Figure 1.5). The compound is then spiked into the plasma or bu�er

and left to equilibrate. Following equilibration the resultant concentrations are measured and

the plasma protein binding calculated using Equation 1.4.
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f u = 1 �
Cplasma � Cbu�er

Cplasma
(1.4)

Equation 1.4 Determination of plasma protein binding wheref u is the fraction unbound in

plasma,Cplasma is the compound concentration in plasma andCbu�er is the compound concen-

tration in bu�er.

Figure 1.5: Equilibrium dialysis procedure for determining plasma protein binding where the
plasma and bu�er are separated by a membrane with a speci�c molecular cut-o� and are left
to equilibrate [173].

As with pK a and log D7.4, various theoretical approaches have attempted to predict the plasma

protein binding of compounds. However plasma protein binding is extremely complex as a result

of the multiple proteins and di�erent sites that compounds can bind to as well as physicochem-

ical factors a�ecting binding [196]. Many of the most precise models focus upon predicting

plasma protein binding for small, structurally-related compounds as a result of the errors when

analysing large, diverse datasets [167]. Models are generally complex with multiple molecular

descriptors requiring a reasonable amount of computational power to generate plasma protein

binding values [197,198]. Lipophilicity correlates well with plasma protein binding and thus

theoretical approaches often attempt to utilise this relationship as well as other molecular de-

scriptors [176,196]. In the most basic sense, compounds with a greater lipophilicity typically

experience a greater plasma protein binding [113]. Lipophilicity is thought to be one of the

most important factors in determining compound binding to human serum albumin, especially
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for binding at the site responsible for the binding of diazepam [199,200].

1.8.2 Volume of Distribution at Steady State

The volume of distribution at steady state (Vdss) is a pharmacokinetic parameter that describes

the theoretical volume that would be required to contain a drug so that the concentration of

this would be equal to the concentration of the drug in the plasma under steady-state equi-

librium [141]. Therefore, it does not relate to a physical volume, rather it is a proportionality

factor. Steady-state equilibrium conditions can take the form of intravenous or multiple drug

administration [201].

The distribution of a drug is another important parameter during pharmaceutical development

as it relates to the half-life of a drug and therefore its duration of action [144]. If two compounds

are ingested at the same dose, the compound with a lower Vdss could require more frequent

dosing to produce the same concentrations in the body and thus pharmacological e�ect [201]. A

greater Vdss means that less of the compound is actually present in the plasma and instead it is

distributed into the tissues and therefore unavailable for elimination from the body. Therefore

compounds with a greater Vdss have a reduced clearance.

Compounds with a Vdss that is lower than 0.6 L kg-1 (the approximate total body water content

in humans) are termed as having a low volume of distribution, those with a Vdss greater than

5 L kg-1 have a high volume of distribution and those compounds in between these values have

a moderate volume of distribution [144].

The benzodiazepine lorazepam has a longer duration of action compared to diazepam and it

is thought that this is as a result of its vastly lower volume of distribution as well as a slow

di�usion across the blood-brain-barrier [202-204].

The experimental Vdss is typically calculated from the intravenous administration of a com-

pound into the body and then measurement of the concentrations of the compound in the

plasma [205]. As a result of the time-consuming methodology and di�culty of intravenous

studies as well as debates around the ethics of the use of animals in experiments, theoretical
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approaches exist to predict the volume of distribution such as QSAR modelling [206,207]. It

should be noted that the Vdss can also be calculated from a plot of plasma concentration ver-

sus time but this must be corrected for bioavailability; another pharmacokinetic parameter not

widely measured and requiringin vivo data [144].

The volume of distribution at steady state is related to both the plasma protein binding (Vp)

and the tissue binding of a compound (Vt ) (Equation 1.5).

V dss = V p + V T
f u

f ut
(1.5)

Equation 1.5 Relationship between the volume of distribution, tissue binding and plasma protein

binding whereVp is the plasma volume,VT is the tissue volume,fu is the fraction unbound in

plasma andfut is the fraction unbound in tissues.

Tissues are de�ned as any part of the body in which drug can be contained [144]. Basic

and neutral compounds typically experience binding to tissues and thus have a low fut [144].

Changes in the plasma protein binding do not always a�ect the tissue binding of a compound

and therefore there is often no direct relationship between a change in the plasma protein

binding and the volume of distribution [179]. Where two compounds have identical plasma

protein binding, a compound that experiences a higher binding to the tissues will also have a

higher volume of distribution [148].

One approach to predict the volume of distribution at steady state is the use of the �ie-Tozer

equation which utilises a number of physiological parameters [104,145]. Compared to other

methods such as allometric scaling, use of the �ie-Tozer equation is generally held to be one

of the more accurate models and is reasonably straightforward to use as the required datasets

are easy to gather [204]. The �ie-Tozer equation is displayed in Equation 1.6.

V dss = V p(1 + RE/I + ( f uV p(
V E

V p
� RE/I ) +

V Rf u

f u
(1.6)

Equation 1.6 �ie-Tozer equation for the calculation of the volume of distribution at steady
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state wheref u is the fraction of the compound unbound in plasma,f ut is the fraction of the

compound unbound in tissues,V p is the plasma volume,V E is the extracellular 
uid volume

and RE/I is the ratio of extravascular to intravascular proteins.

Multiple forms of compound-tissue binding occur within the body and as such these small

contributions are not experimentally determinable, therefore it is assumed that these are non-

speci�c [1074,148]. The plasma volume (V p) is 0.0436 L kg-1 for humans), the extracellular 
uid

volume (V E) 0.151 L kg-1 for humans and the ratio of extravascular to intravascular proteins

(RE/I ) is 1.4 for humans. These are all averaged values and theRE/I ratio only describes human

serum albumin distribution [107,148].

The fraction unbound in tissues can only be obtained fromin vivo experiments which are often

unfeasible and it is not a routine measurement in pharmacokinetic studies [209]. However

other measurements are routine in pharmacokinetic studies such as theV dss and f u. If these

two values are experimentally known then Equation 1.6 can be rearranged to calculatef ut in

Equation 1.7.

f ut =
V Rf u

V dss � V p � f uV E � (1 � f u)RE/I V p
(1.7)

Equation 1.7 Rearranged �ie-Tozer equation for the calculation of the fraction unbound in

tissues

The fraction unbound in tissues is related to the fraction unbound in plasma (i.e. the plasma

protein binding). If experimental values exist for a series of compounds that have known values

for the plasma protein binding and tissue binding as well as other physicochemical descriptors

such as log D7.4 and pKa then the relationship between the aforementioned parameters can

be derived using multiple linear regression. Once this relationship has been determined, the

fraction unbound in tissues can be theoretically calculated with knowledge of plasma protein

binding, log D7.4 and pKa which are relatively easy to measurein vitro . After the fraction

unbound in tissues has been calculated, this value off ut can then be substituted into Equation

1.7 along with the value forf u to give a value forV dss. This process is summarised in Figure
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1.6.

Figure 1.6: Process for determining volume of distribution from log D7.4, pKa and plasma
protein binding [104,145].

This process has previously been reported for sets of 64 and 120 compounds obtaining good

correlations between Vdss, the log D7.4 and the fraction of a compound ionised at pH 7.4 (fi7.4)

[107,148]. In particular the use of fu, fi7.4 and log D7.4 has been reported to give an R2 of 0.8737

with a 1.86 mean-fold error for 12 benzodiazepines [107,148]. Hence, accurate values for the

log D7.4, pKa and plasma protein binding of NPS-benzodiazepines can allow predictions to be

made about their Vdss. The pKa is necessary for the calculation of the fraction ionised at pH

7.4 as these parameters are related by the Hendelson-Hasselbalch equation (Equation 1.8).

pH = pK a + log
ionised

unionised
(1.8)

Equation 1.8 The Hendelson-Hasselbalch equation
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1.8.3 Blood to Plasma Ratio

As discussed in Section 1.8.1, compounds bind to plasma proteins. However, they can also

experience binding to blood cells (which consist of 45 % of the total volume of whole blood)

[167]. The blood to plasma concentration ratio describes the ratio of the concentrations of an

administered compound in the blood and the plasma at equilibrium.

A closely-related parameter is the blood to plasma partition coe�cient (Ke/p ), which describes

the ratio between the concentration of a compound in red blood cells to the concentration of a

compound in plasma.

If a compound experiences extensive binding to components in the blood then any pharmacoki-

netic parameters calculated solely from plasma concentrations are likely to be incorrect [210].

Compounds that have a blood to plasma concentration ratio in favour of them partitioning

into the blood will have a lower sensitivity to an analytical method that is purely analysing

the plasma [211]. Therefore, knowledge of a compound's blood to plasma concentration ratio

allows an informed decision to be made regarding analysis of the blood or plasma.

Clinical laboratories and medical evaluations typically analyse compound concentrations within

the plasma. Forensic laboratories and post-mortem investigations will often measure concen-

trations solely in whole blood [212]. Reliable interpretations from these analyses and any

equivalences drawn will therefore require knowledge of the blood to plasma concentration ratio

[213].

Blood to plasma concentration ratios have been previously published in the literature for a

range of illicitly-used compounds that are of toxicological interest and signi�cance. These

include 3,4-methylenedioxymethamphetamine (MDMA),� 9-Tetrahydrocannabinol (THC), 
 -

hydroxybutyric acid (GHB), phencyclidine (PCP), zopiclone and opiates such as morphine,

oxycodone and fentanyl [210,214-218].

Although the main use of blood to plasma concentration ratios has been the interpretation of

toxicological analyses, the ratios have still found utility in predicting concentration-time pro�les

for some drugs [219]. The blood to plasma concentration ratio can also be used to calculate the
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clearance of a drug from the plasma [220]. The hepatic clearancein vivo can be estimated using

in vitro experiments with human hepatocytes [221]. This has been demonstrated for the NPS-

benzodiazepine 
ubromazolam [222]. For the calculation of the hepatic clearance, knowledge

of the blood to plasma concentration ratio of a compound is required [221].

A common method for the measurement of the blood to plasma partition coe�cient has been

well-described in the literature [223]. In this method the compound is spiked into equal volumes

of plasma and whole blood and allowed to equilibrate. The blood is then centrifuged to yield the

plasma. The concentrations of the compound in both volumes of plasma are then analysed and

with this knowledge the blood to plasma partition coe�cient can be calculated with Equation

1.9.

K e/p =
1
H

� (
CPref

CP
� 1) + 1 (1.9)

Equation 1.9 Calculation of the red blood cell partition coe�cient whereK E/P is the red blood

cell partition coe�cient, H is the haematocrit, CPref is the concentration of the test analyte in

the reference plasma andCP is the concentration of the test analyte in the plasma separated

from the whole blood.

The blood to plasma partition coe�cient and the blood to plasma concentration ratio can be

interconverted with Equation 1.10.

K b/p = ( K e/p � H ) + (1 � H ) (1.10)

Equation 1.10 Conversion between the blood to plasma partition coe�cient (Ke/p ) and the

blood to plasma concentration ratio (Kb/p ) with the haematocrit (H).

1.8.4 Metabolism

Metabolism, also known as biotransformation, is an important pharmacokinetic phase for xeno-

biotics prior to their elimination or excretion from the body [224]. The majority of metabolic



30 Chapter 1. Introduction

processes occur in the liver [224]. The main purpose of metabolism is to remove the com-

pound from the body - typically by increasing its aqueous solubility. One additional e�ect of

metabolism is the conversion of compounds that are pharmacologically inactive into those that

have a pharmacological e�ect, a process known as bioactivation [225]. The metabolic processes

is divided into two phases; phase I and phase II [226-228].

Phase I metabolism involves the introduction of a polar or reactive functional group into the

compound in order to increase its water solubility. The most common phase I reactions are

oxidation, reduction and hydrolysis [227]. The cytochrome P450 enzyme family is a large group

of haemoproteins responsible for the majority of phase I oxidative metabolism of compounds

within the liver [229]. Cytochrome P450 enzymes are named with the letters `CYP' denoting the

enzyme superfamily (cytochrome) and then a number, letter and number denoting the family,

subfamily and individual gene respectively [230]. The majority of compound metabolism is

mediated by a small group of cytochrome (CYP) enzymes (CYP 1A2, 2C9, 2C19, 2D6, 2E1

and 3A4/5) [119,120,231]. Other enzymes are involved in phase I metabolism such as aldo-keto

reductases and esterases responsible for catalysing hydrolytic reactions [232,233].

The metabolism of benzodiazepines is mainly mediated by CYP3A4/A5 and CYP2C19 enzymes

[234-242]. CYP1A2, CYP2B6 and CYP2D6 are also thought to contribute to the metabolism

of some benzodiazepines [241,243-246]. The speci�c metabolic reactions are typically hydrox-

ylation at position 3 (Figure 1.2A) or position 4 (Figure 1.2B). Dealkylation at position 1

(Figure 1.2A) is also common. This is exempli�ed for diazepam where both hydroxylation and

demethylation occur, leading to the presence of three di�erent metabolites within the body;

nordiazepam, temazepam and oxazepam (Figure 1.7). This e�ect has also been observed for

NPS-benzodiazepines such as diclazepam, which is metabolised to the prescription benzodi-

azepines lorazepam, lormetazepam and delorazepam [247]. These metabolites often known as

`active metabolites' as they are responsible for the majority of the observed pharmacological

activity for a compound [225].

In terms of speci�c metabolic pathways for benzodiazepines, hydroxylation on alkyl groups

present at position 1 (Figure 1.2B) for triazolobenzodiazepines and position 9 for thienotria-



1.8. Pharmacokinetics of Benzodiazepines 31

zolodiazepines (Figure 1.2C) often occurs [248,249]. Reduction of the nitro group to an amine

occurs for those benzodiazepines with substituted nitro groups, typically at position R7 (Figure

1.2A) or position R8 (Figure 1.2B) [249]. Some benzodiazepines, such as lorazepam and ox-

azepam, do not undergo phase I metabolism and instead progress directly to phase II metabolic

processes as a result of the presence of a hydroxyl group on position 3 (Figure 1.2A) [250]. De-

bromination has been reported for one NPS-benzodiazepine, 
ubromazepam [251]. Demethyla-

tion and hydroxylation reactions, and a demonstration of how benzodiazepines are metabolised

into other benzodiazepines, can be seen in Figure 1.7.
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Figure 1.7: Phase I metabolism of diazepam [230-238].
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Phase II metabolism is generally performed by a class of enzymes known as transferases [228].

Uridine 5'-diphospho-glucuronosyltransferases (UGTs) are thought to be responsible for the

majority of phase II metabolism [252]. Their metabolic role is the addition of a molecule of

glucuronic acid to compounds in a process known as glucuronidation [228]. The end result

is an increase in the aqueous solubility of a compound so that it can be e�ciently excreted.

Glucuronidation of benzodiazepines by UGTs is typical on hydroxyl groups such as position

R3 for oxazepam (Figure 1.8) [253].

Certain benzodiazepines experience metabolic contributions from other enzymes such as

N-acetyltransferase 2 (NAT2) which acetylates the phase I metabolite of clonazepam, 7-

aminoclonazepam (Figure 1.9) [254].
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Figure 1.8: Phase II metabolism of oxazepam [249].
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Figure 1.9: Phase II metabolism of clonazepam [250].
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Characterising the metabolic pathways of compoundsin vitro is an important aspect of phar-

maceutical development in a forensic and chemical toxicology context, such methods allow iden-

ti�cation of the use of illict drugs even if the parent compound is no longer detectable [255].

As mentioned previously, benzodiazepines are metabolised in phase I reactions by CYP450 en-

zymes and in phase II reactions by UGTs, NAT2 and other enzymes. Therefore, it is important

for any in vitro method to allow compounds to be exposed to su�cient levels of enzymatic

activity.

The metabolic pathways of many of these NPS-benzodiazepines have been previously assessed

in vivo as a result of self-ingestion experiments and collection of forensic samples from criminal

cases and intoxicated patients in hospitals as well asin vitro experiments using cryopreserved

primary human hepatocytes (PHHs), human liver microsomes (HLMs) and isolated phase II

metabolic enzymes [256-260]. Authentic toxicological samples are often unavailable and the

use of animals is often undesirable and subject to ethical restrictions hence the use ofin vitro

investigations.

One form of in vitro experiments to determine metabolism is the use of primary human hep-

atocytes; they are often the `�rst-choice' or 'gold-standard' for the metabolic characterisation

of compounds [261]. They express a full complement of phase I and II enzymes and generate

metabolites in an extremely similar manner to those producedin vivo [262]. However their use

can be cost-prohibitive and loss of metabolic function during incubation is often observed [263].

Primary human hepatocytes are extracted from human livers and can be cultured in an appro-

priate environment or cryopreserved for later use. HLMs are another technique also commonly

used to study metabolic pathways as these subcellular fractions often have a good expression

of CYP450 enzymes [264]. However these levels can be variable and they lack expression of

phase II enzymes [264]. Another method of identifying metabolic pathwaysin vitro is the use

of human hepatocellular carcinoma cell lines [261].

The human hepatocellular carcinoma cell line HepG2 is often used as anin vitro model to

identify metabolic pathways as it contains a variety of CYP450 enzymes although typically

with lower expressions compared to primary human hepatocytes and human liver microsomes
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[265,266]. The C3A cell line is a patented clonal derivative of the human hepatocellular car-

cinoma cell line HepG2 [267]. The C3A cell line derivative was selected for strong contact

inhibition of growth, high albumin production, high production of alpha fetoprotein and an

ability to grow in glucose-de�cient medium [268]. It is also reported to be more metabolically

active than its parent cell line and also to express a phenotype closer to that of primary human

hepatocytes [269,270]. Without the use of tissue engineering methods, metabolic characterisa-

tion has only been conducted for the C3A cell line with regards to the CYP3A4/5 and CYP1A2

[269]. It was reported that they have a much lower turnover of metabolic substrates (testos-

terone for CYP3A4/5, phenacetin for CYP1A2) than the another cell line known as HepaRG

[269].

The levels of CYP enzymes in hepatoma cell lines are known to be inducible following treatment

of the cell culture with 1 % DMSO (v/v in typical cell culture medium). This inductive potential

has been observed for the parent line of the C3A cells, HepG2, as well as other cell lines such

as Huh7 [271,272].

The HepaRG cell line is a human hepatocellular carcinoma cell line that has been well-

characterised [261,273277]. It is provided as a di�erentiated single-use cell line [269]. The

HepaRG cell line is reported to express high levels of CYP1A2, CYP2B6, CYP2C9, CYP2C19

and CYP3A4 [269,275,277]. The HepaRG cell line is derived from an individual who had a low

expression of CYP2D6 resulting in a relatively low proportion of this enzyme compared to the

other CYP enzymes it expresses [274,277].

The expression of CYP450 enzymes can vary markedly in HepG2 and other human hepatocel-

lular carcinoma cell lines and thus it is recommended that the levels of these enzymes should be

characterised before use [278]. One commonly-used set of guidelines for the characterisation of

enzyme levelsin vitro are those published by the Food and Drug Administration (FDA) [279].

The FDA recommend that six enzymes be expressed; CYP1A2, CYP2B6, CYP2C19, CYP2C9,

CYP2D6, CYP3A4/5, as these are responsible for the phase I metabolism of the majority of

pharmaceutical compounds [119,120,231]. Recommended substrates for speci�c enzymes are

phenacetin for CYP1A2, bupropion for CYP2B6, S-mephenytoin for CYP2C19, diclofenac for
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CYP2C9, dextromethorphan for CYP2D6 and testosterone for CYP3A4/5 [279].

Various computer programs are available both commercially and as freeware to attempt pre-

diction of the metabolic pathways of compounds [280]. Their methods are typically based

upon identifying structural features that are suitable as sites of metabolism by the relevant

enzymes. These structural features are often based upon those found on experimentally deter-

mined metabolic pathways of compounds. Studies on the metabolism of NPS-benzodiazepines

conducted using HLMs often attempt to predict the expected metabolites from comparison

with clinically-used benzodiazepines. This allows their structures to be input into software

which can then search the resultant mass spectra for signs of these metabolites [251].

1.9 The Pharmacodynamics of Benzodiazepines

Although no work in this thesis has been directly conducted upon the pharmacodynamics of

benzodiazepines, a brief overview will be given here in order to add context to their use as new

psychoactive substances.

Benzodiazepines exert their e�ects through reversible binding to gamma-Aminobutyric acid A

(GABA A ) receptors in the brain [281]. The GABAA receptor is pentameric and its isoform can

vary as a result of the seven subunit groups (� 1-6, � 1-3 
 1-3, � , � , � , ! ) that it can consist of

[281]. However in the human brain the most common GABAA receptor isoform contains two�

subunits, two � subunits and a single
 subunit (Figure ) [281,282]. There are two binding sites

for the neurotransmitter gamma-Aminobutyric acid (GABA) [283]. These sites exist between

the � 1 and � 2 subunits and an allosteric benzodiazepine binding site (BZD site) also exists

between the� 1 and 
 2 subunits [284-286]. A number of other binding sites also exist on the

GABA A receptor however benzodiazepines are not known to bind to any of these and they are

not depicted on Figure 1.10 [287,288].
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Figure 1.10: Example composition of an� 2� 2
 1 GABAA receptor [277,278].
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GABA A receptors are ligand-gated ion channels; they open to selectively allow chloride (Cl-)

ions through following the binding of a ligand (in this case GABA) [289]. A membrane potential

exists in the GABAA receptor as a result of the di�erence in electric potentials on each side of

the receptor. Binding of GABA to the receptor causes an in
ux of Cl- ions through the central

pore which results in the membrane potential becoming more electrically negative (known as

hyperpolarisation) [289]. A reduction in neurotransmission is observed and this is known as an

inhibitory postsynaptic potential [[290]. When benzodiazepines bind to the benzodiazepine site

the conformation of the whole GABAA receptor is transformed into one that allows GABA to

bind with a greater a�nity [291,292]. The result of this is an increased frequency in the opening

of the Cl- pore and thus an increase in number of the hyperpolarisation events mentioned earlier

[[293]. This decreases the likelihood of a successful action potential occurring as the excitatory

threshold is too great to be reached by depolarisation [294].

The structure of benzodiazepines greatly a�ects their binding a�nity to GABA A receptors.

For 1,4-benzodiazepines the carbonyl group at position 2 is essential for binding a�nity. Other

functional groups important for binding a�nity are; lipophilic or electronically-charged groups

at position 7, electrophilic or bulky groups at position 2' and molar refractivity (i.e. polaris-

ability, or the propensity of a molecule to form dipoles) combined with a low steric bulk at

position 1 (Figure 1.2A) [285]. The substitution of a triazole ring onto a 1,4-benzodiazepine

that previously possessed a low a�nity for the GABAA receptor typically increases the a�nity

of the compound. However the same is not true for compounds that already possess a high

a�nity for the GABA A receptor [285]. Benzodiazepines containing substitutions at the R6' or

R8 positions experience a lower binding a�nity to GABAA receptors (Figure 1.2B) [295].

A recent NPS-benzodiazepine to emerge in 2017 was 4'-chlorodiazepam. The phenyl ring is

substituted at the 4' position rather than the 2' position (Figure 1.2A); the former substitution

is more common amongst benzodiazepines. Instead of binding to the GABAA receptor, 4'-

chlorodiazepam binds to the translocator protein (TSPO) which was previously known as the

peripheral benzodiazepine receptor [292,293]. TSPO is distributed in various regions of the body

and has been investigated as a therapeutic drug target [296,297]. While 1,4-benzodiazepines

such as diazepam also experience some limited binding to TSPO, their pharmacological e�ects
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are believed to occur from their interaction with GABAA receptors [301303].

1.10 Analytical Methods for the Detection of Benzodi-

azepines

As a result of their widespread use, a large number of analytical methods to detect and quantify

benzodiazepines in a variety of matrices are available and have been described in the literature

[304]. Benzodiazepines are prominent in both forensic cases and toxicological investigations in

a medical setting and therefore careful analysis and quantitation is often necessary [305307].

1.10.1 Benzodiazepine Extraction from Biological Samples

The complex nature of matrices such as blood, plasma, cell culture or human liver microsomes

means that compounds must often be extracted in order to decrease interferences in analytical

equipment. These interferences can occur as a result of the presence of various proteins and

inorganic materials in the samples [308]. Matrix interference can cause signal suppression or

enhancement in mass spectrometry therefore decreasing the accuracy and precision of this

analytical method for certain samples [209]. Types of extraction include solid-phase extraction

(SPE), liquid-liquid extraction (LLE) and protein precipitation [308].

SPE is usually based upon SPE cartridges which consist of an internally-lined cylinder con-

taining a speci�c sorbent [310]. Firstly, the cartridge is conditioned (typically with an organic

solvent) to reduce interferences and increase the surface area available for solute retention

[311]. The sample solution is then passed through the cartridge and the solute adsorbs onto

the sorbent. An organic solvent or water is then often passed through the cartridge to remove

interferences. Finally the solute is desorbed with another organic solvent and collected [311].

Protein precipitation is another common extraction method. This is facilitated by the addition

of an organic solvent such as acetonitrile that has been ice-cooled, causing the proteins to de-
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nature and precipitate. Centrifugation is then applied to pelletise proteins and the supernatant

is collected and analysed.

Protein precipitation has been demonstrated for NPS-benzodiazepines incubated with human

liver microsomes or primary human hepatocytes [312315]. However benzodiazepine extrac-

tions also often take place with the use of solid-phase extraction cartridges [316,317]. Careful

evaluation of the most suitable method for extraction is often necessary [318].

1.10.2 Liquid chromatography (LC)

In the most basic sense, liquid chromatography is an analytical technique to separate com-

pounds. LC is used to separate and quantify compounds based on their hydrophobicity [319].

It is based on the theory of a stationary phase and a mobile phase that have di�erent hy-

drophobicities. Compounds with a hydrophobicity closer in nature to that of the stationary

phase will be attracted to the stationary phase and thus elute more slowly. The converse is also

true; compounds with a hydrophobicity more similar to the mobile phase will not interact to a

great degree with the stationary phase and elute in a quicker fashion [320]. The volume ratio of

organic solvent 
owing through the chromatographic system is often increased over time which

is known as gradient elution. Elution at a constant volume ratio of organic solvent is known as

isocratic elution [320].

It is often utilised in a technique known as high-performance liquid chromatography (HPLC)

where samples are passed through a column at high pressure. The most common is reversed-

phase HPLC. In this technique, the mobile phase is polar and the stationary phase (i.e. the

internal column) is non-polar. The polar mobile phase causes hydrophilic compounds to typ-

ically be retained in the mobile phase and therefore elute �rst while hydrophobic compounds

bind or interact with the non-polar stationary phase and experience a later elution. The polar

mobile phase is typically formulated of a bu�er and a solvent such as acetonitrile. The point

at which a compound elutes is known as its retention time [320].

HPLC is typically coupled to a diode array detector (DAD). Diode array detectors are capable
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of recording absorbance over the ultraviolet-visible wavelength range of 190 - 800 nm [321].

The absorbance of a compound depends upon its molecular structure as it is determined by

the excitation of electrons in molecular orbitals as a result of the excess energy gifted by the

electromagnetic radiation [322]. Compounds with di�erent structures will produce di�erent

absorbance readings and di�erentiation between them is therefore possible. HPLC is also often

coupled to a mass spectrometer, the theory of which will be discussed in Section 1.10.4.

1.10.3 Gas chromatography (GC)

Gas-chromatography (GC) is a widely-used method for the detection and quantitation of com-

pounds. Gas-chromatography works in a similar manner to LC in that a stationary phase and

a mobile phase are used to separate analytes. However in gas-chromatography the stationary

phase is liquid (a non-volatile liquid internally contained upon a column) and the mobile phase

is a gas. gas-chromatography can be used to analyse gases, volatile solids or liquids. Only the

analysis of compounds dissolved in liquids is of interest here.

Upon injection onto the system the liquid sample is thermally vaporised. The vaporised sample

is then eluted through the column by applying a carrier gas. The carrier gas is typically inert

such as helium [323]. The column is contained within an oven, the temperature of which can be

programmed to adjust with time. Splitless injection is often used in GC and in this method all

the analyte present in a sample will be injected onto the column. This allows for the analysis

of low concentrations (ng mL-1).

Some benzodiazepines are thermally labile and this can potentially cause problems when at-

tempting to analyse them with GC-MS [324]. To improve their thermal stability and the

sensitivity of a GC-MS method towards them, benzodiazepines are often derivatised prior to

analysis [324]. This is typically achieved by the addition of a silyl group to the compound [325].
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1.10.4 Mass spectrometry (MS)

Mass spectrometry is an analytical technique that can di�erentiate between ions based on their

mass to charge (m/z ) ratio. The m/z is calculated by dividing the mass number of an ion by

its charge [108].

Mass spectrometry consists of a number of steps. Firstly, the compound is ionised with an

appropriate ion source. The ion source will di�er depending on the nature of the analysis

and type of analytical instrument (LC vs GC). The ion source for gas-chromatography is most

commonly electron ionisation (EI). Here, a �lament is heated to produce electrons which are

then accelerated with an electric �eld to form an electron beam. The vaporised sample is

then bombarded with the electron beam, causing ionisation and fragmentation [326]. The ion

source for liquid chromatography is often electrospray ionisation (ESI). In this process the

solution containing the sample is sprayed from the capillary via a nebulising nozzle. The nozzle

has a strong electrical potential applied and serves to create a �ne spray of charged droplets

[327]. These charged droplets undergo evaporation of the mobile phase, eventually resulting

in molecular ions with no solvent remaining [328]. The evaporation of the solvent is typically

facilitated by heat or the application of a gas [328].

The second step, following the production of the ions is mass separation. Ions are separated

according to their m/z ratios by the application of electric or magnetic �elds [329]. A mass

analyser (quadrupole) is commonly used for this purpose. In this method four parallel metal

rods are contained equidistant from one another. Voltages (direct current and a superimposed

radio frequency) are applied to diagonally-opposite pairs of rods. The applied voltages cause

the ions to traverse through the quadrupole and oscillate. With the variation of the applied

voltages only ions of a speci�cm/z will successfully pass through the quadrupole; other ions

will experience large oscillations, collide with the metal rods and will not reach the detector

[328].

Another form of mass separation is from the use of time-of-
ight (TOF) mass spectrometry

(TOF-MS). The TOF analyser applies an electrical �eld to accelerate all ions in an equal
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manner. Once the ions have equal kinetic energies they enter a 
ight tube that does not

contain any applied electrical �elds. The kinetic energy of the ions can be described by1�2 mv,

where m is the mass andv is the velocity of the speci�c ion [330]. Therefore two ions with

di�erent masses but the same kinetic energy will have di�erent velocities through the 
ight

tube [330]. Ions with a lower mass will have a greater velocity and thus a shorter 
ight time.

The time taken to reach the detector through the 
ight tube can be related to them/z ratio

of each individual ion which has been well described and is computed automatically [330-332].

TOF-MS is an example of high-resolution mass spectrometry (HRMS). HRMS is a term often

used to describe mass spectrometers that can distinguish between compounds with a high mass-

accuracy and a high resolution. HRMS is capable of detecting analytes to 0.001 atomic mass

units. An advantage of this method is that it is extremely selective because of high mass-

accuracy. However two compounds with the same molecular mass and charge and may produce

two peaks of the same m/z and di�erentiation between them may not be possible. The two

compounds would have to separated chromatographically and their di�erent retention times

would have to be matched to those of a standard of these compounds. This a disadvantage

when analysing multiple compounds in the same chromatographic analysis and can necessitate

the use of (often costly) standards.

To combat this problem, the quadrupole mass analyser is itself often contained within a system

known as a triple quadrupole (TQ). In this system, as the name suggests, there are three

quadrupoles connected in a linear fashion. The �rst quadrupole serves to select an ion of

interest based upon itsm/z. The selected ion then enters the second quadrupole where it is

exposed to a collision gas causing further fragmentation. The second quadrupole contains only

an applied radio frequency rather than both an applied direct current and radio frequency. The

third quadrupole can then further select ions by theirm/z and they can enter the detector.

This analytical method is known as LC-MS/MS. In the second quadrupole, compounds that

have the samem/z will fragment into product ions in a di�erent manner to each other. This

allows di�erentiation between these compounds and can also provide structural information

about the compound. A TOF analyser can also be included as part of this system; the third

quadrupole on the TQ is replaced by a TOF analyser to give a quantitative TOF (QTOF)
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instrument [333].

The third step in mass spectrometry is analysis of the separated ions as they enter a detector

capable of di�erentiating between the ions and recording the observed response [329].

Liquid chromatography coupled to time of 
ight mass spectrometry (TOF-MS) is one of the

most common methods used to analyse NPS-benzodiazepines because of its reliability and its

ability to detect low concentrations (in the order of ng mL-1) [134,333].

1.11 Research Aims

It is clear that there is a de�cit of physicochemical and pharmacokinetic data for benzodi-

azepines [16]. Knowledge of the plasma protein binding of benzodiazepines has been shown to

help correlate their in vitro receptor binding potential to their EC50 values (the concentration

of a drug that produces a half-maximal response) therefore illustrating how pharmacokinetics

can aid the prediction of pharmacodynamic properties [334]. The collection and collation of

this data will allow the development of more accurate and precise modelling of the e�ects of

benzodiazepines within the body and also aid in toxicological interpretations regarding the

illicit use of benzodiazepines.

As mentioned in Section 1.10, a variety of methods have been used for the detection and

quantitation of benzodiazepines. Therefore one aim was to develop and validate analytical

methods capable of quantitating NPS-benzodiazepines.

A series of interlinked research aims have also been devised which are the determination of

two physicochemical parameters (pKa and log D7.4) and a pharmacokinetic parameter (plasma

protein binding) and the use of these three parameters to predict a pharmacokinetic parameter

(Vd ss) using the �ie-Tozer equation.

As many physicochemical and pharmacokinetic parameters can be theoretically estimated, an-

other aim of this work is to compare experimental values (to be determined in this work) to

theoretical values and judge whether theoretical values are a suitable replacement.
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An important pharmacokinetic parameter discussed was the blood to plasma concentration

ratio (Section 1.8.3) and an aim of this work is to determine this parameter for a series of

NPS-benzodiazepines.

Knowledge of the metabolism of a compound is extremely important in knowing the fate of

a compound and its metabolites within the body. The need for characterisation of cell cul-

tures before using them to investigate the unknown metabolism of compounds was discussed

previously (Section 1.8.4). Therefore another aim is to characterise two cell lines (C3A and

HepaRG) and to use the most appropriate of these to investigate the metabolism of a series of

NPS-benzodiazepines.

Investigation of the above pharmacokinetic and physicochemical parameters will add to the

knowledge of NPS-benzodiazepines and allow more accurate and reliable predictions to be

made about their pharmacokinetics.



Chapter 2

Experimental

2.1 Materials

2.1.1 Compounds and Reagents

Alprazolam, clonazepam, diazepam, 
unitrazepam, nitrazepam, oxazepam, prazepam,

temazepam, dextromethorphan, diclofenac, omeprazole, phenacetin, testosterone, chlorpro-

mazine and quinine were obtained from Sigma-Aldrich (Dorset, UK).

3-Hydroxyphenazepam, 4'-chlorodiazepam, desalkyl
urazepam, deschloroetizolam, diclazepam,

etizolam, 
ubromazepam, 
ubromazolam, meclonazepam, nitrazolam, phenazepam and pyra-

zolam were obtained from Chiron AS (Trondheim, Norway). All compounds were received as

powdered solids.

Dimethyl sulfoxide (DMSO), methanol, phosphoric acid, sodium hydrogen phosphate heptahy-

drate, sodium dihydrogen phosphate, disodium hydrogen phosphate, acetic acid, sodium acetate

trihydrate, boric acid, sodium hydroxide, hydrochloric acid, sodium chloride and octan-1-ol were

obtained from Fisher Scienti�c (Leicestershire, UK). Phosphate bu�ered saline (PBS) tablets

were obtained from Sigma-Aldrich (Dorset, UK).

48
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2.1.2 Biological Samples

Human plasma and blood (pooled, from three male donors and three female donors) was ob-

tained from Seralab (West Sussex, UK). Plasma was received frozen with sodium citrate as

an anticoagulant and kept frozen (-20°C) until use. Blood was received chilled with sodium

citrate as an anticoagulant and kept chilled (4°C) until use. Both plasma and blood were used

prior to their expiration dates.

2.1.3 Cell Cultures

The human hepatocellular carcinoma cell line C3A was obtained frozen from Heriot-Watt Uni-

versity (Edinburgh, UK) at passage 29 and kept frozen (-80°C, liquid nitrogen) until use. The

human hepatocellular carcinoma cell line HepaRG was obtained frozen from Fisher Scienti�c

(Loughborough, UK) and kept frozen (-80°C, liquid nitrogen) until use.

2.2 HPLC-DAD

The HPLC-DAD analysis discussed in this Section was used for analysis and quantitation of

benzodiazepine concentrations for the log D7.4 experiments and the plasma protein binding

experiments.

2.2.1 Equipment

Analysis was carried out using a Dionex (Surrey, UK) UltiMate 3000 HPLC system equipped

with an UltiMate 3000 Pump, UltiMate 3000 Autosampler, UltiMate 3000 Column Compart-

ment, UltiMate 3000 Photodiode Array Detector and Chromeleon software. Separation was

achieved with a Waters (Hertfordshire, UK) Spherisorb analytical column, C18 5� M 80 �A (4.6

� 150 mm) with an attached guard column identically packed to the analytical column.
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2.2.2 Conditions

The internal column temperature was kept constant at 25°C and a 
ow rate of 0.8 mL min-1

was set. Injection volumes for the log D7.4 experiments were 25� L for the octanol phase and

100 � L for the phosphate bu�er phase so that a dilution step was not necessary. Compound

concentrations were retrospectively corrected. Injection volumes of 100� L were used for the

plasma protein binding experiments. A 46:54 (v/v) ratio of acetonitrile and sodium phosphate

bu�er (pH 3.0, 25 mM) was applied for 25 minutes. All compounds eluted within this time.

The eluent was monitored by UV detection at 230 nm.

2.2.3 Validation

The method was validated in terms of linearity, limit of quantitation (LOQ), limit of detection

(LOD), accuracy and precision. This was performed according to the ICH guidelines [335].

Linearity

The linearity of this method was measured by constructing a �ve-point calibration plot of the

area under the curve (AUC) of each compound against its concentration which spanned from

0.0004 to 0.25 mg mL-1 (n=3).

LOQ and LOD

The limits of detection and quantitation were determined from the signal-to-noise ratio. The

baseline response of the blank samples was recorded. The peak heights on the spectra at the

retention time of the compound were compared to the peak heights at that same time on blank

samples. A ratio of 10:1 for the compound response to the baseline response was used for the

LOQ and a ratio of 3:1 for the LOD.

Accuracy

Accuracy was determined through comparison of the percentage recovery at three concentra-

tions (0.25, 0.01 and 0.0004 mg mL-1).

Precision
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Precision was determined from the calculation of the standard deviation and relative standard

deviation (RSD) of the compound peak areas at three concentrations (0.25, 0.01 and 0.0004

mg mL-1).

2.3 GC-MS

The GC-MS analysis discussed in this Section was used for analysis and quantitation of ben-

zodiazepine concentrations for the blood/plasma ratio experiments.

2.3.1 Equipment

The GC-MS method used an Agilent 7890B GC instrument with a 7693 autosampler and a

5977A MSD mass spectrometer. The column was a HP-5 MS 5 % phenyl 95 % methylpolysilox-

ane fused silica capillary column (30 m� 0.25 mm, thickness 0.25 mm).

2.3.2 Conditions

The inlet port temperature was set at 280°C, transfer line temperature was set at 250°C. The

carrier gas was helium and the 
ow rate was a constant 
ow of 1.2 mL min-1. Splitless injection

volumes of 1 - 2� L were used. The temperature program consisted of an initial temperature

of 60°C for two minutes followed by a 30°C/min ramp to 280 °C and a 10-minute hold at 280

°C. The MS was operated in positive electron impact mode and the electron energy was 70.0

eV. Source temperature was 230°C and the quadrupole temperature was 150°C.

2.3.3 Data Analysis

Qualitative data analysis was conducted using ChemStation version F.01.01.2317 to con�rm

the presence of the analytes using their respectivem/z values for quali�er ions (Table 2.1).

One quanti�er ion was selected for quanti�cation of the analyte (underlined in Table 2.1).
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Table 2.1: Compound, retention time and target ions (quanti�cation ion underlined) for GC-MS
Compound Retention Time (minutes) Target Ions

Chlorpromazine 9.66 58; 86; 272; 318
Diazepam 9.50 165, 221, 256, 283

Nitrazepam 13.20 206, 234, 253, 280
Quinine 10.76 96, 136, 215, 287

Deschloroetizolam 13.71 77, 239, 279, 308
Diclazepam 9.93 255, 283, 291, 318

Etizolam 14.40 239, 266, 313, 342
Flubromazolam 13.97 181, 222, 341, 370
Meclonazepam 11.72 240, 286, 294, 328
Phenazepam 9.80 75, 285, 321, 350
Pyrazolam 8.23 78, 205, 274, 353

2.3.4 Validation

The method was validated in terms of linearity, limit of quantitation (LOQ), limit of detection

(LOD), accuracy and precision according to ICH guidelines [335].

Linearity

Five concentrations (250, 100, 50, 25, 10� M) were used to assess the relationship between

concentration and instrument response. Three replicate injections were performed for each

concentration.

Weighting factors (1/x or 1/x 2) are often applied to transform the data in order to obtain a

suitable �t [336,337]. The appropriateness of using a weighting factor was determined by con-

ducting a two-sample F-test for variances to assess the variance in instrument response between

the highest and lowest concentrations. The two-sample F-test for variances was conducted us-

ing the Data Analysis tools in Microsoft Excel. If the resultantp value was greater than 0.05

then there was no statistical di�erence between the two variances. If the resultantp value was

lower than 0.05 then a statistically-signi�cant di�erence existed between the two variances and

a weighting factor was applied.

If a weighting factor was required, the use of a 1/x or 1/x2 transformation was assessed by

means of a plot of the variance at each concentration versus the concentration. If the variance

at each concentration followed a linear relationship with concentration, then this meant that
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a 1/x weighting factor was used. If the variance at each concentration followed a non-linear

parabolic relationship with concentration, then this meant that a 1/x2 weighting factor was

required.

With knowledge of the appropriate weighting factor, the most appropriate model could then

be assessed. Two models are typically used to describe data in GC-MS; linear and quadratic

(Equations 2.1 and 2.2 respectively)

y = mx + c (2.1)

Equation 2.1 Equation for a linear relationship between concentration and instrumental re-

sponse

y = ax2 + bx+ c (2.2)

Equation 2.2 Equation for a quadratic relationship between concentration and instrumental

response

The model that adequately describes the relationship between concentration and instrument

response while remaining the simplest model is the one preferred. To assess the appropriateness

of a linear or quadratic model, a two-way analysis of variance (ANOVA) test was performed

using the Data Analysis tools in Microsoft Excel. Both linear and quadratic models were used to

generate theoretical values. The variance (square of the standard deviation) of these theoretical

values when compared to the experimental values was calculated. The two-way ANOVA test

was performed on the variances and generated ap value to compare the models. If the p-value

was greater than 0.05 then this indicated that the change in variance when changing from

a linear to a quadratic model was signi�cant and that a quadratic model was most suitable.

However, if the converse was true and thep value was less than 0.05 then this indicated that

the increase in variance was not signi�cant and a linear model was the most suitable.
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LOQ and LOD

The limits of detection and quantitation were determined from the signal-to-noise ratio.

The baseline response of blank samples was recorded. The peak heights on the spectra at

the retention time of the compound were compared to the peak heights at that same time on

blank samples. A ratio of 10:1 for the compound response to the baseline response was used

for the LOQ and a ratio of 3:1 for the LOD.

Accuracy

Accuracy assessed for each compound through three replicate injections of three concentra-

tions; 10, 50 and 250� M and experimental instrument response was compared to theoretical

instrument response from the calibration plot.

Precision

The inter-day and intra-day precision were measured at three concentrations which spanned the

analytical range of the method; 10, 50 and 250� M. Three replicate injections at each concen-

tration were used and the standard deviation and relative standard deviation were calculated.

2.4 Extraction Procedure Development

Four benzodiazepines were chosen as test benzodiazepines for the methods; alprazolam, di-

azepam, nitrazepam and oxazepam. Stock solutions of these four benzodiazepines were formu-

lated to yield a concentration of 20 mM in DMSO. Benzodiazepines were spiked into plasma

at a concentration of 10� M (�nal DMSO concentration 0.2 %). The extraction procedure was

as follows; ice-cold acetonitrile was added (4:1 ratio), samples were centrifuged (10,000 rpm,

20 minutes) and the supernatant was then collected and evaporated using a 
ow of nitrogen

(TurboVap). Blank controls were also performed where the benzodiazepines were spiked into

acetonitrile rather than plasma. Three repetitions were performed for each benzodiazepine and

all samples analysed using the HPLC-DAD method detailed in Section 2.2. The extraction

e�ciency was calculated from Equation 2.3.
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Extraction ef f iciency (%) =
P lasma concentration
Control concentration

� 100 (2.3)

Equation 2.3 Calculation of extraction e�ciency for protein precipitation.

2.5 Log D 7.4

2.5.1 Experimental Log D 7.4 Measurements

Sodium phosphate bu�er (0.01 M) was formulated using deionised water (Barnstead UltraPure)

and �ltered through a 0.45 � M Nylon Phenex �lter membrane (Phenomenex, Cheshire, UK)

using a Millipore �ltration apparatus (Merck Millipore, Hertfordshire, UK).

Compounds were dissolved in methanol at a concentration of 1 mg mL-1. Aliquots of com-

pound solution were evaporated with a 
ow of nitrogen using a TurboVap to yield 0.20 mg of

compound. Equal volumes (700� L) of sodium phosphate bu�er (0.01 M, pH 7.4) and octanol

were added and the samples were vortexed for 30 seconds.

The samples were transferred into 1.5 mL Eppendorf microcentrifuge tubes and placed on a

Stuart SB3 rotator (Bibby Scienti�c, Sta�ordshire UK) and rotated at 40 rpm for four hours.

Samples were then centrifuged at 10,000 rpm for 20 minutes. The octanol and bu�er phases

were separated and collected. Each log D7.4 determination was repeated in triplicate.

2.5.2 Sample Analysis

Analysis of the octanol and bu�er phases was achieved on an HPLC-DAD, details of which can

be found in Section 2.2.

2.5.3 Calculation of Log D 7.4

Values for log D7.4 were calculated from Equation 2.4.
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logD7.4 =
Compound Concentration in Buf fer
Compound Concentration in Octanol

(2.4)

Equation 2.4 Calculation of log D7.4.

2.5.4 Method Development

Aliquots of 200 � L were evaporated to yield 0.2 mg of compound. This was then dissolved in

equal volumes of octanol and phosphate bu�er (pH 7.4, 0.01 M); 700� L of each phase. These

were then rotated to facilitate equilibration for a set period of time; 2 hours, 4 hours or 6 hours.

2.5.5 Theoretical Log D 7.4 Predictions

Theoretical log D7.4 were generated using the free, online software ACD/I-Lab (which makes use

of the EPSRC funded National Chemical Database Service hosted by the Royal Society of Chem-

istry) and two commercial software packages; MarvinSketch (version 17.28.0) (ChemAxon) and

ADMET Predictor (Simulations Plus) [334-336].

2.6 pK a Measurements

2.6.1 Equipment

Compound migration times were determined using a Beckman Coulter P/ACE MDQ Capillary

Electrophoresis System with a diode array detector (Beckman-Coulter, High Wycombe, UK).

The internal capillary temperature was set at 25°C using the liquid cooling system. Sample

injection was conducted at 1.0 psi for 10 seconds and then 20 kV voltage was applied during

separations. The capillary was rinsed between each run in the following manner; NaOH applied

at 20 psi for 1.0 minute followed by the appropriate bu�er for the next repeat at 20 psi for 2.0

minutes.
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2.6.2 Experimental pK a Measurements

Phosphate, acetate and borate bu�ers were utilised as described elsewhere with a pH spacing of

0.5 pH units (Table 2.2) [341]. All bu�ers had an ionic strength ofI =0.05 and a concentration of

0.05 M. Sodium chloride was used to adjust the ionic strength and hydrochloric acid (0.1 M) or

sodium hydroxide (0.1 M) were used to adjust the pH values if necessary. The pH was measured

with a Jenway 3505 pH meter (Jenway, Essex, UK) which was calibrated before use. Bu�ers

were �ltered prior to use through a 0.45� M Nylon Phenex �lter membrane (Phenomenex,

Cheshire, UK) using a Millipore �ltration apparatus (Merck Millipore, Hertfordshire, UK).

Table 2.2: Reagents used for each pH

pH Reagent Masses, Volumes and Concentrations
1.5 22.30 g Na4P2O7 ·10H2O, 818.59 mL H3PO4 (1 M)
2.0 22.30 g Na4P2O7 ·10H2O, 287.69 mL H3PO4 (1 M)
2.5 22.30 g Na4P2O7 ·10H2O, 154.54 mL H3PO4 (1 M), 0.3247 g NaCl
3.0 6.22 mL H3PO4 (1 M), 5.25 g NaH2PO4

3.5 2.06 mL H3PO4 (1 M), 5.75 g NaH2PO4, 0.1076 g NaCl
4.0 40.96 mL CH3COOH, 0.7413 g CH3COONa, 2.39 g NaCl
5.0 15.42 mL CH3COOH, 2.84 g CH3COONa, 0.8956 g NaCl
6.0 2.13 mL CH3COOH, 3.93 g CH3COONa, 0.1248 g NaCl
7.0 2.72 g NaH2PO4, 3.88 g Na2HPO4

8.0 0.4595 g NaH2PO4, 6.55 g Na2HPO4

9.0 3.09 g H3BO3, 24.11 mL NaOH (1 M), 1.51 g NaCl
10.0 3.09 g H3BO3, 44.13 mL NaOH (1 M)
10.5 0.9247 g NaH2CO3, 4.13 g Na2CO3
11.0 0.2514 g NaH2CO3, 4.98 g Na2CO3
11.5 3.09 g H3BO3, 58.81 mL NaOH (1 M)
12.0 3.09 g H3BO3, 76.39 mL NaOH (1 M)
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Compounds were dissolved in methanol at a concentration of 1 mg mL-1. Solutions were diluted

to 0.25 mg mL-1 with deionised water (Barnstead UltraPure) and contained DMSO as the elec-

troosmotic 
ow marker (1 % v/v). DMSO (1 % v/v) in deionised water (Barnstead UltraPure)

was run at each pH before experimental repeats to ensure that an expected electrophoretic

mobility was obtained.

2.6.3 Calculation of pK a Values

Experimentally determined values for the e�ective mobility (� e� ) were obtained using Equations

2.5 and 2.6.

� e� =
� � 10-pH

10-pK a + 10-pH
(2.5)

Equation 2.5 Relationship between e�ective mobility at a speci�c pH and the pKa of a com-

pound.

� e� =
b1(10-pH )2 + a110-pK a1 10-pK a2

(10-pH )2 + a110-pK a1 10-pH + 10-pK a1 10-pK a2
(2.6)

Equation 2.6 Relationship between e�ective mobility at a speci�c pH and the pKa of a com-

pound.

The Microsoft Excel add-in, Solver, was used to calculate the pKa value using least-squares

regression. Initial best-guess estimates for the pKa and � values were used to calculate theo-

retical e�ective mobilities and the squared di�erence (the residuals) between these theoretical

values and experimental values was then calculated and then this was minimised by varying

the values for pKa and � . Each pKa measurement was repeated in triplicate.
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2.6.4 Theoretical Prediction of the pK a Values of Benzodiazepines

Theoretical pKa values were generated using the free, online software ACD/I-Lab (which

makes use of the EPSRC funded National Chemical Database Service hosted by the Royal

Society of Chemistry) and two commercial software packages; MarvinSketch (version 17.28.0)

(ChemAxon) and ADMET Predictor (Simulations Plus) [338-340].

2.7 Plasma Protein Binding Measurements

2.7.1 Experimental Plasma Protein Binding Measurements

Plasma protein binding values were determined using the commonly-used method of equilibrium

dialysis [342]. Frozen plasma was thawed at room temperature prior to the experiments. The

pH was measured with a Jenway 3505 pH meter (Jenway, Essex, UK) which was calibrated

before use. Plasma pH was found to be within the physiological range of 7.38 - 7.42 and

adjustment was not required [343].

PBS tablets were dissolved in deionised water (Barnstead UltraPure) to yield a bu�er solution

that contained 0.01 M phosphate, 0.0027M KCl, and 0.137 M NaCl, pH 7.4 at 25°C. Stock

solutions of compounds in DMSO at a concentration of 10 mM were created and were diluted

with PBS prior to the experiments to yield working solutions at a concentration of 200� M.

Reusable Single-Sample Fast Micro-Equilibrium Dialyzers (500� L volume) were obtained from

Harvard Apparatus (Cambridge, UK), as were cellulose acetate membranes with a molecular

weight cut-o� (MWCO) of 10,000 Da.

The membranes were soaked for 30 minutes in deionised water (Barnstead UltraPure) and

rinsed thoroughly. 30� L of compound working solution was added to 270� L of plasma to

yield a �nal concentration of 20 � M of compound (�nal DMSO concentration 0.2 %). This

was placed in one chamber and 500� L of PBS was placed in the second chamber. The Micro-

Equilibrium Dialyzers were then placed into a shaking waterbath held at 37°C for 24 hours.
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The temperature was monitored with a Sentry Thermometer (Fisher Scienti�c, Leicestershire,

UK). After 24 hours had elapsed, the samples were extracted from each chamber, matrix

matched (with blank plasma or blank bu�er). Ice-cold acetonitrile at a 4:1 ratio was then

added to precipitate proteins. The samples were centrifuged at 10,000 rpm for 20 minutes and

the supernatant was recovered and evaporated using a 
ow of nitrogen with a TurboVap. Each

plasma protein binding measurement was repeated in triplicate.

2.7.2 HPLC-DAD Analysis

The evaporated samples were reconstituted in 200� L of acetonitrile and analysed using HPLC-

DAD. Details of this analysis are given in Section 2.2.

2.7.3 Calculation of Plasma Protein Binding

Plasma protein binding (PPB) was calculated using the experimental plasma concentration

(Pexp) and the experimental bu�er concentration (B exp) according to Equation 2.7.

PPB (%) = 100 �
Pexp � B exp

Pexp
(2.7)

Equation 2.7 Calculation of plasma protein binding .

For those benzodiazepines that were highly protein bound and had a concentration in the

bu�er phase that was below the limit of quantitation (LOQ), the bu�er concentration was

calculated indirectly using Equation 2.8 which involved the experimental plasma concentration

and the total expected concentration (P tot ), determined using a calibration plot. The total

expected concentration was adjusted using a previously-determined correction factor (CF ) for

the extraction e�ciency ( 95 %). This indirectly-calculated bu�er concentration was then input

into Equation 2.7 to generate plasma protein binding values.

B exp = P tot CF � Pexp (2.8)
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Equation 2.8 Indirect calculations of the concentration of drugs in the bu�er phase.

2.7.4 Method Development

Eight benzodiazepines were used to determine the appropriate length of equilibration (alprazo-

lam, clonazepam, diazepam, 
unitrazepam, nitrazepam, oxazepam, prazepam and temazepam).

They had literature plasma protein binding values of 60 - 99 %.

2.7.5 Theoretical Prediction of Plasma Protein Binding

Theoretical plasma protein binding values were obtained from two sources used for log D7.4 and

pKa; ACD/I-Lab Lab (which makes use of the EPSRC funded National Chemical Database

Service hosted by the Royal Society of Chemistry) and ADMET Predictor (Simulations Plus)

and one source available as a free online resource, PreADMET (version 2.0) [338,340,344].

2.8 Volume of Distribution at Steady State

Values for Vdss, fu, log D7.4 and fi7.4 for 18 benzodiazepines were obtained from a variety

of literature sources. No log D7.4 and pKa data was available for some benzodiazepines and

these were predicted using ACD/I-lab software online. For nine benzodiazepines (alprazolam,

clonazepam, desmethyldiazepam, diazepam, 
unitrazepam, nitrazepam, oxazepam, temazepam

and triazolam) log D7.4, pKa and plasma protein binding values were determined within this

research and those values were used in the prediction of Vdss.

Multiple linear regression was performed using the R language programming environment [345].
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2.9 Blood to Plasma Ratio

2.9.1 Experimental Determination of the Blood to Plasma Ratio

Whole blood was centrifuged at 2500 rpm for 20 minutes to separate the plasma from other

blood components. This was performed on the day of the experiments. The resultant plasma

was extracted and stored at 4°C until use (typically within 2 hours).

Test analytes were dissolved in DMSO to yield stock solutions at a concentration of 5 mM. These

stock solutions were subsequently diluted with PBS (pH 7.4) to produce working solutions at

a concentration of 50� M. Appropriate volumes of working solutions were added to blood or

plasma to yield a �nal compound concentration of 5� M (�nal solvent concentrations were 0.1

%). The treated whole blood or plasma samples were incubated for 1 hour at 37°C.

Following incubation, the blood sample was centrifuged at 2500 rpm for 20 minutes and the

plasma extracted. Ice-cold acetonitrile was added to extracted plasma and reference plasma

(4:1 ratio) to induce protein precipitation. The plasma was centrifuged at 10,000 rpm to 20

minutes, the supernatant collected and evaporated to dryness under a stream of nitrogen using

a TurboVap.

2.9.2 Sample Analysis

The evaporated samples were reconstituted in 50 - 150� L acetonitrile and analysed using

GC-MS. Details of the analysis with GC-MS can be found in Section 2.3.

2.9.3 Calculation of the Blood to Plasma Partition Coe�cient

Once concentrations had been determined with GC-MS, the blood to plasma partition coe�-

cient was calculated using Equation 2.9.
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K e/p =
1
H

� (
CPref

CP
� 1) + 1 (2.9)

Equation 2.9 Calculation of the red blood cell partition coe�cient whereK E/P is the red blood

cell partition coe�cient, H is the haematocrit, CPref is the concentration of the analyte in the

reference plasma andCP the concentration of the analyte in the plasma separated from the

whole blood.

The haematocrit of the pooled blood was given as 41 % by the supplier Seralab.
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2.10 Metabolic Studies

2.10.1 C3A Cell Line

Stock solutions of the substrates (phenacetin, bupropion, omeprazole, diclofenac, dextromethor-

phan and testosterone) were formulated in DMSO and subsequently diluted with the cell culture

medium to obtain the desired concentrations for theirK m values (Table 2.4). The �nal con-

centration of the DMSO in these solutions did not exceed 0.1 %.

The C3A cells were maintained as an adherent cell line in 75 cm2 Nunc EasYFlasks (Fisher

Scienti�c, Leicestershire, UK) with the use of Gibco Minimum Essential Medium supplemented

with 10 % fetal bovine serum, 1� non-essential amino acids and 1� sodium pyruvate in a 37

°C, 5 % CO2 atmosphere. Medium was replaced every two to three days. Cells were passaged as

required by using TrypLE Express enzyme. The C3A cells were seeded in 96-well microplates

at a density of 3.3� 105 cells per mL. At 60 % con
uence the medium was replaced with one

containing the test substrates at their respectiveK m values (Table 2.4). The cells were then

incubated with the substrates for 24 hours. The cell culture medium was collected for each

substrate. Ice-cold acetonitrile was added at a 4:1 ratio and the samples centrifuged at 10,000

rpm for 20 minutes. The supernatant was extracted and evaporated with a 
ow of nitrogen

using a TurboVap. All samples were stored at -20°C until analysis.
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Table 2.3: Substrates and their Km values for CYP450 enzymes
CYP450 enzyme Substrate Concentration (� M) Metabolite Reference

CYP1A2 Phenacetin 50 Paracetamol [346]
CYP2B6 Bupropion 100 2-OH-bupropion [346]
CYP2C19 Omeprazole 20 5-OH-omeprazole [346]
CYP2C9 Diclofenac 5 4-OH-diclofenac [347]
CYP2D6 Dextromethorphan 5 Dextrorphan [346]

CYP3A4/5 Testosterone 100 6-OH-testosterone [346]

2.10.2 C3A Cells Treated with DMSO

The same procedure was conducted as described for the C3A cells other than that at 60 %

con
uence the medium was replaced with one containing 1 % (v/v) DMSO. Cultures were

incubated for 20 days and the culture medium was replaced every 2 - 3 days. Cells were

passaged upon reaching 60 % con
uence. Following 20 days the cells were incubated with

the test substrates; phenacetin, bupropion, diclofenac, dextromethorphan, testosterone and

omeprazole at their respectiveK m values. Following 24 hours of incubation the cell culture

medium was collected for each substrate. Ice-cold acetonitrile was added at a 4:1 ratio and

the samples centrifuged at 10,000 rpm for 20 minutes. The supernatant was extracted and

evaporated with a 
ow of nitrogen using a TurboVap. All samples were stored at -20°C until

analysis.

2.10.3 Cell Counts

Estimations of the number of cells in culture for the C3A cells and DMSO-treated cells were

performed by removing the cell culture medium and adding an appropriate volume of TrypLE

Express Enzyme (1X) to remove the adherent cells. 100� L of the resulting suspension was

then stained with Tryphan Blue. The cells were counted using a haemocytometer.

2.10.4 HepaRG Cells

The HepaRG cells were seeded at 1.20� 106 cells/mL in 24-well Collagen I coated microplates.

Cell medium was Williams Medium E with 1 % to which HepaRG Thaw, Plate and General
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Purpose Working Medium was added. The cells were cultured at 37°C in a 5 % CO2 atmo-

sphere. Four hours after plating, the media was removed and replaced with one containing the

substrates at their respectiveK m values (Table 2.10.1). The cell culture medium was collected

for each substrate after 24 hours of incubation. Ice-cold acetonitrile was added at a 4:1 ratio

and the samples centrifuged at 10,000 rpm for 20 minutes. The supernatant was extracted and

evaporated with a 
ow of nitrogen using a TurboVap. All samples were stored at -20°C until

analysis.

2.10.5 The Metabolism of NPS-Benzodiazepines

The NPS-benzodiazepines were incubated with HepaRG cells at a concentration of 10� M. The

same procedure for extraction was followed as is described in Section 2.10.4.

2.10.6 LC-MS/MS Analysis of Metabolites

Samples were processed by the internal mass spectrometry service at the University of Hud-

ders�eld. The supernatant that was collected in the previous sections was analysed using an

Agilent 6530 Quadrupole Time-of-Flight (QTOF) LC/MS in the positive ionisation mode (ESI)

attached to an Agilent 1290 In�nity HPLC instrument.

Two chromatographic methods were used. The �rst analysed the compounds incubated with

the C3A and C3A-DMSO cell lines (bupropion, dextromethorphan, diclofenac, omeprazole,

phenacetin and testosterone).

The mobile phases consisted of 0.1 % formic acid in acetonitrile (mobile phase A) and 0.1

% formic acid in water (mobile phase B). The 
ow rate was set at 0.5 mL min-1 and the

proportions of the mobile phases at 0, 6, 12, 18, 36, 43, 43.1 and 46 minutes were 90/10, 90/10,

70/30, 70/30, 10/90, 10/90, 90/10 and 90/10 respectively. Separation was achieved with an

ACE C18-AR column (250� 4.6 mm, 5 � M) (Advanced Chromatography Technologies Ltd,

Aberdeen, Scotland). The optimised VCap voltage and temperature were set at 3000 V and
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300 °C. Octopole OCT 1 RF Vpp voltage was 750 V and the fragmentor voltage was 175 V.

Nebuliser pressure was 35 psi and drying gas 
ow rate was 8 L min-1.

Following this, method optimisation took place for the analysis of the compounds incu-

bated with the HepaRG cell lines (bupropion, dextromethorphan, diclofenac, omeprazole,

phenacetin, testosterone, 3-hydroxyphenazepam, 4'-chlorodiazepam, desalkyl
urazepam, de-

schloroetizolam, diclazepam, etizolam, 
ubromazepam, 
ubromazolam, meclonazepam, nitra-

zolam, phenazepam and pyrazolam).

For this method mobile phases consisted of 0.1 % formic acid in acetonitrile (mobile phase A)

and 0.1 % formic acid in water (mobile phase B). The 
ow rate was set at 0.5 mL min-1 and

the proportions of the mobile phases at 0, 6, 12, 18, 36, 48, 48.1, 55 minutes were 90/10, 90/10,

70/30, 70/30, 10/90, 10/90, 90/10 and 90/10 respectively. Separation was achieved with an

ACE C18-AR column (250� 4.6 mm, 5 � M) (Advanced Chromatography Technologies Ltd,

Aberdeen, Scotland). The optimised VCap voltage and temperature were set at 3000 V and

300 °C. Octopole OCT 1 RF Vpp voltage was 750 V and the fragmentor voltage was 150 V.

Nebuliser pressure was 40 psi and drying gas 
ow rate was 8 L min-1.

The main di�erences between the methods are a lower fragmentor voltage for the second method

(150 V compared to 175 V) and a higher nebuliser pressure (40 psi compared to 35 psi).

The extracted cell culture media for omeprazole, a pure standard of omeprazole sul�de (0.01

mg mL-1) and a pure standard omeprazole sulfone (0.01 mg mL-1) were analysed using an

Agilent 6210 Time-of-Flight (TOF) mass spectrometer (MS) operating in positive ionisation

(Dual ESI) mode. Gas temperature was 350°C, fragmentor voltage was 150 V, Octopole OCT

1 RF Vpp was 250 V, nebuliser pressure was 40 psi and the drying gas 
ow rate was 10 L min-1.

Skimmer voltage was 65 V and VCap voltage was 5000 V.
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Method Development and Validation

3.1 Validation of an HPLC-DAD Analytical Method

3.1.1 Introduction

HPLC-DAD was chosen to determine NPS-benzodiazepine concentrations for the log D7.4 and

plasma protein binding experiments as it is a common laboratory instrument and the devel-

opment of methods and operation of instrumentation is generally held to be easier than that

of mass spectrometry methods [348,349]. In addition many modern HPLC-DAD instruments

are automated through the use of autosamplers so that multiple samples can be programmed

to run in one sequence [350]. Although numerous validated HPLC-DAD methods exist for the

quanti�cation of benzodiazepines, none have been described in literature for the analysis of

NPS-benzodiazepines [351,352].

The majority of this work to develop and validate an HPLC-DAD method for the analysis of

NPS-benzodiazepines has already been published [353]. The HPLC-DAD method was validated

according to ICH guidelines for linearity, limit of detection (LOD), limit of quantitation (LOQ),

accuracy and precision [335]. Validation of analytical methods is important to ensure that

reliable results are obtained through assessing the accuracy and precision of a method.

68
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3.1.2 Results

Linearity

The linearity of an analytical method refers to the propensity of the measurements (e.g. peak

area or peak height) to be proportional to the actual concentration of compound in the samples

[354]. The method was linear over the concentration range 0.0004 - 0.25 mg mL- 1 for all

compounds. A high R2 value for all compounds indicates a linear concentration-response and

a suitable method (Table 3.1).

LOD and LOQ

The limit of quantitation is the lowest concentration that can be quanti�ed with precision and

accuracy while the limit of detection is the lowest concentration that can be detected although

not quanti�ed with accuracy and precision [354]. All compounds generally had comparable

limits of detection and quantitation when compared with reported values in literature (Table

3.1). Pyrazolam exhibited the lowest response to the HPLC-DAD method, with a LOQ of

263.9 ng mL- 1 and a LOD of 82.0 ng mL- 1. The observed LODs and LOQs were similar to

that of other published HPLC-DAD methods for benzodiazepines such as alprazolam (LOQ 300

ng mL - 1) and diazepam, oxazepam and temazepam (LOD 50 ng mL- 1, LOQ 100 ng mL- 1)

[355,356].

Accuracy and Precision

The accuracy of an analytical method refers to the closeness of a measured value to that of

an accepted reference value [354]. Precision refers to the closeness of measured values of the

same homogenous sample to one another and ensures that the same method will produce the

same results with low variation [354]. Accuracy was determined through comparison of the

percentage recovery at three concentrations; 0.25, 0.01 and 0.0004 mg mL- 1 (n=3) as this

covered the linear range assessed for this method. Percentage recovery was generally within

2 % (Table 3.2) and thus deemed to be acceptable as this was similar to reported accuracies

for other HPLC-DAD methods for the quantitation of benzodiazepines [356]. Precision was

determined from the calculation of the standard deviation and relative standard deviation

(RSD) of the compound peak areas at three concentrations; 0.25, 0.01 and 0.0004 mg mL- 1
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(n=3). High levels of precision for all benzodiazepines were recorded (Table 2) and were similar

to levels of precision reported in literature previously for benzodiazepines with methods also

using HPLC-DAD analysis [357,358].

3.1.3 Discussion

The HPLC-DAD analytical method described is suitable for the analysis of the NPS-

benzodiazepines as judged by the linearity of the method in the established range and the

high precision and accuracy obtained. The limits of quantitation and detection were similar to

those reported elsewhere in literature.
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3.2 Validation of an GC-MS Analytical Method

3.2.1 Introduction

GC-MS is a common method used for the quantitation of drugs in forensic science [359]. GC-MS

is widely-used and high accuracy and precision can be achieved with its use [360]. Validation

of any analytical method is critical in order to ensure that any results obtained from it are

reliable and the use of the method is appropriate [354]. For this analytical method this took

place according to the ICH guidelines [335].

Quinine and chlorpromazine were included for the GC-MS method as they were used in the

blood to plasma concentration ratio experiments, further details about this can be found in

Section 8.

3.2.2 Results

The high sensitivity of the GC-MS towards benzodiazepines was evident by the large peak

heights gained. This is exempli�ed by Figure 3.1; nitrazepam at a concentration of 250� M or

70.3 � g mL-1. High sensitivity is a typical characteristic of mass spectrometry methods and is

a large factor behind their use.
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Figure 3.1: A chromatogram of nitrazepam at a concentration of 250� M run using the method
described in Section 2.3
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Linearity

The linearity of an analytical method refers to whether a proportional response is obtained

between the concentration of analyte in the sample and the resultant instrumental response

(e.g. abundance) [361].

If a statistical di�erence exists between the variance at the highest concentration and the

variance at the lowest concentration, then a weighting factor is typically applied to the data

[336,337]. The variance is calculated as the square of the standard deviation. Using the Data

Analysis tools in Microsoft Excel a two-sample F-test for variances can be performed, yielding

a p value. If the p value was greater than 0.05 then this indicated that the di�erence in the

variance at the highest concentration was not statistically signi�cant when compared to the

di�erence in the variance at the lowest concentration. If thep value was lower than 0.05 then

this indicated that the di�erence in the variance at the highest concentration was statistically

signi�cant when compared to the di�erence in the variance at the lowest concentration. If the

di�erence in variances was found to be statistically signi�cant (p < 0.05) then a weighting

factor was applied. This is typically a 1/x or 1/x2 weighting factor and can be performed in

the Agilent software. A plot of the variance at each concentration versus the concentration was

computed. If a linear relationship between variance and concentration is observed then a 1/x

weighting factor is used, whereas if a parabolic relationship between variance and concentration

is observed then a 1/x2 weighting factor is used.

An example of a parabolic relationship between variance and concentration is shown in Figure

3.2 for chlorpromazine and an example of a linear relationship between variance and concen-

tration is shown in Figure 3.3.
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Figure 3.2: A plot of the variance against concentration for chlorpromazine

Figure 3.3: A plot of the variance against concentration for phenazepam
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As discussed in Section 2.3, with knowledge of the weighting factor, the plot of data points can

be �tted with either a linear (Equation 2.1) or quadratic (Equation 2.2) model.

The most appropriate model to use is the one that is the simplest but still adequately describes

the relationship. The models can be compared using a two-way analysis of variation (ANOVA)

test which can be performed using the Data Analysis tools in Microsoft Excel.

In this test, both linear and quadratic models are used to calculate a theoretical instrumental

response for each of the �ve concentrations. The variation between the theoretical instrumental

response and the experimental instrumental response (for both models) is then compared. Ap

value is obtained to describe the statistical signi�cance of the models. If thep value is greater

than 0.05 then the di�erence between models is not statistically signi�cant and the quadratic

model does not give a better �t to the data than the linear model. The purpose of this is to

choose the simplest model to describe the data. The data used to determine the linearity is

displayed in Table 3.3.
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Accuracy and Precision

The accuracy of an analytical method is the closeness of an experimental value to that of a

reference value while the precision of an analytical method describes the closeness of replicates

to one another [335]. Interday and intraday accuracy was assessed for each compound through

three repetitions of three concentrations; 10, 50 and 250� M and experimental instrument

response was compared to the theoretical instrument response from a calibration plot. The

results are displayed in Table 3.4.

The interday and intraday precision was measured at three concentrations as they spanned the

analytical range of the method; 10, 50 and 250� M. Three repetitions at each concentration

were used and the relative standard deviation was calculated. The results are displayed in

Table 3.4.

LOD and LOQ

The LOD is the lowest concentration of an analyte that is detectable by the analytical method,

while the LOQ is the lowest concentration of an analyte that is detectable by the analytical

while maintaining an acceptable level of accuracy and precision [382]. The values of the LOD

and LOQ are displayed in Table 3.5.
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Table 3.5: Limits of quantitation and detection for compounds using the GC-MS method

Compound LOQ (ng mL-1) LOD (ng mL -1)
Chlorpromazine 235.9 130.7

Diazepam 170.8 76.9
Nitrazepam 472.5 140.6

Quinine 525.6 159.0
Diclazepam 242.6 92.6

Deschloroetizolam 410.2 138.8
Etizolam 438.8 96.0

Meclonazepam 359.4 89.0
Phenazepam 262.2 73.4
Pyrazolam 492.4 134.6
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3.2.3 Discussion

Thermal decomposition of nitrazepam has been observed when analysing with GC-MS and

7-aminonitrazepam is formed through reduction [362]. Peak shoulders or separate peaks are

observed with this decomposition. However, no such peaks were observed in this work, possibly

as a result of the lower temperature used in this method; 280°C versus 300°C described in

literature [362]. This is evident in Figure 3.1, a chromatogram of the instrumental response

against time for nitrazepam at a concentration of 250� M (70.3 � g mL-1).

Linearity

Parabolic responses of the variance per concentration were identi�ed for chlorpromazine, qui-

nine, deschloroetizolam, etizolam and pyrazolam. Therefore a 1/x2 weighting factor was used.

All other compounds had a 1/x weighting factor applied. Linearity was good, with the lowest

R2 being 0.9700 for etizolam and the highest being an R2 of 0.9918 for nitrazepam. These

R2 values for the linearity of the concentration-response plots were similar to those seen in

literature for the GC-MS analysis of benzodiazepines [359,362-364].

Accuracy and Precision

The best interday accuracy was 100.3 % for pyrazolam at a concentration of 50� M and the

lowest interday accuracy was 109.2 % for chlorpromazine at 250� M. The best intraday accu-

racy was 101.2 % for nitrazepam at 10� M and the lowest intraday accuracy was 91.5 % for

diclazepam at a concentration of 50� M.

The lowest interday precision observed was a relative standard deviation of 14.3 % for meclon-

azepam at 50� M and the highest interday precision was 3.8 % for phenazepam and pyrazolam

both at 10 � M. The lowest intraday precision was a relative standard deviation of 11.0 % for

etizolam at a concentration of 10� M and the highest intraday precision was a relative standard

deviation of 2.4 % for pyrazolam at a concentration of 250� M.

All calculated values for accuracy and precision were within the previously-speci�ed criteria of

� 15 % which is similar to other GC-MS methods described in literature [365].
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LOD and LOQ

The limits of quantitation and detection can be found in Table 3.5.

The lowest LOD was 73.4 ng mL-1 for phenazepam while the highest was 159.0 ng mL-1 for

quinine. The lowest LOQ was 170.8 ng mL-1 for diazepam while the highest was 525.6 ng mL-1

for quinine.

The limits of detection and quantitation were lower than those reported elsewhere in literature

for similar GC-MS methods. Diazepam was determined as having an LOD of 76.9 ng mL-1 in

this work versus 8 - 38.6 ng mL-1 elsewhere and an LOQ of 170.8 ng mL-1 in this work against

an LOQ 103 - 116.9 ng mL-1 elsewhere [364].

Quinine has a reported LOD of 12.2 ng mL-1 versus 159.0 ng mL-1 in this work and an LOQ of

40.6 ng mL-1 versus 525.6 mg mL-1 in this work [366].

The di�erences in the limits of quantitation and detection can be explained by the lack of

sensitivity of the mass spectrometer used. In addition the method was not fully optimised as

obtaining low limits of detection and quantitation was not the primary aim of this validation

process. The primary use of this method was to quantitate compound concentrations for the

blood to plasma concentration ratio experiments as detailed in Section 8. Based upon the data

presented regarding the good linearity of the method and the high accuracy and precision, the

method was suitably validated.
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The log D 7.4 of NPS-benzodiazepines

4.1 Introduction

As discussed in Section 1.7.1, the log D7.4 of a compound a�ects all pharmacokinetic parameters

such as its absorption through biological membranes, its distribution within the body (e.g.

plasma protein binding) and its metabolism and its excretion [112,113]. As a result of its

e�ects on these pharmacokinetic processes, knowledge of the log D7.4 is especially important

for pharmacokinetic modelling [121,126]. Benzodiazepines are absorbed quickly within the body

and distribute well into the brain because of their relatively high lipophilicity with the majority

of benzodiazepines having a log D7.4 between 2-3 [128-133].

Although high-throughput methods exist for the determination of log D7.4, the shake-
ask

method is generally considered the `gold standard' as it is accurate and precise and can be

performed easily with standard laboratory equipment and reagents [136,137]. The shake-
ask

method typically only requires octanol, reagents for formulating an appropriate bu�er, a method

to separate the two phases (e.g. a centrifuge) and a method to analyse the compound concen-

trations (e.g. any of a variety of spectroscopic methods) [136]. The aims of the work in this

Section were to develop and validate an appropriate shake-
ask method for the benzodiazepines

under investigation. This took place by comparing the log D7.4 values obtained for eight test

benzodiazepines that were equilibrated for three time periods; one, four or six hours.

84
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Once an appropriate method of measuring log D7.4 had been developed, the aim was to de-

termine the log D7.4 of 12 NPS-benzodiazepines. These experimental values could then be

compared to theoretical values in order to evaluate whether theoretical predictions could re-

place experimentally-determined values. Log D7.4 values play a crucial role in the prediction of

pharmacokinetic parameters such as the volume of distribution at steady state [135]. The gener-

ation of log D7.4 values in this Section will therefore also be used to predict this pharmacokinetic

parameter. The majority of this work to determine the log D7.4 values of NPS-benzodiazepines,

compare them to theoretical predictions from software packages and subsequent analysis of the

values has been published [353].

4.2 Results

4.2.1 Log D 7.4 Method Development

The calculated log D7.4 values for the eight test benzodiazepines equilibrating for 1, 4 or 6 hours

are listed in Table 4.1. An unpairedt test was used to compare the values calculated at 4 and

6 hours.

4.2.2 Theoretical log D 7.4 values of benzodiazepines

The most suitable length of equilibration was selected for the determination of the log D7.4 of

the NPS-benzodiazepines in the study. The experimental values are listed in Table 4.1.

4.2.3 Theoretical log D 7.4 of NPS-benzodiazepines

Following the experimental determination of log D7.4, the theoretical values were generated and

compared by means of the absolute error. This was performed for both the test benzodiazepines

and the NPS-benzodiazepines.
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4.3 Discussion

4.3.1 Log D 7.4 method development

There are large variations in literature of experimentally-determined log D7.4 values. For exam-

ple, the compound nortriptyline has a reported log D7.4 of both 1.1 and 2.05 with both methods

using the shake-
ask method; just under a ten-fold di�erence in lipophilicity [372,373]. Another

compound, atenolol, has reported log D7.4 values of -1.88 and -0.16 with both methods also

using the shake-
ask method [374,375]. This is approximately a 52-fold di�erence in reported

lipophilicity. It is clear that factors exist that are responsible for the large variation in log

D7.4 values observed in literature. The composition of the bu�er has long been known to play

an important role in experimentally-determined log D7.4 values [372]. However, experimental

determination of log D7.4 values is often not the primary focus of many studies; instead the

majority of these studies are attempting to correlate log P or log D7.4 values with other phys-

iochemical properties and biological e�ects of the compounds. Thus it can be seen in literature

that a selection of di�erent bu�ers are often employed. A recent study calculated log D7.4

values for 29 compounds using eight di�erent bu�ers and found signi�cant di�erences existed

between the di�erent bu�er systems [376]. It was observed that although there was some rela-

tionship observed with polar surface area and molecular polarisability, the resulting di�erences

in log D7.4 values were unpredictable [376]. The large variation in published log D7.4 values in

literature is an observable e�ect of this. Use of a 0.01 M phosphate bu�er has been shown to

give an exact correlation of partition coe�cients determined in the octanol-phosphate system

for acidic and neutral drugs [377]. The use of a 0.01 M phosphate bu�er is common and it is

easily formulated using standard laboratory reagents [375].

The volume of 700� L for each phase (1400� L total) was chosen as this volume �ts comfortably

inside a 1500� L microcentrifuge tube which was required for phase separation by centrifugation.

The values at one hour typically fell between log D7.4 values of 0 - 1. A log D7.4 value of 0

indicates an equal distribution between the octanol and bu�er phases (i.e. a D value of 1 which

would give a base-10 logarithm value of 0). Equal distribution between octanol and a bu�er



4.3. Discussion 89

phase for highly-lipophilic compounds such as the benzodiazepines indicates insu�cient time

for equilibration. The log D7.4 obtained at 4 and 6 hours were more reasonable and either within

the range of, or close to, established values in literature. The values observed at 4 and 6 hours

were compared by means of an unpairedt test. The p values were not statistically signi�cant

for all eight test benzodiazepines. Therefore, to decrease the time taken for measurements, four

hours was chosen and log D7.4 at four hours was used.

4.3.2 Experimental log D 7.4

Alprazolam exhibited a slightly lower log D7.4 of 2.10 compared to a literature range of 2.12 -

2.16 [367,368]. Clonazepam exhibited a similar log D7.4 of 2.40 versus a single literature value

that could be found of 2.41 [367,369]. Diazepam had a log D7.4 of 2.81 within its literature

range of 2.79 - 2.99 [367-370]. Flunitrazepam was slightly lower than literature range with a

log D7.4 of 2.05 versus 2.06 - 2.14 [367-369]. Nitrazepam had a similar log D7.4 to its literature

range of 2.13 - 2.16 [367,369]. Oxazepam was within its literature range of 2.13 - 2.24 with

a log D7.4 of 2.24 [369,371]. Prazepam was slightly above its literature range of 3.7 - 3.73

with a log D7.4 of 3.74 [367,369]. Temazepam had a calculated log D7.4 of 2.32 was versus

literature values of 1.79 - 2.19 [367,369]. Although 0.13 log units higher than the greatest

literature value there was a low standard deviation and all of the other experimental values for

the benzodiazepines were in agreement with their literature values. In addition to this in the

method development experiments, a value of 2.30 was observed for temazepam at 6 hours of

equilibration. As discussed earlier, the log D7.4 is dependent upon the method used to measure

it including the choice of bu�er and strength of the bu�er. No such information was given for

the reported values in literature and therefore it may be that the method in this work has a

greater accuracy for measuring the log D7.4 of benzodiazepines.

The experimental log D7.4 values of the NPS-benzodiazepines under investigation are listed in

Table 4.2. Similar to the test benzodiazepines, the NPS-benzodiazepines in this work were

found to be highly lipophilic with the majority having log D7.4 values above 2. Only one NPS-

benzodiazepine had a previously-reported value in literature which was desalkyl
urazepam
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with 2.78 [367]. A value of 2.82 was returned in this work with a standard deviation of 0.09.

The lowest log D7.4 value observed was for pyrazolam, with 0.97. The highest log D7.4 value

observed was for phenazepam, with 3.25. The other ten benzodiazepines were in the range of

2.40 (etizolam and 
ubromazolam) to 2.87 (
ubromazepam). These log D7.4 values of between

2 and 3 are common for benzodiazepines, with seven of the eight test benzodiazepines falling

into this range.

The only NPS-benzodiazepine in this work to return a log D7.4 value of less than 2 was pyrazolam

which was found to have a log D7.4 of 0.97. This is an atypical benzodiazepine as it does not

contain a phenyl ring at position 5 and rather contains a pyridin-2-yl ring. Analysing these

molecular fragments in isolation reveals that a phenyl ring has a log D7.4 of 1.56 versus a log D7.4

of 0.62 for a pyridin-2-yl ring [378]. The presence of a bromine atom substituent at position 7 is

also known to lead to a decreased log D7.4 [133]. A prescription benzodiazepine, bromazepam,

also contains a pyridin-2-yl ring and a 7-bromo substitution and has a reported log D7.4 of

1.38 - 1.60 [367,369,370]. In contrast to bromazepam, pyrazolam is a triazolobenzodiazepine

and thus contains an additional triazole ring. This is a known structural feature that has been

well described as decreasing the apparent lipophilicity for other pharmaceutical compounds

[379,380]. The structural features of a pyridin-2-yl ring, a 7-bromo substitution and a triazole

ring are likely to have contributed to the low log D7.4 of pyrazolam that was calculated in this

work.

The lipophilicity (as log P) of ten NPS-benzodiazepines have already been published in liter-

ature with the stated aim of the authors being to make them available for the estimation of

pharmacological and toxicological properties [134]. The work presented here adds to this.

4.3.3 Theoretical log D 7.4

Although a small dataset and thus more strongly in
uenced by the error in a single value,

the average of the absolute errors was used to give a quick comparison between the gen-

erated values. ACD/I-Lab returned the closest values for the test benzodiazepines and the

NPS-benzodiazepines with average absolute errors 0.18 and 0.28 respectively. ACD/I-Lab was
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closely followed by ADMET Predictor which had average absolute errors of 0.24 for the test

benzodiazepines and 0.37 for the NPS-benzodiazepines. MarvinSketch had an average absolute

error of 0.39 for the test benzodiazepines and 0.97 for the NPS-benzodiazepines.

The greatest absolute errors were given by ACD/I-Lab for pyrazolam (0.79), MarvinSketch for

etizolam (1.66) and by ADMET Predictor again for pyrazolam (1.06). Pyrazolam has a very

low log D7.4 value of 0.97 and the theoretical software packages may have failed to take into

account the reduced lipophilicity likely as a result of the pyridine-2-yl ring it contains.

The second highest absolute error for MarvinSketch was for pyrazolam (1.39). The Consensus

model used by MarvinSketch makes use of a model described in literature using multivariate

regression [381]. This model is known to calculate a log P (octanol-water partition coe�cient)

for pyridine of 1.20 versus an experimental log P of 0.64, vastly overestimating the contribution

of the pyridine group towards lipophilicity and this may be a factor behind the overestimation

of lipophilicity [381].

However, this does not explain the large absolute error returned by MarvinSketch for etizolam

(1.66). Although etizolam is a thienodiazepine the thiophene group is calculated in literature

model as having a logp of of 1.63 versus an experimental logp of 1.81 [381]. Without knowing

the speci�c calculations used to generate log D7.4 values it is extremely di�cult to attribute

the errors generated in the theoretical log D7.4 values to a speci�c cause. The inclusion of

the experimental log D7.4 values determined in this work in future predictive software may

prove fruitful in order to improve their accuracy. For the moment it is clear that experimental

log D7.4 is more accurate than the available predictions from these three software packages.

Evaluation of other software packages could prove useful in order to assess whether they hold

any improvement in predicting log D7.4 of NPS-benzodiazepines.
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The pK a of NPS-benzodiazepines

5.1 Introduction

Although pKa is often described as being of secondary importance as a physicochemical param-

eter when compared to log D7.4, the use of pKa has still found great utility in pharmacokinetic

modelling such as predicting the volume of distribution at steady state, adipose tissue dis-

tribution and post-mortem redistribution of benzodiazepines [107,148-150]. pKa is especially

important when utilised in conjunction with other physicochemical parameters such as log

D7.4 [106,141,143]. As the pKa of a compound a�ects factors such as its solubility in aqueous

media, it indirectly a�ects pharmacokinetic parameters such as absorption and distribution

[141,144,145].

The pKa values of benzodiazepines have been previously reported to aid correlation between

their log D7.4, plasma protein binding and their volume of distribution at steady state [107,148].

This was discussed in greater detail in Section 1.8.2 but again highlights the importance of

accurate physicochemical knowledge.

In this study capillary electrophoresis was used to determine pKa values of benzodiazepines as

it is possibly the most common method and can be automated [154,155]. This facilitated quick

and easy determination of pKa values.

92
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5.2 Results

5.2.1 Experimental pK a and Theoretical pK a

The experimental results for pKa for the test benzodiazepines and NPS-benzodiazepines are

given in Table 5.1.

ACD/I-Lab, MarvinSketch and ADMET Predictor were used to generate theoretical pKa values

for both the test benzodiazepines and NPS-benzodiazepines and the values are provided in Table

5.1.
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5.3 Discussion

5.3.1 Method Development for Capillary Electrophoresis-PDA

Although the Beckman P/ACE MDQ capillary electrophoresis instrument was programmable

and so therefore be automated, multiple problems arose with the use of it for this purpose.

The capillary needle was fragile and during one repeat at one pH required four insertions into

the vials (two rinses, one injection and one separation). For the compounds where two pKa

values were observed, 16 pH levels were needed; 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 5.0, 6.0, 7.0, 8.0,

9.0, 10.0, 10.5, 11.0, 11.5 and 12.5. Therefore 64 needle insertions were required for the repeat

of one compound and 196 needle insertions for 3 repeats. The fragility of the capillary needle,

coupled with the unyielding nature of the rubber caps for the vials caused frequent snapping

of the needle. Therefore this could be alleviated to a certain extent by ceasing experiments

once the compound and DMSO marker peaks had co-eluted at the same migration time. This

meant that the compound was unionised and its pKa value could be determined from the

values already determined. For example, in the case of diazepam, both the DMSO marker and

diazepam peaks had co-eluted by the injection at pH 5.0. Further experiments at higher pH

levels up to 12.0 were not necessary; diazepam cannot have another pKa value as there is no

other deprotonation site on the molecule.

The 32 Karat Data Analysis Software was able to quickly identify and integrate peaks. The

only information required from peak integration was the retention times of the compound and

the DMSO marker. From this the migration times could be calculated and the Microsoft Excel

add-in Solver could be used to calculate pKa values.

The pKa of a compound is not a constant and can be a�ected by temperature, ionic strength and

the solvent dielectric constant [390]. Temperature can be controlled within the capillary elec-

trophoresis instrument and was set at 20°C. Ionic strength was also controlled, with all bu�ers

having an ionic strength (I ) of 0.05 as this is a standardised method [341]. As all the com-

pounds were dissolved in methanol at the same concentration prior to capillary electrophoresis,

the solvent dielectric constant was also kept constant.
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The eight test benzodiazepines had pKa values determined in this work that were all within

0.20 pH units of their literature values with a standard deviation that was lower than of 0.07

pH units. These two values of 0.20 and 0.07 for accuracy and precision are the values typically

held to be indicative of a suitable capillary electrophoresis method for determining pKa and

further validation is not required [161].

5.3.2 Experimental pK a

pKa values of 2.83 for etizolam and 2.51 and 11.64 for desalkyl
urazepam were calculated in

this work. These compared favourably to their literature values of 2.76 and of 2.57 and 11.76

[388,389].

The lowest value for pKa1 was calculated as 1.25 for 3-hydroxyphenazepam. The presence of

a hydroxyl group decreases the pKa of benzodiazepines as a result of the electron-withdrawing

properties of this substituent [386]. The presence of a chlorine substituent at the R2' position

is also known to decrease the pKa1 value of 1,4-benzodiazepines [386]. Phenazepam, which is

structurally similar to 3-hydroxyphenazepam except for the omission of a hydroxyl group, had

a higher pKa of 2.19. The hydroxyl group on 3-hydroxyphenazepam led to a decrease in 0.94

pKa units when compared to phenazepam. A similar decrease was observed for temazepam

which di�ers only from diazepam by the addition of a 3-hydroxyl group. The experimental

pKa of temazepam was 1.45 compared to 3.10 for diazepam, a decrease of 1.65 pKa units. This

relationship is also observed for nitrazepam and clonazepam. Nitrazepam does not contain a

2'-chloro substituent whereas clonazepam does. Nitrazepam has greater pKa1 (3.11 versus 1.55)

and pKa2 (11.02 versus 1.45) values than clonazepam.

Another NPS-benzodiazepine that contains a substituent on the 3-position is meclonazepam.

However, this substitution is a methyl group rather than a hydroxyl group. Meclonazepam is

structurally similar to clonazepam, di�ering only by the addition of the 3-methyl group. Com-

pared to the experimental pKa1 and pKa2 values of 1.55 and 10.45 for clonazepam, meclon-

azepam exhibited higher values of 2.10 and 11.45 respectively. This indicates that the 3-methyl

substitution will increase the pKa values of benzodiazepines.
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Deschloroetizolam has an increased pKa1 (4.19) when compared to etizolam (2.83). Etizolam

contains an additional 2'-chloro substituent and this has already been noted to produce a

reduction in the pKa1 value of 1,4-benzodiazepines [386]. A similar reduction also appears to

occur for thienotriazolodiazepines.

4'-Chlorodiazepam and diazepam have similar pKa values of 3.13 and 3.10 respectively, indicat-

ing that the addition of a chlorine substituent on the 4' position of a 1,4-benzodiazepine does

not greatly a�ect its pK a. In contrast however, the addition of a chlorine substituent on the 2'

position causes the pKa1 value to decrease from 3.10 (diazepam) to 2.31 (diclazepam).

The change of a 20 substituent to one that is more electronegative appears to increase the pKa1

and decrease the pKa2 of 1,4-benzodiazepines. Flubromazepam has a 2'-
uoro substituent

which is more electronegative than the 2'-chloro substituent of phenazepam. Flubromazepam

has a higher pKa1 (3.25 versus 2.19) and a lower pKa2 (10.74 versus 11.21). Substituents

with a greater electronegativity have a greater tendency to behave in an electron-withdrawing

manner which can result in a partial deactivation of the aromatic system therefore leading to a

reduction in the number of delocalised electrons. This in turn decreases the stability of negative

charges in the system. As the pKa2 values of 1,4-benzodiazepines are thought to be resonance-

stabilised by delocalisation, any decreases in delocalisation have the e�ect of increasing the ease

with which a species can be deprotonated. This therefore decreases the pKa2 values which are

resonance-stabilised negative charges on the nitrogen and oxygen atoms.

The change of 7- substituent to one that is less electronegative appears to increase the pKa1 and

decrease the pKa2 of 1,4-benzodiazepines. Flubromazepam has a 7-bromo substituent which is

less electronegative than the 7-chloro substituent of desalkyl
urazepam. Flubromazepam has a

higher pKa1 (3.25 versus 2.51) and a lower pKa2 (10.74 versus 11.64) than desalkyl
urazepam.

This is the opposite e�ect observed for substitution by a less electronegative substituent at

the 2' position. The possible cause of this is that when a substituent at position 7 is less

electronegative it reduces the propensity of that substituent to withdraw electrons. This means

that a greater electron density exists in a more delocalised state in the molecule. The greater

delocalisation stabilises negative charges and increases the ease by which a species can be
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deprotonated.

A wider range of benzodiazepines with substituents at the 2' and 7 positions for 1,4-

benzodiazepines would be required in order to more fully explore the observed di�erences

between pKa1 and pKa2.

5.3.3 Theoretical pK a

ADMET Predictor returned predicted values with the closest agreement to experimental pKa

values, with an absolute average error of 0.4 for both the test set and the NPS set. This

was closely followed by ACD/I-Lab which returned absolute average errors of 0.5 for both

sets. MarvinSketch returned average absolute errors of 0.6 for the test set and 0.7 for the

NPS set. MarvinSketch did not predict pKa1 values for oxazepam and temazepam and instead

predicted two pKa2 values for oxazepam (only one of which exists) and one pKa2 value for

temazepam (only a pKa1 value is observed). Large errors were observed in some of the pKa

values returned by the software. For example; a pKa of 2.45 predicted by ACD/I-Lab for

deschloroetizolam versus an experimental pKa of 4.19, a pKa of 1.33 predicted by MarvinSketch

for etizolam versus an experimental pKa of 2.80 and a pKa of 2.98 predicted for 
ubromazolam

by ADMET Predictor versus an experimental pKa of 2.07. Additionally, all three software

packages predicted multiple other deprotonation sites for some of the benzodiazepines which

are not experimentally observed. The importance of obtaining accurate experimental pKa

values is therefore clear especially if these predictive models are to be improved upon.

Multiple versions of MarvinSketch exist and the accuracy of the pKa predictive software has

been well-reviewed and compared to other programs for several of these versions. One study

that looked at 261 protonation sites found that MarvinSketch 5.1.4. predicted 49.81 % of pKa

values to within � 0.5 log units and 14.94 % of pKa values to within � 0.1 log units [162].

However the r2 value was 0.763 which ranked MarvinSketch seventh out of nine programs.

In previous work no statistically-signi�cant di�erence between the large errors given in pKa

predictions by MarvinSketch 5.2. and pKa predictions given by ACD/I-Lab [391]. However
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other research suggests that ACD/I-Lab is more accurate than MarvinSketch for predicting pKa

values [392]. In this work ACD/I-Lab was more accurate than MarvinSketch for predicting pKa

values. However, at present, none of the software packages were able to generate pKa values

that are as reliable as experimental pKa values.



Chapter 6

The Plasma Protein Binding of

NPS-benzodiazepines

6.1 Introduction

As discussed in Section 1.8.1, the fraction of a compound not bound to plasma proteins

is responsible for the pharmacological e�ect and it is the unbound fraction that undergoes

metabolism and elimination [166]. Plasma protein binding is therefore an important determi-

nant of pharmacokinetic parameters such as the volume of distribution as steady state [166,177].

Plasma protein binding can be easily determinedin vitro , requiring only equilibrium dialysis

equipment and an analytical method capable of quantifying compound concentrations such as

HPLC-DAD or LC-MS [176].

The work described in this Section to determine the plasma protein binding values of NPS-

benzodiazepines, compare them to theoretical predictions from software packages and subse-

quent analysis of the values has previously been published in a peer-reviewed publication [353].

100
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6.2 Results

6.2.1 Method Development

The eight benzodiazepines chosen for the method development (alprazolam, clonazepam, di-

azepam, 
unitrazepam, oxazepam, nitrazepam, prazepam and temazepam) were chosen as they

represent a range of benzodiazepine structures (diazepam is a 1,4-benzodiazepine, alprazolam is

a triazolobenzodiazepine) and have a range of substitutions (prazepam has a bulky substituent

on position 1, 
unitrazepam has an NO2 substitution, temazepam has a 3-hydroxy substituent).

The extraction e�ciency of the eight benzodiazepines chosen to test the method is shown in

Table 6.1. The average extraction e�ciency was 94.9� 1.6 % (standard deviation).

The experimental plasma protein binding values after 6 hours and 24 hours, with standard

deviations, are shown in Table 6.2, as are thep values.

Table 6.1: Extraction e�ciencies for eight benzodiazepines.

Benzodiazepine Extraction E�ciency ( %) (n=3)
Alprazolam 94.2� 0.3
Clonazepam 94.9� 0.8
Diazepam 96.1� 0.7

Flunitrazepam 96.9� 1.1
Oxazepam 93.6� 1.3
Nitrazepam 95.9� 0.5
Prazepam 93.7� 2.9

Temazepam 94.0� 0.4

Table 6.2: Benzodiazepine, literature and experimental plasma protein binding (PPB) for 6
and 24 hours as well as standard deviations.

Compound Literature PPB
Experimental PPB (n=3)

p value (6 and 24 hours) References
6 hours 24 hours

Alprazolam 68.4 - 76.7 90.2� 9.3 71.6� 0.5 0.0258 [189,192]
Clonazepam 85.4 - 86.1 93.2� 3.3 85.5� 1.1 0.0186 [189,192]
Diazepam 98.4 - 99 98.6� 3.9 99.0� 0.2 0.8678 [192,342]

Flunitrazepam 77.5 - 84.5 88.4� 4.9 78.9� 1.2 0.0310 [189,192]
Nitrazepam 82.1 - 88.9 94.6� 2.3 88.4� 1.8 0.0213 [393,394]
Oxazepam 89.0 - 98.4 99.4� 1.2 96.9� 0.1 0.0228 [189,192]
Prazepam 97 98.8� 1.2 97.4� 0.5 0.1356 [395]

Temazepam 92 - 96.8 89.9� 4.3 94.3� 0.1 0.1511 [189,192]
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Table 6.3: A comparison of the plasma pH at 6 hours and at 24 hours (n=5).

Plasma pH at 0 hours Plasma pH at 24 hours Di�erencep value
7.41 � 0.03 7.48� 0.09 +0.07 0.1376

The pH of �ve blank aliquots of plasma was measured prior to and after 24 hours of equilibra-

tion. The pH increased from 7.41 to 7.48 over the course of 24 hours. An unpairedt test was

performed on the two values and thep value was found to be 0.1376 (Table 6.3).

6.2.2 Experimental and Theoretical Plasma Protein Binding

The most suitable length of equilibration for the determination of plasma protein binding was

determined to be 24 hours. 24 hours was the equilibration time used to determine the plasma

protein binding of 12 NPS-benzodiazepines.

The three software packages ACD/I-Lab, ADMET Predictor and PreADMET generated the-

oretical plasma protein binding values. These values were compared by means of the absolute

error to the experimental values determined previously.
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6.3 Discussion

6.3.1 Method Development

The extraction e�ciency from plasma was calculated as being 94.9 %. This was high and

had a low standard deviation of 1.6 % across the eight test benzodiazepines. The extraction

e�ciency was only required for calculation of an estimated concentration in the bu�er, for those

benzodiazepines that were highly-protein-bound and who had bu�er concentrations below the

LOQ determined in Section 2.2.

After six hours of equilibration the plasma protein binding values of all benzodiazepines other

than temazepam were greater than their literature values. Temazepam had a plasma protein

binding value of 89.9 % versus a literature range of 92 - 96.8 % [189,192]. As the compounds

were spiked into the plasma, it is suggested that the passage of the compounds across the

cellulose membranes was extremely slow and required a longer equilibration time of 24 hours.

Although the dialysis apparatus was placed in a shaking waterbath to facilitate equilibration,

there may not have been enough mechanical motion to encourage di�usion across the cellulose

membrane. The result of this lack of equilibration time would have been a greater than ex-

pected concentration in the plasma phase and therefore overestimating plasma protein binding.

However in literature an equilibrium dialysis time of 20 hours has been reported for alprazolam,

diazepam, 
unitrazepam oxazepam and temazepam [189,192]. There was no information on the

method used for the determination of the plasma protein binding for prazepam [395]. Plasma

protein binding for nitrazepam was obtained fromin vivo data [393,394].

The p values for alprazolam, clonazepam, 
unitrazepam, nitrazepam and oxazepam were all

statistically signi�cant when comparing 6 hours and 24 hours of equilibration. For diazepam,

prazepam and temazepam thep values were not statistically signi�cant. These three benzodi-

azepines are all highly-bound to plasma proteins and the potential lack of equilibration did not

have an e�ect. For benzodiazepines with lower plasma protein binding, 6 hours of equilibration

was in su�cient. After 24 hours of equilibration, the plasma protein binding values calculated

were closer to the values stated in the literature. 24 hours has also been used for equilibration in
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other plasma protein binding experiments, as reported for the NPS-benzodiazepine 
ubroma-

zolam [222]. For equilibrium dialysis experiments with semipermeable membranes such as the

cellulose membrane used in this work, equilibration times of up to 16 hours have been reported

[211].

After 24 hours, all experimental plasma protein binding values generated were within literature

ranges other than for prazepam. Only one literature value of 97 % for plasma protein binding

was found for prazepam and an experimental value of 97.4 % was determined in this work.

Age and sex of the donor have both been observed as causing di�erences in the plasma protein

binding of drugs which could explain the ranges observed for plasma protein binding in literature

[397,398]. The experimentally derived values for the test benzodiazepines were typically within

literature ranges with low variations.

The pH of plasma naturally increases throughout the course of equilibrium dialysis experiments

as a result of the loss of CO2 from carbonic acid which acts as a bu�er within plasma [399].

The increase in pH during the course of plasma protein binding experiments has been previ-

ously reported for 96-well equilibrium dialysis microplates [399]. These 96-well microplates are

an alternative, high-throughput method of measuring plasma protein binding and consist of

two chambers separated by a membrane, similar to the Harvard Apparatus Micro-Equilibrium

Dialysers used in this work. However, they di�er as they are sealed only by a thin adhesive �lm

over the top which is gas-permeable [400]. The change in pH was also reportedly minimised

when equilibration was conducted in an atmosphere containing 10 % CO2 [399]. It has been

reported that pH changes during equilibrium dialysis are minimised by the use of equipment

consisting of thick polytetra
uoroethylene (PTFE) chambers [399]. The Harvard Apparatus

Micro-Equilibrium Dialysers used in this work were thick (10 mm) PFTE dialysers which were

able to be completely sealed in contrast to the 96-well equilibrium dialysis microplates. In

this work the pH of �ve blank aliquots of plasma was measured prior to and after 24 hours of

equilibration. The pH increased from 7.41 to 7.48 (n=5) over the course of 24 hours, although

with only �ve samples the statistical power of this test could be improved upon . An unpaired

t test was performed on the two values and thep value was found to be 0.1376 and thus the

variance between the two values was not statistically signi�cant. The thickness of these Micro-
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Equilibrium Dialysers coupled with their ability to be completely sealed may have reduced the

propensity of the plasma pH to change. In addition, the Micro-Equilibrium Dialysers were

submerged in water which may have further limited the ability of CO2 to di�use out of the

apparatus.

Although pH does a�ect the plasma protein binding during equilibrium dialysis, the plasma

protein binding of diazepam has been observed to be very similar over the pH range from 7.2 -

7.8, decreasing by 0.25 % throughout this range and only decreasing by 0.63 % from pH 7.2 to

pH 8.5 [401]. A di�erence of 0.25 % would be slightly above the standard deviation measured

for diazepam (0.20 %) in this work and a di�erence of 0.63 % would be well within the standard

deviation measured for other benzodiazepines such as nitrazepam (1.8 %) in this work.

The low standard deviation and closeness to literature values indicates that the proposed

method of equilibrating for 24 hours was therefore found to be suitable for the determina-

tion of plasma protein binding and could be applied to �nd the plasma protein binding of

NPS-benzodiazepines.

6.3.2 Experimental Plasma Protein Binding

The majority of the NPS-benzodiazepine whose plasma protein binding had not been deter-

mined had a high degree of plasma protein binding (> 90 %) similar to the test benzodiazepines

(data for which can be viewed in Table 6.4). Three NPS-benzodiazepines had literature values

for plasma protein binding. The plasma protein binding values derived in this work agreed with

those found in literature; desalkyl
urazepam (experimental 95.5 % versus 96.1 - 96.5 % litera-

ture), etizolam (experimental 92.8 % versus 93 % literature) and 
ubromazolam (experimental

89.5 % versus literature 89 %) [222,248,396,402].

Pyrazolam had an experimental plasma protein binding of 78.7 % which was far lower than the

next lowest plasma protein binding of 87.2 % for deschloroetizolam. Although low compared to

the rest of the benzodiazepines, some benzodiazepines have even lower plasma protein binding;

for example bromazepam is 60 % bound to plasma proteins [403]. Bromazepam contains a
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Figure 6.1: Molecular structures of diazepam, diclazepam and 40-chlorodiazepam.

pyridin-2-yl ring rather than a phenyl ring at position 5. This substitution leads to a decrease

in plasma protein binding for 1,4-benzodiazepines [402]. Although pyrazolam is a triazoloben-

zodiazepine the same e�ect and decrease in plasma protein binding could also occur as it also

contains a pyridin-2-yl ring rather than a phenyl ring at position 5 (Figure 1.2A).

Two NPS-benzodiazepines in this work are structural isomers, 40-chlorodiazepam and di-

clazepam. Both compounds are structurally related to a test benzodiazepine, diazepam, dif-

fering only by the substitution of a chlorine atom on the 2' position for diclazepam and the 4'

position for 40-chlorodiazepam.

40-Chlorodiazepam exhibits similarly high plasma protein binding compared to diazepam; 98.2

% versus 99.0 %, however diclazepam has a reduced plasma protein binding of 93.8 %. The most

likely reason for this is that substitution of a chlorine atom at the 40 position is not thought to

greatly a�ect the plasma protein binding of 1,4-benzodiazepines hence a similar plasma protein

binding is observed for diazepam and 40-chlorodiazepam [402]. However if this substitution is

present at the 20 position instead then a decrease in plasma protein binding is observed as a

result of the change in the rotation and orientation of the phenyl ring; such a decrease is noted

in this work for diclazepam [402].

Phenazepam also contains a chlorine atom on the 2' position and has a plasma protein binding

of 98.3 %. Flubromazepam is structurally identical other than containing a 
uorine atom on

the 2' position instead and has a plasma protein binding of 96.4 %. This decrease in plasma
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protein binding when a 20-chloro substituent is replaced by a 20-
uoro substituent is consistent

with previous observations in literature [402].

Another structural feature leading to a decrease in plasma protein binding for 1,4-

benzodiazepines is the addition of a hydroxyl group at position 3 [350]. 3-Hydroxyphenazepam

has this substitution and exhibits a lower plasma protein binding of 97.7 % versus 98.3 % for

phenazepam.

Replacement of a bromine atom at position 7 on 1,4-benzodiazepines by a chlorine atom is

reported to lead to a decrease in plasma protein binding and this is con�rmed here with de-

salkyl
urazepam containing a 7-chloro substituent and having a plasma protein binding of 95.5

% versus 
ubromazepam containing a 7-bromo substituent and having a plasma protein binding

of 96.4 % [402].

Deschloroetizolam di�ers from etizolam by the removal of a chlorine atom on the 2' position. It

has a lower plasma protein binding of 87.2 % versus 92.8 % whereas the opposite e�ect would be

expected for the removal of a 20-chloro substituent from a 1,4-benzodiazepine [402]. Substitution

on the 20 position may therefore be an important structural feature for thienotriazolodiazepine

plasma protein binding in contrast to 1,4-benzodiazepines.

6.3.3 Theoretical Plasma Protein Binding

Theoretical plasma protein binding values were calculated using the three software packages;

ACD/I-Lab, ADMET Predictor and PreADMET, are provided in Table 6.4. The di�erences

between the experimental values and the theoretical values were calculated as average absolute

errors.

Plasma protein binding was best predicted by ACD/I-Lab which returned average absolute

errors of 4.4 % for the test benzodiazepines and 3.0 % for the NPS-benzodiazepines. ADMET

Predictor followed closely behind with average absolute errors of 6.8 % for the test benzodi-

azepines and 3.4 % for the NPS-benzodiazepines. PreADMET returned average absolute errors

of 9.9 % for the test benzodiazepines and 5.0 %, compared to experimental determined data
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for the NPS-benzodiazepines. The software packages appeared to be less e�ective at predict-

ing plasma protein binding of the test benzodiazepines than the NPS-benzodiazepines (Table

6.4). However, an important caveat is that the average absolute error values for the test ben-

zodiazepines were in
uenced heavily by the small dataset and the presence of alprazolam; the

experimental plasma protein binding was determined as being 71.6 % and the predicted values

were 89.5 % (ACD/I-Lab), 91.2 % (ADMET Predictor) and 95.2 % (PreADMET). It should

be noted that all three predicted values are also outside the range found in literature which

terminates at 76.7 % [189,192]. This is surprising as alprazolam is well-characterised and is the

most widely-prescribed benzodiazepine and psychotropic drug in the United States although it

is only available under private prescription in the United Kingdom [404].

The large errors observed for predictions for benzodiazepines such as alprazolam, which is

widely-prescribed, highlights the necessity for the publication of reliable experimental data as

it improves the accuracy of pharmacokinetic modelling and, if used to build predictive models,

can improve predictive software for parameters such as plasma protein binding. At present the

performance of the three software packages is not a suitable replacement for the experimental

measurement of plasma protein binding.



Chapter 7

The Volume of Distribution at Steady

State of NPS-Benzodiazepines

7.1 Introduction

In Sections 4, 5 and 6, the log D7.4, the pKa and the plasma protein binding of NPS-

benzodiazepines were determined. As mentioned in Section 1.8.2, these three parameters are

critical in predicting the volume of distribution at steady state [107,148]. Together these three

parameters will be used to calculate the fraction of a compound unbound in the tissues of

the body. From the unbound fraction in tissues, the volume of distribution at steady state

can be calculated from the �ie-Tozer equation [208]. The volume of distribution at steady

state has reported to have been calculated for 12 benzodiazepines with a mean-fold error of

1.86 [107,148]. The mean-fold error indicates that a predicted Vdss would be within 0.86 L

kg-1 of its experimental value. The work in this Section aims to improve on the error in these

pharmacokinetic predictions.

There are currently 35 benzodiazepines under international control although this is only a small

proportion of the total benzodiazepine structures possible. Pharmacokinetic data is limited even

for these 35 benzodiazepines, thus limiting the size of the dataset that could be gathered [6].

The fraction unbound in tissues is not a routine pharmacokinetic measurement, nor is the Vdss

110
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as benzodiazepines are typically administered orally. For some benzodiazepines, no values for

log D7.4 or pKa could be found in literature. As a result these were predicted using ACD/I-Lab

for log D7.4 (� -hydroxymidazolam, adinazolam and brotizolam) and ADMET Predictor for pKa

(adinazolam) as they were found to be the most reliable in previous research (Sections 4.3.3

and 5.3.3). In total seventeen benzodiazepines were included in the training dataset for the

theoretical model. The training dataset was known experimental data from which theoretical

relationships could be derived through nonlinear regression.

The training benzodiazepines and the values found in the literature or calculated theoretically

are shown in Table 7.1.
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7.2 Results

7.2.1 Method Development

The multiple linear regression in the R language programming environment varied the numerical

values in equation 7.1 to give the highest correlation between the known fraction unbound in

tissueslog(fut ) obtained from experimental data and the fraction unbound in tissueslog(fut )

theoretically calculated using the log D7.4, the fraction unbound in plasma,log(fu), and the

fraction ionised at pH 7.4,fi7.4 .

The following relationship was obtained (Equation 7.1).

log(f ut ) = ( � 0:33478� log(D 7.4) + (0 :70562� log(f u)) + (0 :55955� f i7.4) (7.1)

Equation 7.1 Relationship betweenlog(f ut ), log(D 7.4), log(f u) and f i7.4

The log(f ut ) was calculated for the seventeen benzodiazepines using Equation 7.1 from their

log(D 7.4), log(f u) and f i7.4

and compared against theirlog(f ut ) values calculated using Equation 7.1 (i.e. from experimen-

tal Vd ss data). A correlation of 0.8641 was obtained (Figure 7.1).



114 Chapter 7. The Volume of Distribution at Steady State of NPS-Benzodiazepines

F
igure

7.1:
A

graph
of

predictedlog(f
ut )

values
versus

calculatedlog(f
ut )

values.



7.3. Discussion 115

7.2.2 Calculation of the Vd ss for NPS-benzodiazepines

With knowledge of the relationship between log(fut ), log(fu), f i7.4 and log D7.4, the Vdss could

be predicted for the NPS-benzodiazepines whose values for these parameters were previously

determined (Table 7.2).

7.3 Discussion

7.3.1 Method Development

The plot of the log(fut ) calculated from Vdss versus the predicted log(fut ) returned an R2 of

0.8641 (Figure 7.1). In other literature an R2 of 0.8737 has been reported for this correlation

between 12 benzodiazepines [107]. The same source in literature reported a 1.86 mean-fold

error for Vdss predictions [107]. In this work an improved mean-fold error of 1.11 was returned

for the prediction of Vdss values meant that, on average, each Vdss value would be accurate to

within 0.11 L kg-1. The highest fold error was observed for brotizolam (2.21). This was the

only thienotriazolodiazepine in the dataset and additionally its log D7.4 value was predicted

using the ACD/I-lab software. The possibility of an error in this value cannot be ruled out

and experimental data would be vastly preferable. Greater knowledge of experimental Vdss

and physicochemical values of benzodiazepines would be valuable in order to provide greater

accuracy in the prediction of future Vdss values.
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7.3.2 The Vd ss of NPS-benzodiazepines

Table 7.2: The log D7.4, plasma protein binding (PPB), fraction ionised at pH 7.4 (fi7.4) and
predicted steady state volume of distribution values for 11 NPS-benzodiazepines.

Compound Log D7.4 PPB ( %) f i7.4 Predicted Vdss (L kg-1)
3-Hydroxyphenazepam 2.54 94.9 0.00000 1.21

40-Chlorodiazepam 2.75 98.2 0.00005 0.95
Desalkyl
urazepam 2.82 95.5 0.00001 1.43
Deschloroetizolam 2.60 81.1 0.00062 1.81

Diclazepam 2.73 93.8 0.00001 1.47
Etizolam 2.40 92.8 0.00003 1.21

Flubromazepam 2.87 96.2 0.00007 1.33
Flubromazolam 2.40 89.5 0.00000 1.35
Meclonazepam 2.64 88.2 0.00001 1.65
Phenazepam 3.25 97.2 0.00001 1.44
Pyrazolam 0.97 78.7 0.00008 0.60

The lowest predicted Vdss was 0.60 L kg-1 for pyrazolam. Such a low value was not unexpected

as it had the lowest measured log D7.4 of 0.97 and the lowest plasma protein binding of 78.7

%. A Vdss of 0.60 -1 or less is considered a low volume of distribution at steady state [144].

The rest of the NPS-benzodiazepines were considered to have medium volumes of distribution

at steady state. The highest predicted Vdss was 1.81 L kg-1 for deschloroetizolam. This is a

thienodiazepine and as discussed earlier only one thienodiazepine (brotizolam) was included

in the training set thus potentially a�ecting the accuracy of this prediction. The rest of the

NPS-benzodiazepines had predicted Vdss values that were broadly similar to the training-set

benzodiazepines.

The NPS-benzodiazepines with the highest Vdss values were deschloroetizolam with 1.81 L

kg-1 and meclonazepam with 1.65 L kg-1. As a result these benzodiazepines would likely have

a greater distribution within the tissues of the body and this fraction will be unavailable for

elimination from the body. They would therefore be expected to have a lower clearance from

the body.

An important exception for these predicted values should be noted for 40-chlorodiazepam. In

contract to other benzodiazepines in this dataset, this atypical benzodiazepine does not bind

to the GABA A receptor in contrast to the other benzodiazepines in this dataset. Instead it
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binds to the translocator protein (18kDa) (TSPO) which is extensively distributed throughout

the body including in the circulatory and lymphatic systems [421]. Therefore, the fraction

unbound in tissue may not be able to be accurately predicted using this method hence a�ecting

the accuracy of the obtained Vdss of 0.95 L kg-1. A future NPS-benzodiazepine to emerge

that, in a similar manner to 40-chlorodiazepam, does not experience a great deal of binding to

the GABA A receptor may have Vdss values that cannot be predicted by the current method.

Compilation of in vivo data would be necessary in order to assess whether Vdss values can be

accurately predicted by this method.

The work presented in this Section provides proof of concept that pharmacokinetic parameters

such as the volume of distribution at steady state can be predicted with a reasonable reliabil-

ity from parameters derivedin vitro , as judged by the high correlation obtained (R2=0.8641

between the log(fut ) calculated from the Vdss and the predicted log(fut ) predicted by use of the

log D7.4, plasma protein binding (PPB), fraction ionised at pH 7.4 (fi7.4) of the benzodiazepine.



Chapter 8

The Blood to Plasma Ratios of

NPS-Benzodiazepines

8.1 Introduction

Analytes that have a high blood to plasma concentration ratio (Kb/p ) will have a greater

sensitivity to an analytical method that is purely analysing the separated plasma. Knowledge

of the Kb/p can therefore provide reliable data to determine whether a quantitative method

should analyse whole blood or plasma. Post-mortem investigations often analyse total blood

concentrations while medical laboratories often analyse plasma concentrations [212]. Knowledge

of the Kb/p of a compound can therefore aid in the interpretation of toxicological results and

allow equivalences to be drawn regarding the concentration of a compound in plasma or blood

[213]. The method used in this work and described previously in the literature requires only

analysis of the concentration of a compound in the plasma [223]. This removes the necessity

of matrix-matching samples and improves the ease and speed of determination of a particular

benzodiazepine. When partitioning into the plasma fraction of the blood is low, an analytical

method utilising the plasma may struggle to quantitate the compound.

As mentioned in Section 1.8.3, many of the benzodiazepines described in the literature have

similar blood to plasma concentration ratios of around 1.00. Therefore additional compounds

118
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were required to validate a method to calculate the Kb/p . The two compounds chosen were

chlorpromazine and quinine, as they have blood to plasma concentration ratios of 0.80 - 1.48

and 0.97 - 2.00 respectively depending on the literature source (Table 8.1).

8.2 Results

8.2.1 Method Development

The blood to plasma partition coe�cients were calculated for four test compounds in this work;

chlorpromazine, diazepam, nitrazepam and quinine and are listed in Table 8.1. They were then

compared to literature values. As some literature values were reported as either blood to plasma

partition coe�cients or blood to plasma concentration ratios, conversion was required with the

use of Equation 8.1. The haematocrit was not listed for any of literature values and therefore

the haematocrit value that was reported for the blood in this work (41 %) was used.

K b/p = ( K e/p � H ) + (1 � H ) (8.1)

Equation 8.1 Conversion between the blood to plasma partition coe�cient (Ke/p ) and the blood

to plasma concentration ratio (Kb/p ) with the haematocrit (H).
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8.2.2 The Blood to Plasma Partition Coe�cients of NPS-

benzodiazepines

Following development of a suitable method in the Section 8.2.1, the blood to plasma concentra-

tion ratios of six benzodiazepines de�ned as new psychoactive substances were then calculated

from experimentally derived data (Table 8.2).

Table 8.2: Blood to plasma partition coe�cient and concentration ratios of six NPS-
benzodiazepines calculated from experimental data using Equations 2.9 and 8.1

.

Compound Ke/p (n=3) K b/p (n=3)
Deschloroetizolam 0.23� 0.15 0.68� 0.06

Diclazepam 0.55� 0.12 0.82� 0.05
Etizolam 0.27� 0.08 0.70� 0.03

Meclonazepam 0.57� 0.20 0.83� 0.08
Phenazepam -0.05� 0.32 0.57� 0.13
Pyrazolam 1.44� 0.08 1.18� 0.03



122 Chapter 8. The Blood to Plasma Ratios of NPS-Benzodiazepines

8.3 Discussion

8.3.1 Method Development

Nitrazepam was chosen as one of the four test compounds as its Kb/p was stated to be 1.00

in humans in literature [135,221]. Using Equation 8.1, this would convert to a Ke/p of 1.00.

However, a large discrepancy was observed following experimental determination in this work

and a Ke/p of 0.09 was obtained. Upon further investigation of the source of the literature value

(of 1.00) it appeared to be based on the results of experiments using the whole blood of rabbits

[429]. Analysis of an additional literature source in humans provide a Kb/p for nitrazepam of

0.57 � 0.27 [425]. With Equation 8.1 this would provide a Ke/p of -0.05. The same source

reports a Kb/p of 0.53� 0.12 for diazepam [94]. This is similar to the reported Kb/p of 0.58 for

diazepam from other literature sources [212,426]. Therefore, the decision was made to disregard

the literature K b/p of 1.00 for nitrazepam and used the reported ratio of 0.57 instead [425]. This

was also similar to the Kb/p of 0.63 derived in this work.

Large variations exist in literature for blood to plasma concentration ratios and blood to plasma

partition coe�cients. For example, chlorpromazine had a Ke/p range of 0.52 - 2.17 and quinine

had a Ke/p range of 0.93 - 3.44 [422-424,427,428]. Quinine is an anti-malarial drug and in

patients who have malaria the concentration of quinine in red blood cells is much greater than

normal therefore a�ecting blood to plasma concentration ratios [430]. This is one potential

explanation for the large ranges for blood to plasma partition coe�cients observed in literature

for this drug as they may have been unknowingly measured in patients with malaria. The range

for diazepam for the Ke/p was far smaller at -0.15 - -0.02 [212,425,426].
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8.3.2 The Blood to Plasma Ratios of NPS-benzodiazepines

As a result of earlier experiments, only six NPS-benzodiazepines remained in a great enough

quantity to allow the blood to plasma concentration ratio experiments to be conducted.

The measured blood to plasma concentration ratios for the six NPS-benzodiazepines ranged

from 0.57 for phenazepam to 1.18 for pyrazolam. The value of 0.57 for phenazepam indicates

extensive partitioning into the plasma and an extremely low association with red blood cells.

This is similar to diazepam which has a blood to plasma concentration ratio of 0.58 reported

in literature and 0.59 reported in this work [426].

The value of 1.18 for pyrazolam is typical of a more even distribution between the blood cells

and plasma. A similar value for the Kb/p of 1.14 has been reported for lorazepam, however a

far lower value of 0.60 for lorazepam has also been additionally been published in literature

[431]. The large variations in blood to plasma concentration ratios and partition coe�cients

was previously noted in Section 8.2.1 for chlorpromazine and quinine and the experimental

determination of more values will help to reliably identify a more accurate value.

Deschloroetizolam and etizolam had similar blood to plasma concentration ratios of 0.68 and

0.70 respectively. Meclonazepam had a blood to plasma concentration ratio of 0.83 which is

close to the value for clonazepam (0.65), a structurally-similar compound which lacks only the

3-methyl group on position 3 (Figure 1.2A) [426].

Published values of the blood to plasma concentration ratios for benzodiazepines could only be

found for 12 benzodiazepines. Those values that are available are 0.53 - 0.56 for midazolam,

0.58 for diazepam, 0.62 for triazolam, 0.70 for adinazolam, 0.75 for 
unitrazepam, 0.78 - 0.81

for alprazolam, 0.90 - 1.00 for oxazepam and 1.00 for nitrazepam [210,219,221,406,432-4351].

Additional data from a dissertation (non peer-reviewed, dissertation submitted for a Bachelor of

Health Science) reports blood to plasma ratios of 0.58 for diazepam, 0.58 for desmethyldiazepam

(nordiazepam), 0.62 for temazepam, 0.64 for oxazepam, 0.65 for clonazepam and 0.74 for alpra-

zolam [426]. The limited experimental data determined for the six NPS-benzodiazepines in this

study shows that they have similar blood to plasma ratios to those published in literature for
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related benzodiazepines, however there is a large range observed even with the small number

of compounds used in this work.

As mentioned previously knowledge of the blood to plasma ratio of a compound is important

for the prediction of in vivo clearance fromin vitro data from human hepatocytes or human

liver microsome studies [221]. Where blood to plasma ratios are unavailable, it is often assumed

that the blood to plasma ratio is 1.0 [221]. However, such an approach has been demonstrated

to be unreliable for NPS-benzodiazepines in this study.

Although only six NPS-benzodiazepines were studied in this work, a large range of blood to

plasma concentration ratios was observed from 0.57 for phenazepam to 1.18 for pyrazolam.

This work highlights the importance of accurate pharmacokinetic data as equivalences cannot

be drawn between di�erent benzodiazepines.



Chapter 9

Metabolic Characterisation of the C3A

and HepaRG Cell Lines

9.1 Introduction

Since di�erent hepatocellular carcinoma cell lines express di�ering levels of phase I drug metabolis-

ing enzymes, careful evaluation is required to determine the most suitable cell line for use in

drug metabolism studies [278]. This process involves incubation of the di�erent cell lines with

substrates for the six phase I cytochrome P450 (CYP450) enzymes which are responsible for

the majority of phase I metabolism for pharmaceutical compounds [119,120,231]. The aim of

the work in this chapter intended to serve three purposes. Firstly, to characterise the C3A

cell line fully for six key drug metabolising enzymes (CYP1A2, CYP2B6, CYP2C19, CYP2C9,

CYP2D6 and CYP3A4/5) as this has not yet been reported in literature; secondly to induce

the expression of CYP450 enzymes via incubation with DMSO since this has previously been

reported to be an e�ective method of inducing enzyme expression [271,272] and �nally to repeat

this characterisation with the HepaRG cell line and determine the most suitable cell line for

the determination of the metabolic pathways of NPS-benzodiazepines.

The protocols for the incubation of the test substrates with the cell lines and the analysis with

LC-MS are reported in Section 2.10.

125
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9.2 Results

9.2.1 CYP1A2

C3A Cells

Following incubation with the C3A cell line, phenacetin was detected at 29.256 minutes (m/z

180.1013 [M+H]+ ) with a mass di�erence of 2.93 ppm. The known metabolite of phenacetin,

paracetamol (acetaminophen) was observed with the same retention time of 29.256 minutes

(m/z 152.0705 [M+H]+ ) with a mass di�erence of 0.13 ppm. However, there was no chro-

matographic separation of the phenacetin and paracetamol (Figure 9.2). Phenacetin has been

observed to undergo ESI-source fragmentation which produces an ion that is structurally iden-

tical to paracetamol [436]. In-source fragmentation is often observed in mass spectrometers

and has been noted for metabolic studies on sugar-phosphates in yeast cultures [437]. It is

thought to occur in the area of the mass spectrometer between the ion source and the vacuum

chamber [437]. It is therefore more likely that no paracetamol was observed and CYP1A2 is

inactive in this particular cell culture. CYP1A2 has been reported to be expressed in the C3A

cell line [269]. However other research suggests CYP1A2 activity only occurs in the presence

of an inducer [438]. The overlaid extracted ion chromatogram (EICs) of phenazepam and the

in-source degradation product, showing the overlap in retention times are shown in Figure 9.1.
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Figure 9.1: Overlaid EICs for phenacetin and its in-source degradation product following incu-

bation with the C3A cell line.

Figure 9.2: LC-MS analysis and structure of phenacetin following incubation with the C3A cell

line.
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DMSO-treated C3A Cells

Following incubation with the DMSO-treated cell line, phenacetin was again was detected at

28.977 minutes (m/z 180.1017 [M+H]+ ) (Figure 9.4) with a mass di�erence of 1.51 ppm. The

metabolite of phenacetin, paracetamol (acetaminophen) was again also observed with the same

retention time of 28.977 minutes (m/z 152.0688 [M+H]+ ) and a mass di�erence of 0.38 ppm.

As there was also no chromatographic separation in this sample it is therefore likely that this

was an in-source fragmentation and both the metabolite and CYP1A2 were not present in the

samples (Figure 9.3).

Figure 9.3: Overlaid EICs of phenacetin and its in-source degradation product following incu-

bation with the DMSO-treated C3A cell line.
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Figure 9.4: LC-MS analysis and structure of phenacetin following incubation with the DMSO-

treated C3A cell line.
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HepaRG Cells

In the HepaRG cell line, phenacetin was detected at 28.991 minutes (m/z 180.1018 [M+H]+ )

with a mass di�erence of 0.26 ppm (Figure 9.6). The metabolite paracetamol was detected at

6.098 minutes (m/z 152.0695 [M+H]+ ) with a mass di�erence of 7.11 ppm (Figure 9.8). Al-

though a large di�erence was observed in the retention times for phenacetin and its paracetamol

this is not uncommon; one study in the literature using an HPLC method reports a retention

time of 5.28 minutes for paracetamol and 19.50 minutes for phenacetin [439]. Another reports

a retention time of 3.791 minutes for paracetamol and 9.094 minutes for phenacetin [440].

Additional supporting evidence was provided by the presence of the [M+NH4]+ adduct (m/z

169.0971) with a mass di�erence of 0.26 ppm, indicating the presence of paracetamol at 6.098

minutes (Figure 9.8). This data suggests that CYP1A2 was present in the HepaRG cell line.

For the phenacetin that was incubated with the C3A and DMSO-treated C3A cell lines, parac-

etamol was observed at the same retention time as phenacetin and was potentially an ESI-source

fragmentation product. No paracetamol was observed at the retention time for phenacetin in-

cubated with the HepaRG cells. A potential reason behind this could be because of the lower

fragmentor voltage used in the LC-MS method, 150 V compared to 175 V.

The total ion chromatogram (TIC) with the EIC for phenacetin is shown in Figure 9.5 and the

TIC with the EIC for paracetamol is shown in Figure 9.7. The other peaks are likely to be

contaminants from the cell culture media and extraction procedure.
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Figure 9.5: TIC and EIC of phenacetin following incubation with the HepaRG cell line.

Figure 9.6: LC-MS analysis and structure of phenacetin following incubation with the HepaRG

cell line.
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Figure 9.7: TIC and EIC of paracetamol following incubation with the HepaRG cell line.

Figure 9.8: LC-MS analysis and structure of paracetamol following incubation with the HepaRG

cell line.
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9.2.2 CYP2B6

C3A Cells

In the C3A cell line bupropion was detected at 27.263 minutes (m/z 240.1153 [M+H]+ ) with

a mass di�erence of -9.07 ppm (Figure 9.10). The expected metabolite resulting from the

metabolic activity of CYP2B6, 2-hydroxybupropion, was not observed in the mass spectra.

However two other compounds were detected at 26.880 minutes (m/z 242.1315 [M+H]+ ) and at

27.380 minutes (m/z 242.1295 [M+H]+ ) with mass di�erences of -3.49 and 4.79 ppm respectively

(Figure 9.11 and Figure 9.12).

The EICs of these compounds, overlaid with one another, are shown in Figure 9.9.

The likely structure of these compounds corresponds to two ketone-reduced derivatives of bupro-

pion being present existing as an isomeric pair and exhibiting some separation on the chro-

matograph. Bupropion is formulated as a racemic mixture; (R)-bupropion and (S)-bupropion.

Reduction of bupropion to an isomeric pair of metabolites, threohydrobupropion and erythrohy-

drobupropion, is known to be a metabolic pathway in the human liver [441]. Threohydrobupro-

pion is formed by the 11-hydroxysteroid dehydrogenase 1 (11� -HSD1) and erythrohydrobupro-

pion by an additional carbonyl reductase [442]. These reactions have been previously observed

to occur in human liver cytosol and microsomes and it is therefore likely that this C3A cell

line expressed 11� -HSD1 and an additional carbonyl reductases responsible for the formation

of threo- and erythro- hydrobupropion [443]. Further metabolism of this enantiomeric pair is

then conducted by CYP2C19. As this further biotransformation was not observed it is therefore

likely that there is no expression of CYP2C19 in this cell line.
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Figure 9.9: Overlaid EICs of bupropion, erythrohydrobupropion and threohydrobupropion fol-

lowing incubation with the C3A cell line.

Figure 9.10: LC-MS analysis and structure of bupropion following incubation with the C3A

cell line.
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Figure 9.11: LC-MS analysis and structure of erythro-/threo- hydrobupropion following incu-

bation with the C3A cell line.

Figure 9.12: LC-MS analysis and structure of erythro-/threo- hydrobupropion following incu-

bation with the C3A cell line.
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DMSO-treated C3A Cells

Following incubation with the DMSO-treated cell line, bupropion was detected at 27.219 min-

utes (m/z 240.1161 [M+H]+ with a mass di�erence of -4.72 ppm (Figure 9.13). The expected

hydroxylated metabolite was not found to be present. The ketone-reduced derivatives that

were observed in the non-treated cells were also not present. This indicates a decrease in

the metabolic activities of the 11� -HSD1/carbonyl reductase responsible for the formation of

threo-/erythro- hydrobupropion [442].

Figure 9.13: LC-MS analysis and structure of bupropion following incubation with the DMSO-

treated C3A cell line.

HepaRG Cells

Following incubation with the HepaRG cell line, bupropion was detected at 26.644 minutes

(m/z 240.1152 [M+H]+ ) with a mass di�erence of -1.04 ppm (Figure 9.15).

Two hydroxybupropion compounds were detected on the mass spectra at 21.012 minutes (m/z

256.1110 [M+H]+ with a mass di�erence of -4.21 ppm, Figure 9.16) and 21.178 minutes (m/z

256.1102 [M+H]+ with a mass di�erence of -1.37 ppm, Figure 9.17).

Another two hydroxybupropion compounds were detected at 22.023 minutes (m/z 256.1101

[M+H] + with a mass di�erence of 0.90 ppm, Figure 9.18) and 22.188 minutes (m/z 256.1100
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[M+H] + with a mass di�erence of -0.57 ppm, Figure 9.19).

These pairs of hydroxybupropion compounds can be tentatively detected as two enantiomeric

pairs, with one pair consisting of S,S-hydroxybupropion and R,R-hydroxybupropion. The for-

mation of S,S-hydroxybupropion and R,R-hydroxybupropion is characterised by the formation

of a morpholine ring system containing both nitrogen and oxygen atoms (Figure 9.20). There-

fore two chiral centres are present. As two chiral centres exist in S,S-hydroxybupropion and

R,R-hydroxybupropion, the possibility exists of four diastereoisomers with the addition of S,R-

and R,S- hydroxybupropion. However only the R,R- and S,S- enantiomers have been observed

to be formed metabolically from R-/S-bupropion and it is postulated that this is a result of

steric hindrance in the molecule [444]. The second pair of enantiomers is likely to correspond to

S-4'-hydroxybupropion and R-4'-hydroxybupropion (Figure 9.20). The [M+H]+ adducts with

a m/z of 238.0993 and of 238.0995 (Figures 9.18 and 9.19 respectively) are likely to correspond

to the loss of water from the molecule (Figure 9.20).

These hydroxybupropion metabolites have been previously detected and reported in human

plasma and at least some of them are thought to be formed by CYP2B6 [445-447]. Re-

search has shown that bupropion (100� M) is metabolised to S,S-hydroxybupropion and R,R-

hydroxybupropion by CYP2C19, CYP3A4 and CYP1A2 although at levels of 2, 0.4 and 0.1

% respectively when compared to CYP2B6 [448]. Bupropion (1� M) is metabolised to S,S-

hydroxybupropion and R,R-hydroxybupropion by CYP2C19, CYP3A4 and CYP1A2 at lev-

els of 7, 10 and 2 % respectively when compared to CYP2B6 [448]. The formation of 40-

hydroxybupropion is thought to be mainly conducted by CYP2C19 with a very minor contri-

bution from CYP2B6 [448]. Therefore, it is likely that both CYP2B6 and CYP2C19 are present

in the HepaRG cell line.

Two ketone-reduced bupropion derivatives were detected at 26.230 minutes (m/z 242.1304

[M+H] + with a mass di�erence of 2.01 ppm, Figure 9.21) and 26.777 minutes (m/z 242.1305

[M+H] + with a mass di�erence of 0.38 ppm, Figure 9.22). This pair of ketone-reduced bupro-

pion derivatives are again likely to correspond to the isomeric pair of metabolites, threo- and

erythro- hydrobupropion, that were detected in the C3A cells and are thought to be formed by
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11� -HSD-1 [442,448,449].

A ketone-reduced hydroxylated bupropion derivative was detected at 29.593 minutes (m/z

258.1263 [M+H]+ with a mass di�erence of 0.38 ppm, Figure 9.23). This metabolic pathway

follows the formation of erythro- and threo- hydrobupropion (which was observed in these cells)

and has been previously reported [442,448,449]. However, whilst a pair of diastereoisomers is

typically detected, only one compound was observed here and it may be that chromatographic

separation of the pair of diastereoisomers did not occur in this analysis. The formation of

erythro-/threo- hydrobupropion is thought to be catalysed by CYP2C19 [448]. This provides

further evidence that CYP2C19 is present in the HepaRG cell line as well as CYP2B6.

The stacked EICs for bupropion and the metabolites observed can be viewed in Figure 9.14.

The metabolic pathways observed in this Section for bupropion can be visualised in Figure

9.24.

Figure 9.14: Stacked EICs for bupropion and its metabolites following incubation with the

HepaRG cell line.
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Figure 9.15: LC-MS analysis and structure of bupropion following incubation with the HepaRG

cell line.

Figure 9.16: LC-MS analysis of R,R-hydroxybupropion or S,S-hydroxybupropion (Figure 9.16

and Figure 9.17) or S-4'-hydroxybupropion or R-4'-hydroxybupropion (Figure 9.18 and Figure

9.19) following incubation with the HepaRG cell line.
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Figure 9.17: LC-MS analysis of R,R-hydroxybupropion or S,S-hydroxybupropion (Figure 9.16

and Figure 9.17) or S-4'-hydroxybupropion or R-4'-hydroxybupropion (Figure 9.18 and Figure

9.19) following incubation with the HepaRG cell line.

Figure 9.18: LC-MS analysis of R,R-hydroxybupropion or S,S-hydroxybupropion (Figure 9.16

and Figure 9.17) or S-4'-hydroxybupropion or R-4'-hydroxybupropion (Figure 9.18 and Figure

9.19) following incubation with the HepaRG cell line.
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Figure 9.19: LC-MS analysis of R,R-hydroxybupropion or S,S-hydroxybupropion (Figure 9.16

and Figure 9.17) or S-4'-hydroxybupropion or R-4'-hydroxybupropion (Figure 9.18 and Figure

9.19) following incubation with the HepaRG cell line.

Figure 9.20: Structures of the two pairs of diastereoisomers observed in the LC-MS analysis in

Figures 9.16, 9.17, 9.18 and 9.19 following incubation with the HepaRG cell line.
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Figure 9.21: LC-MS analysis of S,S-threohydrobupropion or R,S-erythrohydrobupropion or S,R-

erythrohydrobupropion or R,R-threohydrobupropion following incubation with the HepaRG cell

line.

Figure 9.22: LC-MS analysis of S,S-threohydrobupropion or R,S-erythrohydrobupropion or S,R-

erythrohydrobupropion or R,R-threohydrobupropion following incubation with the HepaRG cell

line.
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Figure 9.23: LC-MS analysis and structure of erythro- or threo- 4'-OH-hydrobupropion follow-

ing incubation with the HepaRG cell line.
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Figure 9.24: Metabolic pathways and structures of bupropion and its metabolites as observed

in this work.
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9.2.3 CYP2C19

C3A Cells

Following incubation with the C3A cell line, omeprazole was detected at 23.884 minutes (m/z

346.1224 [M+H]+ with a mass di�erence of -3.40 ppm, Figure 9.26). An adduct with am/z of

368.1048 and a mass di�erence of 2.22 ppm was also observed, corresponding to the [M+Na]+

species.

No hydroxylated metabolite was observed. However, a deoxygenated compound was observed

at 28.462 minutes (m/z 330.1266 [M+H]+ with a mass di�erence of 1.17 ppm,Figure 9.27).

This was tentatively detected as omeprazole sul�de, with the loss of an oxygen atom from the

sulfoxide group.

The TIC and the extracted EICs for omeprazole and omeprazole sul�de can be viewed in Figure

9.25.

Omeprazole sul�de was an unexpected byproduct of cell culture and to identify the source of

this compound, omeprazole was incubated in cell culture media for 24 hours in the absence of

cells. Following analysis with a dual-ESI-TOF both omeprazole (m/z 346.1218 [M+H]+ with

a mass di�erence of 0.78 ppm) and omeprazole sul�de (m/z 330.1264 [M+Na]+ with a mass

di�erence of 1.82 ppm) were observed (Figure 9.28). This indicates that it is a degradation

product formed. The potentially confounding and unwanted presence of this compound, means

that omeprazole is unlikely to be a suitable probe for CYP2C19. As a result of this sample

being run on a less-sensitive mass spectrometer with no liquid-chromatography separation, the

mass spectrum had poor sensitivity. Details of the analysis of these two compounds can be

found in Section 2.10.6.
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Figure 9.25: TIC and overlaid EICs for omeprazole and omeprazole sul�de following incubation

with the C3A cell line.

Figure 9.26: LC-MS analysis and structure of omeprazole following incubation with the C3A

cell line.
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Figure 9.27: LC-MS analysis and structure of omeprazole sul�de following incubation with the

C3A cell line.

Figure 9.28: Expanded (m/z 308 - 362) MS analysis and structures of omeprazole and omepra-

zole sul�de in cell culture medium.
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DMSO-Treated C3A Cells

Following incubation with the DMSO-treated cell line omeprazole was detected at 24.768 min-

utes (m/z 346.1231 [M+H]+ with a mass di�erence of -2.57 ppm, Figure 9.30). An adduct

with a m/z of 368.1038 and a mass di�erence of -1.09 ppm corresponding to the [M+Na]+ was

also observed.

The expected metabolite of omeprazole formed by CYP2C19, 5-hydroxyomeprazole, was not

observed. Omeprazole sul�de was again detected at 28.797 minutes (m/z 330.1266 [M+H]+

with a mass di�erence of -0.12 ppm, Figure 9.31) and is likely to be a degradation product.

The TIC and overlaid EICs for omeprazole and omeprazole sul�de can be seen in Figure 9.29.

Figure 9.29: TIC and overlaid EICs for omeprazole and omeprazole sul�de following incubation
with the DMSO-treated C3A cell line.
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Figure 9.30: LC-MS analysis and structure of omeprazole following incubation with the DMSO-
treated C3A cell line.

Figure 9.31: LC-MS analysis and structure of omeprazole sul�de following incubation with the

DMSO-treated C3A cell line.
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HepaRG Cells

In the HepaRG cells, omeprazole was detected at 23.139 minutes (m/z 346.1231 [M+H]+ with

a mass di�erence of -3.50 ppm, Figure 9.33). An [M+Na]+ adduct with a m/z of 368.1048 and

a mass di�erence of 2.22 ppm was also observed.

Omeprazole sul�de was observed at 28.059 minutes (m/z 330.1270 [M+H]+ , with a mass dif-

ference of -0.23 ppm, Figure 9.34). A peak at 29.235 minutes corresponding to an adduct

with a m/z of 362.1154 ([M+H]+ ) and a mass di�erence of 4.19 ppm was also observed (Figure

9.35). Both omeprazole sulfone and 5-hydroxyomeprazole share the same molecular mass of

361 g mol-1. Therefore both compounds would be expected to produce the samem/z of 362

([M+H] + ). The formation of omeprazole sulfone is thought to be mediated by CYP3A4 and

the formation of 5-hydroxyomeprazole by CYP2C19 [450].

When omeprazole sulfone was injected as a standard onto the LC-MS instrument it eluted

at 30.250 minutes (m/z 362.1169 [M+H]+ ) rather than 29.235 minutes as observed in the

HepaRG sample. In addition, when pure omeprazole sulfone was run as a sample (see Section

2.10.6 it produced a peak on them/z spectrum that had an m/z 384.0986 (Figure 9.36).

This m/z corresponds to the [M+Na]+ adduct. No such adduct was observed to form in the

HepaRG cells, making it likely that 5-hydroxyomeprazole was observed in the HepaRG cells

rather than omeprazole sulfone. The formation of 5-hydroxyomeprazole is therefore suggestive

of the presence of CYP2C19.

The TIC and overlaid EIcs for omeprazole sul�de and 5-hydroxyomeprazole can be seen in

Figure 9.32.
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Figure 9.32: TIC and overlaid EICs for omeprazole sul�de and 5-hydroxyomeprazole following

incubation with the HepaRG cell line.

Figure 9.33: LC-MS analysis and structure of omeprazole following incubation with the HepaRG

cell line.
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Figure 9.34: LC-MS analysis and structure of omeprazole sul�de following incubation with the

HepaRG cell line.

Figure 9.35: LC-MS analysis and structure of 5-hydroxyomeprazole following incubation with

the HepaRG cell line.
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Figure 9.36: LC-MS analysis and spectra of omeprazole sulfone as a standard in the absence

of cells.
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9.2.4 CYP2C9

C3A Cells

Following incubation with the C3A cell line, diclofenac was detected at 38.818 minutes (m/z

296.0243 [M+H]+ with a mass di�erence of -1.08 ppm, Figure 9.37). No metabolite was

observed for diclofenac. Two ions withm/z s of 250.0185 and 215.0492 (both [M+H]+ ) corre-

sponding to loss of the carboxylic acid group and further loss of hydrogen chloride respectively

were also observed.

Figure 9.37: LC-MS analysis and structure of diclofenac following incubation with the C3A cell

line.
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DMSO-treated C3A Cells

Following incubation with the DMSO-treated cell line diclofenac was detected at 38.601 minutes

(m/z 296.0239 [M+H]+ with a mass di�erence of 0.51 ppm, Figure 9.38). In similarity to the

untreated C3A cells, no metabolite was observed for diclofenac. Two ions withm/z s of 250.0183

and 215.0439 (both [M+H]+ ) corresponding to loss of the carboxylic acid group and further

loss of hydrogen chloride respectively were also observed.

Figure 9.38: LC-MS analysis and structure of diclofenac following incubation with the DMSO-

treated C3A cell line.



156 Chapter 9. Metabolic Characterisation of the C3A and HepaRG Cell Lines

HepaRG Cells

In the HepaRG cells diclofenac was detected at 38.425 minutes (m/z 296.0240 [M+H]+ ) with

no metabolite present (Figure 9.39). CYP2C9 has previously been reported to be expressed

in the HepaRG cell line using diclofenac as a substrate with a concentration of 20� M [277].

The use of diclofenac as a CYP2C9 probe at a concentration of 90� M in primary human

hepatocytes and 1� M in human liver microsomes has also been reported [451,452]. In this

work a concentration of 5 � M was used as this is both common and close to determined

Km values for diclofenac [453]. Concentrations of 5 and 10� M are the most commonly used

concentrations according to a review of cytochrome P450 substrates [454]. Nonetheless the

substrate concentration used in this work may simply have been too low to allow su�cient

quantity of the hydroxylated metabolite to be produced. Two ions withm/z s of 250.0170 and

215.0501 (both [M+H]+ ) corresponding to loss of the carboxylic acid group and further loss of

hydrogen chloride respectively were also observed.

Figure 9.39: LC-MS analysis and structure of diclofenac in HepaRG C3A cells.
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9.2.5 CYP2D6

C3A Cells

Following incubation with the C3A cell line, dextromethorphan was detected at 29.997 minutes

(m/z 272.1997 [M+H]+ with a mass di�erence of 2.72 ppm, Figure 9.41). Its O-demethylated

metabolite, dextrorphan, was detected at 29.464 minutes (m/z 258.1844 [M+H]+ with a mass

di�erence of 4.06 ppm, Figure 9.42). The dextromethorphan to dextrorphan ratio was 3:1

indicating the presence of CYP2D6. The overlaid EICs for dextromethorphan and dextorphan

can be seen in Figure 9.40.

Figure 9.40: Overlaid EICs of dextromethorphan and dextrorphan following incubation with

the C3A cell line.
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Figure 9.41: LC-MS analysis and structure of dextromethorphan following incubation with the

C3A cell line.

Figure 9.42: LC-MS analysis and structure of dextrorphan following incubation with the C3A

cell line.
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DMSO-treated C3A Cells

Following incubation with the DMSO-treated C3A cell line, dextromethorphan was detected

at 29.997 minutes (m/z 272.2013 [M+H]+ with a mass di�erence of -0.99 ppm, Figure 9.44).

Dextorphan was detected at 29.431 minutes (m/z 258.1853 [M+H]+ with a mass di�erence of

1.31 ppm, Figure 9.45). The area ratio was approximately 255:1 in favour of the dextromethor-

phan. This in contrast to the 3:1 ratio detected in the untreated set. The indication of this is

a reduction in the metabolic activity observed for the DMSO-treated C3A cells. A potentially

similar reduction in metabolic activity was also observed for the metabolism of bupropion to

threo-/erythro- hydrobupropion. The overlaid EICs for dextromethorphan and dextorphan can

be seen in Figure 9.43.

Figure 9.43: Overlaid EICs of dextromethorphan and dextrorphan following incubation with

the DMSO-treated C3A cell line.
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Figure 9.44: LC-MS analysis and structure of dextromethorphan following incubation with the

DMSO-treated C3A cell line.

Figure 9.45: LC-MS analysis and structure of dextrorphan following incubation with the

DMSO-treated C3A cell line.
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HepaRG Cells

In the HepaRG cells, dextromethorphan was detected at 29.682 minutes (m/z 272.2012 [M+H]+ )

and its metabolite dextrorphan was detected at 29.119 minutes (m/z 258.1853 [M+H]+ ) (Fig-

ures 9.48 and 9.48 respectively). The ratio of dextromethorphan to dextorphan was approx-

imately 5:1. The HepaRG cell line is derived from an individual who reportedly had a low

expression of CYP2D6 resulting in a relatively low proportion of this enzyme compared to the

other CYP enzymes it expresses [274,277]. Nonetheless it was found to be expressed in this

work. The overlaid EICs for dextromethorphan and dextorphan can be seen in Figure 9.46.

Figure 9.46: Overlaid EICs of dextromethorphan and dextrorphan following incubation with

the HepaRG cell line.



162 Chapter 9. Metabolic Characterisation of the C3A and HepaRG Cell Lines

Figure 9.47: LC-MS analysis and structure of dextromethorphan following incubation with the

HepaRG cell line.

Figure 9.48: LC-MS analysis and structure of dextrorphan following incubation with the Hep-

aRG cell line.
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9.2.6 CYP3A4/5

C3A Cells

Following incubation with the C3A cell line, testosterone was detected at 36.787 minutes (m/z

289.2155 [M+H]+ with a mass di�erence of 1.8 ppm, Figure 9.49). No metabolite was observed

for testosterone. Other published work has reported the presence of CYP3A4 in the C3A cell

line [269]. However following incubation with testosterone, the metabolites produced were 16

� -hydroxytesterone and androstenedione rather than the expected CYP3A4 metabolite, 6� -

hydroxytestosterone [269]. CYP3A4 activity in C3A cells has also been reported to be minimal

and below the detection limit when measured with the P450-Glo assay (Promega). This utilises

a luminescent method to detect CYP3A4 activity [455].

Figure 9.49: LC-MS analysis and structure of testosterone following incubation with the C3A

cell line.



164 Chapter 9. Metabolic Characterisation of the C3A and HepaRG Cell Lines

DMSO-treated C3A Cells

Following incubation with the DMSO-treated C3A cell line, testosterone was detected at 36.787

minutes (m/z 289.2161 [M+H]+ with a mass di�erence of 0.34 ppm, Figure 9.50). There was

no observation of the hydroxylated metabolite.

Figure 9.50: LC-MS analysis and structure of testosterone following incubation with the DMSO-

treated C3A cell line.

HepaRG Cells

In the HepaRG cells testosterone was detected at 36.553 minutes (m/z 289.2162 [M+H]+ with

a mass di�erence of -0.17 ppm, Figure 9.54). A metabolite was detected at 38.129 minutes

(m/z 287.2004 [M+H]+ with a mass di�erence of -7.99 ppm) and was tentatively detected as

androstenedione (Figure 9.55). Androstenedione is known to be formed from testosterone

by 17-hydroxysteroid dehydrogenase (HSD) [456]. Additionally CYP2C19 and CYP2C9 are

known to catalyse the oxidation of testosterone to androstenedione [458]. Another metabolite,

detected as a hydroxylated metabolite of testosterone, was detected at 27.559 minutes (m/z

305.2108 [M+H]+ with a mass di�erence of 0.84 ppm,m/z 327.1933 [M+Na]+ with a mass

di�erence of -1.20 ppm) (Figure 9.56).

The TIC and EIC for testosterone can be seen in Figure 9.51, for andronstenedione in Figure

9.52 and for a hydroxytestosterone metabolite in Figure 9.53. Although multiple peaks were
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observed on the EIC for am/z of 305, only the peak at 27.559 minutes had an additional

[M+Na] + adduct with a m/z of 327.1933 to provide additional con�rmation of the presence of

a hydroxylated metabolite. However it is entirely possible that other hydroxylated metabolites

were produced from testosterone by the HepaRG cell line.

The majority of testosterone metabolites (88.2 %) are thought to be produced by CYP3A4

[459]. The other contributory enzymes are thought to be CYP3A5 and CYP3A7, responsible

for 7.1 % and 2.2 % of testosterone metabolism respectively [459]. Of the metabolites produced

by CYP3A4, 6� -hydroxytestosterone is the most prominent followed by 15� -hydroxytesterone

and 2� -hydroxytesterone [459]. Without further analysis using NMR it is impossible to as-

sign an exact site of hydroxylation on testosterone in this work. However, given that 6� -

hydroxytesterone is the most prominent metabolite it can be tentatively assumed that this is

the metabolite observed in this work. As all hydroxylated metabolites are mainly formed by

CYP3A4 this indicates that CYP3A4 was present in the HepaRG cells used in this study. An-

other method of identifying the exact metabolite produced would have been to run all expected

hydroxylated metabolites as standards on the LC-MS and match the compound observed here

to a mass spectra/retention time. Unfortunately standards were not readily available when

this work was conducted and this con�rmatory step was not carried out. Therefore only one

hydroxylated metabolite with both [M+H] + and [M+Na]+ adducts was postulated as being

present in this study.
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Figure 9.51: TIC and EIC of testosterone following incubation with the HepaRG cell line.

Figure 9.52: TIC and EIC of andronstenedione following incubation with the HepaRG cell line.
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Figure 9.53: TIC and EIC of a hydroxytestosterone metabolite following incubation with the

HepaRG cell line.

Figure 9.54: LC-MS analysis and structure of testosterone following incubation with the Hep-

aRG cell line.



168 Chapter 9. Metabolic Characterisation of the C3A and HepaRG Cell Lines

Figure 9.55: LC-MS analysis and structure of andronstenedione following incubation with the

HepaRG cell line.

Figure 9.56: LC-MS analysis, structure and possible hydroxylation sites for hydroxytestosterone

following incubation with the HepaRG cell line, A (6� ), B (15� ) and C (2� ).
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9.3 Discussion

Following the administration of 1 % DMSO and subsequent culturing, the hepatocellular car-

cinoma cell line Huh7 has been previously observed to cease division and enter a terminally

di�erentiated state [460]. In this research no cessation of cellular division was observed. The

DMSO-treated C3A cell line continued to divide and required passaging, although at a lower

rate of every 4 - 5 days rather than 2 - 3 days. Both the C3A cells and DMSO-treated cells

were seeded at a density of 3.3� 105 cells mL-1. Estimated cell counts were 6.0� 105 cells

mL-1 for the C3A cells and 4.5� 105 cells mL-1 for the DMSO-treated C3A cells after 48 hours

of incubation. Cells were counted using a haemocytometer as detailed in Section 2.10.3. This

indicates that despite the rate of cellular division decreasing, cell growth and viability were not

completely inhibited.

CYP1A2 was not found to be expressed in the C3A cells or the DMSO-treated C3A cells.

However its expression was evident in the HepaRG cells as a result of the biotransforma-

tion of phenacetin to paracetamol. In addition the [M+NH4]+ adduct was also observed for

paracetamol, providing further evidence for the presence of paracetamol in the samples and

demonstrating CYP1A2 activity in the HepaRG cells.

Following culture of the C3A cells with bupropion, metabolites were observed indicating CYP2B6

metabolism. The metabolites were tentatively detected as an isomeric pair corresponding to

threo- and erythro-hydrobupropion. The formation of these metabolites in known to be fa-

cilitated by 11� -HSD1 and a carbonyl reductase [442,443]. Further metabolism was expected

by CYP2C19, however this was not observed in this work. Threo- and erythro- hydrobupro-

pion were not detected following incubation with the DMSO-treated C3A cell line, indicating

a reduction in metabolic activity. In contrast to the C3A cells, the HepaRG cell line was

metabolically-active as indicated by the presence of the seven metabolites observed. Two pairs

of products, tentatively detected as diastereoisomers, of hydroxylated bupropion metabolites

were observed. S,S-hydroxybupropion and R,R-hydroxybupropion metabolites are believed to

be produced by CYP2B6 [445-447]. CYP2C19 is thought to contribute to the majority of the

formation of 4'-hydroxybupropion [448]. This provides evidence for the presence of CYP2C19 as
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well as CYP2B6 in these HepaRG cells. Metabolites 5 and 6 were detected as ketone-reduced

bupropion derivatives corresponding to the threo- and erythro- hydrobupropion metabolites

observed in the C3A cell line and formed by 11-HSD-1 [442,448,449]. Further hydroxylation

of threo-/erythro- hydrobupropion is known to be mediated by CYP2C19 [448]. This did not

occur in the C3A cell line but in the HepaRG cell line a single erythro-/threo- hydrobupropion

metabolite was observed although chromatographic separation of an isomeric pair may not have

occurred. Therefore, based on the CYP2B6 probe, bupropion, CYP2C19 is also likely to be

present in the HepaRG cell line.

After CYP3A4, CYP2C19 is perhaps the second most important enzyme for benzodiazepine

metabolism [234-242]. Although S-mephenytoin is the recommended probe for CYP2C19, dif-

�culties were encountered in sourcing this substrate [279]. Therefore it was substituted for

omeprazole which is a commonly-used CYP2C19 probe [461,462]. Omeprazole is known to un-

dergo a sulfoxidation pathway via CYP3A4, thereby making it a dual probe for these enzymes

[463].

The CYP2C9 probe, diclofenac, was not observed to undergo metabolism in the C3A cells, the

DMSO-treated C3A cells or the HepaRG cells. The metabolism of diclofenac has previously

been reported in HepaRG cells although with a greater substrate concentration of 20� M

compared to the concentration of 5� M in this work [277]. The concentration of 5� M diclofenac

was chosen as it is close to the Km value for diclofenac and is commonly used [453,454]. The

Km value is often used as a guideline for the concentration of a substrate for metabolic studies

[453,454]. However this concentration may have been too low to generate a detectable level

of and any future studies should aim to test a higher concentration. CYP2C9 is known to be

involved in the demethylation of benzodiazepines such as 
unitrazepam and diazepam although

it plays a minor role when compared to other enzymes such as CYP3A4, CYP2C19 and CYP2B6

[240,464].

CYP2D6 was found to be present in the C3A cell line and the DMSO-treated C3A cell line as a

result of the detection of the dextromethorphan metabolite, dextorphan. A potential decrease in

the metabolic activity of CYP2D6 was observed, as assessed by the ratio of dextromethorphan
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to its metabolite dextorphan which decreased following incubation with the DMSO-treated cell

line. A similar decrease was also noted following incubation with the DMSO-treated cell line for

the conversion of bupropion to erythro-/hydro-bupropion by the 11� -HSD1 and/or a carbonyl

reductase.

In previously published work, culturing the HepG2 cell line (the parent cell line of the C3A

cell line) with 1 % DMSO did not increase the levels of CYP3A4 [465]. No metabolites for the

substrate for CYP3A4, testosterone, were detected in either the C3A or the DMSO-treated C3A

cells in this study. However hydroxylation to a hydroxytestosterone metabolite was observed

in the HepaRG cell line as was the reductive metabolic formation of androstenedione was

also observed. The majority of benzodiazepine metabolism is thought to be mediated by

CYP3A4 and therefore the HepaRG cell line represents the best choice for studying thein

vitro metabolism of NPS-benzodiazepines [234-242]. The exact position of hydroxylation on

the testosterone metabolite could not be assigned, however it is likely the 6-hydroxytesterone

metabolite given that this is the most common [459]. In addition, the formation of omeprazole

sulfoxide from omeprazole (the CYP2C19 probe) provides supporting evidence for the presence

of CYP3A4 [454].

Although the HepaRG cell line did not appear to express CYP2C9, this cell line likely represents

the best choice in order to study thein vitro metabolic pathways of NPS-benzodiazepines.



Chapter 10

The in vitro Characterisation of the

Metabolism of NPS-benzodiazepines

10.1 Introduction

Prior knowledge of the metabolites formed from new psychoactive substances is valuable as

it can aid in the detection of these compounds and interpretation of toxicological results in

biological samples submitted for testing [255]. Although parallels between metabolic pathways

of structurally similar benzodiazepines can be drawn in order to predict metabolites of NPS-in

silico, unexpected metabolites can still be observed. One such example is the debromination of

the NPS-benzodiazepine 
ubromazepam as reported in the literature [251]. Characterisation of

metabolites formedin vitro is often conducted with human liver microsomes and cryopreserved

human hepatocytes. NPS-benzodiazepines have been routinely assessed using cryopreserved hu-

man hepatocytes, human liver microsomes and self-ingestion experiments [247,257,315]. How-

ever the evaluation of NPS-benzodiazepine metabolism in human hepatocellular carcinoma cell

lines has not yet been reported. The work presented in this Section represents the �rst at-

tempt at characterising the metabolism of NPS-benzodiazepines with a human hepatocellular

carcinoma cell line. The HepaRG cell line was found to be extremely metabolically active in

the work in Section 9 and therefore the investigation NPS-benzodiazepine metabolism was con-

173
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ducted using this cell line. Di�erences between the metabolites produced by the HepaRG cell

line and those produced in studies using other methods will be valuable in order to judge which,

if any, of the in vitro methods is the most suitable for assessing the formation of metabolites

from NPS-benzodiazepines.

The NPS-benzodiazepines chosen for the metabolic study are listed below. These NPS-benzodiazepines

were chosen as they represent a range of generic benzodiazepine structures including thieno-

triazolodiazepines (deschloroetizolam and etizolam) and triazolobenzodiazepines (
ubromazo-

lam, nitrazolam and pyrazolam), with the rest being 1,4-benzodiazepines. Additionally they

exhibit a wide range of di�erent structural features such as hydroxylation at position 3 (3-

hydroxyphenazepam), methylation at position 3 (meclonazepam), a pyridine ring rather than a

phenyl ring (pyrazolam), nitro substitutions (nitrazolam and meclonazepam) and a substitution

at position 4' on the phenyl ring (4'-chlorodiazepam).

1. 3-Hydroxyphenazepam

2. 4'-Chlorodiazepam

3. Desalkyl
urazepam

4. Deschloroetizolam

5. Diclazepam

6. Etizolam

7. Flubromazepam

8. Flubromazolam

9. Meclonazepam

10. Nitrazolam

11. Phenazepam

12. Pyrazolam
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10.2 Results

10.2.1 3-Hydroxyphenazepam

3-Hydroxyphenazepam is an active metabolite of the NPS-benzodiazepine phenazepam, con-

tributing to its pharmacological e�ect in humans, however it is also an NPS-benzodiazepine

itself. 3-Hydroxyphenazepam was detected at 33.594 minutes (m/z 364.9684 [M+H]+ with a

mass di�erence of 0.82 ppm, Figure 10.1). An adduct with am/z of 386.9499 and a mass dif-

ference of 1.27 ppm, corresponding to the [M+Na]+ adduct was also detected. No metabolites

were observed in this work. In the literature anin vitro study using human liver microsomes

have also reported the absence of phase I metabolites of 3-hydroxyphenazepam [81]. Other

3-hydroxylated benzodiazepines such as oxazepam, lorazepam and temazepam are metabolised

via phase II metabolic pathways such as glucuronidation [81,363].

Figure 10.1: LC-MS analysis and structure of 3-hydroxyphenazepam following incubation with

the HepaRG cell line.
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10.2.2 40-Chlorodiazepam

4'-Chlorodiazepam was detected at 40.884 minutes (m/z 319.0402 [M+H]+ with a mass di�er-

ence of -1.24 ppm, Figure 10.4). A demethylated metabolite was detected at 38.168 minutes

(m/z 305.0241 [M+H]+ with a mass di�erence of 0.10 ppm) and a hydroxylated metabolite was

detected at 38.135 minutes (m/z 335.0362 [M+H]+ with a mass di�erence of -4.03 ppm) (Fig-

ures 10.5 and 10.6 respectively). Demethylation of 4'-chlorodiazepam is likely to occur on the

N1 nitrogen atom and hydroxylation on the C3 carbon atom in a similar manner to diazepam

[466]. 4'-Chlorodiazepam is structurally similar to diazepam, di�ering only by the addition of

a chlorine atom on the 4' position. Diazepam produces three metabolites, a 3-hydroxylated

metabolite, a 1-demethylated metabolite and a metabolite that is both 3-hydroxylated and

1-demethylated, oxazepam [466]. However a metabolite that was both 3-hydroxylated and

1-demethylated was not observed in this work for 4'-chlorodiazepam.

The EICs for 4'-chlorodiazepam and its metabolites can be seen in Figure 10.2 with an enlarged

version in Figure 10.3 to view the separation of the demethylated and hydroxylated metabolites.

Figure 10.2: Overlaid EICs of 40-chlorodiazepam and its demethylated and hydroxylated
metabolites following incubation with the HepaRG cell line.
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Figure 10.3: Enlarged, overlaid EICs of 40-chlorodiazepam and its demethylated and hydroxy-
lated metabolites following incubation with the HepaRG cell line.

Figure 10.4: LC-MS analysis and structure of 40-chlorodiazepam following incubation with the
HepaRG cell line.
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Figure 10.5: LC-MS analysis and structure of an N-demethylated metabolite of 40-
chlorodiazepam following incubation with the HepaRG cell line.

Figure 10.6: LC-MS analysis and structure of a hydroxylated metabolite of 4'-chlorodiazepam
following incubation with the HepaRG cell line.
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10.2.3 Desalkyl
urazepam

Desalkyl
urazepam was detected at 34.433 minutes (m/z 289.0538 [M+H]+ with a mass dif-

ference of 0.02 ppm, Figure 10.7). No further metabolites were detected. Desalkyl
urazepam

is itself a pharmacologically active metabolite of several benzodiazepines including 
urazepam

and 
utoprazepam [467,468]. A hydroxylated (position 3) metabolite of desalkyl
urazepam has

been reported to occur in trace amounts following ingestion of 
urazepam or 
utoprazepam

[467,468]. This hydroxylated metabolite was not observed although the possibility of occur-

rence cannot be ruled out as it is the likely step prior to glucuronide conjugation via phase II

metabolism [467,468]. This may be a limitation of the use of the hepatocellular carcinoma cell

line used in this work and in similarity to the work presented in Section 9, the concentration

used (10� M) may have been too low to produce a signi�cant concentration of a potential

metabolite.

Figure 10.7: LC-MS analysis and structure of desalkyl
urazepam following incubation with the

HepaRG cell line.
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10.2.4 Deschloroetizolam

Deschloroetizolam eluted at 34.269 minutes (m/z 309.1176 [M+H]+ with a mass di�erence of

-2.48 ppm, Figure 10.9). An adduct with am/z of 331.0990 and mass di�erence of -0.70 ppm,

corresponding to the [M+Na]+ adduct, was also detected. A hydroxylated metabolite was ob-

served at 22.276 minutes (m/z 325.1139 [M+H]+ with a mass di�erence of -6.51 ppm, Figure

10.10). A sodiated [M+Na]+ adduct with a ( m/z) of 347.0926 and a mass di�erence of -1.07

ppm was also detected. Deschloroetizolam has previously been reported as being metabolised

to three hydroxylated metabolites and one dihydroxylated metabolite [257]. Only one hydrox-

ylated metabolite was observed here with the exact position of hydroxylation unable to be

detected without NMR. It has been suggested that hydroxylation could take place on either

the 9-methyl, 2-ethyl or 6 positions [257]. The deschloroetizolam:hydroxydeschloroetizolam

ratio was 1:35 showing that metabolism was signi�cant. Multiple hydroxylated metabolites

could have potentially been formed and produced no separation on the LC-MS. As they would

all have the same masses, being singularly hydroxylated, they would also have the samem/z

ratios.

The overlaid EIC of deschloroetizolam and its hydroxylated metabolite observed here can be

seen in Figure 10.8.
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Figure 10.8: Overlaid EICs of deschloroetizolam and its hydroxylated metabolite following
incubation with the HepaRG cell line.

Figure 10.9: LC-MS analysis and structure of deschloroetizolam following incubation with the
HepaRG cell line.
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Figure 10.10: LC-MS analysis and structure of a hydroxylated metabolite of deschloroetizolam

following incubation with the HepaRG cell line with the potential sites of hydroxylation circled.
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10.2.5 Diclazepam

Diclazepam was detected at 37.901 minutes (m/z of 319.0399 [M+H]+ with a mass di�erence

of -0.94 ppm, Figure 10.12). A hydroxylated metabolite was detected at 35.631 minutes (m/z

335.0349 [M+H]+ with a mass di�erence of -0.41 ppm, Figure 10.13). The probable site of

hydroxylation was position 3 to form the benzodiazepine lormetazepam, as reported previously

in the literature [247]. A demethylated metabolite (with demethylation occurring on position 1),

delorazepam, was also detected at 35.267 minutes (m/z 305.0243 [M+H]+ with a mass di�erence

of -0.41 ppm, Figure 10.14). Both of these metabolites have been previously reported in a study

involving self-ingestion [247]. Diclazepam is a structural isomer of another NPS-benzodiazepine

in this work, 4'-chlorodiazepam, di�ering only by the placement of the chlorine atom on the

phenyl ring. It follows a similar pattern of metabolism with one hydroxylated metabolite and

one demethylated metabolite.

The overlaid EICs of diclazepam, delorazepam and lormetazepam can be seen in Figure 10.11.

Figure 10.11: Overlaid EICs of diclazepam, delorazepam and lormetazepam following incuba-

tion with the HepaRG cell line.
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Figure 10.12: LC-MS analysis and structure of diclazepam following incubation with the Hep-

aRG cell line.
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Figure 10.13: LC-MS analysis and structure of lormetazepam following incubation with the

HepaRG cell line.

Figure 10.14: LC-MS analysis and structure of delorazepam following incubation with the

HepaRG cell line.
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10.2.6 Etizolam

Etizolam was detected at 36.649 minutes (m/z 343.0784 [M+H]+ with a mass di�erence of 1.20

ppm, Figure 10.15). An adduct with am/z of 365.0592 and a mass di�erence of 0.49 ppm,

corresponding to the [M+Na]+ ion was also observed.

Three monohydroxylated products were also detected. The �rst of these was at 28.466 minutes

with adducts corresponding to the [M+H]+ (m/z 359.0730 with a mass di�erence of -0.48 ppm),

[M+Na] + (m/z 381.0547 with a mass di�erence of 0.21 ppm) and the [M+K]+ (m/z 397.0283

with a mass di�erence of 0.91 ppm) species ( 10.17).

The second monohydroxylated product was observed at 32.358 minutes with adducts corre-

sponding to the [M+H]+ (m/z 359.0729 with a mass di�erence of 2.66 ppm) and the [M+Na]+

(m/z 381.0547 with a mass di�erence of 0.21 ppm) species ( 10.18).

The �nal monohydroxylated product was observed at 32.789 minutes with adducts correspond-

ing to the [M+H] + (m/z 359.0725 with a mass di�erence of 0.80 ppm) and the [M+Na]+ (m/z

381.0577 with a mass di�erence of -8.37 ppm) species ( 10.19).

The overlaid EICs of the three hydroxylated metabolites of etizolam can be seen in Figure

10.16.

Etizolam has previously been reported as producing two monohydroxylated metabolites with

hydroxylation occurring on the 2-ethyl and 9-methyl groups [317]. Another potential site for

hydroxylation on etizolam exists on position 6 (Figure 1.2D) and is thought to occur for

structurally-similar thienodiazepines such as metizolam and deschloroetizolam [81,257]. Hy-

droxylation has also been suggested to occur on a triazole nitrogen atom for metizolam [469].

The aforementioned metabolites for structurally-similar thienodiazepines to etizolam suggest

that hydroxylation at position 6 is possible and that this may be a cause behind the three

monohydroxylated metabolites observed.
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Figure 10.15: LC-MS analysis and structure of etizolam following incubation with the HepaRG

cell line.
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Figure 10.16: Overlaid EICs of the three hydroxylated metabolites of etizolam following incu-

bation with the HepaRG cell line.

Figure 10.17: LC-MS analysis of a hydroxylated metabolite of etizolam following incubation

with the HepaRG cell line with the potential sites of hydroxylation circled.
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Figure 10.18: LC-MS analysis of a hydroxylated metabolite of etizolam following incubation

with the HepaRG cell line with the potential sites of hydroxylation circled.

Figure 10.19: LC-MS analysis of a hydroxylated metabolite of etizolam following incubation

with the HepaRG cell line with the potential sites of hydroxylation circled.
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10.2.7 Flubromazepam

Flubromazepam was detected with at 34.894 minutes (m/z 333.0038 [M+H]+ with a mass

di�erence of -1.44 ppm, 10.22).A hydroxylated metabolite was detected at 32.790 minutes

(m/z 348.9973 [M+H]+ with a mass di�erence of 2.59 ppm, Figure 10.23) and a potential

debrominated metabolite was detected at 34.894 minutes (m/z 255.0928 [M+H]+ with a mass

di�erence of 0.55 ppm, Figure 10.24). Both of these metabolites have been reported in the

literature [251]. In common with other 1,4-benzodiazepines, hydroxylation is thought to occur

at position 3 [251].

The peak areas for 
ubromazepam and debrominated 
ubromazepam can be seen in the overlaid

EICs in Figure 10.20. An enlarged EIC to show the hydroxylated metabolite is shown in Figure

10.20.

Figure 10.20: Overlaid EICs of 
ubromazepam and debrominated 
ubromazepam following

incubation with the HepaRG cell line.
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Figure 10.21: Enlarged, overlaid EICs of 
ubromazepam and its metabolites following incuba-

tion with the HepaRG cell line.

Figure 10.22: LC-MS analysis of 
ubromazepam following incubation with the HepaRG cell

line.
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Figure 10.23: LC-MS analysis of a hydroxylated metabolite of 
ubromazepam following incu-

bation with the HepaRG cell line.

Figure 10.24: LC-MS analysis of debrominated 
ubromazepam following incubation with the

HepaRG cell line.
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10.2.8 Flubromazolam

Flubromazolam eluted at 35.057 minutes (m/z 371.0306 [M+H]+ with a mass di�erence of

-0.86 ppm, Figure 10.25). A sodiated adduct with am/z of 393.0120 ([M+Na]+ ) and a mass

di�erence of 0.16 ppm was also observed. No metabolites were detected following incubation

with the HepaRG cells. Minor amounts of two monohydroxylated metabolites for 
ubromazo-

lam have been reported following incubation with cryopreserved human hepatocytes [[315]. A

monohydroxylated and a dihydroxylated metabolite have also been reported following incuba-

tion with HLMs [257]. A single monohydroxylated metabolite has been reported following a

study involving self-ingestion [470].

Figure 10.25: LC-MS analysis of 
ubromazolam following incubation with the HepaRG cell

line.
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10.2.9 Meclonazepam

Following incubation with the HepaRG cell line, meclonazepam was detected at 35.631 min-

utes (m/z 330.0640 [M+H]+ with a mass di�erence of 0.32 ppm) with no metabolites detected

(Figure 10.26). A nitro-reduced derivative, 7-aminomeclonazepam, has been previously re-

ported [314]. A monohydroxylated metabolite, with hydroxylation thought to occur on the

3-methyl group has also been reported [257]. This monohydroxylated metabolite has only been

reported in human liver microsomes and is not thought to occur in incubations with primary

human hepatocytes [471]. In a study involving authentic human urine samples monohydroxy-

lated metabolites of meclonazepam were not reported and only the 7-aminomecloanzepam was

observed [472].

Clonazepam is a structurally-similar benzodiazepine to meclonazepam, lacking only the 3-

methyl substituent. In experiments involving human ingestion, cryopreserved human hepato-

cytes and HLMs, 7-aminomeclonazepam was most abundant in human urine followed by cryop-

reserved human hepatocytes [314]. Following incubation with HLMs only minimal amounts of

7-aminomeclonazepam were formed under standard conditions (NADPH regenerating system

in potassium phosphate bu�er, 0.1 M, pH 7.4, at 37°C). When the HLMs were incubated in an

atmosphere containing nitrogen, the amount of 7-aminomeclonazepam produced was 140 times

greater [311].

In reported incubations with HLMs, the benzodiazepine 
unitrazepam, also containing a 7-

nitro substitution, failed to produce a reduced 7-amino metabolite [241,473,474]. However this

7-amino metabolite of 
unitrazepam has been observed to occur in both human urine and blood

[475,476].

Following incubation with the HepaRG cell line, meclonazepam may not be metabolised to

detectable concentrations of 7-aminomeclonazepam.

Nitro-containing benzodiazepines are known to be unstable when stored in biological matrices

for long periods of time. For example, levels of meclonazepam decrease when it is stored in glass

tubes at -20°C for three months but the same decrease is not observed when meclonazepam
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stored in polypropylene tubes at -20°C [477]. Decreases are also observed when stored at

ambient temperatures of 20°C for one day in both glass and polypropylene tubes [477]. The

7-amino metabolites of the benzodiazepines clonazepam, nitrazepam and 
unitrazepam have

been found to be unstable in blood and water when stored at -20°C for two months [478]. After

eight months of storage at -20°C in a liver homogenate matrix, the levels of 7-aminoclonazepam

and 7-amino
unitrazepam decreased by 90 % and 75 % respectively [479]. The samples in this

study were initially collected in polypropylene tubes and then transferred to glass tubes for

solvent evaporation. This extended period of time at ambient temperature, some of it in glass

tubes may have hastened the decomposition of metabolites.

The nitro-group on the structurally-related benzodiazepine clonazepam is thought to be reduced

by CYP3A4 [235]. However CYP3A4 was clearly present in the HepaRG cells as judged by the

metabolism of the testosterone control.

Figure 10.26: LC-MS analysis of meclonazepam following incubation with the HepaRG cell

line.
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10.2.10 Nitrazolam

Nitrazolam was detected at 32.804 minutes (m/z 320.1143 [M+H]+ with a mass di�erence of

-0.29 ppm andm/z 342.0969 [M+Na]+ with a mass di�erence of -2.38 ppm, Figure 10.28) and a

metabolite corresponding to the 8-nitro reduction was detected at 23.892 minutes (m/z 290.1409

[M+H] + with a mass di�erence of -3.05 ppm, Figure 10.29 respectively). 8-Aminonitrazolam

has been previously reported in HLMs [81]. A monohydroxylated metabolite has also been

reported in HLMs, with hydroxylation thought to occur on the 4- or � (1-methyl) position,

however no such metabolite was observed here [81].

The overlaid EICs for nitrazolam and its 8-amino metabolite can be seen in Figure 10.27.

For a similar triazolobenzodiazepine containing a nitro group, 
unitrazolam, no hydroxylated

metabolite was detected in either human urine or following incubation with HLMs and only

the 8-amino
unitrazolam was observed in HLMs [480]. Another similar triazolobenzodiazepine,

clonazolam, produces both hydroxylated and nitro-reduced metabolites in human urine [481].

Only two benzodiazepines in this work contained a nitro group; meclonazepam and nitrazolam.

Whilst no nitro-reduced metabolite of meclonazepam was detected, the nitro-reduced (8-amino)

metabolite of nitrazolam was detected in this study. If it can be tentatively assumed that the

same enzyme is responsible for the metabolic reduction of the amino moiety, then some other

factor may have been responsible for the lack of an amino metabolite for meclonazepam. This

could possibly be related to the issue of benzodiazepine stability during storage, as discussed

previously for meclonazepam. However, the exact reason is unclear and may be related to extra

stability conferred upon the molecule by the presence of a triazole ring.
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Figure 10.27: Overlaid EICs of nitrazolam and its 8-amino metabolite following incubation
with the HepaRG cell line.

Figure 10.28: LC-MS analysis of nitrazolam following incubation with the HepaRG cell line.
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Figure 10.29: LC-MS analysis of 8-aminonitrazolam following incubation with the HepaRG cell
line.
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10.2.11 Phenazepam

Phenazepam was detected as the [M+H]+ adduct at 35.788 minutes with anm/z ratio of

348.9741 and a mass di�erence of -1.33 ppm (Figure 10.30). The expected phase I hydroxylated

metabolite, 3-hydroxyphenazepam, was not detected. In one study involving oral ingestion in

humans, no signi�cant amounts of 3-hydroxyphenazepam (detection limit 3 ng mL-1) have

been reported to occur [482]. Another study suggests the presence of 3-hydroxyphenazepam

and another metabolite, 2-amino-5-bromo,chloro-aminobenzophenone, in human urine following

oral ingestion [483]. The main metabolite of phenazepam, 3-hydroxyphenazepam, is known to

be thermally unstable leading to sensitivity issues when using analytical techniques such as

GC-MS [484]. Degradation during storage may well have occurred leading to a level of 3-

hydroxyphenazepam that would be undetectable with the current analytical method.

Figure 10.30: LC-MS analysis of phenazepam following incubation with the HepaRG cell line.
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10.2.12 Pyrazolam

Pyrazolam was detected at 30.809 minutes (m/z 354.0346 [M+H]+ with a mass di�erence of

0.23 ppm andm/z 376.0164 [M+Na]+ with a mass di�erence of 0.95 ppm, Figure 10.31).

No metabolites were detected in the mass spectra. Experiments involving self-ingestion in

humans have reported no metabolites for pyrazolam and it was postulated that this because

the individual involved in the study had a low expression of CYP2D6 [485]. However other

research suggests that two metabolites are observed in human urine involving hydroxylation

on the diazepine ring at position 4 and hydroxylation on the methyl group at position 1 [258].

Neither of these metabolites were observed in this work.

Figure 10.31: LC-MS analysis of pyrazolam following incubation with the HepaRG cell line.
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10.3 Discussion

Although metabolites were observed for eight of the twelve benzodiazepines following incuba-

tion with the HepaRG cell line, the metabolites detected were di�erent from those previously

reported. A substrate concentration of 10� M was utilised in this work and this concentration

has been reported previously for 
ubromazolam and meclonazepam in cryopreserved human

hepatocytes and human liver microsomes [314,315]. A greater concentration of 20� M for clon-

azolam, deschloroetizolam, 
ubromazolam and meclonazepam in human liver microsomes has

also been utilised and reported in literature [257]. For the thienodiazepine metizolam, a con-

centration of 90� M has been reported in human liver microsomes [469]. None of the previous

studies in the literature were conducted using human hepatocellular carcinoma cell lines such as

the HepaRG cell line used in this work. A potential reason for the lack of metabolites observed

in this work may have been that the concentration of 10� M produced metabolite concentra-

tions that were below the limits of detection. Unfortunately the limits of detection were not

calculated in this study and determining these would be valuable in any future work. The

stability of some of the benzodiazepines, especially those containing a nitro group, may have

a�ected the observed results as decomposition may have occurred prior to analysis, reducing

the analytes to an undetectable concentration with the current method. Although the samples

were stored at -20°C prior to analysis, a lower storage temperature may have reduced any de-

composition that occurred. Alternatively, a shorter time between extraction and analysis may

have reduced the likelihood of decomposition, however this was an external factor not subject

to control in this study.

Unfortunately, as HepaRG is a single-use cell line, the metabolic characterisation experiments

were unable to be repeated. This is a potential limitation behind their usein vitro to determine

the metabolic pathways of new psychoactive substances. A hepatocellular carcinoma cell line

such as the C3A cell line would be more suitable as they can undergo regular cellular division

and passaging. However in this study (Section 9) the C3A cell line did not produce suitable

levels of CYP450 enzymes for use in a phase I metabolic study.

Only two of the 12 NPS-benzodiazepines in this work, diclazepam and 
ubromazepam, followed
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the exact metabolic patterns that have been observed previously [247,251].

Three of the NPS-benzodiazepines in this work produced no metabolites in contrast to reports

in the literature of them producing in vitro metabolites (
ubromazolam, meclonazepam and

pyrazolam) [257,258,314,315,471]. Both of these benzodiazepines had only been characterised

in human urine and human liver microsomes and the use of hepatocytes in this work may have

a�ected the metabolites produced.

Two of the NPS-benzodiazepines produced a lower number of metabolites than have been pre-

viously reported (deschloroetizolam and nitrazolam) [81,257]. Deschloroetizolam produced one

hydroxylated metabolite compared to the four metabolites reported in literature [257]. Nitra-

zolam only produced one nitro-reduced metabolite in contrast to the additional hydroxylated

metabolite reported in literature [81]. However meclonazepam, also containing a nitro-group,

did not produce a nitro-reduced metabolite. The observed di�erence could be as a result of

the di�ering structures, nitrazolam is a triazolobenzodiazepine while meclonazepam is a 1,4-

benzodiazepine. The enzyme(s) responsible for metabolism may have had a greater a�nity for

the nitro-containing triazolobenzodiazepines.

Two of the NPS-benzodiazepines, desalkyl
urazepam and phenazepam, did not produce the

expected hydroxylated metabolites (position 3). Neither of these two NPS-benzodiazepines have

undergonein vitro studies previously with both having a hydroxylated metabolite observedin

vivo [467,468,482,483].

The di�erences in the various techniques used (human liver microsomes, authenticin vivo

samples in human urine, cryopreserved human hepacotyes and the HepaRG cell line in this

work) may have contributed to the lack of metabolites observed for some benzodiazepines.

As mentioned earlier, cryopreserved human hepatocytes are often considered the `gold standard'

for in vitro metabolic studies and express a range of phase I and phase II enzymes that are

more akin to those found in the human body. The analysis of NPS-benzodiazepines and their

metabolites in human urine, following self-ingestion, is of course also likely to produce the

expected metabolites depending on the metabolic phenotype of the individual. Compared to
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these methods, human hepatocellular carcinoma cell lines be de�cient in some phase I enzymes

or they may have a lower activity in cell culture.

However, the stability issues mentioned, especially for nitro-containing benzodiazepines (e.g.

meclonazepam and nitrazolam) and their metabolites could also have played a role.

Another factor mentioned previously was the substrate concentration, with 20� M being re-

ported for NPS-benzodiazepines incubated with HLMs. Further experiments incubating the

NPS-benzodiazepines with the HepaRG cell line over a larger concentration range would be

desirable in order to con�rm these results.



Chapter 11

Final Discussion and Future Work

11.1 Final Discussion

The aim of the work presented in this thesis was to investigate the physicochemical and phar-

macokinetic properties of emerging benzodiazepines that have appeared as new psychoactive

substances. The emergence and spread of these NPS-benzodiazepines has necessitated investi-

gation of their properties in order to predict their pharmacokinetics and explain their e�ects

through understanding their pharmacodynamics [16].

As with any compound, whether it be a pharmaceutical drug or a new psychoactive substance,

suitable analytical methods are required for their detection, identi�cation and quantitation

[351,352]. In order for results to be reliable full validation is required. The HPLC-DAD and

GC-MS methods in Section 3 were suitably validated for the analysis of a variety of NPS-

benzodiazepines. Although these methods were only utilised as intermediate steps in order

to calculate log D7.4, plasma protein binding and the blood to plasma ratio, their versatil-

ity indicates that they could �nd utility in future investigations of the pharmacokinetics or

physiochemical properties of NPS-benzodiazepines, however this would be dependent upon

them achieving su�cient chromatographic separation of emerging NPS-benzodiazepines. The

HPLC-DAD method in Section 3 had limits of detection and quantitation that were similar to

those previously published in the literature for benzodiazepines such as alprazolam (LOQ 300

205
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ng mL-1 versus 144.6 ng mL-1 in this work) and diazepam, oxazepam and temazepam (LOD 50

ng mL-1, LOQ 100 ng mL-1) [355,356]. The methods described in the literature also used HPLC-

DAD [355,356]. In addition, the simplicity of the method was advantageous as it consisted of

an isocratic 
ow used and mobile phases of acetonitrile and a phosphate bu�er.However the

disadvantage of these methods are that gradient elutions are often more appropriate for the

chromatographic separation of compounds.

The method presented in Section 4 for determining log D7.4 was found to be suitable upon

comparison with published values in the literature. Although not a high-throughput method,

the high accuracy (as assessed by the closeness of experimental to literature values) and pre-

cision (as assessed by the repeatability of the measurements) of the method are indicative of

its appropriateness in this case. Precision was excellent with the greatest standard deviation

for test benzodiazepines being 0.05 log units. All test benzodiazepines had similar experimen-

tal values to their literature values such as a log D7.4 of 2.81 for diazepam versus a literature

range of 2.79 - 2.99 [367-370]. Temazepam produced the greatest di�erence between exper-

imental and literature values with a log D7.4 of 2.32 in this work versus reported values of

1.79 - 2.19 in the literature [367,369]. As a result of the various methods employed there is

known to be a large variation in literature values and a standardised method is desirable for

comparison [372,375]. The proposed method of using a sodium phosphate bu�er with a con-

centration of 0.01 M for future determinations was found to be suitable in this instance and

appears to be one of the most common methods in the literature; therefore it may be suit-

able for this method to be used more-widely in future [375,377]. The log D7.4 of a compound

a�ects several pharmacokinetic parameters such as its absorption and plasma protein binding

and knowledge of this parameter allows for more accurate predictions and interpretations of

pharmacokinetics [110,112,116-118,486]. A large variation in lipophilicity values was observed

for the NPS-benzodiazepines in question; pyrazolam was the least lipophilic with a log D7.4

of 0.97 and phenazepam was the most lipophilic with a log D7.4 of 3.25. The apparent low

lipophilicity for pyrazolam was postulated to be as a result of its molecular structure including

a pyridin-2-yl ring system. Incorporation of benzodiazepines with a range of structures and

log D7.4 values into future predictive software packages may prove useful in order to accurately
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predict the log D7.4 of these compounds. ACD/I-Lab returned the closest predicted values to

experimental values for log D7.4 average absolute errors 0.18 and 0.28 for the test benzodi-

azepines and NPS-benzodiazepines respectively. Errors of 0.18 and 0.28 on a logarithmic scale

are fairly large errors and to date experimental values would prove more useful than theoretical

values.

The pKa of a compound is important as it aids in the formation of a larger picture of the

pharmacokinetic properties of a compound when used with other parameters such as log D7.4

and pKa values for a set of NPS-benzodiazepines were determined in Section 5 [106,141,143].

The determination of the pKa of compounds using capillary electrophoresis is widely-used and

can be automated thus improving its e�ciency [156,157]. The use of capillary electrophoresis

in pK a determinations has been well reviewed and measurements from di�erent instruments are

directly comparable [154,155]. Furthermore, capillary electrophoresis instruments are common

in analytical laboratories rather than speci�c instruments that can only measure pKa. The

measured pKa values had values comparable to those in the literature with an accuracy of un-

der 0.20 units and a precision of under 0.07 units [161]. 3-Hydroxyphenazepam had the lowest

pKa1 value of 1.25 while deschloroetizolam had the highest pKa1 value of 4.19. Phenazepam

had the lowest pKa2 value of 11.24 and 3-hydroxyphenazepam had the highest of 11.96. Sev-

eral relationships between pKa values and atomic substitutions were postulated, such as the

addition of a chlorine substituent on the 4 position of a 1,4-benzodiazepine does not greatly

a�ect its pK a. These relationships may prove useful in any future model capable of accurately

predicting the pKa of NPS-benzodiazepines. ADMET Predictor returned the closest predicted

values to experimental values for pKa with an absolute average error of 0.4 for both the test

benzodiazepines and the NPS-benzodiazepines set. However several errors were too large for

the theoretical values to be of any use; for example a pKa of 2.98 predicted for 
ubromazolam

by ADMET Predictor versus an experimental pKa of 2.07. In addition, multiple erroneous sites

of protonation were theorised by all three software packages. The derivation of relationships

between molecular substitutions and pKa is therefore important if future predictive models are

to be improved.

Section 6 of this work dealt with the experimental determination of the plasma protein binding.
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The plasma protein binding of a compound is one of the most important pharmacokinetic

parameters that can be determinedin vitro and equilibrium dialysis is often considered the

gold-standard for this measurement [176]. Plasma protein binding is important both from a

standalone point of view but also to aid in the prediction of pharmacokinetic properties such

as the volume of distribution [168]. As a result of the concentration-independence of plasma

protein binding for benzodiazepines, greater concentrations of 20� M were used as these were

detectable by the previously-discussed and validated HPLC-DAD method in Section 3. The low

standard deviation and high-precision for the experimental plasma protein binding values when

compared to the literature values indicates that the proposed method with a concentration of

20 � M and an equilibration time of 24 hours was suitable. All plasma protein binding values

for the test benzodiazepines were within their literature ranges, other than for prazepam where

an experimental value of 97.4 % was determined versus a single literature value of 97 % [395].

The maximum standard deviation for the test benzodiazepines was 1.8 % for nitrazepam.

Pyrazolam experienced the lowest plasma protein binding of 78.7 % while phenazepam had a

plasma protein binding of 98.3 % and the majority of the plasma protein binding values were

explainable by comparison of their molecular structures and substitutions. With regards to the

predictive software, ACD/I-Lab returned the closest predicted values to experimental values for

both plasma protein binding with average absolute errors of 4.4 % for the test benzodiazepines

and 3.0 % for the NPS-benzodiazepines. Larger errors were observed, for example ACD/I-

Lab predicted a plasma protein binding of 89.5 % for alprazolam whereas its experimental

plasma protein binding was 71.6 %. The large variations in individual errors, as exempli�ed

by alprazolam, means that experimental data for these NPS-benzodiazepines is currently of

greater utility than that generated from predictive software.

Following on from the determination of log D7.4, pKa and plasma protein binding in Sections 4,

5 and 6 respectively, these values were used to predict the volume of distribution at steady state

in Section 7. This was performed using the �ie-Tozer equation [208]. A low mean-fold error

of 1.11 was derived in this work compared to a 1.86 mean-fold error reported elsewhere in the

literature [107]. However a much higher error was observed for the only thienotriazolodiazepine

in the dataset, brotizolam, which was 2.21. Again, as with the parameters used to predict the
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volume of distribution at steady state, inclusion of a wider dataset may improve the predictive

power of this model.

The blood to plasma ratio of six NPS-benzodiazepines was experimentally determined in Section

8. One problem encountered was that errors were observed in the literature for the stated blood

to plasma concentration ratio; for example the commonly quoted value of 1.00 for nitrazepam

appeared to be derived from experiments performed with rabbits [429]. Large variations also

existed in the literature for blood to plasma concentration ratios and blood to plasma partition

coe�cients, even for the selected test compounds. For example, chlorpromazine had a Ke/p

range of 0.52 - 2.17 and quinine had a Ke/p range of 0.93 - 3.44 [422-424,427,428]. This again

highlights the di�culty of gathering accurate pharmacokinetic data. Despite this, the values

determined for NPS-benzodiazepines were similar to benzodiazepine blood to plasma concen-

tration values listed in the literature. The lowest blood to plasma concentration ratio found

was 0.57 for phenazepam which is similar to other benzodiazepines that experience a great

degree of plasma protein binding such as diazepam [426]. The highest value observed was 1.18

for pyrazolam and it was theorised that this was as a result of its low plasma protein binding.

In order to detect illicit compounds and interpret toxicological results, knowledge of the

metabolic pathways of compounds is necessary [255]. The metabolic pathways are often de-

termined in vitro using human hepatocellular carcinoma cell lines. However the metabolic

capacities of any cell line must be determined prior to their incubation with new substances

amd in Section 9 of this work, the metabolic activities of the HepaRG and C3A cell lines

were compared [278]. The C3A cell line had previously only been characterised with regards

to the CYP3A4 and CYP1A2 enzymes in the literature and characterisation with the six key

metabolic enzymes (CYP1A2, CYP2B6, CYP2C9, CYP2C19, CYP2D6 and CYP3A4) was con-

ducted. Only the CYP2D6 enzyme was found to be expressed in the C3A cell line. Metabolic

expression of enzymes is known to be inducible by DMSO and such an attempt was made in

this work with the C3A cell line [271,272]. Unfortunately no apparent increase in metabolic

capability was observed and instead a potential decrease was observed. The HepaRG cell line

was found to be much more suitable than the C3A cell line for the study of the metabolic path-

ways of NPS-benzodiazepines as a result of its expression of the CYP1A2, CYP2D6, CYP3A4,
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CYP2C19, CYP2B6 enzymes. The CYP2C9 was not observed but a contributing factor may

have been the low concentration of the substrate, diclofenac, used in the incubation.

The metabolic pathways of a range of NPS-benzodiazepines were investigated in Section 10.

Knowledge of these metabolic pathways is important for interpretation of forensic and toxico-

logical analyses and prediction of future metabolic activity [255]. Although a number of the

NPS-benzodiazepines followed previously-observed metabolic pathways, a number of them did

not. They either failed to produce metabolites or produced previously-unobserved metabolites

(e.g. etizolam). This serves to highlight a potential limitation of only using one method of

studying the in vitro metabolism of new psychoactive substances.

11.2 Future Work

From the discussed problems with the theoretical predictions from various software packages,

experimental data for the log D7.4, pKa and plasma protein binding of NPS-benzodiazepines

is currently of greater use. Experimental values are more reliable and accurate than those

generated in a theoretical manner. The determination of log D7.4, pKa and plasma protein

binding for more NPS-benzodiazepines, for example the other 21 NPS-benzodiazepines reported

to the EMCDDA, could be evaluated in future. A suitably-large dataset could then be utilised

in order to derive a theoretical model more capable of accurately predicting these values. This

would allow for a more rapid prediction of pharmacokinetic parameters such as the volume of

distribution.

In a similar manner to the log D7.4, pKa and plasma protein binding, compilation of a larger

dataset for the volume of distribution at steady state could increase the predictive capability

of the discussed model. However this comes with limitations as experimental volume of dis-

tribution values for the benzodiazepines are lacking. The incorporation of compounds with a

similar structure into the model, which also have experimental volume of distribution values,

could be a potential solution to improving the model.

The HepaRG cell line appeared to express �ve of the six key CYP450 enzymes under investiga-
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tion but the CYP2C9 enzyme did not appear to be present based upon the lack of turnover of

diclofenac into its metabolite. Although unrelated to the investigation of NPS-benzodiazepines,

if the metabolic experiments in the HepaRG cell line were to be repeated with a range of di�er-

ent diclofenac concentrations then an optimum concentration could be determined and it could

be seen whether this enzyme was present.

It may prove useful to repeat the HepaRG metabolic experiments in order to determine whether

they are truly suitable for investigating the metabolic pathways of NPS-benzodiazepines. Re-

peating the experiments with a range of concentrations to study whether a concentration of

10 � M either inhibited metabolism or produced too-low a concentration of metabolite to be

detected. Comparison of the metabolism of NPS-benzodiazepines in the HepaRG cell line with

their metabolism in human liver microsomes could additionally be performed.

Although the HepaRG cells are known to express phase II enzymes such as UDP-

glucuronosyltransferase, no phase II metabolites were detected in this work [487,488]. As ben-

zodiazepines are further transformed by phase II reactions such as glucuronidation and acety-

lation, knowledge of these processes for NPS-benzodiazepines is important [489,490]. Greater

incubation times at a higher substrate concentration could provide these phase II metabolic

products in vitro .

As cell culture has already been successfully utilised in this research to study the metabolic

pathways of NPS-benzodiazepines, it could also be used to assess other parameters. Once of

these parameters could be the permeability of the intestinal wall to the NPS-benzodiazepines

and study their absorption through this membrane. This can be performedin vitro using the

Caco-2 cell line [491,492]. This has been performed for other drugs of abuse such as cannabi-

noids, alkaloids from the psychoactive plant khat, 3-methylenedioxyamphetamine (MDMA) and

other amphetamine derivatives [493-496]. The apparent permeability of a compound through

the Caco-2 cell line is often considered a gold-standard for assessing compound absorption in

the body [497,498].

As discussed in Section 1.9 regarding the pharmacology of benzodiazepines, their mechanism

of action lies with their ability to bind to the GABA A receptor and modulate its response
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to the neurotransmitter GABA. As the majority of GABA A receptors lie within the brain,

benzodiazepines must �rstly cross the blood-brain barrier in order to bind to these receptors.

The Madin Darby canine kidney (MDCK) cell line is commonly used to assess the propensity of

a compound to cross the blood-brain barrier because of its expression of the MDR1 gene which

encodes for the P-glycoprotein. Although only one protein is assessed, the P-glycoprotein is

one of the most important e�ux transporters in the brain and therefore this assay allows a

good estimation of blood-brain barrier penetration [499-502].

The clearance of NPS-benzodiazepines from the human body could also be investigated with

an in vitro approach. This has been shown previously for multiple drugs where the rate of

clearance is �rstly calculated for the compound in human liver microsomes or hepatocytes and

then scaled up to calculate the clearance for the human body [503].

From the previous discussion it is clear that there are still a large amount of parameters that

could be determinedin vitro such as phase II metabolism, in-depth phase I metabolic com-

parison, clearance, intestinal permeability and blood-brain barrier penetration. Additionally,

increased knowledge of the log D7.4, pKa and plasma protein binding of benzodiazepines could

allow for more-detailed structure-activity relationships to be formed. If such parameters could

be accurately predicted then this would greatly reduce the time required for experimental mea-

surements and greatly increase the size of datasets available for the prediction of more complex

parameters such as the volume of distribution.
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