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Abstract

Purpose: Alprazolam (Xanax®) is one of the most popular
Benzodiazepines (BEZs) prescribed as a medication
worldwide. It has been used for the treatment of anxiety and
panic disorder since 1976. It is prescribed in doses up to 4
mg/day for generalized anxiety. While doses of 6—9 mg/day are
used for phobic and panic disorders, the alprazolam may be
subject to abuse because of its sedative and euphoric effects.
Its abuse potential stems from its unique pharmacokinetic
properties, i.e., its rapid onset and short duration of action.
Alprazolam is often abused in combination with other
substances including alcohol, methadone, oxycodone, and
cocaine. A comprehensive survey of some of the largest
scientific publishing databases such as PubMed, Medline and
Science Direct was carried out to collate information on
alprazolam. The outcome is a comprehensive overview that
focuses on the more basic information needed by forensic
toxicologists to help them analyze and interpret alprazolam
data in ante and post-mortem biological specimens. It includes
a detailed discussion of drug concentrations found in
alprazolam-positive case reports, considering factors such as
post-mortem redistribution, drug interactions and stability. The
review also covers the pharmacology, and methods of analysis
of alprazolam in biological fluids.

Keywords: Alprazolam; 4- hydroxyalprazolam; a-
hydroxyalprazolam; Forensic toxicology

Abbreviations:

BEZs: Benzodiazepines; AAPCC: American Association of
Poison Control Centers National Data Collection System; NHS:
National Health Service; CNS: Central Nervous System;
GABAA: Gamma-Amino Butyric Acid A; VD: Volume of
Distribution; PMR: Post-Mortem Redistribution; GC: Gas
Chromatography; HPLC: High Performance Liquid
Chromatography; MS: Mass Spectrometer; IA: Immunoassays;
EIA: Enzyme Immunoassays; ELISA: Enzyme-Linked
Immunosorbent Assays; FPIA: Fluorescent Polarization
Immunoassays; CEDIA: Cloned Enzyme Donor Immunoassay;
RIA: Radio Immunoassays; SPE: Solid-Phase Extraction; LLE:
Liquid—Liquid Extraction; Cmax: Peak Plasma Concentration;

AUC: Area Under The Curve; HRMS: High-Resolution Mass
Spectrometry.

Introduction

Alprazolam (Xanax®, Kalma®, Alprax®) a triazolobenzodiazepine
derivative (1,4-benzodiazepine) is one of the most popular
Benzodiazepines (BEZs) prescribed as a medication worldwide, and
has been used for the treatment of anxiety and panic disorder since
1976 [1]. It has a relatively short half-life (about 11 h), and clinical
doses range from 0.25 mg, three times daily, to a single dose of 4
mg/day for general anxiety [2]. It is extensively used for the control of
panic attacks and in the management of anxiety disorders. This is
despite the fact that many prescribers consider alprazolam to have
high misuse liability and a more severe withdrawal syndrome than
other BEZs [3]. The number of prescriptions for alprazolam in the
USA was approximately 21 million in 2018 [4].

Although alprazolam is licensed for the treatment of short-term
anxiety in the UK, NHS prescriptions in England are very low (20 in
2020/21 at a cost of £7.50 per item) [5]; it can also be obtained via
private prescription [6]. Alprazolam is also the most used BEZ in
Bangladesh and Taiwan [7]. Data from Australia indicates that
alprazolam represents about 41% of total anxiolytics dispensed in
2011, and that this dispensing declined somewhat after it was pre-
scheduled in 2014 [8]. Moreover, reports by the American Association
of Poison Control Centers National Data Collection System (AAPCC)
highlighted the alarming rise of fatal deliberate self-poisonings with
alprazolam [9]. In the UK, alprazolam was the BEZ that saw the
biggest increase in use by young people according to National Drug
Treatment Monitoring System (NDTMS) statistics report issued in
2018 from 8 alprazolam presentations recorded for young people in
2016/17 to 53 in 2017/18 [10].

The annual UNODC reports like the non-medical use of
benzodiazepines report do not indicate the prevalence of alprazolam in
the Middle East, which means it, is not popular in this part of the
world, especially in Arab countries, although it is controlled in most of
these countries [11]. For example, in the sultanate of Oman,
alprazolam is controlled under the Narcotic Drugs and Psychotropic
Substances (NDPS) Act 1999 [12]. Although it is not prescribed in
public hospitals, a few private hospitals are authorized to prescribe
this medication. There has been significant interest in alprazolam since
it first emerged. However, the literature reviews and reports in the
1980s and early 1990s were mostly focused on a general view of
alprazolam such as its pharmacology, toxicity, and dose efficacy, and
more recent reviews have been limited to specific topics. These have
included alprazolam’s interaction with other drugs and non-BEZ
medications, its effects on human behavior and activity through
controlled studies, comparing it with placebo for any reduction in
symptoms, post-mortem concentration interpretation, efficacy and
safety of alprazolam versus other BEZs, withdrawal, clinical studies,
alprazolam as an alternative medication, replacing alprazolam, and
numerous papers on its determination and quantification in various
biological specimens using different sample preparation and analytical
instrumental techniques [13-21].

In this review, we have conducted a comprehensive survey of some
of the largest scientific publishing databases such as PubMed, Medline
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and Science Direct to collate information related to alprazolam’s
chemistry, appearance, use and misuse, pharmacology, side-effects,
interactions with other drugs, interpretation, and analytical methods
for detection and quantification in biological samples. This review
aims to be a comprehensive overview that focuses on the more basic
information needed by forensic toxicologists to help them analyze and
interpret alprazolam data in ante and post-mortem biological
specimens.

Chemistry, Appearance, Use and Misuse

Alprazolam (Figure 1) belongs to the class of aromatic compounds
known as 1,2,4-triazolo (4,3-a)(1,4) benzodiazepines. These contain a
1,4-benzodiazepine fused to and sharing a nitrogen atom with a 1,2,4-
triazole ring. The presence of the triazole ring distinguishes the
chemical structure of alprazolam from that of classical BEZs such as
diazepam [1]. Alprazolam is also known by the trade names Xanax®,
Kalma®, Alprax®, Alpravecs, Alprazig, Frontal, NiravamTM and
Valeans [22]. It is a white crystalline powder, which is soluble in
methanol and ethanol but has no appreciable solubility in water at
physiological pH [23]. It is typically supplied as a free base in tablets
of 0.25, 0.5, 1.0, 2.0 and 3.0 mg. The pillbox database of the National
Library of Medicine (NLM) provides more details about alprazolam
tablet imprints, doses, colours and information [24]. The main
degradation products of alprazolam are triazolaminoquinoleine, 5-
chloro-(5-methyl-4H-1,2,4-triazol-4-yl) ~ benzophenone  and
methyl-6-phenyl-4H-S-triazolo(4,3-a)-1,4-benzodiazepinone [25].

1 N2 .
— \ 1,2,4 triazolo

10 N N3
4 4H
Cl = >
8-chloro 6-phenyl

Figure 1: Chemical structure of alprazolam.

Alprazolam is prescribed in doses up to 4.0 mg/day for general
anxiety. While doses of 6-9 mg/day are used for phobic and panic
disorders. It is also used in the treatment of depression and as an
alternative to midazolam for the pre-medication of surgical patients
[21]. Alprazolam is available in immediate and extended-release
preparations (Xanax-XR available in the USA). The immediate-
release preparation can be used as a short-acting drug given to patients
four times a day, or the extended-release preparation can be used to
deliver sustained therapeutic concentrations for 24 h after once-daily
dosing. The main advantage of the extended-release formulation
appears to be its greater tolerability and safety [26,27]. Because of its
sedative and euphoric effects, alprazolam may be subject to misuse
[28].

Its misuse potential stems from its unique pharmacokinetic
properties of rapid absorption, low lipophilicity, short half-life, and
high potency. Compared with other BEZs like diazepam, alprazolam is

less lipophilic, thus has a smaller Volume of Distribution (VD) 0.9-1.3
L/kg for alprazolam and 0.7-2.6 L/kg for diazepam and is less protein-
bound at 68%, compared with 98% for diazepam [19,29,30]. Xanax
bars (rectangular alprazolam pills, Figure 2) contain 2 mg, which is
four times the amount of a typical pill (0.5 mg). As a result, Xanax
bars are a common alternative among recreational drug users because
the ‘high’ they experience is stronger and lasts longer [31,32].

Figure 2: Xanax bars 2 mg.

Tablets or bars sold as Xanax on the unregulated drug market may
contain little or no alprazolam but instead could contain harmful
substances including New Psychoactive Substances (NPS). For
example, ongoing drug-checking reports in North America have
indicated that counterfeit Xanax tablets could contain a range of
substances in a variety of doses, including potent synthetic opioids
(e.g., fentanyl and U-47700 in 2019) or NPS benzodiazepines like
etizolam and flualprazolam, and often appear by eye to be
indistinguishable from the legitimate pharmaceutical drug [33]. In
addition to NPS BEZs, between 2017 and 2021, the drug checking
service. WEDINOS in the UK detected prescribed BEZs such as
lorazepam, clonazolam (also known as clonitazolam) and diazepam in
products purchased as Xanax, as well as other medications, such as
zopiclone, doxepin and gabapentin [34].

Pharmacology

This section summarizes the clinical pharmacology of alprazolam
including its basic pharmacodynamics and pharmacokinetics to
provide forensic toxicologists with the required information for proper
analysis and interpretation of alprazolam-related specimen and
samples.

Pharmacodynamics

The pharmacodynamics of all BEZs is qualitatively similar. They
are anxiolytic, sedative, hypnotic, muscle relaxant, ataxic and
anticonvulsant. Their selectivity, however, seems to differ.
Clonazepam, nitrazepam and bromazepam are considered to be more
anticonvulsant, and flunitrazepam is more sedative; diazepam and
chlordiazepoxide are more anxiolytic than other BEZs [35]. However,
alprazolam has been reported to have unusual clinical effects that
distinguish it from other BEZs. Alprazolam’s unique clinical profile
among BEZs stems from its effectiveness in the treatment of panic
disorder, its antidepressive effect and its moderate antipanic activities.
In term of antidepressive effect, a large population of depressed
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patients (906 outpatients) was investigated for six weeks in 1983, who
were men or nonpregnant women (18 to 70 years old).

They were suffering from moderate-to-severe symptoms of a
unipolar major depressive disorder of at least one month’s duration.
Out of 906, 723 patients were suffering from depression and were
divided into three groups for treatment. Group one was given
alprazolam, group two was given imipramine and group three was
given a placebo. The study indicates that the alprazolam was as
effective as imipramine in relieving the depression and significantly
more effective in relieving somatic symptoms. The study also
indicates that drowsiness was the only side-effect reported for
alprazolam. More than a decade later, a similar study confirmed the
effectiveness of alprazolam as an antidepressant is comparable to that
of low-dose tricyclic antidepressants like amitriptyline [36,37]. In
another old study, 526 patients were evaluated for panic attacks or
panic disorder by a study psychiatrist.

Capsules containing either 1 mg of alprazolam or lactose (placebo)
were administered in equally divided doses (1 mg or 2 mg) up to four
times daily (after meals and at bedtime). Medication was gradually
increased following a flexible schedule until maximum benefit was
achieved, or dose-limiting side-effects occurred. After week 4, a
primary comparison of 82% of the patients who completed the
medication to this period, rated their panic attacks moderately
improved [38]. Also in 2011, a study of the efficacy and safety of
alprazolam versus other medications in the treatment of panic disorder,
found that the onset of anxiolytic action was notably more rapid for
alprazolam compared with amitriptyline, and its antipanic effect was
notably more rapid compared with propranolol and imipramine [18].
Smith, et al. studied the pharmacodynamics of alprazolam at 1 mg
dose using IV and oral administration routes. The study revealed that,
with the exception of the rapidity of onset, the pharmacodynamic
profiles of IV and oral administration routes are very similar.
Consequently, alprazolam is fully available after oral administration,
and kinetic parameters are not affected by the administration route
[39].

Mechanism of Action

Due to its lipophilic activity, alprazolam easily crosses the blood—
brain barrier and enters the Central Nervous System (CNS). Although
the precise mechanism of action for the anxiolytic and antipanic
properties of alprazolam has not been fully elucidated, presumably it
acts in a manner similar to other BEZs [40,41]. Alprazolam binds with
high affinity to non-selective Gamma-Aminobutyric Acid A
(GABAA) receptors. By its attachment to these sites, alprazolam
enhances GABAA receptor responses to the neurotransmitter, which
facilitates the binding of GABA and increases the influx of chloride
ions [1]. Thus, the influx of chloride ions causes the depression of the
CNS [13]. However, the exact mechanism of action remains unknown.
Clinically, all BEZs result in a dose-related CNS depressant activity
varying from the mild impairment of task performance to hypnosis
[42].

Pharmacokinetics

Absorption: The pharmacokinetics of alprazolam and its major
metabolites were studied during the 1980s and 1990s. Following oral
administration, approximately 80%-90% of the alprazolam dose is
absorbed. The relationship of alprazolam dose to steady-state plasma
levels for doses up to 10 mg daily was assessed. The assessment
indicated that the absorption rate of alprazolam is independent of the
administered dose, and a steady state is reached in 2-3 days, which is

also independent of the dosage schedule. The reported steady-state
serum concentrations of alprazolam after chronic daily oral
administration of 1.5 mg—6 mg are 0.025 mg/L—0.055 mg/L, and dose-
related increases in steady-state plasma concentrations were reported
with average concentrations of 0.102 mg/L after doses of 9 mg/day
[43]. It was demonstrated that there is a predictable, linear relationship
between dose and plasma concentration; for each mg of alprazolam,
there is an approximate 0.01-0.02 mg/L increase in plasma
concentration.

For example, for a single dose of 0.5 mg to 3 mg, the peak plasma
concentration (Cmax) ranged between 0.00735 mg/L and 0.0392 mg/L
with no significant difference in Cmax among single or multiple doses
[44]. Whereas serum concentrations of 0.025-0.055 mg/L were
reported in patients taking daily oral doses of 1.5 mg to 6 mg.
However, the Cmax of alprazolam is affected if other drugs are
simultaneously administered with it. For instance, one study showed
that ethanol can significantly increase the concentrations of
alprazolam by up to 642% in 120 min, which might increase the
toxicity of alprazolam by inhibiting the activity of CYP3A4, but this
study was in vivo in a rat model and in vitro in HLM [45], so may not
be representative of in vivo human pharmacokinetics. Fluoxetine can
prolong the half-life of alprazolam by 16% and increase the Area
Under the Curve (AUC) by 32% [46]. Alprazolam is rapidly absorbed
after oral administration. A study of the absorption rate of 1 mg
alprazolam immediately after a meal and after a 12 h fasting shows no
decrease in the extent of absorption in the presence of food [1,47,48].

Distribution: Distribution of alprazolam occurs rapidly and
extensively, with the VD in the range 0.8-1.3 L/kg [49]. Comparing
with diazepam (98% protein-bound), alprazolam is less protein bound
(less lipophilic) (65%—75%) and has a smaller VD. Therefore, it has a
faster metabolism rate and shorter duration of action, which would
increase its abuse liability compared to diazepam [19,50].

Metabolism and elimination: BEZs are metabolized extensively in
the liver by the Cytochrome P450 (CYP) enzymes and excreted by the
kidneys. They are mostly converted by N-dealkylation, deamination,
and hydroxylation to form hydrophilic, and in some cases, active
metabolites [51]. Alprazolam is bio-transformed by hepatic
microsomal oxidation, yielding two hydroxylated metabolites: 4-
hydroxyalprazolam (4-OH-alprazolam) and o-hydroxyalprazolam (-
OH-alprazolam) (Figure 3). Both hydroxy-metabolites are
subsequently converted to the corresponding glucuronides in the liver
via uridine 5'-diphospho-glucuronosyltransferase (UDP-
glucuronosyltransferase (UGT)) before being excreted in the urine
[52].
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Figure 3: Metabolic pathway of alprazolam.
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Drug AM blood Urine PM blood Liver Brain Gastric contents
Alprazolam 2 weeks >8 months 2 weeks 6 months 6 months >8 months
a- 5 months >8 months 4 months >8 months 6 months >8 months
Hydroxyalprazolam

Table 1: Illustration the relative percentages of alprazolam and its metabolites excreted in urine.

The two metabolites are active but show less activity than the parent
compound. Early studies concluded that 4-hydroxyalprazolam is
mainly catalyzed by CYP3A4 and a-hydroxyalprazolam by CYP3AS
[53,54]. However, subsequent studies demonstrated that both
metabolites are mainly formed by CYP3A4 and that the role of
CYP3AS is insignificant. This finding also illustrates why alprazolam
is used as a probe drug only for CYP3A4. Most studies are consistent
in their findings that the plasma concentrations of 4-
hydroxyalprazolam and o-hydroxyalprazolam relative to unchanged
alprazolam are less than 10% [48,55-58]. Table 1 illustrates the
relative percentages of alprazolam and its metabolites excreted in urine
[53]. However, 29 metabolites of alprazolam have been identified in
urine so far, with only about 20% of the administered dose excreted as
unchanged alprazolam. Besides the major metabolite o-
hydroxyalprazolam, which accounts for 17% of the total 14C activity
recovered in urine samples, the other metabolites found in the urine
were 4-hydroxyalprazolam (0.3%), a-4-dihydroxyalprazolam (0.2%),
3-methyltriazolyl (0.9%) and analogues of the chlorobenzophenone
(17%) [59]. A benzophenone derived from alprazolam is also found in
humans as 3-hydroxymethyl-5-methyltriazolylchlorobenzophenone (3-
HMB benzophenone) [60,61].

Alprazolam and its metabolites are eliminated via cytochrome P450
3A (CYP3A), and excreted mainly in urine. The mean plasma
elimination half-life of alprazolam following administration of an
extended-release tablet ranges from 10.7-15.8 h in healthy adults, in
some references up to 18 h, which is similar to lorazepam [62].
However, the clearance and other pharmacological parameters of
alprazolam are affected when it is administered with other drugs, as
demonstrated in the next section. Moreover, alprazolam tends to be
transferred into breast milk because of its low molecular weight and
low plasma protein binding [63]. The expected detection times of
alprazolam after ingestion of single and multiple doses have been
studied in various biological specimens.

The median detection times of alprazolam and metabolites after
ingestion of 0.5 mg are 12 h (0-27 h) for alprazolam and 36 h (2661
h) for a-OH-alprazolam in urine, and 26 h (4-37 h) for alprazolam in
oral fluid [51]. In a study of oral detection of alprazolam, saliva
samples were collected from heavy users admitted to a detoxification
facility. The study showed that the maximum detection time for
alprazolam in oral fluid was 2.5 days with confirmation concentrations
ranging from 0.001 mg/L to 0.022 mg/L (cut-off 0.001 mg/L) [64].
Therefore, oral fluid is a practical sample for alprazolam in living
individuals because its detection time is about two days. However,
generally, the influence of a variety of disease states on the
pharmacokinetic parameters absorption, distribution, metabolism and
excretion of alprazolam, including alcoholism and geriatric patients has
been reported.

Alprazolam Interactions

Alprazolam, as mentioned above, is primarily eliminated by metabolism

via cytochrome P450 3A (CYP3A). Most of the interactions that have
been documented with alprazolam are with drugs that inhibit or induce
CYP3AA4. The interaction of alprazolam with other drugs may increase
the risk of serious side-effects, limit its pharmacotherapy, and speed up
its elimination from the body. For example, patients are advised to
avoid or limit using alcohol while receiving alprazolam because
concurrent alcohol use may increase CNS depression [41]. Compounds
that are potent inhibitors of CYP3A would be expected to slightly raise
alprazolam plasma concentrations. Some of the drugs that have been
studied in vivo, along with their effect on raising alprazolam
concentrations are ketoconazole (3.98 fold), itraconazole (2.70 fold),
nefazodone (1.98 fold), fluvoxamine (1.96 fold), and erythromycin
(1.61 fold) [54]. In addition, other medications like rifampin,
carbamazepine, and phenytoin were noted to be potent metabolic
inducers, and their co-use resulted in a loss of BEZ therapeutic efficacy
[65].

It is not recommended to co-administer ritonavir with alprazolam
because it may result in the impairment of alprazolam clearance and
enhancement of its clinical effects. It has been reported that ritonavir
reduces the usual alprazolam therapeutic plasma concentration (2 mg/

L) by 50% [66]. Other examples of drugs that can accelerate the
removal of alprazolam from the body, which may also affect how it
works, are azole antifungals such as itraconazole and ketoconazole,
cimetidine, certain antidepressants such as fluoxetine, fluvoxamine
and nefazodone, medications to treat HIV (delavirdine and indinavir),
macrolide antibiotics (such as erythromycin), rifamycins (rifabutin),
venlafaxine and propranolol. While nefazodone and triazolam were
found to inhibit the elimination rate of alprazolam [67-71]. In spite of
the above negative interaction effects, alprazolam can improve the
clinical effects of other medications. For example, it improves the
analgesic effect of ibuprofen in post-endodontic pain [72].

Adverse Effects

The adverse effects associated with alprazolam are generally due to
the discontinuation of its pharmacotherapy, and tend to be directly
related to dosage and plasma level [73]. The most common adverse
reactions accompanied by CNS depressant actions are confusion,
drowsiness, headache, depression, incoordination, over-sedation, and
rare paradoxical reactions like agitation, hallucinations and sleep
disturbances. The other side-effects are Gastro-Intestinal (GI) such as
constipation, diarrhea, nausea and vomiting, as well as blurred vision.
Withdrawal symptoms including delirium and seizures might occur if
chronic therapy is discontinued [74].

Due to the adverse effects associated with the use of alprazolam,
there have been several attempts to reduce the use of this medication,
especially among older people. A recent study was performed to
reduce the use of alprazolam among the elderly, 65 years and older,
via educational outreach. However, the study concluded that
alprazolam continues to be a challenging medication for patients to
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discontinue [75]. The toxicity of alprazolam is relatively low but
considered to be greater than that of other commonly used BEZs, such
as diazepam [9]. However, most reported cases indicate that its
toxicity is due to its combination with other drugs (see the
interpretation section).

Tolerance and Dependence

Tolerance, the decrease in efficacy of a drug over time, and
dependence, the need to use a drug to maintain physical function to
avoid withdrawal, are among the most commonly encountered
problems that occur during long-term BEZ treatment. Tolerance to
alprazolam has been reported in sedation treatment; chronic
intravenous alprazolam administration (1 mg/kg, every 4 h, 38 days
total) was studied in four female rhesus monkeys. The study findings
indicate that maximal deep sedation was evident on day 1 but was not
significantly different from baseline levels by day 4, and was absent
for the remaining days of treatment. Therefore, chronic alprazolam
treatment resulted in rapid sedation tolerance, but no tolerance to other
behaviors like sleep posture [76]. However, this study is based on in
vitro methods and this has not been shown directly in humans to date.

The tolerance of aggressive and social behavior developed during
alprazolam treatment was investigated in male mice. Alprazolam (1
mg/kg) was given orally once or twice a day for 8 days for some mice,
and for 21 days for other mice, and their behavior was measured based
on video analysis. The study measured the interactions of pairs of
singly housed male mice with non-aggressive group-housed male mice.
The results showed that the administration of alprazolam significantly
reduced aggressive activities and increased social investigation without
changing locomotion or other behavior. Also, tolerance inhibited the
effects of alprazolam on aggressive behavior.

Thus, the conclusion drawn was that tolerance to alprazolam’s effects
on aggressive and social behavior developed at different rates,
suggesting that they are differentially regulated [77].

It is well recognized that dependence on BEZs develops not only
with long-term therapeutic doses but also with high acute doses. A
study has shown that alprazolam, with its short elimination half-life,
can cause more severe withdrawal syndrome and higher physical
dependence liability than BEZs of longer elimination half-lives [78].
Also, the high-potency characteristics and long duration of treatment
with alprazolam can increase the susceptibility of users to severe
alprazolam dependence compared with BEZs of lower potency
[79-81].

Interpretation of Alprazolam in Toxicology Cases

In Table 2 gives a summary of concentrations of alprazolam in
different case types and samples.

Post-mortem cases

Alprazolam is most often misused in combination with other
substances including alcohol, methadone, oxycodone, and cocaine.
Through our literature investigations, we believe that alprazolam
misuse alone is rarely responsible for overdose deaths, which occur
primarily when it is combined with other drugs or alcohol. Therefore,
this creates difficulty in defining a lethal alprazolam dose range, as it
might not be possible to determine the actual role of alprazolam as a
causal factor when combined with other drugs. In the USA, a study of
143 ecstasy users in Miami in the state of Florida found that
alprazolam (82 users, 57.3%) was the most commonly co-ingested
prescription drug [80].

Case type Number of cases Sample type Median or mean Range (mg/L) Notes Reference
concentration
(mg/L)
Post-mortem 412 Post-mortem 0.08 (median) 0.005-2.1 Alprazolam-related [82][83]
peripheral blood deaths
2 Post-mortem 0.11 (mean) 0.076 and 0.15 Alprazolam [17]
femoral blood contributed to
(preserved) death
12 Post-mortem 0.024 (median); 0.002-0.060 Alprazolam was [17]
femoral blood 0.025 (mean) unrelated to the
(preserved) cause of death
3 Post-mortem — 0.2,0.2,0.04, 0.12, Co-ingested drugs [84-90]
peripheral blood 0.065
438 Post-mortem 0.06 (median); 0.10 — Intoxication [83]
femoral blood (mean) deaths with  co-
(preserved) ingested drugs
278 Post-mortem 0.05 (median); 0.10 — Non-intoxication [83]
femoral blood (mean) deaths
(preserved)
DFSA 2 Hair — 0.4 —4.9 pg/mg — [90]
DUID 773 Venous blood 0.05 (median); 0.08 — — [91]
(preserved) (mean)
80 Blood (preserved) 0.075 (mean) 0.0058-0.18 Co-ingestion of [92]
hydrocodone and
carisoprodol

Table 2: Concentrations of alprazolam reported in different forensic toxicology case types.
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A similar study was performed across the state of Florida between
2005 and 2007, which indicated that A total of 1,199 (363 in 2005,
414 in 2006, and 422 in 2007) drug-induced or drug-related deaths
occurred between January 2005 and mid-November 2007, 172 deaths
involving oxycodone, 443 were attributed to combination with BEZs
and, alprazolam was the most frequently encountered (26 in 2005, 62
in 2006 and 116 in 2007) [81]. The new South Wales department of
forensic medicine reported that the total number of alprazolam-related
deaths from 1997 to 2012 was 412, with 0.08 mg/L alprazolam in
post-mortem peripheral blood (femoral or subclavian, preservation
status not given) as the median concentration (range: 0.005 mg/L-2.10
mg/L). The highest concentrations were seen amongst deliberate drug
overdoses of 0.18 mg/L (median) with about 42% of these recorded
cases having a concentration more than 0.2 mg/L [82].

In cases where the cause of death was not due to alprazolam, the
non-toxic preserved femoral blood (1% sodium fluoride)
concentration range of alprazolam reported in the literature is 0.041
mg/L-0.056 mg/L, and the toxic concentration range is 0.1 mg/L-0.3
mg/L [17,83]. Several fatal overdoses have been reported with
alprazolam along with other drugs such as tramadol (peripheral blood
alprazolam was 0.2 mg/L, hydroxyalprazolam is not detected in blood
but detected in bile and liver) [84], heroin (a statistical study of the
number of alprazolam detections in Victoria (Australia) heroin-related
deaths  from  1996-2010) [85], nortriptyline, methadone,
methamphetamine and kratom (blood alprazolam was 0.2 mg/L) [86],
butyryl fentanyl, acetyl fentanyl and ethanol (peripheral blood
alprazolam was 0.04 mg/L) [87], U-47700 (peripheral blood
alprazolam was 0.12 mg/L) [88], and morphine, 6-
monoacetylmorphine (6-MAM), fentanyl and acetylfentanyl (femoral
blood alprazolam was 0.065 mg/L) [89]. In most case reports,
alprazolam metabolites were not targeted in post-mortem blood
samples and whether the blood was preserved or unpreserved was not
stated.

Driving under the influence cases

The effect of alprazolam on driving ability has been studied in some
places. These studies investigated motor control and the interaction of
drivers with the traffic environment. For example, approaching
vehicles in the adjacent traffic lane in order to overtake and
responding to road signaling. Twenty volunteers were subjected to a
driving test on a primary highway during normal traffic at a constant
speed (90 km/h) one hour after oral administration of 1 mg
alprazolam. The study showed significantly impaired driving quality,
decreased alertness, decreased mental activation, and increased mental
effort during driving [90]. The influence of alprazolam on driving
ability was also studied along with alcohol in the Netherlands at 1 mg
alprazolam and at the legal blood alcohol limit (0.5 g/L) and well
above (1.0 g/L). The study concluded that alcohol as well as
alprazolam clearly affected self-perceived performance [91]. The
concentrations of alprazolam in the blood of impaired drivers (venous
blood samples) were compared with post-mortem blood (femoral
blood samples).

The study showed that the mean alprazolam concentrations in blood
from living and deceased persons are not very different (0.08 vs. 0.10
mg/L) [83]. In Houston City, 80 drivers were evaluated between 2015
and 2019 that concurrently tested positive for hydrocodone (opioid),
alprazolam, and carisoprodol (muscle relaxant). The mean blood
concentrations were 0.075 (range: 0.069-0.322) mg/L for
hydrocodone, 0.058 (range: 0.0058-0.18) mg/L for alprazolam, and

3.9 (range: 0.3-14) mg/L for carisoprodol [92]. It is illegal for
motorists to drive under California’s vehicle code (23152 (f)) while
positive for alprazolam if they do not have a prescription for Xanax
[93]. Also, it is illegal in all parts of UK to drive with drugs in your
body if you’re driving is impaired [94]. In other countries like Gulf
Cooperation Council (GCC) countries, the drug acts are applicable to
all types of cases related to drugs including driving under the
influence of drugs.

Alprazolam in sexual assault cases

Alprazolam has been reported as one of the drugs used in Drug-
Facilitated Sexual Assault (DFSA) because it is evident that it may
impair performance in a variety of skills in humans. Two DFSA cases
were tested positive for alprazolam in hair, one case was a 12-year-old
girl who tested two times (2 cm hair segments at 4.9 and 2.4 pg/mg),
the second case was for an adolescent who tested four times (1 cm hair
segments at 0.4-3.1 pg/mg) [90].

Relevant factors

The Post-Mortem Redistribution (PMR) of alprazolam was studied
in 8 rats, which were sacrificed 30 min after alprazolam
administration. Blood and tissue samples liver, lung and brain were
collected at 0,2,6, and 24 h after death. Analytical results indicated
that median post-mortem blood alprazolam concentrations increased
approximately two-fold compared with ante-mortem concentrations
due to PMR. The highest alprazolam tissue concentrations were found
in fat and liver, whereas the lowest levels were observed in the lungs
and brain [95]. Another evaluation of alprazolam PMR phenomena
using the ratios of cardiac-to-peripheral blood concentrations (C/P
ratios) revealed that alprazolam exhibits minimal PMR [96]. Other
studies reported C/P ratios of; 1.5 (range: 1.0-2.8) [97], 0.9 (range:
0.5-1.3) [98], 0.9 [43]; and 1.22 in a fatal multidrug intoxication [99].

In the chemistry, appearance, use, and misuse’ section we noted that
alprazolam in its pharmaceutical form undergoes photo degradation.
However, alprazolam shows more stability in biological samples. For
example, 0.003 mg/L alprazolam was spiked in plasma and stored at —
18°C. The stability of alprazolam in the plasma sample was
investigated for 1 month in five freeze-thaw cycles (from —18°C to
room temperature), and it was found to be stable for five cycles [100].
Also, the freeze—thaw stability of alprazolam along with other BEZs in
breast milk and plasma was assessed in the short-term (24 h, at 4°C)
and the long term (8 weeks, at —30°C). For short-term stability, the
remaining amounts of alprazolam in the breast milk were 111.3% (+
3.8) and in the plasma were 89.4% (+ 4.7). While in long-term
stability, the remaining amounts of alprazolam in the breast milk were
96.5% (£ 4.3) and in the plasma were 114.7% (+ 3.1). The results
indicated that no significant degradation was observed under these
conditions [101].

In many cases, there is a delay of weeks to months between sample
collection, drug screening, and quantitation. Therefore, a long-term
drug stability study is very important for interpretation in both ante-
mortem (blood and urine) and post-mortem (blood, urine, brain, liver,
stomach contents) cases. A long-term stability study (over an 8-month
period at 4, —4 and —20°C) of 26 sedative—hypnotics including
alprazolam was carried out in six toxicological matrices: ante-mortem
blood in potassium oxalate: sodium fluoride (1:10), post-mortem blood
in potassium oxalate: sodium fluoride (1:10), post-mortem urine in
sodium fluoride, homogenized liver (20 g diluted 1:3 with
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deionized water), homogenized brain (20 g diluted 1:2 with deionized
water), and homogenized gastric contents (1:100 with deionized
water). Table 1 displays the time it took for alprazolam and o-
hydroxyalprazolam to lose 20% of their initial value in each sample
type. Table 1 Time taken for alprazolam and a-hydroxyalprazolam to
lose 20% of their initial value in each sample type [102].

Laboratory detection and methodology

The wide prevalence of alprazolam and its potential for misuse or
dependence from the early 1980s has contributed to the development of
numerous analytical methods to detect alprazolam and its metabolites
in biological samples and pharmaceutical formulations. Some are
preliminary screening methods like immunoassay, while others are
confirmatory methods such as single chromatography (GC, HPLC) or
coupled with a mass spectrometer(s) (MS, MS/MS). However, most of
these analytical methods are comprehensive methods for the detection
of a group of BEZs. Due to the rapid development in analytical
techniques over time, it is recommended that clinical and toxicological
laboratories apply the most recently developed methods due to their
higher accuracy, sensitivity, selectivity and throughput. Therefore, this
review focuses only on presumptive and confirmed methods published
since the year 2000, as older methods may no longer be deemed
reliable.

Preliminary screening methods

Many different Immunoassay (IA) screening methods are suitable
for the detection of BEZs and their metabolites in body fluids,
including alprazolam and its metabolites in urine, blood and oral fluid.
These techniques include Enzyme Immunoassays (EIA, e.g., EMIT
[103] or Enzyme-Linked Immunosorbent Assay (ELISA) [104]),
Fluorescence Polarization Immunoassay (FPIA, e.g., SBENZ, Abbott
TDx and ADx [105]) micro particle immunoassay (e.g., TRIAGE and
ONLINE [106]), and cloned enzyme donor immunoassay (CEDIA)
[83,107]). However, these techniques do not have the same sensitivity
or selectivity for all BEZs, causing false-negative results, especially for
low-dose substances. Thus, comparative studies have been conducted
to evaluate different IAs including for detecting alprazolam and its
metabolites alone or along with other BEZs. They found that not all
techniques are able to identify all BEZs, due to the wide variation in
potency, structure, metabolism, elimination as well as the variable
immunoreactivity of the antibodies to group members [108].

The sensitivity and selectivity of EMIT II have been determined for
a battery of BEZs including alprazolam and OH-alprazolam in urine
(0.3 mg/L cut-off) and oral fluid (0.1 mg/L cut-off) [109]. The cut-off
levels of 0.3 and 0.1 mg/L are high for alprazolam in both urine and
oral fluid and are not fit-for-purpose for forensic toxicology
applications, as they should report even trace amounts. However, the
sensitivity of LC-MS/MS and IAs techniques has been improved over
time and alprazolam has been recently detected by IA and confirmed
by LC-MS/MS techniques in oral fluid [51]. Generically speaking, the
sensitivity problems with some immunoassay techniques have been
solved by using high-resolution mass spectrometric methods as a
screening test for drugs in biological samples. References from 110—
112 demonstrate the screening of alprazolam along with other drugs in
a variety of body fluids [110-112].

Confirmation methods

Identification and quantitation methods for alprazolam and o-
hydroxyalprazolam in various biological matrices like urine, blood,
plasma, breast milk, oral fluid, hair and meconium using liquid

chromatography-electrospray ~ ionization =~ MS/MS  have  been
reported since the 1990s, and recently by UPLC-MS(/MS) and LC-
TOF-MS, with only a few studies employing Raman
spectroscopy. Some of these methods, which are specific for
alprazolam, are designed to support clinical monitoring of patients
receiving alprazolam, while others are selective for a group of BEZs
including alprazolam, and are designed to increase the throughput of
forensic toxicology laboratories [63,113—118].

Discussion

It was mentioned in the ‘metabolism and elimination’ section that
only trace amounts of parent alprazolam are present in the urine due to
extensive metabolism and conjugation, as is consistent with most
BEZs. Thus, hydrolysis of glucuronides is necessary for improved
detection. Enzyme hydrolysis is preferred to retain identification
specificity, but can be costly and time-consuming. Several investigators
have evaluated the efficacy of BEZ enzymatic hydrolysis including
alprazolam with different enzymes of different sources and activities
like B-glucuronidase from Helix pomatia, Escherichia coli and Patella
vulgata.

In previous stuides [25,119] report that the recombinant IMCSzyme
B-glucuronidase has higher hydrolysis efficiency than other B-
glucuronidases for most BEZ compounds including alprazolam and its
metabolites, such that over 95% recovery of alprazolam and its
hydroxyl metabolites was observed. As a result, enzymatic hydrolysis
is more convenient for alprazolam analysis in biological samples as it
does not form benzophenones during acidic hydrolysis [120]. Acidic
and enzymatic hydrolysis, which is considered sample pre-treatment
methods, is followed by extraction such as Liquid-Liquid Extraction
(LLE) and Solid-Phase Extraction (SPE). Various commercially
available SPE cartridges have been employed in alprazolam extraction.
Some of these SPE cartridges are Hydrophilic—Lipophilic Balance
(HLB) [113], Trace-B columns [121], and ChemElut columns [122].
LLE is employed frequently in drugs of abuse testing in biological
samples including for alprazolam [123].

However, LLE techniques involve lengthy extraction times, large
sample volumes and excess use of organic solvents. Thus, there are
attempts to find an alternative to LLE such as Dispersive Liquid—
Liquid Micro Extraction (DLLME), which was introduced for first
time by Rezaee, et al. [124]. In previous studies [125,126]
illustrate the use of DLLME and study by Fernandez [127]
illustrates the Ultrasound-Assisted Dispersive Liquid-Liquid Micro
Extraction (UA-DLLME) method for the determination of BEZs
including alprazolam in biological samples. Furthermore, several
derivatizing agents have been used in the analysis of BEZs,
like tetramethylammonium  hydroxide and propyliodide
(propylation), as well as a mixture of triethylamine:propionican
hydride (propionylation) [128].

Conclusion

Alprazolam is a BEZ derivative that is currently used in the
treatment of anxiety, panic disorder and depression. It exhibits rapid
onset and short duration of action and relief. Its metabolism is
catalyzed by CYP3A4 and potentially CYP3A5 too. The main
metabolites are 4-hydroxyalprazolam and a-hydroxyalprazolam. No
significant effect on AUC blood concentration related to these
metabolites has been reported and thus, presumably, on clinical
efficacy. Also, age does not seem to have a significant effect on the
main pharmacokinetic parameters, such as C,, VD and apparent
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clearance. Because of its sedative and euphoric effects, alprazolam
may be subject to abuse or misuse. Its misuse potential stems from its
unique pharmacokinetic properties like rapid absorption, low
lipophilicity, short half-life and high potency. Chronic alprazolam
treatment results in rapid sedation tolerance.

Alprazolam is significantly more toxic than other BEZs like
diazepam and should be avoided in patients with increased risk of
suicide, or who are also using alcohol, opioids, or other sedating
drugs. The most frequently observed post-mortem cases reveal that
alprazolam is ingested in combination with other substances including
alcohol, methadone, oxycodone, and cocaine. PMR phenomena using
the ratios of cardiac-to-femoral-blood concentrations (C/P ratios)
indicate that alprazolam exhibits minimal PMR. There are many
different IA screening methods that are suitable for the detection BEZs
and their metabolites in body fluids including alprazolam like EIA,
ELISA, FPIA, CEDIA and RIA. The most currently used confirmation
and quantification techniques are GC-MS and LC-MS/MS, which
provide wide applicability and good analytical performance granting
high precision, accuracy and feasibility.
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