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Fatal opioid poisonings often involve methadone or morphine. This study aimed to
elucidate if quetiapine, a widely used sedative antipsychotic medication, may increase
the risk of fatal opioid poisoning by additive inhibitory effects on the central nervous
system. We used data from 323 cases of fatal methadone or/and morphine poison-
ings autopsied from 2013 to 2020, a survey of 34 drug users, and performed blinded
placebo-controlled studies in 75 Flinders Resistant Line rats receiving three cumula-
tive intraperitoneal doses of vehicle, methadone (2.5, 10 and 15 mg/kg), morphine
(3.75, 15 and 22.5 mg/kg), quetiapine (3, 10 and 30 mg/kg) or quetiapine combined
with methadone or morphine. Quetiapine was detected in 20.4% of fatal opioid poi-
sonings with a significantly increased frequency over time, primarily in low or thera-
peutic concentrations, and was not associated with methadone or morphine
concentrations. Use of quetiapine, most commonly in low-to-moderate doses to
obtain a sleep-inducing or tranquillizing effect, was reported by 67.6% of survey
respondents. In the animal studies, a significant impairment of sedation score, perfor-
mance on the rotarod and open field mobility was observed in all treatment groups
compared with vehicle. However, the effect of quetiapine plus the opioid was not
significantly different from that of the opioid alone. Thus, no additive sedative effects
were observed in rats. Our results suggest that quetiapine is more often an innocent
bystander than a contributor to fatal opioid poisoning. However, the combined
effects on other parameters, including blood pressure, cardiac rhythm and respiratory

rate, need investigation.
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1 | INTRODUCTION
Opioid use disorders affect millions of people worldwide and cause
more than 100 000 deaths each year.1 Methadone, heroin and mor-
phine still account for a major proportion of opioids prescribed and
found in deceased drug users in the United States and Europe, includ-
ing Scandinavia.?~> Substance abuse or misuse of prescribed opioids is
associated with other psychiatric disorders leading to a risk of poly-
pharmacy and drug cocktail overdose.® Opioids exert their effect pri-
marily by binding to opioid p- and x-receptors causing analgesia,
euphoria and adverse effects such as respiratory depression and seda-
tion.” The sedative effect is exacerbated when opioids are combined
with certain other sedatives, such as benzodiazepines.®

Quetiapine is one of the most used second-generation antipsy-
chotics worldwide.? It binds to several receptors, including adrenocep-
tors, dopamine, serotonin and histamine receptors.’® The primary
indication is the treatment of schizophrenia or bipolar | disorder, but it
is also used for unipolar and bipolar depressive disorders and off-label
for alcohol dependence,* insomnia and anxiety. Additionally, its use
for recreational purposes has been reported to increase.'? The high
affinity to histamine H, receptors causes sedation, and respiratory
depression can occur with overdose.*®

Data on the combined effects of opioids and quetiapine are
sparse. Based on the literature, we previously suggested a possible
additive effect of morphine and methadone with other antipsychotics
such as acepromazine on sedation, respiratory depression and hypo-
tension in animal studies.'* Therefore, we hypothesized that concomi-
tant exposure to quetiapine and methadone or morphine might have
additive effects. The aim of the present study was to elucidate the
role of quetiapine in fatal opioid poisonings using three different
methods: First, we used autopsy data from cases of fatal opioid poi-
sonings to determine the prevalence of cases in which quetiapine was
detected and to investigate if the presence or concentrations of que-
tiapine were associated to lower concentrations of opioids, which
could indicate additive effects. Secondly, we conducted a survey of
drug users on quetiapine use, and finally, we investigated the sedative
effects of the combination of quetiapine with methadone and mor-

phine, respectively, in a rat model.

2 | METHODS

21 | Autopsy study

Cases undergoing legal autopsy at our institution from May 2013
through August 2020 were identified in the LabWare LIMS database,
which manages all results from our toxicological analyses. We
extracted demographic characteristics and autopsy findings, including
coronary artery atherosclerosis, lung emphysema, lung fibrosis, narra-
tive cause of death and the primary SNOMED term for the cause of
death from autopsy reports. The presence and concentrations of
drugs in each case were extracted from the LabWare LIMS database.

An explanation of when and how autopsies and toxicological analyses
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are performed at our institution is displayed in the supporting
information.

All cases in which methadone or morphine was detected in femo-
ral blood were identified. Cases with age below 15 years were
excluded. Based on the narrative cause of death and primary
SNOMED term in each autopsy report, we also excluded cases with a
cause of death unrelated to poisoning with methadone or morphine.
The rules for exclusion of cases are detailed in Table S1.

The term morphine-related poisoning is used in all poisonings
where heroin or morphine was involved because of the fast metabo-
lism of heroin into morphine, which is the detected substance in blood
after heroin use. We used the same definition of a drug user as in pre-

vious studies.*

2.2 | Survey of drug users

A part-time employee (VSH) of a Safe Injection Site (SIS) recruited
respondents in October to December 2021. Respondents filled out
their survey with investigator guidance upon request. The survey
included questions (yes/no) about ever using quetiapine, holding a
prescription for quetiapine and purchasing it from others. Further-
more, it contained a preformed list of possible effects and a pre-
formed list of doses (0-50, 50-600, >600 mg or don't know), which
were checked in response to the questions: ‘What effect do you
obtain from quetiapine?” and ‘Which dose do you typically use?’,
respectively. Finally, the survey encompassed questions about age,
sex, currently prescribed medication and drug to be taken at that visit
to the SIS. An English translation of the Danish questionnaire is

displayed in Figure S1.

2.3 | Animal study

23.1 | Design

Two randomized, vehicle-controlled, observer-blinded animal studies
with identical designs were performed in February to June 2021. A
researcher not participating in the assessment of animals performed
the randomization, held the code and prepared the syringes with clear
solutions. Experiments were performed over 2 days: training and
habituation on Day 1 and drug intervention on Day 2. In Study 1, rats
received cumulative increasing doses of methadone (2.5, 10 and
15 mg/kg), quetiapine (3, 10 and 30 mg/kg), methadone + quetiapine
(2.5 4+ 3,10 + 10 and 15 + 30 mg/kg) or vehicle (saline with 15% sul-
fobutyl ether beta-cyclodextrin sodium [B-CD]). In Study 2, rats
received cumulative increasing doses of morphine (3.75, 15 and
22.5 mg/kg), morphine + quetiapine (3.75 + 3, 15+ 10 and 22.5 -
+ 30 mg/kg) or vehicle. The chosen doses were based on previous

studiest>~1?

and a pilot study with three rats before the start of both
Studies 1 and 2. Intraperitoneal (i.p.) injection was chosen as the most
feasible way of administering acute exposure to drugs. Rats were

treated in batches of four, and four batches (16 rats) were examined



ANDERSEN e AL Addiction Biolo ssae _ W LEY_L3°f12
15t dose 2" dose 3ddose  Decapitation
e
0 10 B 20 % 3 60 90
Day 1 Day 2
20 minutes open 10 minutes Open field at 10-15, Rotarod Blood sampling
field habituation  open field and 15-20, and 20-25 with 3 and dissection of
and rotarod rotarod minutes minutes brain
training baseline Sedation score at 15 cut off

and 25 minutes

FIGURE 1

QOutline of the animal study protocol. On Day 1, animals were habituated to the open field followed by rotarod training as

described previously. On Day 2 prior to the first injection, baseline open field recording, including sedation rating, followed by rotarod
performance test was conducted. After each injection, the rat was allowed to rest in its cage before placement in the open field. Velocity and
distance were recorded continuously and analysed later in blocks of 5 min corresponding to 10-15, 15-20 and 20-25 min after injection.
Sedation was rated 15 and 25 min after each injection. Just before the next consecutive dose, the rat was moved from the open field to the

rotarod test.

in one experiment day. Two experiment days were planned for both
Studies 1 and 2 to obtain eight rats in each group. However, in Study
1, one rat was excluded due to blood in the injection syringe after
the first injection, followed by sedation scores of 0-1, and two rats
died after the first injection due to injection-related internal bleeding
verified by autopsy. Thus, an extra day of experiments was run in
Study 1. On this day, however, only 14 rats were available. Thus,
Study 1 included 11 vehicle-, 10 quetiapine-, 11 methadone- and
11 quetiapine + methadone-treated rats, and Study 2 included
8 vehicle-, 8 quetiapine-, 8 morphine- and 8 morphine + quetiapine-
treated rats.

After baseline assessment on Day 2, rats received the first injec-
tion and were allowed to rest for 10 min. Then, behavioural tests and
subsequent injections were performed as outlined in Figure 1. Thirty-
minute intervals between injections were chosen to allow drugs to be
absorbed and allow sufficient time for observations and tests. Rats
were sacrificed by guillotine after the last observation or if a sedation
score of zero was obtained during the experiment.

2.3.2 | Animals

Male Flinders Resistant Line (FRL) rats weighing 300-400 g were
bred and housed two per cage in humidity and temperature-
controlled rooms kept in 12-h/12-h light/dark cycle at the Transla-
tional Neuropsychiatry Unit, Aarhus University, Denmark (TNU).
The FRL rats are derived from Sprague-Dawley rats and are con-
trol animals for the Flinders Sensitive Line used to investigate
depression.?® The FRL rats were used because they would have
been bred and sacrificed without purpose if not used for this
study, which was conducted under the COVID-19 pandemic close-
downs when the research was only allowed under special circum-
stances. The experiments are reported in agreement with ARRIVE
2.0 Guidelines?* and the British Medical Journal of Pharmacology

Guidance for Publication.??

2.3.3 | Materials

B-CD, Glentham Life Sciences Ltd., UK. Methadone hydrochloride
10 mg/ml and Morphine 20 mg/ml, Skanderborg Pharmacy, Denmark.
Quetiapine fumarate (30 mg/ml; Sigma-Aldrich, USA) was dissolved in
saline with 15% B-CD by mixing (2500 rps), using ultrasound and heat-
ing (37°C).

2.34 | Sedation score

According to previous descriptions, the two observers blinded to
treatment evaluated the behavioural changes associated with sedation
in the open field based on a scale from zero to four?>; O = asleep,
absence of righting reflex; 1 = heavy sedation: eyes mostly closed,
head mostly or entirely down, flattened posture, lack of normal limb
placement, no spontaneous movement; 2 = moderate sedation: eyes
partly closed, head somewhat down, impaired locomotion, use of only
some limbs or abnormal posture; 3 = awake, inactive: eyes fully open,
head up, little to no locomotion or rearing, normal posture; and
4 = awake, active: engaged in locomotion, rearing, head movements
or grooming. The two observers conferred the score for each animal
to consensus at each time point. The scores were assessed 15 and
25 min after each injection.

2.3.5 | Open field test

The open field consisted of four independent acrylic square arenas (L:
100, W: 100, H: 39.5 cm) with a black floor and illumination of
approximately 12 lux. On Day 1, rats were placed individually in each
arena and explored for 20 min. On Day 2, rats were placed in the cen-
tre of the open field and recorded continuously by the Noldus-
Ethovision XT rodent tracking system for 10 min at baseline and for

15 min after 10 min of rest in the cage following each injection
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(Figure 1). Locomotor activity was evaluated as distance travelled and

velocity.

2.3.6 | Rotarod test

The rotarod test evaluated locomotor performance and coordina-
tion. On Day 1 (training), each rat was placed in the rotarod
(15 rpm). They had to remain there for 180 s in at least one of five
consecutive trials to be included in the study. On Day 2 (test), each
rat was placed on the rotarod with an accelerating speed (0 to
40 rpm). The time until the first fall was noted for each rat with a
3-min cut-off.

2.4 | Data and statistical analysis
Data from autopsy reports and the survey of drug users were entered
in REDCap electronic data capture tool.?*

Normally distributed continuous variables with a normal distribu-
tion (tested by histograms and Q-norm plots) were expressed as
mean * standard deviation. Methadone, morphine and quetiapine
concentrations were log-transformed to obtain a normal distribution.
Non-normally distributed continuous data were expressed as median
[25th-75th percentile], categorical variables in percentages and odds
ratios (ORs) as OR + standard error. The change of prevalence of
guetiapine-positive cases over time was assessed by logistic regres-
sion. Differences in characteristics between the two groups were cal-
culated using Student's t-test, Wilcoxon's rank sum test or ;(2 test, as
appropriate. Correlations between quetiapine and opioid concentra-
tions were performed on log-transformed data and evaluated with
Pearson's correlation coefficient. Multivariate regression analysis was
performed with log-transformed concentrations of methadone and
morphine, respectively, as the dependent variable. Independent vari-
ables were age as a continuous variable and the presence of quetia-
pine, ethanol > 0.5 mg/g, benzodiazepines, other opioids than
methadone or morphine, respectively, findings of emphysema or lung
fibrosis, body mass index (BMI) below or above 30 kg/m2 and sex as
dichotomous variables. In case of missing BMI, a BMI below 30 kg/m?
was presumed. Two cases were excluded from the multivariate analy-
sis of methadone due to high leverage. A p-value < 0.05 was consid-
ered statistically significant. Other than BMI for use in the
multivariate analysis, missing data were not imputed. In case of miss-
ing data, the number of cases included in the analysis is shown in the
text or table. Stata 17, Stata Corp, Texas, was used for statistical
analysis.

The number of animals used was evaluated in the animal study,
including power analysis and consideration to the 3Rs.?° Results were
evaluated before unblinding. Recordings from open field velocity
(cm/s) and distance (cm) were analysed by Ethovision XT 15 in 5-min
blocks.24?” Rotarod performance (seconds until fall) and sedation
score were accessed manually. Data were entered and analysed in

GraphPad Prism 9. Because data were either non-parametric or not
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normally distributed, all analyses were conducted with the Kruskal-
Wallis test followed by Dunn's post hoc test correcting for multiple
comparisons. In Study 1, treatments with quetiapine, methadone and
quetiapine + methadone were compared with vehicle, and
quetiapine + methadone was compared with methadone at each
point of measurement. The same comparisons were performed in
Study 2 with morphine instead of methadone. A p-value < 0.05 was

considered significant.

2.5 | Ethics statement

The autopsy and survey studies were registered at Aarhus University.
Data were handled in accordance with the General Data Protection
Regulation (GDPR) and the Danish Data Protection Act. The question-
naire comprised a request for consent to collect data for research.
According to the Consolidation Act on Research Ethics Review of
Health Research Projects, Consolidation Act Number 1083 of
15 September 2017, these projects did not need approval from the
Committees on Health Research Ethics. All animal experiments were
carried out following EU Directive 2010/63/EU and Danish Animal
Testing Act and

approved by Danish Animal Experiments

Inspectorate.
3 | RESULTS
3.1 | Autopsy study

From May 2013 to August 2020, methadone, morphine or both
caused fatal poisoning in 155, 122 and 46 cases, respectively
(Figure 2). Quetiapine was detected in 13.5%, 5.4%, 19.6% and 28.9%
of cases in 2013-2014, 2015-2016, 2017-2018 and 2019-2020,
respectively (Figure 3). OR for detection of quetiapine increased by
1.23 + 0.09 per year (p = 0.004).

Methadone and morphine concentrations did not differ between
quetiapine-positive and -negative cases (Table 1). Concentrations of
quetiapine were within or below therapeutic levels (up to 0.5 mg/
kg?®) in all except eight cases (14.5%). There were no statistically sig-
nificant differences between quetiapine-positive and -negative cases
with respect to the characteristics shown in Table 1, except female
sex being more frequent in quetiapine-positive morphine poisonings
(Table 1). Other psychoactive drugs were detected in 97.7% of cases,
most frequently benzodiazepines. Antidepressants and antiepileptics
occurred more frequently in cases where quetiapine was detected
(Table 2).

There was no significant correlation between quetiapine and
methadone (? = 0.01, n = 201, p = 0.58) or quetiapine and morphine
concentrations (r? < 0.001, p =0.9). The multivariate analysis of
methadone-related poisonings predicted methadone concentrations
(* = 0.14, p = 0.001, n = 199), but the presence of quetiapine was
not statistically associated with logarithmic methadone concentrations

(coefficient 0.25, p =0.17). With respect to morphine-related
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FIGURE 2 Flowchart of identified, excluded Methadone and/or
and included cases in the autopsy study. Cases on Excluded morphine positive
the left were excluded due to other causes of cases
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FIGURE 3 Prevalence of quetiapine-positive cases over time.
Absolute number of cases dying from methadone and/or morphine
poisoning in which quetiapine was present or absent, respectively, is
shown. Proportion of quetiapine-positive cases in each two-year
period is given as percentage.

poisonings, the model did not predict logarithmic morphine concen-
trations (> = 0.02, p = 0.16, n = 168).

3.2 | Survey of drug users

Twenty-three (67.6%) of 34 respondents reported ever use of quetia-
pine. Twenty (86.9%) reported not having a prescription, and seven
(30.4%) reported buying quetiapine on the street. The effect of que-
tiapine was most often reported as sleep induction or tranquillizing

(Figure 4). Eight (24.8%) and 14 (60.8%) of the 23 respondents who
had used quetiapine reported using 0-50 and 50-600 mg per dose,
respectively. The median age of the respondents was 46 [34-53]
years. Thirty (88.2%) were male. They were most often going to take
heroin (n = 21 [61.8%]), cocaine (n = 11 [32.4%)]) or methylphenidate
(n =11 [32.4%)]).

3.3 | Animal studies

At baseline, there was no difference in the sedation score, rotarod
performance or open field between treatment groups and vehicle,
except for vehicle versus morphine in rotarod performance
(Figures 5-7). Besides the loss of three animals due to bleeding after
injection (see Section 2.3.1), one rat was euthanized in the
methadone + quetiapine group after the second injection because it
had a sedation score of 0. A value of O was included in the analyses of
subsequent measures for this rat. Furthermore, rigidity was observed
in five rats from the group treated with methadone, and ‘straub tail’
in three rats treated with methadone, three treated with morphine
and one treated with quetiapine. Otherwise, we noted no adverse
effects.

3.3.1 | Sedation score

In Study 1, persisting sedative effects compared with vehicle were

observed after two injections in the group receiving methadone
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TABLE 2 Frequency of other detected groups of drugs and medications in fatal methadone- or/and morphine-related poisonings

Methadone- or/and morphine-related poisoning

Quetiapine absent (n = 268) Quetiapine present (n = 55) p-value
Any psychotropic® N (%) 259 (96.6) 55 (100) 0.16
Benzodiazepines N (%) 214 (76.4) 42 (79.8) 0.6
THC N (%) 109 (40.6) 22 (40.0) 0.9
Central stimulants N (%) 105 (32.7) 18 (39.2) 04
Antidepressants N (%) 85 (31.7) 26 (47.3) 0.02
Antiepileptics N (%) 72(26.9) 26 (47.3) 0.002
Opioids” N (%) 91(34.0) 20 (36.4) 0.7
Antipsychotics® N (%) 55 (23.6) 13 (20.5) 0.6

2Any psychotropic drug represents the detection of any component within the following groups of drugs in peripheral post-mortem blood:
benzodiazepines, other opioids than methadone or morphine, respectively, other antipsychotics than quetiapine, tetrahydrocannabinol (THC), first-
generation antihistamines, antidepressants, central stimulants or an ethanol concentration above 0.5 mg/g.

bOpioids include other opioids than methadone and morphine in methadone- and morphine-related poisonings, respectively. Codeine was not counted if
morphine was most likely a metabolite of heroin based on the presence of, for example, noscapine and papaverine.

“Antipsychotics included other antipsychotics than quetiapine.
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FIGURE 4 Reported effect of quetiapine in survey of drug users.
The figure shows the proportion of respondents (n = 34) checking
each option as the answer to the question: What effect do you obtain
from quetiapine? Antidepressant effect was also an option, but it was
checked by less than three respondents. Respondents could check
more than one response.

(p = 0.004) or methadone + quetiapine (p = 0.0002), whereas three
injections were required in the group receiving quetiapine alone
(p = 0.06). In Study 2, a single injection was associated with a tran-
sient significant sedative effect compared with the vehicle in the
group receiving morphine (p = 0.045). Two injections were required
to observe a persistent effect in the group receiving the combination
(p > 0.001). A significant sedative effect was observed after the third
injection of quetiapine (p = 0.03). All p-values were non-significant
when opioid + quetiapine was compared with opioid alone (Figure 5
and Table S2).

3.3.2 | Rotarod performance

At training, all animals remained on the rotarod for 3 min within the
first three trials. In Study 1, a persistent, significant poorer perfor-
mance was observed after the second injection of both methadone
(b = 0.005) and methadone + quetiapine (p = 0.0001) compared with
vehicle. In Study 2, a transient poorer performance compared with the
group receiving vehicle was observed after the first injection of
morphine (p = 0.02), whereas a persistent poorer performance was
observed after the second injection of quetiapine + morphine
(p =0.002) and quetiapine (p =0.01). All p-values were non-
significant when opioid + quetiapine was compared with opioid alone
(Figure 6 and Table S2).

3.3.3 | Open field test

In Study 1, differences in velocity and distance compared with the
group receiving vehicle were consistently observed after the sec-
ond and third injections with both methadone (p <0.05) and
methadone + quetiapine (p < 0.05), except methadone + quetiapine
20-25 min after the third injection (p = 0.21). Three injections of
quetiapine were required to observe an effect, which was evident
after both 10-15 min (p = 0.02) and 15-20 min (p = 0.014), but
not after 20-25 min (p = 0.72). In Study 2, a significant difference
was only detected 10-15 min after the third injection of morphine
(b =0.02), but in
appeared 10-15 min after the second injection (p = 0.05) and 10-
15 min after the third injection (p = 0.01). The effect of quetiapine

combination with quetiapine, differences

after the third injection did not reach statistical significance
(0.07) in Study 2. All p-values were non-significant when opioid +
quetiapine was compared with opioid alone (Figures 7 and S1 and
Table S2).
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4 | DISCUSSION

Knowledge about additive or synergistic effects of drugs is important
for interpreting toxicological results in the setting of forensic medicine
and for planning prophylactic efforts. Quetiapine and opioids are both
sedatives and can induce respiratory depression, creating a basis for
pharmacodynamic interactions.** In the present study, quetiapine was
found in an increasing proportion of fatal opioid poisonings over time.
This is in line with other studies showing an increase in the number of
calls concerning quetiapine to a poisoning centre and deaths related
to quetiapine.}? In fact, in a recent Danish study, quetiapine was the
third most frequently involved generic in acute drug poisonings lead-
ing to hospitalization.?’ Due to the absent association of quetiapine
concentrations or presence with lower concentrations of methadone
or morphine, our data did not suggest an additive effect. Compared
with pure ethanol poisonings, lower post-mortem ethanol concentra-
tions have been observed in ethanol poisonings where sedative
medications were present,® indicating that post-mortem blood con-
centrations can be informative to elucidate additive toxic effects of
drug combinations. However, several factors, including tolerance to
opioids and the high prevalence of other psychoactive drugs, may
deter our study's detection of additive effects. In the previous

study,*C a dose-dependent association between the concentration of

Methadone E20 Methadone + quetiapine
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FIGURE 5 Sedation score of control versus
treatment in animal studies. Values presented as
median + interquartile ranges (IQRs) for the
group. X-axis represents time in minutes after the
first injection with O corresponding to baseline.
Sedation (y-axis 0-4) was evaluated 15 and

25 min after each injection; that is, x = 15 and
25 correspond to the first dose, x = 45 and

55 correspond to the second dose and x = 75
and 85 correspond to the third dose. The
Kruskal-Wallis test was performed at each point
of observation, and treatment with quetiapine,
methadone/morphine and

quetiapine + methadone/morphine was
compared with vehicle, and

quetiapine + methadone/morphine was
compared with methadone/morphine by Dunn's
post test. Only significant differences between
control and treatment at the given time point are
stated: p < 0.05 (*). Twenty-five minutes after the
third dose (x = 85), comparison of morphine
versus morphine + quetiapine is also stated

(b = 0.09). a: p = 0.06 (quetiapine vs. control). b:
p = 0.05 (morphine vs. control). All p values are
displayed in Table S2.

Morphine + quetiapine

ethanol and some of the evaluated medications was observed. Thus,
the low-to-therapeutic concentrations of quetiapine in the majority of
cases in our study may contribute to the apparent absent additive
effects. The autopsy study findings corresponded with the survey
showing a considerable use of non-prescribed quetiapine among drug
users, a finding aligning with the misuse potential and unauthorized
use of quetiapine observed in other studies.>* However, in our survey,
quetiapine was rarely used in high doses to obtain euphoria or
enhance other drug effects. Thus, simultaneous intake of large quetia-
pine and opioid doses for recreational use may be infrequent. This
could explain the relatively few methadone- or/and morphine-related
fatal poisonings where quetiapine was detected in supratherapeutic
or toxic concentrations and additive effects may more likely occur. A
limitation to the survey is that the respondents may be a select popu-
lation and not represent the drug users encompassed by the autopsy
data. Furthermore, some of the present study's autopsy cases, espe-
cially those with fatal morphine-related poisonings, were not drug
users. Conclusively, we could not prove an additive effect of quetia-
pine and methadone or/and morphine in the autopsy study. This may
suggest that quetiapine is more often an innocent bystander than a
contributor to fatal opioid poisoning.

The animal studies allowed us to investigate the combined seda-

tive effects of quetiapine and methadone and morphine, respectively,
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FIGURE 6 Rotarod performance of control 180
versus treatment in the animal studies. Values B 160—-
presented as median + interquartile ranges (IQRs) E 140_'
for the group. X-axis represents time in minutes S 120_‘
after the first injection with O corresponding to _g 100—-
baseline. Rotarod performance was evaluated L E
25 min after each injection; that is, x = 25 4§
corresponds to the first dose, x = 55 corresponds 5

to the second dose and x = 85 corresponds to §

the third dose. The Kruskal-Wallis test was X
performed at each point of observation, and 0

treatment with quetiapine, methadone/morphine
and quetiapine + methadone/morphine was
compared with vehicle, and
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in a controlled manner, which is unethical to perform in humans. How-
ever, extrapolation of the results to humans is inevitably uncertain. If
the used doses of quetiapine, methadone and morphine are extrapo-
lated to human equivalent doses (HEDs) as previously suggested,2
the cumulative HEDs in a 70-kg person in our study are as follows:
quetiapine 34, 113 and 340 mg; methadone 29, 113 and 170 mg; and
morphine 43, 170 and 256 mg. These estimations correspond to ther-
apeutic doses of quetiapine and toxic doses of the two opioids in
naive users. However, extrapolations are uncertain as there are
marked differences in metabolism between rats and humans. Thus,
the half-life of morphine, methadone and quetiapine has been
reported as between 2.5-13 (47) min,>3* 1-4 h3>3¢ and 1-2 h*
respectively, in rats, as opposed to 2-3, 22 and 7-8 h, respectively, in
men. Additionally, considerably higher doses of methadone and mor-

phine have previously been administered to rodents,3®-4°

indicating
tolerance of much higher opioid doses per kg in rats than humans.
Doses and methods similar to ours have been used in other studies
just in other strains of rats. A methadone effect on rotarod perfor-
mance similar to our result was found in male Wistar rats,'” whereas
an impaired function was found on 3 min rotarod 30 and 60 min after
subcutaneous (s.c.) injection of methadone 1, 3 and 6 mg/kg with
EDso = 3.4 mg/kg.*! Emery et al.l” found the lowest effective dose

of s.c. morphine on sedation in Sprague-Dawley rats to be 3 mg/kg,

minutes after 1°t dose

Morphine Morphine + quetiapine

whereas another study*? found no motor impairment of 3.16 mg/kg
s.c. morphine in rotarod in male Wistar rats. However, two studies in
male Sprague-Dawley rats found reduced rotarod performance with
EDso doses of morphine between 11.51 and 14.1 mg/kg 30 and
60 min after injection.****> Furthermore, morphine 5 mg/kg s.c. has
shown effects on open field activity after 30, 60 and 90 min.***°
With respect to quetiapine, outcomes from a dose-finding pilot study
where 80 mg/kg i.p. quetiapine produced acute sedative effect and
20 and 40 mg/kg did not were reported.*® However, this study*® did
not describe the method and time interval for the assessment of seda-
tion. Altogether, we find that the doses and methodology used in the
present study are appropriate to study sedative effects in rats. How-
ever, the transient effect of morphine may be a result of fast metabo-
lism preventing accumulation.

The combined sedative effects of morphine and quetiapine
became statistically different compared with the vehicle group earlier
than when administered alone. Other than that, we observed no addi-
tive effects. The sedative effect of methadone alone was quite pro-
nounced, which may have left little room for an additive effect of
quetiapine. On the other hand, the effect of morphine per se was only
evident after the first injection, which could facilitate disclosure of a
possible additive effect of quetiapine and morphine after the second

and third injections. Some study circumstances may have implications
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for detecting smaller additive effects of the drugs. Firstly, activation
of rats on the rotarod and handling during the experiment could have
stimulated the rats, counteracted the sedative effects, and disguised
subtle sedative effects with lower doses of the drugs.*” Secondly, the
sedation score is non-parametric and depends on observation rather
than measurements, and discrimination between small differences in
sedation level is difficult to observe and rate on the 0-4 point scale.
Furthermore, the study design resulted in several analyses in which
the use of post hoc tests correcting for multiple comparisons can lead
to low statistical power. Concerning that, however, the results from
the two studies show the same consistent pattern of drug effects in
all measured parameters, and thus, we do not suspect that the absent
additive effects can be explained by type Il error. A possible explana-
tion of the absence of additive effects in the present study may be
that quetiapine's inhibition of histamine-mediated wakefulness*®
mediated by histamine-1 receptor antagonism could be negligible
compared with the direct central nervous system inhibition caused by
opioids. However, as mentioned above, some limitations of our study
apply, and furthermore, we used morphine and not heroin, which may
be more relevant for fatal poisonings in drug users. Heroin may inter-
act differently with quetiapine due to, for example, the active metabo-
lite 6-acetylmorphine,*® which is not present after injection of
morphine. A human study has shown that quetiapine increased

R-methadone plasma concentrations by 21%,°° and it cannot be

Methadone =51 Methadone + quetiapine
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FIGURE 7 Open field distance travelled of
control versus treatment in the animal studies.
Values presented as median + interquartile
ranges (IQRs) for the group. X-axis represents
time in minutes after the first injection with —10
and —5 corresponding to baseline, 5-10 and O-
5 min before the first dose, respectively. Distance
was tracked 10-15, 50-20 and 20-25 min after
each injection; that is, x = 10, 15 and

20 correspond to the first dose, x = 10, 45 and
50 correspond to the second dose and x = 70,
75 and 80 correspond to the third dose. The
Kruskal-Wallis test was performed at each point
of observation, and treatment with quetiapine,
methadone/morphine and

quetiapine + methadone/morphine was
compared with vehicle, and

quetiapine + methadone/morphine was
compared with methadone/morphine by Dunn's
post test. Only significant differences between
control and treatment at the given time point are
stated: p < 0.05 (*). Fifteen to 20 min after the
first dose (x = 15), comparison of morphine
versus morphine + quetiapine is also stated

(p = 0.03). a: p = 0.05 (treatment vs. vehicle). All
p values are displayed in Table S2.

Morphine + quetiapine

excluded that other pharmacokinetic and dynamic interactions can
occur with quetiapine and other opioids such as heroin, oxycodone
and fentanyl, which causes many deaths in other countries.?
Altogether, we did not observe additive sedative effects of quetia-
pine and methadone, and morphine, respectively. However, we can-
not exclude additive effects with other doses, other opioids or in
other physiological parameters such as cardiac rhythm, blood pres-
sure and respiratory rate.

In conclusion, quetiapine occurred with increasing frequency in
fatal opioid poisonings over time. Nevertheless, we found no additive
effects of quetiapine and methadone or morphine. These findings may
suggest that quetiapine is more often an innocent bystander than a
contributor to fatal opioid poisoning. However, the combined effects
on other parameters, including blood pressure, cardiac rhythm and

respiratory rate, need further investigation.
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