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Abstract

Following a decision to require label warnings for concurrent use of opioids and ben-
zodiazepines and increased risk of respiratory depression and death, the US Food and
Drug Administratioin (FDA) recognized that other sedative psychotropic drugs may
be substituted for benzodiazepines and be used concurrently with opioids. In some
cases, data on the ability of these alternatives to depress respiration alone or in con-
junction with an opioid are lacking. A nonclinical in vivo model was developed that
could detect worsening respiratory depression when a benzodiazepine (diazepam)
was used in combination with an opioid (oxycodone) compared to the opioid alone
based on an increased arterial partial pressure of carbon dioxide (pCO,). The current
study used that model to assess the impact on respiration of non-benzodiazepine seda-
tive psychotropic drugs representative of different drug classes (clozapine, quetia-
pine, risperidone, zolpidem, trazodone, carisoprodol, cyclobenzaprine, mirtazapine,
topiramate, paroxetine, duloxetine, ramelteon, and suvorexant) administered alone
and with oxycodone. At clinically relevant exposures, paroxetine, trazodone, and
quetiapine given with oxycodone significantly increased pCO, above the oxycodone
effect. Analyses indicated that most pCO, interaction effects were due to pharma-
cokinetic interactions resulting in increased oxycodone exposure. Increased pCO,
recorded with oxycodone-paroxetine co-administration exceeded expected effects
from only drug exposure suggesting another mechanism for the increased pharmaco-
dynamic response. This study identified drug-drug interaction effects depressing res-
piration in an animal model when quetiapine or paroxetine were co-administered with
oxycodone. Clinical pharmacodynamic drug interaction studies are being conducted

with these drugs to assess translatability of these findings.
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Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?

Benzodiazepines exacerbate opioid-induced respiratory depression. The impact of
other sedative psychotropic drugs on respiration alone or co-administered with an
opioid is often unknown.

WHAT QUESTION DID THIS STUDY ADDRESS?

This study addressed whether a rat model could detect increased partial pressure of
carbon dioxide, indicative of respiratory depression, for sedative psychotropic drugs
with previously unknown influence on respiration, alone or in combination with an
opioid.

WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?

This study suggests that drug-drug interactions between designated sedative psycho-
tropic drugs and opioids could exacerbate opioid-induced respiratory depression and
that additional clinical studies would be informative.

HOW MIGHT THIS CHANGE CLINICAL PHARMACOLOGY OR
TRANSLATIONAL SCIENCE?

Dependent upon outcomes in clinical studies, this work could define a model for early
screening of drug-drug interactions and respiratory depression risk as well as inform

INTRODUCTION

More than 10 million people age 12 years and older misused
opioids in the United States in 2018.' In 2018, 46,802 over-
dose deaths in the United States involved opioids, and opioids
were involved in 69.5% of all drug overdose deaths during
that year.2 Co-use of sedative-hypnotics, including benzodi-
azepines, was found in about 30% of long-term opioid users.’
Of the 46,802 opioid overdose deaths in 2018, 23% or 10,724
deaths were associated with concomitant use of a benzodiaze-
pine.* In response to a citizen petition,” the US Food and Drug
Administration (FDA) conducted an extensive review of the
scientific evidence about the risk and in August 2016 required
the addition of boxed warnings to labeling of opioids and
benzodiazepines—including generic versions, ~ 400 drugs—
with information about risks associated with their concurrent
use, including respiratory depression and death.’

Although the boxed warnings focused on the risks of
concurrent benzodiazepine and opioid use, there were con-
cerns that the addition of these boxed warnings could lead
to other drugs being used concurrently with opioids in place
of benzodiazepines. The risk of respiratory depression with
these potential combinations is unknown for many of these
drugs. These drugs were termed sedative psychotropic drugs
(SPDs) for this investigation, and a multiple-step process
was developed to address this question for drugs that could
be used in place of benzodiazepines (e.g., for the treatment
of insomnia, anxiety disorders, or other neuropsychiatric
conditions) and that frequently cause sedation in patients.

the need for additional clinical interaction studies with respiration as the end point.

First, a review of SPDs was performed to identify drugs that
have inadequate information on their effects on respiratory
depression when combined with an opioid. Second, an an-
imal model was developed to study respiratory depression
induced by orally administered drugs or combinations of
drugs.7 Third, a clinical study® was designed to study the
drugs identified as having a positive signal from the animal
studies reported here.

A rat model to detect respiratory depression induced by
oral administration of oxycodone and diazepam individu-
ally or in combination has been described.” At clinically
relevant exposures, diazepam alone was shown to have no
effect on respiration but to exacerbate opioid-induced respi-
ratory depression when co-administered with oxycodone. A
pharmacokinetic (PK) interaction was observed, with diaze-
pam increasing oxycodone plasma concentration. However,
the observed increase in partial pressure of carbon dioxide
(pCO,) could not be solely explained by this increase in
plasma concentration, suggesting a potential direct phar-
macodynamic interaction. Using this rat model, the present
study proposed to assess the respiratory effects of 13 addi-
tional SPDs, administered alone and in combination with
oxycodone. The tested drugs included atypical antipsychot-
ics, a selective serotonin reuptake inhibitor (SSRI), skeletal
muscle relaxants, a melatonin receptor agonist, an orexin re-
ceptor antagonist, an anticonvulsant, a serotonin receptor an-
tagonist and reuptake inhibitor, a tetracyclic antidepressant,
a non-benzodiazepine sedative/hypnotic, and a serotonin and
norepinephrine reuptake inhibitor.
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METHODS
Selection of drugs for testing

A wide net was cast for drugs that might be used in a psy-
chiatric or neurological treatment regimen that have a pri-
mary effect in the central nervous system, that might be used
in place of a benzodiazepine (on or off-label) and that may
have respiratory effects. All drugs were being marketed in
the United States as of February 2017. Table 1 shows the se-
lected drugs for investigation. Details of the selection process
are provided in Supplementary File pages 2-25.

Animals

Adult male Sprague-Dawley rats with a surgically pre-
implanted intra-femoral-artery cannula (Taconic Biosciences)
were used in this study. Animal procedures were conducted
in an Association for Assessment and Accreditation of
Laboratory Animal Care International (AAALAC) accred-
ited facility in accordance with the Guide for the Care and
Use of Laboratory Animals’ under an animal study proto-
col approved by the FDA’s White Oak Animal Care and Use
Committee. Cannula care, husbandry, and other animal care
details were previously described in detail.’

Single drug studies

Three doses of each of the SPDs were tested to determine blood
drug concentrations and drug effects on pCO, and pO,. The
three single drug doses were selected based on: (1) human dose

TABLE 1 Drug groups and index drugs selected for studies in a
rat model

Class Drug(s)

Atypical antipsychotic Clozapine, Quetiapine, Risperidone

Benzodiazepine Diazepam (positive control)
Imidazopyridine Zolpidem

SARI Trazodone

Skeletal muscle relaxant Carisoprodol, Cyclobenzaprine
Tetracyclic antidepressant Mirtazapine

Anticonvulsant Topiramate

SSRI Paroxetine

SNRI Duloxetine

Melatonin receptor agonist Ramelteon

Orexin receptor agonist Suvorexant

Abbreviations: SARI, serotonin receptor antagonist and reuptake inhibitor;
SNRI, serotonin and norepinephrine reuptake inhibitor; SSRI, selective
serotonin reuptake inhibitor.

equivalent according to the FDA conversion guidan(:e,10 2
concentrations cited in previous studies in rats,'™8 and 3) re-
corded lethal dose (mg/kg) in 50% of a test population (LDs)
in rats where available. In most cases, the human dose equiva-
lent was the approximate low dose, commonly cited nontoxic
literature concentrations were used as the middle dose, and the
high dose was chosen to stay below the LDs to avoid severe
toxicity. Selected oral dosing solution formulations and analyti-
cal methods for each drug are described in Supplementary File
page 26. For single drug studies, arterial blood samples were
collected prior to and at 15, 30, 60, 120, 180, 240, 360, and
480 min after oral dosing. Six rats were dosed at each concen-
tration and serial arterial blood samples were taken at the times
mentioned above. At each time point, SPD plasma concentra-
tions were measured as well as pharmacodynamic (PD) effects,
arterial pCO, and pO,. Analysis of samples allowed subsequent
identification of PK parameters to help determine dose and
dose scheduling for combined drug experiments.

Combination studies

For each SPD, oxycodone 150 mg/kg was given with the
SPD, at a dose based on results of the single drug studies;
the oxycodone dose selection was previously described.’
The relative timing for dosing of oxycodone and the SPD
was also based on single drug studies and was established
with the goal of having both drugs approach maximal plasma
concentration (Cy,,,) at approximately the same time. In the
combination studies, arterial blood samples were collected
prior to and at 15, 30, 60, 120, and 180 min after dosing of
the second drug in the combination treatment. In the oxyco-
done alone control arm, arterial blood samples were collected
prior to and at 15, 30, 60, 120, and 180 min after oxycodone
dosing. Time points beyond 180 min of combined drug ex-
posure were not considered necessary to see the maximum
respiratory effect in combined studies. At each time point,
SPD and/or oxycodone serum concentrations were meas-
ured. For combination studies of SPD drug with oxycodone
and oxycodone alone, there were 6 or 12 rats for each group;
some experiments with equivocal data were repeated and
data combined for analysis. Blood sampling and blood gas
analysis procedures were previously described in detail.”

Plasma drug concentration measurements

The plasma concentrations of all drugs were measured by
validated liquid chromatographic tandem mass spectrometric
methods. A few of these methods have previously been pub-
lished.?*° The remaining method details are summarized in
Supplementary File 0001 pages 27-32.
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End points and statistical methods

For single drug and combination drug studies, plasma drug
concentration was measured for each drug at every time-
point. These measures from single drug studies were used to
estimate C,,,, and the time at which C,,, is reached (7,,,,)-
Single drug study C,,,, and T}, determined the timing of the
combined study dosing. These PK parameters were calcu-
lated by noncompartmental analysis using Phoenix software.

Both pCO, and pO, were measured at each timepoint,
since respiratory depression can cause increased pCO,
and decreased pO,. The normal range of arterial pCO,
in humans and rats is between 35 and 45 mm of mercury
(mmHg). The normal range for pO, is between 75 and
100 mmHg. Although both parameters reflect changes in
respiration, pCO, is a more sensitive measure of decreased
respiration because it is inversely proportional to the al-
veolar ventilation rate.*' Therefore, pCO, was selected as
the primary PD end point for this study. Because statistical
significance could be established for changes that might be
of irrelevant magnitude, a threshold of at least 10% change
from baseline or control was set as relevant change. This
value was based on the narrow normal range of pCO, (35—
45), with 10% change equal to an approximate 40% shift
within the normal range or possibly excursion outside of
the normal range.

In single drug studies, one-way analysis of variance
(ANOVA) was used to assess whether pCO, and drug con-
centrations were significantly different among the three
dose groups (data not shown). A two-way ANOVA (treat-
ment and time) was used to determine statistically signif-
icant differences in pCO, and change from baseline pCO,
between oxycodone alone and oxycodone-SPD combina-
tions. A t-test was used to compare the maximum pCO,
observed in combination experiments with the maximum
pCO, measurement from the corresponding oxycodone
control group (regardless of timepoint). Significance
level for all analyses was p less than 0.05. Area under the
curve (AUC) calculations, AUC_y,s» Were used to com-
pare percent change in systemic exposures in single drug
versus combination studies. For five scenarios (diaze-
pam, paroxetine, quetiapine, ramelteon, and trazodone)
in which the SPD with oxycodone showed an increase in
pCO, compared to oxycodone alone, a linear-mixed ef-
fect analysis was performed with all available data from
the SPD alone, oxycodone alone (including oxycodone
alone arms from different SPD experiments), and the two
drugs together. Fixed effects were included for oxyco-
done concentration, SPD concentration, an interaction
between oxycodone and SPD concentration, SPD on the
intercept, and baseline pCO,. Random effects by subject
were included on all intercept and concentration fixed

ASCPT

effects (individual and interaction slopes). The purpose
of this assessment was to approximately determine the
contribution of oxycodone to the observed changes in
pCO, compared to the SPD alone, as co-administration
altered exposures of oxycodone and the SPD in some
cases. The contribution of oxycodone to the overall ef-
fect in these cases was calculated as the model-predicted
effect on pCO, at mean oxycodone C,,, divided by the
total effect on pCO, at mean C,,, for oxycodone and
the SPD. Data, data dictionary, and code are provided in
Supplementary Materials.

RESULTS
Single drug studies

The different doses administered for each SPD yielded distin-
guishable dose-dependent concentration curves. Calculated
PK parameters for all SPDs and single drug study pO, and
pCO, measures are presented on Supplementary File 0001
pages 37-64. These measures show that some SPDs had a
statistically significant increase of 10% or greater in pCO,
from baseline value at all doses and, for others, no signifi-
cant increases were observed at any dose. A significant in-
crease from baseline in resting arterial pCO, at all three doses
was observed with carisoprodol, duloxetine, and paroxetine.
Zolpidem had significant increases in pCO, observed at the
middle and high doses and, for trazodone and clozapine,
significant increases were noted only at the high dose. The
middle dose of suvorexant showed a significant increase in
arterial pCO,. Despite a large increase in pCO, from baseline
with the high dose of suvorexant, the findings were of high
variability and nonsignificant. Although the middle dose of
zolpidem demonstrated a significant increase in pCO,, this
increase did not reach the predetermined 10% change to be
considered relevant. A significant increase in arterial pCO,
was seen at the low dose of cyclobenzaprine, but not at the
middle or high doses.

Based on these single drug study PD results and review of
doses previously reported in the literature, the middle dose of
each SPD, except for topiramate, was selected for initial use
in combination studies with oxycodone. The low dose was se-
lected for topiramate because the low dose had no PD effect,
whereas the middle and high doses of topiramate decreased
pCO,. Oxycodone, for combination and control experiments,
was dosed at 150 mg/kg as described in a previous study with
the benzodiazepine, diazepam.7 The T,,,, in single drug stud-
ies varied between 15 and 360 min. The 7,,,, for oxycodone
and each SPD, and the combination dosing sequences se-
lected using these data, are presented in Supplementary File
page 33.
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Combination studies

Plasma concentrations of oxycodone and SPDs when admin-
istered alone and in combination were compared. This in-
formation is presented for all study drugs in Supplementary
File pages 33-36. Table 2 summarizes percentage changes
in exposure and response between SPD and oxycodone ad-
ministered alone and in combination. Most drug combina-
tions resulted in a larger oxycodone AUC value and a lower
SPD AUC value with the exceptions of zolpidem, clozapine,
and cyclobenzaprine. When cyclobenzaprine and oxycodone
were co-administered, both drugs had larger C,,,, and AUC
values. For zolpidem and clozapine, co-administration with
oxycodone resulted in lower values for both the SPD and
oxycodone.

Figure 1 is a depiction of the pCO, profile of the combi-
nation studies for paroxetine (a) and quetiapine (b), demon-
strating an increase in arterial pCO, with the combination
of each drug with oxycodone compared to oxycodone alone.
Each combined dosing experiment was performed with an
oxycodone only control group. Similar graphs were cre-
ated for each combination experiment and are available in
Supplementary File 0001 pages 37—64. Clozapine was the
only SPD that, when co-administered with oxycodone, re-
sulted in significantly lower pCO, across the experimental

timeline (ANOVA) compared to oxycodone given alone.
Significantly higher pCO, between the combination versus
oxycodone alone (two-way ANOVA) and at least a 10% max-
imum difference was noted with trazodone 100 mg/kg, ra-
melteon 30 mg/kg, higher dose quetiapine (250 mg/kg), and
both the higher (50 mg/kg) and lower (5 mg/kg) dose parox-
etine compared to oxycodone given alone.

Exposure-response analyses

To further explore these drug-drug interactions, linear-mixed
effect analyses (Figure 2) were evaluated for oxycodone and
paroxetine, oxycodone and quetiapine, oxycodone and trazo-
done, and oxycodone and ramelteon, as well as oxycodone
alone (oxycodone effect by itself) and oxycodone with diaz-
epam (previously demonstrated combination effect). These
results indicated significant slopes for oxycodone alone and
in the combination analyses. The oxycodone slope was con-
sistent across all cases and across all SPD studies, with an es-
timated slope ranging between 0.075 ando 0.088 mmHg*ml/
ng oxycodone. Diazepam, paroxetine, quetiapine, and traza-
done had significant positive slope parameters. The inter-
action slope parameters were positive for oxycodone with
diazepam, with paroxetine, and with trazodone, whereas

TABLE 2 Differences in mean PK and PD measures in combined studies in relation to single study measures

Percentage difference

Percentage difference

Percentage difference
in P C 02

Difference in pCO,
change from baseline

in AUC in C .,

Drug given with oxycodone

150 mg/kg Oxycodone SPD  Oxycodone
Paroxetine 50 mg/kg 357 =53 520
Paroxetine 5 mg/kg 58 =75 38
Risperidone 10 mg/kg 23 =23 —12
Cyclobenzaprine 30 mg/kg 99 30 70
Mirtazapine 50 mg/kg 20 —14 0
Zolpidem 50 mg/kg -12 =52 -26
Duloxetine 50 mg/kg 210 —42 136
Clozapine 25 mg/kg —10 —84 —20
Quetiapine 250 mg/kg 680 —62 1004
Quetiapine 25 mg/kg 81 -92 92
Trazodone 100 mg/kg 43 -78 1
Topiramate 20 mg/kg 68 -73 64
Carisoprodol 50 mg/kg 75 —14 173
Ramelteon 30 mg/kg 88 =57 45
Suvorexant 60 mg/kg 24 —66 —4

Combined versus Combined versus

SPD  oxycodone alone oxycodone alone (mmHg)
—49 49+ 13.2%
-75 16% 5.1*
-15 —4 -2.9
45 7 22"
-20 2 —34"
—56 7 32
-30 4 0.2
-85 -13% —-0.6
-55 53+ 12.3%
-85 =il 0.1
-82 135 3.8"
-72 4 4.0*
77 3 0.3
—43 11% 9.8*
—60 0 24

Abbreviations: AUC, area under the curve; Cmax, maximum plasma concentration; PD, pharmacodynamic; PK, pharmacokinetic; pCO2, partial pressure of carbon

dioxide; SPD, sedative psychotropic drug.

Significant differences between single drug and combination drug values were determined by 2-way ANOVA. *Significant increase (p < 0.05) in pCO, of > 10%;
Ssignificant decrease (p < 0.05) in pCO, of > 10%; changes of less than 10% were not considered relevant regardless of p-value; #significant difference (p < 0.05) in

pCO, change from baseline.
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they were negative for oxycodone with quetiapine and with
ramelteon.

With co-administration of 20 mg/kg diazepam and
150 mg/kg oxycodone, oxycodone C,,, increased 2.0-fold
over oxycodone alone. Diazepam C,,,, at 20 mg/kg was 53%
lower when administered with oxycodone. An approximate
contribution of oxycodone to the overall change in pCO,
during co-administration was calculated based on the esti-
mated linear mixed effect model. For 20 mg/kg diazepam,
50-55% of the observed increase in pCO, would be predicted
based on the observed oxycodone concentration. This analy-
sis supports that, at this dose and resulting exposures, diaze-
pam is having an additive or synergistic effect on pCO, when
combined with oxycodone.

This approach was repeated for the paroxetine, quetiapine,
ramelteon, and trazodone results. With co-administration of
50 mg/kg and 5 mg/kg paroxetine, oxycodone C,,, increased

max

30 45 60 75 90 105 120 135 150 165 180
Time (minutes)

~ 6.2-fold and 1.4-fold, respectively, over oxycodone alone.
Paroxetine C,,,, results at 50 mg/kg and 5 mg/kg were 49%
and 75% lower, respectively, when administered with oxy-
codone compared to when administered alone. For 5 mg/kg
paroxetine, almost the entire observed effect on pCO, was
associated with changes in oxycodone concentration. With
50 mg/kg paroxetine, close to 50% of the observed increase
in pCO, was associated with an increased oxycodone con-
centration (similar to diazepam). Like diazepam, this analysis
supports that paroxetine may be having an additive or syner-
gistic effect on pCO, when combined with oxycodone.

For the quetiapine experiments, co-administration with
250 mg/kg and 25 mg/kg quetiapine resulted in ~ 11.0-fold
and 1.9-fold higher oxycodone C,,,,, respectively, compared
to oxycodone alone. Quetiapine C,,,, results were 55% and
85% lower when 250 mg/kg and 25 mg/kg quetiapine, re-
spectively, were administered with oxycodone compared
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FIGURE 2 Effects of oxycodone (Oxy) alone (a) versus combined effects of oxycodone with diazepam (b), paroxetine (c), quetiapine (d),
ramelteon (e), and trazodone (f) on change from baseline arterial partial pressure of carbon dioxide (pCO,). Shown are the univariate (a) and
multivariate (b—f) linear regression results using data from the animal experiments with oxycodone alone, the sedative psychotropic drug (SPD)
alone, and the SPD combined with oxycodone. The univariate linear regression for oxycodone (dark gray with 95% confidence interval [light
gray]) is shown to display model-predicted effects on change from baseline arterial pCO, from oxycodone alone. Multivariate linear regression
models were developed for each combination of oxycodone and SPD. The resulting oxycodone relationship from the multivariate linear regression
is shown on each plot for comparison with the effects from oxycodone combined with the SPD. Shown in blue are the mean change from baseline
arterial pCO, with 95% confidence for the SPD and oxycodone combination arms (amount administered is labeled on each figure). Each point is
represented on the x-axis based on the geometric maximum concentration of all rats at that dose and/or combination. If the combination treatment
is less than or overlaps with the mean effect of oxycodone alone (dark gray), this would suggest oxycodone alone could explain the observed
effects on change from baseline arterial pCO,. Likewise, if the combination effect is greater, this would suggest the drug combination is having an
additional effect, which could be due to the SPD alone or synergy

to when they were administered alone. Using the same ap- observed combination effect is entirely the result of a PK
proach as outlined above, the entire observed effect on pCO, interaction with oxycodone. Further exploration of the data
at both concentrations could be explained by the observed would be necessary to fully describe the exposure-pCO, time
oxycodone exposure. Results for quetiapine suggest that the course profiles from these experiments.
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Co-administration of trazodone 100 mg/kg with oxyco-
done had no effect (1% increase) on oxycodone C,,, and
lowered trazodone C,,,, by 82% but resulted in a significant
13% increase in pCO, compared to oxycodone alone. In ra-
melteon experiments, co-administration resulted in a 1.4-fold
increase in oxycodone C,,,, and a 43% decrease in ramel-
teon C,,,, with a significant 11% increase in pCO,. Using
the same estimated linear mixed effect model approach, the
oxycodone concentration could explain at least 95% of the
observed combined effect with trazodone and at least 65%
of the observed combined effect with ramelteon. Notably,
ramelteon was an SPD where the individual drug decreased
pCO, (i.e., negative concentration-slope relationship) so the
combined effect may be underestimated.

Assessment of potential clinical relevance

With these studies completed, a more detailed evaluation of
the potential clinical relevance of the findings was under-
taken. The results of that examination are summarized in
Table 3. Human plasma concentration data from literature

ASCPT

reports and regulatory submissions to the FDA were evalu-
ated for human exposure levels associated with labeled dos-
ing recommendations. These values were then compared to
the maximal plasma concentrations measured in the rat single
drug studies, and parallels were drawn to approximate human
equivalent exposures.

Four test drugs were given at doses approximating human
single dose exposure (oxycodone, cyclobenzaprine, queti-
apine 25 mg/kg, and trazodone). Five test drugs were given
at doses approximating human steady-state exposure (mir-
tazapine, paroxetine 5 mg/kg, quetiapine 250 mg/kg, risper-
idone, and topiramate). Experimental doses of duloxetine,
paroxetine (50 mg/kg), ramelteon, suvorexant, and zolpidem
resulted in rat exposures substantially higher than reported in
humans receiving treatment at labeled dosages. Experimental
doses of clozapine and carisoprodol resulted in rat exposures
substantially lower than reported in humans receiving treat-
ment at labeled dosages.

For the four drugs, which were observed in rats to cause
a significant increase in arterial pCO, in combination with
oxycodone as compared to oxycodone alone, ramelteon was
assessed to have exposures much larger than relevant to

TABLE 3 Comparison between experimental rat C,,,, and human C,,, to assess clinical relevance of findings in rats

Drug/dose administered Mean rat Mean human C,,, Potential clinical

to rats Cax (mg/ml)  Drug and dosage administered to human (ng/ml) relevance category

Oxycodone 150 mg/kg 51.5 Oxycodone 40 mg extended-release tablet 4847 A
(single dose)

Clozapine 25 mg/kg 65.3 Clozapine 100 mg tablet nightly (steady-state) 2754 D

Cyclobenzaprine 30 mg/kg 6.4 Cyclobenzaprine 15 mg extended-release 8.3% A
capsule (single dose)

Duloxetine 50 mg/kg 465.1 Duloxetine 60 mg capsule Q12H (steady-state) ~ 128.5%° C

Mirtazapine 50 mg/kg 87.5 Mirtazapine 30 mg tablet nightly (steady-state) ~ 69.7°! B

Paroxetine 5 mg/kg 54.9 Paroxetine HCI 30 mg tablet daily 61.7% B
(steady-state)

Paroxetine 50 mg/kg 1090.0 Paroxetine HCI 30 mg tablet daily 61.7% C
(steady-state)

Quetiapine 25 mg/kg 46.3 Quetiapine 25 mg tablet (single dose) 79>

Quetiapine 250 mg/kg 512.3 Quetiapine 150 mg tablet twice daily 445.7% B
(steady-state)

Ramelteon 30 mg/kg 768.2 Ramelteon 8 mg tablet (single dose) 5.73% C

Risperidone 10 mg/kg 108.5 Risperidone 8 mg tablet daily (steady-state) 155" B

Suvorexant 60 mg/kg 1668.0 Suvorexant 20 mg tablet nightly (steady-state) 258.8% C

Topiramate 20 mg/kg 8830.3 Topiramate 100 mg tablet Q12H (steady-state) 8400’ B

Trazodone 100 mg/kg 991.1 Trazodone 50 mg tablet (single dose) 755% A

Trazodone 100 mg/kg 991.1 Trazodone 300 mg extended-release tablet daily 1812%! D
(steady-state)

Zolpidem 50 mg/kg 1243.4 Zolpidem 10 mg tablet (single dose) 111.6% C

Carisoprodol 50 mg/kg 115.3 Carisoprodol 250 mg tablet (single dose) 1200% D

Abbreviation: C,,,,, maximum plasma concentration.

max»
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human use, whereas three had exposures potentially relevant
to human use:

e Paroxetine 5 mg/kg was associated with exposure in rats
similar to that humans may experience when taking par-
oxetine 30 mg daily as a treatment for major depressive
disorder, obsessive-compulsive disorder, panic disorder,
post-traumatic stress disorder, or social anxiety disorder.

e Quetiapine 250 mg/kg was associated with exposure in rats
similar to that humans may experience when taking queti-
apine 150 mg twice daily as a treatment for schizophrenia
(labeled recommended dose: 150-750 mg/day).

e Trazodone 100 mg/kg was associated with exposure in rats
similar to that humans may experience when taking tra-
zodone 50 mg (i.e., as a nonapproved off-label treatment
for insomnia®®) but substantially lower than steady-state
achieved by 300 mg of an extended-release formulation
given daily for major depressive disorder.

DISCUSSION

Clinically relevant exposures of paroxetine, quetiapine, and
trazodone in rats with oxycodone significantly increased
resting arterial pCO, compared to oxycodone alone. At expo-
sures less than expected clinically, clozapine co-administered
with oxycodone decreased resting arterial pCO, compared to
oxycodone alone. However, this finding is believed to be
an experimental artifact. There was a difference in baseline
(lower pCO, for clozapine combination) that was maintained
throughout the experiment. When compared as change from
baseline there was no difference between the combina-
tion and oxycodone alone. Paroxetine and quetiapine pCO,
findings corresponded with increased oxycodone exposure
(Cpax and AUC) when paroxetine and quetiapine were co-
administered. When these SPDs were administered on their
own, paroxetine increased pCO, at all tested doses and que-
tiapine did not alter pCO, at any of the tested concentrations.
Exposure-response modeling supported that the respiratory
depression signal (i.e., increased pCO,) seen with either que-
tiapine or trazodone in combination with oxycodone could be
explained by the increased oxycodone plasma concentration,
whereas the signal seen with paroxetine in combination with
oxycodone was largely but not completely due to increased
oxycodone plasma concentration. As PK and PD drug-drug
interactions can differ significantly between species, clinical
studies will assess the translatability of these findings.

The assessments of potential clinically relevant exposures
are a means to guide dosing regimens in future rat studies
as well as to generate hypotheses for investigation in clinical
studies. In addition to paroxetine, quetiapine, and trazodone,
ramelteon was observed to significantly increase arterial
pCO, in combination with oxycodone. Although paroxetine

5 mg/kg, quetiapine 250 mg/kg, and trazodone resulted in po-
tentially relevant clinical exposures, ramelteon experiments
were at exposures significantly higher than humans would be
expected to experience. Although no changes in pCO, were
observed with co-administration of clozapine or carisoprodol
with oxycodone, clozapine and carisoprodol exposures were
well below clinically relevant exposures. Future studies with
ramelteon, clozapine, and carisoprodol at more clinically
relevant concentrations would better assess their potential
for respiratory depression in combination with oxycodone.
With all other SPDs evaluated in this study, human relevant
or substantially higher than human relevant exposures were
obtained without a significant increase in pCO, of a 10% or
greater magnitude.

No clinical or nonclinical literature relevant to respira-
tory depression was found specifically for the atypical anti-
psychotic, quetiapine (Supplementary File 0001 pages 5-6).
Limited evidence for respiratory depression with typical an-
tipsychotics has been identified in overdose patients.33 There
was no nonclinical data on the ability of trazodone to cause
respiratory depression and a single clinical study reporting
an increase in the rate of oxygen consumption following tra-
zodone administration (Supplementary File 0001 pages 11—
12). Paroxetine also had no clinical or nonclinical literature
addressing respiratory depression (Supplementary File 0001
pages 13—14). Another drug in the same class as paroxetine
(SSRI), fluoxetine, had nonclinical evidence of respiratory
depression when used alone™ but negative findings in a
single clinical study in use with morphine.* In the present
study, dose-dependent increase in pCO, was observed with
paroxetine in rats. The study did not identify a mechanism
for this PD observation. Whether a similar exacerbation of
opioid-induced respiratory depression would be observed
clinically is unknown.

Literature was reviewed on mechanisms that may have
accounted for the largest observed interactions (paroxe-
tine, quetiapine, and trazodone). Metabolism of oxycodone
is via CYP3A4 and CYP2D6,”**" and in vitro inhibition
of CYP3A4 resulted in increased oxycodone exposure
primarily through delayed elimination.*® Inhibition of
CYP2D6 did not influence oxycodone exposures.”’ In
humans and rats, paroxetine is also metabolized by these
two as well as several other CYP enzymes.40 Paroxetine
is a prototypical CYP2D6 inhibitor*' used for inhibition
studies. Clinically, paroxetine co-administration has been
shown to increase oxycodone exposure but, in that study,
paroxetine did not impact the PD end point, analgesia.**
In another study reporting increased oxycodone exposures
with paroxetine co-administration, CYP2D6 inhibition was
deemed of only minor importance in increasing oxycodone
exposure.43 In a study with CYP2D6 extensive metaboliz-
ers, paroxetine pretreatment did not increase oxycodone
C..x Or AUC, although it did reduce measured oxycodone
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pharmacodynamic effects (pupillometry, cold pressor
test).* Quetiapine and trazodone are also metabolized by
CYP3A4 and CYP2D6, but a clear mechanism for inter-
action of quetiapine or trazodone and oxycodone was not
identified in the existing literature.

The results of this study must be viewed in the light of
its limitations. Intersubject variability was not consistent
across individual experiments. Experiments were not ade-
quately powered in all cases. The oral route, typical of pre-
scribed routes for these drugs, introduces absorption and
distribution variabilities avoided by intravenous adminis-
tration. For the combination experiments, aside from the
pretreatment timepoint, the experimental time course was
initiated with administration of the second drug whether that
was an SPD or oxycodone. In combinations in which oxy-
codone was given prior to SPD, the timepoints are not truly
aligned in terms of duration of oxycodone exposure. This
misalignment was endured, attempting to achieve maximum
concentrations at near the same time and to have adequate
time to monitor for PD effects. Humans differ from animals
with regard to isoform composition, expression, and cata-
lytic activities of drug-metabolizing enzymes,* and trans-
latability of PK and PD interactions must be considered in
that context. These studies were designed to negatively im-
pact respiratory exchange but not necessarily simulate se-
vere respiratory distress. Drug-associated increased resting
arterial pCO, suggests that the normal ventilatory response
to compensate for increased CO, is blunted, but we pres-
ently do not know how this relates to respiratory distress.
Different experimental conditions, such as an environment
of higher inhaled COZ,46 may have been more revealing of
the impact these combination drugs have on respiration.

CONCLUSION

This study shows that sedative psychotropic drugs, both
alone and when combined with oxycodone, have differing
ability to increase resting arterial pCO, and lower pO, in a rat
model. At clinically relevant exposures, paroxetine, quetia-
pine, and trazodone administered with oxycodone increased
the resting arterial pCO,, which was associated with large
increases in oxycodone plasma concentration. Ramelteon co-
administered with oxycodone increased pCO, at exposures
higher than relevant clinical exposures. This study identi-
fies drug-drug interactions between oxycodone and specific
SPDs that could result in exacerbated opioid-induced respira-
tory depression. Clinical studies are being conducted to as-
sess the translatability of data from this rodent model.

DISCLAIMER
The conclusions in this article are the opinions of the authors,
have not been formally disseminated by the FDA and should
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not be construed to represent any Agency determination or
policy. The mention of commercial products, their sources,
or their use in connection with material reported herein is not
to be construed as either an actual or implied endorsement
of such products by the Department of Health and Human
Services.

Access to the ToxIC and NPDS datasets were obtained
via contracts between the FDA and the respective organiza-
tions. The American Association of Poison Control Centers
(AAPCC) maintains NPDS, and case records in this database
are from self-reported calls. Exposures do not necessarily
represent a poisoning or overdose, and AAPCC is not able to
verify the accuracy of every report made to member centers.
All data produced from NPDS during the year in which expo-
sures occur is considered preliminary.
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