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A B S T R A C T

Opioids and benzodiazepines were frequently co-prescribed to patients with pain and psychiatric or neurological
disorders; however, co-prescription of these drugs increased the risk for severe respiratory depression and death.
Consequently, the U.S. Food and Drug Administration added boxed label warnings describing this risk for all
opioids and benzodiazepines. Sedating psychotropic drugs with differing mechanisms of action (e.g., anti-
psychotics, antidepressants, non-benzodiazepine sedative-hypnotics, etc.) may be increasingly prescribed in
place of benzodiazepines. Despite being marketed for years, many sedating psychotropic drugs have neither
human nor animal data that quantify or qualify the potential for causing respiratory depression, either alone or
in combination with an opioid. In this study, diazepam was selected as the benzodiazepine to detect any additive
or synergistic effects on respiratory depression caused by the opioid, oxycodone. Pharmacokinetic studies were
conducted at three doses with oxycodone (6.75, 60, 150mg/kg) and with diazepam (2, 20, 200mg/kg). Dose
dependent decrease in arterial partial pressure of oxygen and increase in arterial partial pressure of carbon
dioxide were observed with oxycodone. Diazepam caused similar partial pressure changes only at the highest
dose. Further decreases in arterial partial pressure of oxygen and increases in arterial partial pressure of carbon
dioxide consistent with exacerbated respiratory depression were observed in rats co-administered oxycodone
150mg/kg and diazepam 20mg/kg. These findings confirm previous literature reports of exacerbated opioid-
induced respiratory depression with benzodiazepine and opioid co-administration and support the utility of this
animal model for assessing opioid-induced respiratory depression and its potential exacerbation by co-ad-
ministered drugs.

1. Introduction

Boxed Warnings were added to the drug labeling of opioids and
benzodiazepines after a Food & Drug Administration (FDA) review
found that “combined use of opioid medicines with benzodiazepines or
other drugs that depress the central nervous system” can result in ser-
ious side effects including respiratory depression and death [1–5]. The
number of patients dispensed an opioid in the U.S. outpatient retail
setting in 2010 was 83 million [6]. Approximately 30 % of long-term

opioids users were also regular users of sedative hypnotics that depress
the central nervous system [7], and in 2014, about 10 % of opioid re-
cipients in the US were co-prescribed a benzodiazepine [6]. In 2017,
there were 47,600 deaths in the U.S. involving opioids alone or in
combination with other drugs including 10,010 deaths (21 % of the
total) in association with benzodiazepines [8]. A study at North Car-
olina State University found that in 2010, opioid analgesics were dis-
pensed to 22.8 % of North Carolina’s 9.56 million residents, and 80 % of
the patients under opioid analgesic treatment were also prescribed
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benzodiazepines concomitantly; overdose deaths among patients with
concomitant treatment of benzodiazepines and opioid analgesics were
nine times higher (7.0 per 10,000 person-years) than those treated with
opioid analgesics alone (0.7 per 10,000 person-years) [9]. Many non-
benzodiazepine sedating psychotropic drugs (SPDs) have long been in
clinical use, but for some of these drugs there is little or no clinical or
animal data on their potential to induce respiratory depression, either
alone or in combination with an opioid [10]. Following the warning
placed on opioid and benzodiazepine drug labels, other SPDs may be
much more frequently co-prescribed with opioids. Therefore, defining
the effect of these and other classes of drugs on respiratory depression
when used alone or in combination with an opioid would enhance the
ability of regulators to make informed decisions on future regulatory
actions on these drugs.

Further investigation is also warranted given that findings from
studies of opioids in combination with SPDs may or may not agree with
results of other similar studies using different drugs within each class.
For example, some investigators reported that diazepam (a benzodia-
zepine), midazolam (a benzodiazepine), or ketamine (an NMDA re-
ceptor antagonist) increased respiratory depression when co-adminis-
tered with opioids [11–13], while others reported that diazepam co-
administered with methadone (an opioid) in rats did not cause addi-
tional respiratory depression [14]; furthermore, from a clinical per-
spective, situations can be even more complicated in patients abusing
multiple drugs or with intentional overdose, which may make diag-
noses, treatments, and laboratory tests more challenging [15,16].

Direct measure of respiratory parameters, such as respiratory rate
and expiratory volume, could be measured via plethysmography and
used to define respiratory depression. However, in an animal model
serial arterial blood collection via an indwelling cannula is practical
and an expedient method for directly measuring the outcomes of re-
spiratory function, arterial partial pressures of oxygen and carbon di-
oxide. This approach also has clinical implications as collecting arterial
blood gas values is essential for monitoring and treating high-risk
clinical patients for respiratory and acid–base status [17]. In addition,
partial pressure of oxygen (pO2) and partial pressure of carbon dioxide
(pCO2) have been widely used in animal studies on respiratory de-
pression [12–14,17–22] and elevated pCO2 is considered a hallmark of
respiratory depression [14]. Therefore, arterial pO2 and pCO2 were
selected for monitoring respiration status in this study by using a por-
table blood gas testing device, that has been widely employed in clinical
and preclinical analyses, and in the development of new blood gas
analyzers [23–32].

The present study was designed to establish an animal model that
confirms reported effects on respiration of opioid and benzodiazepine
co-administration and to add new information on blood drug con-
centrations at time points when blood pO2 and pCO2 were changed
(PK/PD relationship). Establishing the ability of the model to discern
gradations in respiratory depression creates a tool to generate knowl-
edge on respiratory depression induced by marketed SPDs used alone or
in conjunction with an opioid. The data will be used to support reg-
ulatory decision-making on the need for labeling changes or additional
clinical studies for non-benzodiazepine SPDs.

2. Materials & methods

The general approach and design of the study are shown in Fig. 1.

2.1. Animals

Previously, adult male Sprague-Dawley rats have been used in other
opioid-diazepam combination studies [11]. In the present study, adult
males with an indwelling femoral arterial cannula were obtained from
Taconic Biosciences (Albany, NY, USA). All animal work was conducted
under a protocol approved and overseen by the Food and Drug Ad-
ministration’s White Oak Institutional Animal Care and Use Committee.

Animal research was conducted in an AAALAC accredited facility in
accordance with the Guide for the Care and Use of Laboratory Animals
[8th Edition]. For the protection of the surgically implanted in-
traarterial cannulas, animals were individually housed on a 12-h light
cycle with food and water access ad libitum. During experiments, rats
were under constant observation and any clinical findings were re-
corded. To ensure the quality of PK data and prevent coprophagia,
immediately after dosing rats were transferred to and continued to be
individually housed in cages with a lifted wire grid bottom for the
duration of each experiment.

2.2. Intraarterial cannula care

The procedure was completed on a draped large metal bench with
the surface of the working area covered. The cannula care time needed
for one animal was approximately 2min. The care procedure was car-
ried out by a 2-person team with one person holding the animal and the
other person completing the following cannula care procedure: (1) re-
move the 22 g metal plug (Instech Laboratories, Inc, Plymouth Meeting,
PA USA) from the external end of the cannula by using a hemostat; (2)
aspirate locking solution from the cannula by using a 1-ml empty syr-
inge with a 22 g blunt needle (Instech Laboratories, Inc, Plymouth
Meeting, PA USA); (3) flush the cannula with 0.2 ml sterile saline using
a 1-ml syringe with a 22 g blunt needle; (4) refill the cannula with
0.08ml Locking solution (SAI Infusion Technologies, Lake Villa
Township, IL) using a 1-ml syringe with a 22 g blunt needle; and (5) re-
plug the cannula with its metal plug. Cannulas were flushed twice a
week.

2.3. Treatment groups

The different treatment groups and group sizes for all experiments,
including PK studies and combination drug interactions studies, are
provided in Table 1.

2.4. Blood sampling schedule for pharmacokinetics (PK), pO2 and pCO2
following oxycodone or diazepam treatment

Six animals were in each treatment group. As the focus of the study
was commonly prescribed orally-administered drugs, the oral exposure
route was selected for all drugs. Oxycodone was selected as the model
opioid and PK studies were conducted at three dose levels (6.75, 60,
150mg/kg) well below the LD50 [33]. For all PK studies, blood samples
were collected prior to dosing and 15min, 30min, 1 h, 2 h, 3 h, 4 h, 6 h,
and 8 h after dosing; the experiment concluded after blood collection
and blood gas testing 8 h post-dosing. The pre-dosing sample was col-
lected within 2 h before dosing and served as self-control for each an-
imal. All blood samples were measured for drug concentrations, pO2,
and pCO2. Oxycodone 150 and 60mg/kg PK studies were repeated to
confirm results. Diazepam was selected as a benzodiazepine positive
control to demonstrate the ability of the model to differentiate an ad-
ditive or synergistic effect from an effect solely due to oxycodone. PK
studies with diazepam were conducted at three dose levels (2, 20, and
200mg/kg), and blood samples were collected at the same time points
and the same analyses performed as those described for oxycodone PK
studies.

2.5. Dosing solutions and method

Oxycodone dosing solutions were prepared by dissolving 6.75mg,
60mg, or 150mg oxycodone (United States Pharmacopeia, North
Bethesda, Maryland) in 2ml sterile water (Lonza, Basel, Switzerland)
for PK and combination studies. Diazepam dosing solutions were pre-
pared by dissolving 2mg, 20mg, or 200mg diazepam (United States
Pharmacopeia, North Bethesda, Maryland) in 4ml of a 50:50 solution of
PEG400 (J.T. Baker, Allentown, PA) and propylene glycol (Thermo
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Fisher Scientific, Waltham, Massachusetts) for PK studies; and 20mg
diazepam in 2ml of a 50:50 solution of PEG400 and propylene glycol
for the combination study. All doses were given as oral solutions using
an 18 gauge oral gavage needle with a 1ml syringe for oxycodone; and
an 18 gauge oral gavage needle with a 1ml (for combination study) or
3ml (for PK studies) syringe for diazepam. The oral route of adminis-
tration for opioids and other SPDs was chosen as it is the most common
clinical route for these prescribed drugs [20,21].

2.6. Blood sampling schedule for PK, pO2 and pCO2 following combination
treatments of oxycodone and diazepam

Diazepam was given 30−35min after oxycodone dosing to deliver
peak serum concentrations of both drugs at approximately the same
time. Six animals were in each combined treatment group or control
(oxycodone only) group. Since PK studies with diazepam alone de-
monstrated some transient respiratory depression at the highest dose
(200mg/kg), the dose of 20mg/kg diazepam that caused no respiratory
depression was selected to be used with 150mg/kg oxycodone that
caused definite opioid-induced respiratory depression. In all combina-
tion studies, blood samples were collected prior to drug treatment and
15min, 30 min, 1 h, 2 h, 3 h after administration of diazepam for
measurements of drug concentrations, pO2, and pCO2. Combination
experiments concluded after sampling 3 h post- diazepam dosing. The

combination study of oxycodone 150mg/kg with diazepam 20mg/kg
was repeated twice for a total of three experiments.

2.7. Blood sampling method

Blood sampling was performed in the same environment and con-
ditions as cannula care. The time needed for collecting one blood
sample was approximately 2−3min. The sampling procedure depicted
in Fig. 2 was carried out by a 2-person team with one person holding
the animal and the other person doing the blood sampling procedure as
follows: (1) the 22 g metal plug of the intraarterial cannula was re-
moved from the external end of the cannula by using a hemostat; (2) the
locking solution was aspirated from the cannula by using a 1-ml empty
syringe with a 22 g blunt needle; (3) 0.3ml of blood was withdrawn
from the cannula by using a 1-ml empty syringe with a 22 g blunt
needle; immediately after blood sampling and before dispensing to the
i-STAT cartridge for blood gas analysis, the blunt needle was removed
from the sampling syringe to reduce chances of blood cell damage from
the blood being pushed through the narrow needle; (4) after removal of
the blunt needle, 2 drops of the blood were immediately dispensed into
the sampling well of an i-STAT CG4+ cartridge (Abbott, Princeton, NJ,
USA) for blood gas analysis and the rest of the blood sample was
transferred to a 1ml MiniCollect blood tube (K3E K3EDTA, Greiner Bio-
One North America Inc., Monroe, NC USA), gently shaken, then kept on
wet ice for drug concentration analysis; (5) the cannula was flushed
using 0.2 ml saline by using a 1-ml syringe with a 22 g blunt needle; (6)
the cannula was refilled with 0.08ml locking solution by using a 1-ml
syringe with a 22 g blunt needle; (7) and the metal plug was inserted
back into the end of the cannula to re-seal it. In the case of a blocked
cannula during the experimental procedure, the blood sample was
collected after saline flushing and cannula re-opening; or the animal
was removed from the study if the blocked cannula did not re-open
after attempted saline flushing. Post-sampling blood gas analysis was a
time limiting step of the experiment. Once the analysis started, running
of the device was automated and internally controlled by the i-STAT
analyzer itself and could not be interrupted or stopped.

2.8. Blood gas analyses

To minimize the time lapse between blood sampling and blood gas
analysis, prevent blood from coagulating, and reduce air exchange

Fig. 1. Summary of study.

Table 1
Groups- oxycodone only, diazepam only, and combination treatments.

Group Rats

Oxycodone PKb 6.75mg/kg Oxycodone 6
60mg/kg Oxycodone 6
150mg/kg Oxycodone 5a

Diazepam PKb 2mg/kg Diazepam 6
20mg/kg Diazepam 6
200mg/kg Diazepam 6

Oxycodone PK, repeat 60mg/kg Oxycodone 6
Oxycodone PK, repeat 150mg/kg Oxycodone 6
Oxycodone

150mg/g+Diazepam
20mg/kg

Combination
study

Oxycodone+Diazepam 18
Oxycodone only 17a

a One rat was removed due to a compromised arterial cannula.
b PK: pharmacokinetics.
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between the blood sample and the atmosphere, the blood gas analysis
was done immediately after the sample was drawn. A VetScan i-STAT 1
Handheld Analyzer with CG4+ cartridges (Abbott, Princeton, NJ, USA)
was used for the blood gas analyses. The cartridges were removed from
the storage refrigerator and placed at room temperature the day before
the study, so that the temperature of the cartridge would equilibrate
and function normally during use. Immediately after collection of ar-
terial blood from the pre-implanted cannula, the blunt needle was re-
moved from the sample syringe, and 2 drops of blood were dispensed
directly from the syringe into the sample well of the CG4+ cartridge
until the blood reached the filling line of the cartridge. The sample well
cover was then closed, and the cartridge inserted into the analyzer. The
analysis procedure would start automatically once the cartridge was
inserted into the i-STAT device and it took about 2min for the proce-
dure to complete. Results were automatically saved in the VetScan i-
STAT 1 Handheld Analyzer and displayed on the screen of the device
once the analysis was completed.

2.9. Plasma drug concentration measurements

Drug measurements were completed in an internal bioanalytical lab.
Details of the analytical method are described elsewhere [34]. Briefly, a
validated liquid chromatography tandem mass spectrometric method
was used for plasma sample analysis. The bioanalytical method was
developed for simultaneous determination of oxycodone and diazepam
in rat plasma using deuterated internal standards (IS) with simple
acetonitrile-based protein precipitation. The m/z 316.2–298.2 for oxy-
codone; m/z 285.1–154.1 for diazepam; m/z 322.2–304.2 for oxyco-
done-d6 and m/z 290.2–198.1 for diazepam-d5 were used for detection.
The chromatographic separation was achieved on a Zorbax C18 column
(2.1×50mm, 3.5 μm, Agilent Technologies, Inc. Santa Clara, CA) at
column temperature of 20 ± 5 °C. The mobile phase consisted of an
ammonium formate-formic acid buffer and acetonitrile with a 2min
gradient program.

2.10. General observation

General physical condition of all animals including movement and
consciousness were observed constantly during the entire dosing and
sampling procedure until the conclusion of all procedures.

3. Statistical methods

Software used for statistical analyses was SigmaPlot version 12.0.
ANOVA and t-test were used for statistical analyses. Details of statistical
method for each analysis are described in corresponding sections.

4. Results

4.1. General observations

No mortality was observed in the experiments. All animals treated
with oxycodone alone or oxycodone with diazepam had notably re-
duced activity starting a few minutes after dosing with oxycodone,
alone, or in combination with diazepam. The reductions in activity after
combination treatment lasted for approximately 4 h after oxycodone
dosing (4.5 h after diazepam dosing) compared to approximately 3 h in
rats treated with oxycodone alone. All animals with behavioral ob-
servation following diazepam treatment, at 20 mg/kg or 200mg/kg,
were less active or slightly lethargic starting a few minutes after dosing;
activity reduction in rats of the 20mg/kg group recovered within an
hour after dosing while extended beyond 3 h in rats of the 200mg/kg
group. Rats treated with diazepam 2mg/kg did not show behavioral
changes. Two animals were removed from the study either prior to
initiation or at the beginning of the study due to complications from
obstruction of the arterial cannula that could not be resolved.

4.2. PK studies: plasma drug concentrations after treatment with oxycodone
(Fig. 3)

Tmax was 30min after dosing for all 3 dose levels (6.75, 60, and
150mg/kg). The AUC (area under the curve) of the 6.75mg/kg and
60mg/kg groups were 89.83 % and 23.87 % lower than that of 150mg/
kg (high dose) group, respectively.

4.3. PK of repeat oxycodone 60 mg/kg (Supplemental Fig. 1)

The Tmax was the same as the Tmax of the original test, approxi-
mately 30min after dosing; the PK profile curve was similar to the
curve of the initial analysis with only slight variation.

4.4. PK of repeat oxycodone 150 mg/kg (Supplemental Fig. 2)

The PK profile curves of the primary and repeat tests were similar.
There was no significant difference in post-treatment oxycodone levels
between the 2 tests. Tmax of the repeat test was 60min after treatment
whereas Tmax of the primary test was 30min after treatment
(Supplemental Fig. 2). This difference of Tmax between the primary test
and the repeat was taken into consideration when designing the dosing
time for the combination studies with oxycodone+ diazepam, so that
the Cmax of both drugs could be reached at approximately the same
time.

Fig. 2. Blood sampling procedure. Details of the repeated blood sampling process through an indwelling arterial cannula.
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4.5. PD studies: blood pO2 and pCO2 after treatment with oxycodone
(Fig. 4A and B)

One hour after dosing with oxycodone alone, pO2 levels were sig-
nificantly lower than that of pre-treatment levels in all treatment
groups of 6.75, 60, and 150mg/kg (*p=0.005, p= 008, p= 0.02,
respectively, ANOVA) (Fig. 4A, upper panel). Post-treatment pCO2 le-
vels were significantly higher than that of pre-treatment levels in the
150mg/kg group (*p < 0.05, ANOVA), but not in treatment groups of
6.75 and 60mg/kg (Fig. 4B, lower panel).

4.6. Reproducibility of the effect of oxycodone on blood gases
(Supplemental Figs. 3A–B, 4A–B)

The curves of post-treatment pO2 levels of the primary and repeat
tests were similar following treatment at both 60mg/kg and at 150mg/
kg. At 60mg/kg there was no significant difference between the tests.
Post-treatment pO2 levels were significantly lower than the pre-treat-
ment levels in both the primary and the repeat tests (p < 0.05,
ANOVA). The curves of post-treatment pCO2 levels of the primary and
repeat tests were similar.

Fig. 3. Plasma oxycodone concentrations (ng/ml, mean ± SEM) after oral dosing with oxycodone.

Fig. 4. A and B. Blood pO2 and pCO2 (mmHg, mean ± SEM) after oxycodone treatment. Upper panel (4A), pO2; lower panel (4B) pCO2.
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With treatment at 150mg/kg the curves of post-treatment pO2 le-
vels of the primary and repeat tests were similar. Post-treatment pO2
levels were significantly lower than the pre- treatment levels in both the
primary and the repeat tests (p < 0.001, ANOVA). The curves of post-
treatment pCO2 levels of the primary and repeat tests were similar.
Post-treatment pCO2 levels were significantly higher than the pre-
treatment levels in both the primary and the repeat tests (p < 0.001,
ANOVA).

4.7. PK studies: plasma drug concentrations after treatment with diazepam
(Fig. 5)

Tmax was 15min after dosing for treatment groups 2mg/kg and
20mg/kg; and 120min for the 200mg/kg group. The mean post-
treatment plasma diazepam concentrations of the 200mg/kg group
were significantly higher than that of the 20mg/kg and 2mg/kg groups
(p < 0.001, ANOVA). There was no difference in post-treatment blood
diazepam levels between the 2mg/kg and 20mg/kg groups (P= 0.19,
ANOVA).

4.8. PD studies: blood pO2 and pCO2 after treatment with diazepam
(Fig. 6A and B)

The pO2 and pCO2 levels were not different from that of pre-
treatment levels in the 2mg/kg and 20mg/kg groups; the post-treat-
ment pO2 levels of the 200mg/kg group were significantly lower
(p < 0.001, ANOVA) and the post-treatment pCO2 levels were sig-
nificantly higher than that of pre-treatment levels (p < 0.001,
ANOVA). Post-treatment blood pCO2 levels in the 200mg/kg group
were significantly higher than that of the 20mg/kg and 2mg/kg groups
(P < 0.001, ANOVA).

4.9. Selecting combination study timing and duration

Because it was the only dosing level to demonstrate a significant
opioid-induced respiratory depression effect, 150mg/kg was selected
as the dose for oxycodone in combined opioid and benzodiazepine
experiments. For diazepam, 200mg/kg dosing had a significant de-
pressing effect on respiration and, therefore, was not suitable for this
study. A dosing concentration of 20mg/kg that did not demonstrate
respiratory depression was selected as the dose for diazepam in com-
bined opioid and benzodiazepine experiments. In light of PD findings
from the primary PK studies, it was decided that diazepam would be
given 30−35min after oxycodone dosing for the combination study, so

that both drugs would reach Tmax at approximately the same time. From
results of the preceding separate PK studies, blood concentrations of
both drugs would have reached stable low levels at 180min after dosing
and pCO2 would have returned or would be approaching pre-treatment
levels. Clinical observations also found that animals after treatment
with either drug would have been largely recovered at 180min after
dosing. Therefore, the monitoring duration of blood drug concentra-
tions and blood gases for the combination study was designated as
180min after combined treatment.

4.10. Oxycodone PK profiles of combination treatment- oxycodone
150mg/kg and diazepam 20mg/kg

Oxycodone concentrations were increased when diazepam was ad-
ministered 30−35min after oxycodone (mean of three experiments).
As presented in detail elsewhere [34], the AUC (area under the curve)
of oxycodone concentrations of combination treatment (n=18) was
113 % higher (p=0.018, t-test) and Cmax was 100 % higher
(p= 0.012, t-test) than those of rats receiving oxycodone only
(n= 17).

4.11. Diazepam PK profiles of combination treatment- oxycodone 150 mg/
kg and diazepam 20mg/kg

Diazepam concentrations decreased when oxycodone was co-ad-
ministered. As presented in detail elsewhere [34], the Cmax of combi-
nation treatment was 53.23 % lower than that of rats treated with
diazepam 20mg/kg alone; however, Tmax of combination treatment
and diazepam treatment remained the same, both were 15min after
diazepam dosing.

The calculated PK parameters for oxycodone, diazepam and their
combination are shown in Table 2.

4.12. Blood pO2 after treatment with oxycodone and diazepam (Fig. 7)

The AUC of pO2 levels of combination treatment (n= 18) was 17 %
lower (p=0.004, t-test) than controls treated with oxycodone only
(n= 17); the lowest level of pO2 of the combination treatment group
came at 60min after oxycodone treatment (cf. 120min for the oxyco-
done alone control group).

4.13. Blood pCO2 after treatment with oxycodone and diazepam (Fig. 8)

The AUC of post dosing pCO2 levels with combination treatment

Fig. 5. Plasma diazepam concentrations (ng/ml, mean ± SEM) after diazepam oral dosing.
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(n= 18) was 25 % higher (p=0.02, t-test) than that of controls
(n= 17). The highest level of pCO2 in the combination treatment
groups came at 60min after combination treatment or 90min after
oxycodone treatment while the highest level of pCO2 of control animals
occurred at 60min after dosing with oxycodone alone. Increases in
pCO2 were observed throughout the duration of the experiment
(180min).

5. Discussion

The objective of this study was to confirm previous work describing
benzodiazepine exacerbation of opioid-induced respiratory depression
and to test a rat model for assessing the respiratory depression poten-
tial, or risk, of different SPDs used alone or in combination with an
opioid. A successful model requires sufficient sensitivity to detect re-
latively mild opioid-induced respiratory depression effects as well as
additive or synergistic effects from a co-administered drug. Given the
recent FDA product label changes and recognition of the exacerbated
respiratory depression that could result from opioid use with a benzo-
diazepine, combined opioid-benzodiazepine exposure was the ideal
positive control for a model of respiratory depression. Rats are a com-
monly used laboratory species especially in pharmacokinetic studies,
are large enough to allow serial blood sampling, and have previously
been used successfully in studies on respiratory depression [35–37].

Direct respiratory parameter measurements, such as rate and mean
tidal volume as well as other inspiratory and expiratory parameters,
were considered for assessing respiratory depression. Although
methods are available in rats to obtain these measures, the complexity
of the procedures suggested that this would not be the optimal ap-
proach. Alternatively, arterial partial pressures of oxygen and carbon
dioxide are common clinical measures that reflect respiratory function,
and that are used to evaluate clinical respiratory depression in patients
[17,38,39]. The normal range and variability in these parameters are
small and do not differ significantly between humans and rats [40–42].

Fig. 6. A and B. Blood pO2 and pCO2 (mmHg, mean ± SEM) after diazepam treatments (combination of 3 separate experiments). Upper panel (6A)-pO2; lower
panel (6B)-pCO2.

Table 2
Summary of Cmax and Tmax of treatment groups.

Group Cmax (ng/ml) Tmax (min)

Oxycodone PK 6.75mg/kg 7.0 30
60mg/kg* 35.3 54
150mg/kg** 51.5 30

Diazepam PK 2mg/kg 22.6 30
20mg/kg 286.5a 18a

200mg/kg** 1370.9 132
Oxycodone PK, repeat 60mg/kg 25.0 48
Oxycodone PK, repeat 150mg/kg 45.0 78
Oxycodone

150mg/g+Diazepem
20mg/kg

Combined oxycodone* 102.3a 78a

diazepam 134.3a 48a

Oxycodone (control) 51.2a 66a

*p < 0.05, **P < 0.001: post treatment blood drug concentrations when
compared with the lowest doses for PK studies; or when compared with controls
for the combination study.

a see reference [34].
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The sensitivity to change appears to be high and relatively consistent
across ranges measured in clinical conditions. For both rats and hu-
mans, most individuals have a normal pCO2 of approximately
40mmHg with values below 35mmHg indicating hyperventilation and
above 45mmHg hypoventilation [41,42]. For purposes of this model,
demonstration of a change to hypoventilation and/or more severe hy-
poventilation were considered an indication of induced respiratory
depression and/or exacerbated respiratory depression, respectively.

The first part of this study involved pharmacokinetic experiments
designed to find optimal oxycodone and diazepam doses in rats to use
for combination studies, to estimate optimal timing for dosing of the
drugs in combination, and to acquire initial data on blood drug levels
and blood gases (pO2 and pCO2) from groups of rats treated with a
single drug, either oxycodone or diazepam, at three different dose le-
vels. For combination exposures, oxycodone was given at 150mg/kg, a
dose that caused significant opioid-induced respiratory depression, and
diazepam was administered at 20mg/kg, a dose that had no respiratory
depression effect.

It was noted that Tmax was reached between 30min and 60min after
dosing in rats treated with oxycodone alone. This finding was taken into
consideration in designing the combination study so that the Tmax of the
two drugs would be reached at approximately the same time. The Tmax

of diazepam 20mg/kg was 18min, therefore, diazepam was given
30−35min after oxycodone treatment for the combination study with
a target simultaneous Tmax between 45 and 60min after oxycodone
administration.

The clinical relevance of the dose levels of the two drugs was as-
sessed in this study. For each drug, mean human Cmax and AUC data, for
as many doses as available, were compiled from Clinical Pharmacology
NDA reviews [internal communication] and published literature to es-
timate human single dose and steady-state exposures. Experimental rat
data Cmax and AUC exposure data for each dose administered in the
present rat experiments were compiled and approximate exposure
equivalency between rat and human doses was assessed. Similar Cmax

and AUC data in rats was then related to label dosing recommendation
to see if exposures were clinically relevant. This process showed that a
single dose of oxycodone at 150mg/kg approximated a human single
dose exposure of 40mg PO and diazepam at 20mg/kg reflected a
human single dose exposure of 5–10mg PO. Both of these exposures are
within dosing recommendations and therefore were considered clini-
cally relevant.

When co-administered, the Cmax of oxycodone was 100 % higher
than that of controls treated with oxycodone alone and the Tmax of
oxycodone of the combination treatment groups came at 78min after

Fig. 7. Blood pO2 (mmHg, mean ± SEM) after combination treatment of oxycodone 150mg/kg and diazepam 20mg/kg.

Fig. 8. Blood pCO2 (mmHg, mean ± SEM) after combination treatment of oxycodone 150mg/kg and diazepam 20mg/kg.
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oxycodone treatment while the Tmax of control animals treated with
oxycodone alone came at 66min after dosing.

The results obtained here are consistent with previous reported
studies in the rat: treatment with diazepam at 20mg/kg did not affect
blood pCO2 values; however, the combination of diazepam with me-
thadone caused a significantly greater increase in pCO2 than was seen
with methadone alone [11]. Generally similar findings were observed
with the combination of midazolam and buprenorphine [43]. Studies
with other benzodiazepines show that different members of the family
have different magnitudes of interaction with buprenorphine including
no detected interaction [44].

Results of the present study confirmed literature reports [11] and
mirrored the type of co-administration effects on respiratory depression
that led to black box warnings for co-prescription of opioids and ben-
zodiazepines. Additionally, blood drug concentrations and blood gases
were measured at matching time points to understand the PK-PD re-
lationship with co-administration. Although, the PK of oxycodone was
significantly impacted by co-administration, the observed PD effects
appear to exceed those anticipated by the change in PK. These findings
suggest that with co-administration of oxycodone and diazepam
changes in oxycodone PK work to exacerbate opioid-induced re-
spiratory depression but there is also a direct exacerbating PD effect.
These data support the potential clinical relevance of the model in as-
sessing whether opioid-induced respiratory depression is exacerbated
when used with different SPDs.

This study was designed for a specific purpose and may not be
adequate for assessing respiratory depression in all circumstances par-
ticularly modeling of severe life-threatening respiratory depression. The
goal was to define a model that could then be used with other SPDs to
evaluate the respiratory depression potential of these SPDs for which
little or no data currently exists. Oral absorption and availability of the
drugs and the influence of different formulations are not likely to alter
the occurrence of increased respiratory depression but could impact the
relative risk assessment of the drugs based on the clinical relevance of
exposures (depression seen at concentrations not commonly achieved
clinically). However, the influence of dose, formulation, and avail-
ability should also be reflected in the measured plasma concentrations
and can be adjudicated based on those measures. Differences in meta-
bolism, uptake, or mechanistic pathway between rat and human could
influence respiratory responses. Specifically, for oxycodone and dia-
zepam, these do not appear to be significant factors for the immediate
pharmacodynamic effect of interest (respiratory depression). Future use
of the model would require case-by-case examination of these factors
for other drugs.

The inclusion of some direct respiratory parameter measures could
be used for assessing potential of acute severe respiratory depression.
However, drug-induced acute severe respiratory depression is the ex-
ception and not the rule suggesting that any measure of significantly
enhanced respiratory depression could indicate the potential for a more
severe acute depression. The degree of change observed in blood gases
with this model do not represent severe acute respiratory depression,
and thus, may not predict the potential for that occurrence. The goal of
this model was not to model severe acute respiratory depression but to
measure the ability of drug combinations to change respiratory func-
tion, which it was able to do.

Due to the complexity of the sampling, in a single combination
study, a maximum of six animals could be accommodated in the oxy-
codone-only control group and six in the combination group. The
combination study of this experiment was completed a total of three
times cumulatively providing n=17 for the oxycodone only control
group and n=18 for the combination group. Results from individual
experiments are similar but varied between experiments. The magni-
tude of the difference between oxycodone and oxycodone-diazepam
pharmacokinetic and pharmacodynamic responses varied as much as
100 % from one experiment to another, but each experiment demon-
strated a difference between the oxycodone group and oxycodone-

diazepam groups. This variability particularly in oxycodone-alone re-
sponses demands a non-historic control for each combination experi-
ment that also provides an interexperimental control for the oxycodone
formulation that is made-up fresh for each experiment.

6. Conclusion

A rat model was successfully established to confirm previous lit-
erature reports by detecting exacerbating effects of benzodiazepines on
opioid-induced respiratory depression when these drugs are co-ad-
ministered. Concurrent blood drug concentrations and blood gas mea-
sures were analyzed to investigate the PK/PD relationship. That ana-
lysis supports both PK and direct PD interaction between oxycodone
and diazepam that contribute to exacerbation of opioid-induced re-
spiratory depression. This animal model is repeatable and sufficiently
sensitive to detect opioid-induced respiratory depression as well as the
exacerbating effects of a co-administered benzodiazepine. By re-
capitulating the known interaction of opioids and benzodiazepines, this
model demonstrates potential for testing other drugs co-prescribed with
opioids for their impact on opioid-induced respiratory depression.
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