Vol 56, No 6
November 2017
Pages 768-778

Journal of the American Association for Laboratory Animal Science
Copyright 2017
by the American Association for Laboratory Animal Science

Pharmacokinetics and Adverse Effects of 3
Sustained-release Buprenorphine Dosages in
Healthy Guinea Pigs (Cavia porcellus)

Andrea S Zanetti,"** Sumanth K Putta,? Donald B Casebolt,?® and Stan G Louie?*>

In guinea pigs, studies addressing the efficacy, safety, and pharmacokinetic profiles of different sustained-release buprenor-
phine (SRB) formulations are still in their infancy. Here we assessed the pharmacokinetic profiles of 3 SRB dosages (SR-LAB,
ZooPharm; SRB, _ ,0.15 mg/kg; SRB,, .. 0.3 mg/kg;and SRB,, , 0.6 mg/kg) for 72 h after a single subcutaneous administra-
tion to 8 (4 male and 4 female) healthy guinea pigs. Body weigilt, fecal output, and cortisol levels were also monitored and
the results compared with those of the sham group. Within the first h after administration, the maximal plasma concentration
(C,,) of the drug was 64.3 £9.2 ng/mL (males) and 71.3 + 3.7 ng/mL (females) in the SRB,, , group; 11.5 + 3.2 ng/mL (males) and
6.9 +0.9 ng/mL (females) in the SRB,, , group;and 2.3+ 0.8 ng/mL (males) and 2.0 + 0.5 ng/mL (females) in the SRB,  group.
After 72 h, therapeutic levels of the drug (>1 ng/mL) were observed only in guinea pigs treated with SRB, , (both sexes) and
males treated with SRB,, .  .Fecal output (quantity and distribution) and body weight were significantly lower in the SRB
groups as compared with the sham group, and with the SRB,, , group showing larger reductions. Baseline levels of serum
cortisol in healthy females (1440 + 106 ng/mL) were significantly greater than in males (550 £ 66 ng/mL). But, independent of
the sex, SRB administration significantly reduced those levels. In conclusion, the data indicate that all 3 SRB dosages can be
safely used in guinea pigs. However, therapeutic levels of the drug were observed for at least 48 h only guinea pigs treated
with SRB,, , and SRB,, ... Further investigation is needed to determine if these dosages can alleviate pain in guinea pigs.
Abbreviations: C__, maximal plasma concentration; C_, , minimal plasma concentration; IRB, immediate release buprenorphine;
SRB, sustained release buprenorphine; T _, time to maximal concentration; LC-MS, liquid chromatography mass spectrometry;

OIBD, Opioid-induced bowel dysfunction; TTC, time-to-consumption.

Guinea pigs are used as experimental subjects in a variety
of research disciplines.?®> However, compared with previous
years, the USDA’s 2016 Annual Report on Animal Usage in-
dicated that the number of guinea pigs in biomedical research
has decreased.’® Despite that, some behavioral traits'* of this
USDA-covered species are still preferred in some immuno-
logic studies?*®! and in some preclinical research involving
the development of novel drugs?*#! or medical devices.!*
As a consequence, current models still subject guinea pigs to
different levels of pain that must be adequately managed and
alleviated.>®17.2028

Appropriate pain-relieving measures to counteract painful
stimuli is a humane necessity and serves as the cornerstone
of many animal regulatory policies.>'”?® Among the different
analgesic protocols, immediate-release buprenorphine (IRB) is
a federally regulated opioid commonly used to manage pain
in guinea pigs.>?%% Compared with other analgesics,>>°® IRB
provides relatively long-lasting analgesia,® can be easily ad-
ministered, and is relatively safe.”#133% Despite advances, the
use of IRB is limited by its pharmacokinetic profile.>”*1320 To
maintain therapeutic levels, current protocols typically call for
administration of IRB every 12 h, which can increase animal
handling as well as compliance issues associated with missed
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or inaccurate redosing.30172028 Moreover, due to the lack of
studies correlating the use of IRB with pharmacokinetic profiles
and pain assessment methods in guinea pigs,'>® an optimal
plasma concentration of the drug required to alleviate clinically
relevant pain remains unknown. Therefore, it is still unclear
if the efficacy of IRB as extrapolated from other species 153 is
equivalent or adequate for guinea pigs .56813.20

Formulations of sustained-release buprenorphine (SRB) were
recently introduced into the veterinary market to minimize
redosing and restraint issues.>®!3 As a consequence, studies
addressing the efficacy, safety and pharmacokinetic profiles
of SRB in laboratory species are becoming common within the
laboratory animal community.>%!® Some of these efforts, par-
ticularly in mice and rats, have already led to FDA indexation
of the first SRB formulation (Animalgesics) for both species.?
Among other SRB suppliers, an increasing number of studies
describe the pharmacokinetic profiles of the Zoopharm formu-
lation in different species.®!3% In mice and rats, a single dose
of buprenorphine SR-LAB (Zoopharm, referred from now on
as SRB) can sustain plasma concentrations of the drug within
therapeutic levels (1 ng/ml) for up to 72 h with minimal adverse
effects.81330

However, similar studies in guinea pigs are still in their early
stages. A recent study related pharmacokinetic profiles to the
response to pressure in the left hindpaw of healthy female
guinea pigs treated with SRB (0.3 mg/kg) or IRB (0.05 mg/
kg) buprenorphine.?? According to the results, the plasma con-
centration of buprenorphine stayed above 1 ng/ml within the
first 24 h after SRB administration.>? However, within this time
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frame, significant changes between the groups (SRB vs IRB) in
the amount of pressure needed to elicit a withdrawal response
were observed only within the first 12 h.3? Because guinea pigs
are known to hide signs of pain, "' these findings could pose
welfare concerns *'7 as it is unclear if a single administration of
an SRB dose of 0.3 mg/kg could alleviate significant pain for
more than 12 h.611203238 Moreover, buprenorphine is known to
cause anorexia and constipation in many species.®!° Therefore,
the extent of these and other adverse effects in guinea pigs
treated with SRB remain to be determined.

Therefore, in this study, we sought to determine the phar-
macokinetic properties and potential adverse effects of 3 SRB
dosages in healthy guinea pigs over a 3-d period. We hy-
pothesized that at least 1 of the SRB regimens would provide
sustained levels of the drug equal to or greater than 1 ng/mL
for 3 d with minimal or no adverse effects to the animals.

Materials and Methods

Animals. All procedures using animals were approved by the
IACUC of the University of Southern California. SPF Dunkin—
Hartley guinea pigs (4 male, 4 female; age, 5 mo; weight [mean
+15D], 580.00+0.03 g) were obtained from Charles River Labo-
ratories (Kingston, NY). On arrival to our AAALAC-accredited
facility, the animals were grouped by sex and acclimated in their
new enclosure (40 x 109 X 60 cm; Allentown Caging, Allentown,
PA) for 1 wk, with unrestricted access to cage enrichment (for ex-
ample, toys, shades), food (Teklad Global Guinea Pig Diet 2040,
Envigo, Madison, WI; timothy hay cubes), and filtered water.

Experimental design. In this study, all guinea pigs were
monitored daily during all phases of the study. We reduced the
number of animals needed by subjecting the same guinea pigs (1
= 8) to all treatment groups. After the initial acclimation period,
each guinea pig was single-housed in a wire-bottom cage (19 x
40 x 20 cm, Allentown Caging, Allentown, PA) for a total of 7d
to record daily changes in body weight and fecal output during
the 3 d before (baseline) and 3 d after the administration of saline
(Sham) or 1 of the 3 SRB dosages (SRB, _ ,SRB,, .. . and SRB, ,).
For each SRB dosage group, guinea pigs were transported to the
procedure room, where blood and vital signs were collected at
0,1,3,6,12,24, 48, and 72 h after administration.

For sequential blood collection,* body weight was taken to
calculate the following escalating SRB dosages (SRB, , - 0.15
mg/kg; SRB,, ;... —0.3mg/kg; SRBHigh, -0.6 mg/kg; SRB-Lab,
Zoopharm, Windsor, CO) using known concentrations of IRB
in guinea pigs?’3%33 as references with the formula:

[SRinmg/kg] = (IR x 2) x d¥,
Where IR = 0.025 — 0.1mg/kg

*For our purposes, 3 d (72 h)

Between each treatment, guinea pigs were housed in same-sex
groups in their primary enclosure (40 x 109 x 60 cm - Allentown
Caging, Allentown, PA) for 4-6 wk to allow adequate recovery
and minimize distress by encouraging cage socialization.

Single-housing effect on body weight and fecal output before
and after SRB administration. Once guinea pigs were single-
housed, cages were changed daily for 6 d. During each cage
change, the husbandry staff was instructed to move the cages
away from the automatic water valve to prevent water accu-
mulation inside the cages. At each cage change, body weight

Pharmacokinetics of SRB in healthy guinea pigs

was measured. Likewise, images of the cage bottoms were
taken to assess fecal output (quantity and distribution; (Figure
1) 3 d before (acclimation period [baseline]) and 3 d after each
treatment (Sham, SRB,_, SRB,, . = and SRBHigh). Photoshop
CC (Adobe, San Jose, CA) was used to determine the total area
of the fecal pellets observed within each day before and after
SRB administration (Figure 1). This information was further
used to calculate changes in the fecal output area (expressed
as a percentage) after SRB administration. The changes were
compared with the sham group and with the data obtained
during the acclimation period (baseline).

To determine the effect of SRB on the distribution of the fe-
cal pellets inside the cages, the same images of the bottom of
the cages were divided into 4 identical quadrants (Q1-4). The
cumulative fecal output areas for each quadrant were then ob-
tained within each period (acclimation [baseline]; and post-SRB
administration). This information was finally used to determine
significant changes per quadrant in the total fecal output area in
all tested groups (Sham, SRB, |, SRB, . . and SRB, ) within
the first 72 h after SRB administration.

Sequential blood collection. For blood collection, animals
were anesthetized with 2-4% isoflurane in an induction chamber
and then transferred to the surgical table, where anesthesia was
maintained via nose cone. Briefly, each guinea pig was placed
in dorsal recumbence over a water recirculating blanket. Rectal
temperature, heart rate and respiration were continuously meas-
ured using a rodent anesthesia monitoring suite (PhysioSuite,
Kent Scientific, Torrington, CT).

On the first day (day 0), the cervical ventral region of each
guinea pig was shaved and properly prepared for aseptic col-
lection of less than 1 mL of blood from the jugular vein. After
the first blood sample was collected (time point 0), anesthetized
guinea pigs were then placed in lateral recumbence and 1 injec-
tion of saline or SRB was subcutaneously administered with a
20-gauge needle to a shaved area (2 x 2 cm) located in the right
scapular region. Subsequent blood collections were performed
at1,3,6,12,24,48 and 72 h after saline or SRB administration.
At the end of each blood collection, animals were allowed to
fully recover. Finally, between blood draws, we monitored
the general status of the animals as well as the development
of injection site reaction, anemia, anorexia, dehydration, local
phlebitis and constipation.

Pharmacokinetics, serum cortisol, and biochemistry analysis.
Blood samples were transferred to EDTA-coated (pharmacoki-
netic and cortisol studies) or serum separator (biochemistry)
tubes. Plasma and serum were immediately separated at 1700
x g for 5 min in a refrigerated centrifuge, and samples were
stored at —80 °C until analyzed in our validated buprenorphine
liquid chromatography-mass spectrometry (LC-MS) assay.*
Plasma SRB, | \.gium, nign PUprenorphine levels were analyzed
using noncompartmental pharmacokinetic modeling. Serial
blood quantification was used to calculate pharmacokinetic
parameters such as minimum and maximum drug concentration
(C,..v C...), time to reach maximum concentration in plasma
(T_,), half-life and area under the curve (AUC_,, ). Serum was
also used to quantitate cortisol levels as previously described.3*
As a consequence, blood samples from each treatment group
were also collected at 0 and 72 h before submission to Antech
Diagnostics (Irvine, CA) for serum biochemistry analysis.

Statistical analysis. A randomized block design was used
in this study. The data were normally distributed and were
analyzed by an individual blinded to the treatment groups.
Two-way ANOVA with Bonferroni correction was used to as-
sess significant changes between and within treatment groups
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Figure 1. Schematic representation of the quantitative analysis of fecal output. Images of the cage bottoms of single-housed guinea pigs were
recorded at 1 d (green), 2 d (blue), and 3 d (red) before treatment (acclimation period) and 3 d (red), 2 d (blue), and 1 d (green) after the adminis-
tration of SRB (Sham, SRB, _,SRB,, .. and SRB, ). (A) Photoshop CC was used to determine the total area (in cm?) of fecal pellet distribution
on each day; this information was used to calculafe changes in the fecal output area (expressed as a percentage) after treatment compared with
results obtained during the acclimation period (baseline). (B) The same images were used to determine the effect of SRB on the distribution of
the fecal pellets inside the cages. In particular, each image was divided into 4 quadrants, and the cumulative fecal output area in each quadrant
during each period (acclimation period and after SRB administration) was calculated. This information was used to find changes (compared
with baseline) in the total fecal output area during the first 3 d after administration in each quadrant. The orientation of each cage relative to the
automated water supply in the rack is indicated. Cage dimensions, 40 x 20 cm; scale bar, 12.5 cm?.
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(baseline, sham, SRB, ,SRB,, ..  and SRB,, ) at various time
points (0,1, 3, 6,12, 24,48 and 72 h). The Tukey test was used to
identify significant differences in the fecal output distribution.
All data were analyzed with Prism (GraphPad, La Jolla, Ca) and
are reported as mean + 1 SD. Statistical significance was set at a
P value of less than 0.05.

Results

Effect of SRB on the fecal output of healthy guinea pigs. Independ-
ent of sex and time point, the fecal output area of the sham group
remained consistently above baseline values (P < 0.05) throughout
the study period (Figure 2). During the first day, the fecal output
(percentage of total area of cage bottom) in the sham group was
18% + 26% and 80% =* 10% above the baseline values reported
for both female and male guinea pigs, respectively (Figure 2 B).
During the second day, fecal output of the sham groups was 17%
+ 30% (females) and 113% £ 26% (males) above baseline values
(Figure 2 B). On the third day, female and male guinea pigs in the
sham group had, respectively, 33% * 20% and 92% =* 51% more
fecal pellets on the bottoms of the cages than had been measured
during the acclimation (baseline) phase of the study (Figure 2 B).

Compared with baseline values, fecal output fluctuated in a
sex- and time-dependent manner independent of the SRB tested
dosage (Figure 2). During day 1, the fecal output in the SRB,
(41% + 20% and 43% + 14%), SRB, . (16% + 3% and 57% *
18%), and SRBHigh (18% * 16% and 41% + 15%) groups were,
respectively, below baseline values reported in both males and
females (* P < 0.05, Figure 2 B). On day 2, the fecal output in
females and males treated with SRB,  were, respectively, 1%
+ 14% and 7% + 36% above baseline values. Within the same
time period, the fecal output of female and male guinea pigs
treated with the SRB,, .. (14% + 19% and 45% * 13%) and
SRB,,,.,, (22% £ 7% and 39% *+ 6%) doses remained, respectively,
below baseline values (Figure 2 B). After 3 d, fecal output below
baseline values was reported only in males treated with SRB,
(16% +13%), females treated with SRB,, .. (4% +8%), and both
females and males guinea pigs treated with SRB, , (2290 +19%
and 41% + 12%) (Figure 2 B).

When compared to sham, guinea pigs treated with SRB had
significantly decreased fecal output concentrations independent
of the sex, time point or dose (Figure 2AB). However, throughout
the study, significant differences between groups were observed
only between males in the sham group and guinea pigs (both
sexes) treated with SRB,, . and SRBHigh (P<0.001, Figure 2 B).
No differences in fecal output were observed over time within
the SRB groups. During the first day after SRB administration,
animals treated with SRB,  had fecal output concentrations
significantly lower than those of the Sham group (males). How-
ever, within the following days, significant differences between
sham and SRB,  were observed only in females (day 2) and
males (day 3), respectively (P < 0.001, Figure 2 B).

Effect of SRB on the fecal output distribution in cages of
single-housed guinea pigs. Independent of sex, overall fecal
output distribution was significantly different only for quadrant
4 (P <0.001, Figure 2 C —located close to the water valve). The
total posttreatment fecal output in this quadrant was higher in
the sham group (58.1 + 3.2 cm?) compared with all other SRB
groups tested (P <0.001, Figure 2 C). No other differences were
observed between treatment groups.

Effect of SRB on the body weight of healthy guinea pigs. In-
dependent of dose and time point, sex had no effect on body
weight. Therefore, the data in Figure 3 represent average weights
among all tested subjects (1 = 8 per group). Compared with
baselines collected during the acclimation period, body weights

Pharmacokinetics of SRB in healthy guinea pigs

in the sham group remained consistently above baseline values
throughout the study period (Figure 3). Specifically, body weight
in the Sham group was, respectively, 1.0% * 0.9% (day 1), 4.7%
+1.1% (day 2) and 3.4% £ 0.9% (day 3) higher (P < 0.05) than
baseline levels. After 7 d, the overall average weight in all sham-
treated guinea pigs was 5.8% + 0.9% higher (P < 0.05) than that
measured during the acclimation (baseline) phase.

Guinea pigs treated with any of the 3 SRB dosages lost less than
10% of their baseline body weight during the first 3 d after drug
administration. Specifically, on day 1, the average body weight lost
was 3.7% +1.1%, 2.5% * 1.7% and 6.6% * 1.0%, respectively, in the
SRB,  ,SRB,, .., andSRB, , groups (P <0.05, Figure3).Onday2,
guinea pigs had lost 6.9%+ 1.0% (SRB,_ ), 5.6%+1.1% (SRB,,,_ ),
and 9.4% + 1.4% (SRB,, ) of body weight when compared with
baselines (P < 0.05, Figure 3). Weight loss on day 3 averaged 3.5%
+2.7%(SRB,,,),8.5%+1.0% (SRB,, , ),and 9.5%+1.8% (SRB,, ,)
relative to baseline (P < 0.05, Figure 3). By day 7, guinea pigs treated
with SRB, _ had body weight 5.0 +2.09 % above baseline values
(Figure 3). Even though no significant differences were reported
within the same time point, the average body weight in guinea
pigs treated with SRB,, . (1.7 +0.9 %) and SRBHigh 5.7£22%)
were still below values collected during the acclimation (baseline)
phase of this study (P < 0.05, Figure 3).

In this study, no significant differences were observed be-
tween SRB groups. Comparisons between all time points and
tested dosages revealed that the average weight after SRB
administration was lower than observed in the sham group
(P < 0.05, Figure 3). At day 1, the average body weight in the
sham group was statistically greater only when compared to
SRBHigh (P <0.05, Figure 3). Two days after SRB administration,
the average body weight in the sham group was statistically
greater than that observed in all SRB groups (P < 0.05, Figure
3). Atdays 3 and 7, significant differences in body weight were
observed only between the sham animals and those treated with
SRB,,,...,and SRB,, (P < 0.05, Figure 3).

Physiologic and serum biochemical changes after SRB admin-
istration. Throughout this study, body temperature, heart rate,
and respiratory rate did not differ between groups or sexes.
The overall averages for temperature (39.2 + 0.1 °C; reference,
34 t0 40 °C), heart rate (261 + 2 bpm; reference, 240 to 350 bpm),
and respiration (56 * 1 breaths per minute; reference, 40 to 150
breaths per minute) were within normal published values!®2233
for healthy guinea pigs. In addition, no skin reactions to any of
the tested doses were observed in any of the animals through-
out the study period. Although all biochemistry markers were
within normal limits for healthy guinea pigs,”? the serum AST
concentration in samples collected before drug administration
(baseline) and 3 d after SRB,  treatment were significantly (P
<0.05) lower than those observed during the same time period
in guinea pigs treated with SRB,, ;. or SRB , (Tables 1and 2).

Baseline levels of serum cortisol in healthy female guinea pigs
(1440 £ 106 ng/mL) were significantly (P < 0.05) higher than
those observed in males (550 = 66 ng/mL) throughout the study
period (Figure 4). With the exception of female guinea pigs in
the first 24 h after SRB,  administration (Figure 4 A), all SRB
groups had significant decreases (P < 0.05) in serum cortisol
in both sexes in a time-dependent manner for at least 48 h. At
the end of this study, cortisol levels in females (all SRB groups)
and males treated with SR, , remained significantly lower than
baseline values (P < 0.05, Figure 4).

Pharmacokinetics of 3 SRB dosages in healthy guinea pigs us-
ing a LC-MS quantitative assay. For all drug-treated groups, the
detection limit of the assay (C_, ) was 0.1 ng/mL. Within all SRB
groups, no significant differences in the pharmacokinetic profiles
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Figure 2. Effect of SRB on the quantity and distribution of fecal output from healthy guinea pigs. (A) The cumulative (1 = 4) fecal output diagram
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sham group, independent of the dose of SRB tested (i, P < 0.001, 2-way ANOVA). The red dotted line represents the fecal output quantity during
the acclimation period (baseline). (C) Changes in the fecal output distribution after administration in the sham and SRB groups were significant
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dimensions, 40 x 20 cm; Scale bar, 12.5 cm.

150 9 SRB

High

Sham SRB , SRB

Medium

ine)

to basel
[
(=]
o
| ]

(%4
o
L

% change in body weight
(relative

o
L

2 3 7
After treatment (d)

Figure 3. Effect of SRB on the body weight of healthy guinea pigs. The
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the acclimation period. Body weight did not differ between sexes. *, P
< 0.05 (2-way ANOVA).

or AUC ,, were observed between sexes. All significant differ-
ences in plasma concentrations of the drug were dose-dependent

only (Figure 5). For all SRB groups, C__ occurred at 1 h after

administration (T ). At this time point, guinea pigs treated with
the SRB,, , had the highest plasma concentration (males, 64.3+9.2
ng/mL; females, 71.3+3.7 ng/mL), followed by SRB, .. (males,
11.5 £ 3.2 ng/mL; females, 6.9 £ 0.9 ng/mL) and SRB,  (males,
2.3 £ 0.8 ng/mL; females, 2.0 + 0.5 ng/mL). Therapeutic levels
of the drug (>1 ng/mL, Figure 5) were observed throughout this
study in guinea pigs treated with SRB,, (both sexes) and SRB-
Medium (Males only). In females treated with SRB,, ;. therapeutic
levels of the drug were observed only within the first 24 h of this
study (Figure 5 B). Guinea pigs treated with SRB, maintained
plasma concentration of the drug above 1 ng/ml during the first
6 h after SRB,  administration (Figure 5 A). At the end of the
study (72 h), the SRBHigh plasma concentration averaged 2.3 ng/
mL (Figure 5 C), whereas the concentration in guinea pigs treated
with SRB,, .. averaged 0.9 ng/mL (Figure 5 B). Within the same
time point, the plasma concentration of the drug in guinea pigs
treated with SRB, _was below the detection limit (Figure 5 A).

Finally, the AUC, ., was significantly (P < 0.001) greater in
the SRBHigh group (males, 1198 + 188 ng*hour/mL; females, 1257
+ 99 ng*hour/mL) than in the SRB,, , —eroup (males, 213 + 56
ng*hour/mL; females, 127 £ 21 ng*hour/mL) and SRB, group
(males, 32+ 10 ng*hour/mL; females, 50 £ 19 ng*hour /mL; Figure
5D).
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Table 1. Biochemistry profile of healthy female guinea pigs (1 = 4) after SRB administration

After administration

Baseline SRB

SRB\tedium

Low SRBign Reference

Units Mean+1SD Range Meant1SD Range Mean*1SD Range Mean+1SD  Range range®?!
Total protein g/dL  5.36+0.46 4.8-6 5.55+0.53 5-6 51+1.41 3.6-6 5.1%0.35 4.8-5.4 45-7.1
Albumin g/dL 3.14 £ 0.30 2.5-3.6 3.13+0.46 2.5-3.6 2.7+£0.65 1.8-3.3 2.7+0.35 24-3 2.3-4.8
Globulin g/dL 2.22+0.31 1.8-2.8 2.43+0.33 2-2.8 2.4+0.42 1.8-2.7 2.4+0.00 24 1.7-2.6
Albumin: — 1.44+0.23 1-1.7 1.3+0.29 1-1.6 1.13+£0.15 1-1.3 1.15+£0.17 1-1.3 —

globulin

AST IU/L 52.83+10.042 39-69 495+ 11.72  40-64 100.5 +59.32P 42-183 86.25 +25.38>  54-108 38-643
ALT IU/L  34.17+5.22 33-36 38+£2.94 35-41 38.5+794 35-43 405+7.14 37-45 32-138
ALP IU/L 9125+19.17 69-120 106.5+15.61 84-120 79.5+13.3 71-81 72.5+£6.24 71-90 68-399
GGT IU/L 8.33+5.26 7-12 11.5+0.58 8-13 9+245 6-12 12.25 £ 6.65 9-14 3-14
Total bilirubin  mg/dL  0.10 £ 0.00 0.1 0.1+0.00 0.1 0.1+0.00 0.1 0.1+0.00 0.1 0.1-0.8
BUN mg/dL 22.00+5.19 16-30 18.75+7.54 15-30 21.75+3.77 18-27 20.25+1.5 18-21 15.7-31.5
Creatinine mg/dL  0.48+0.12 0.4-0.5 0.45+0.13 0.4-0.5 0.55+0.1 0.5-0.7 0.5+ 0.00 0.5 0.4-1.8
BUN:creatinine — 65.50 £28.27 30-120 60 +31.62 30-100 40.5+10.25 30-54 405+3 3642 —
Phosphorus mg/dL  6.04+1.78 49-9.3 72+1.21 5.4-8 5.63+0.93 4.8-6.9 5.33+1.28 4.9-6.9 4.2-15
Glucose mg/dL 15225+59.19 129-192  95.75+34.3 88-126 96.50+23.41  81-126 110.25+£9.91 96-117 80-546
Calcium mg/dL 10.55 £ 0.60 9-11.4 10.38 £ 0.94 9-11.1 105+0.88 9.3-11.4 1043+0.86 9.3-114 9.0-14.6
Magnesium mEq/L  231+£0.75 2.1-2.5 2.13+0.25 2-2.5 2.55+0.52 2.3-2.7 24+0.24 2.1-2.7 2.1-2.7
Sodium mEq/L 136.58 £6.57  128-148 136.25+5.25 133-144 143+£5.35 137-150 14454998 130-152  121-159.5
Potassium mEq/L  5.18+0.54 4.5-6.2 5.15+0.51 4.5-5.6 495103 4.8-5.4 4.58 +0.38 4.2-51 4-23.11
Na:K — 26.67 +£1.87 24-30 26.75+25 24-30 29+2.71 25-31 31.75+4.79 25-36 —
Chloride mEq/L 101.58 + 4.89 94-112 98.25+3.3 94-102 110+£2.83 106-112 111.5£9.26 98-119 96-130.7
Cholesterol mg/dL 59.17+19.57  34-90 59.5+23.81 34-84 69.75+36.94 42-123 78 £20.05 57-105 20-133
Triglycerides mg/dL 125.92 £53.35 45-213 105.5+54.06 45-168 128.25+40.28 75-165 156.75+59.31 96-225 28-284

Different lowercase letters indicate significantly (P < 0.05) different values.

Discussion

In this study, we characterized the pharmacokinetic profiles
and adverse effects of 3 SRB dosages (SRB, - 0.15 mg/kg,
SRB,, i — 0-3 mg/kg, SRB, . — 0.6 mg/kg) in healthy guinea
pigs for 72 h after a single subcutaneous administration.

In guinea pigs, the recommended dose of IRB is usually 0.05
mg/kg SC given twice daily.*?%32 A recent study indicated that
atthisdose, the C__ of thedrug (2.33ng/mL)is reached 1 h after
administration.?? In our study, we also used the recommended
IRB dose®?? to extrapolate the equivalent SRB dose required
(0.3 mg/kg) to provide sustained plasma levels of buprenor-
phine for 72 h. However, unlike the previous work,?? we used
the recommended IRB dose®?%%2 in our escalating design to
determine the effects of both SRB extremes (low, 0.15 mg/kg;
high, 0.6 mg/kg) in healthy guinea pigs. As a result, within the
tested range, our approach will allow safe and target customi-
zation of different SRB dosages in future pain-specific models.

In the laboratory animal community, therapeutic levels of bu-
prenorphine of 1 ng/mL or greater were originally derived from
humans®?'?° and have been carried over as an acceptable target for
clinically significant pain relief without in-depth validation in other
species.>10131621,2527,323537,38 Byprenorphine is mainly metabolized
in the liver at different rates as norbuprenorphine, buprenorphine-
3-glucuronide, and norbuprenorphine-3-glucuronide,?? and
different species also have different metabolic rates.2?%° Therefore,
depending on the target species and its metabolic activity, the
concentration of buprenorphine needed for therapeutic efficacy
might also differ from the established 1 ng/mL.

According to our results, guinea pigs treated with SRB,
(both sexes) and SRB,, ;. (males only) displayed therapeutic
levels of buprenorphine above >1 ng/mL throughout the study

period. However, female guinea pigs treated with SRB,, . (0.3
mg/kg) sustained plasma concentration of the drug above 1 ng/
mL during the first 24 h only, as previously described.?? As a re-
sult, it is unclear if this concentration of SRB would be adequate
to alleviate pain in female guinea pigs undergoing a surgical
procedure, given that recent comparisons between SRB at 0.3
mg/kg (thatis, SRB,, .. )and the IRB formulation revealed that
the amount of pressure needed to elicit a withdrawal response
in the paw of female guinea pigs differed only during the first
12 h of the study.?? Therefore, it is critical that administration
of any of the SRB dosages tested here are closely monitored for
the development of adverse effects or signs of pain that would
prompt intervention until an optimal plasma concentration of
the drug is found.

In the literature, adverse effects related to the use of SRB have
been described in many laboratory animal species.>#13163238 Of
those, injection site reactions are by far the most cited.!32527,32.35
In particular for the formulation we used in the current study
(SRB-LAB), these reactions were associated with the biode-
gradable vehicle used to deliver buprenorphine.!®2¢32 Due to
the local inflammation caused by this vehicle and the infection
associated with repeated self-trauma of the injection site, 203
the skin lesions have consistently been characterized as mild
ulcerative dermatitis or full-thickness necrosis with concur-
rent cellulitis, inflammation, and hemorrhage.!'®?5?735 In an
attempt to counteract this problem, the manufacturer replaced
the original vehicle with a new polymer that is believed to be
more biocompatible and thus less likely to elicit a skin reac-
tion.*? Consequently, in our current study, none of the single
subcutaneous injections of any of the tested SRB doses resulted
in injection site reactions during the first 72 h after administration.
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Table 2. Biochemistry profile of healthy male guinea pigs (1 = 4) after SRB administration

After administration

Baseline SRB

Low SRBMedium SRBHi h Reference

Units Mean+1SD Range Mean+1SD Range Mean+1SD  Range Meant1SD Range  range®*!
Total protein g/dL  513+£0.56 4.5-6.6 498+021 4852 4.88 £0.45 45-54 5.03+0.38 45-54 45-6.9
Albumin g/dL 3.03+0.37 2.7-3.9 2.95+0.26 2.7-3.3 2.85+0.57 24-3.6 2.63+0.38 2.2-3 2.3-4.9
Globulin g/dL 2.1+£0.29 1.8-2.6 2.03+0.29 1.8-24 2.03+0.15 1.8-2.1 24+0.24 2.1-2.6 1.7-2.6
Albumin:globulin — 147 £0.18 1.2-1.8 1.5£0.29 1.2-1.8 14+042 1.1-2 1.1+£0.22 09-14 —
AST IU/L  59.75+26.54* 39-129 51.75+22.37% 38-84 131.25+95.13"> 39-261 286.5+222.3> 90498 38-541
ALT IU/L  38.83+9.07 35-45 32.75+6.02 31-38 36 £11.22 34-51 108 £78.73 39-189 32-175
ALP IU/L 82.5+13.088 72-99 77 £4.92 71-83  120.17 £25.97° 72-162 136.25+26.39> 104-162 68-368
GGT IU/L  11.08 +4.27 10-14 12.5+4.73 12-14 75+1.73 7-9 13+4.24 12-14 4-14
Total bilirubin mg/dL 0.1£0.00 0.1 0.1+£0.00 0.1 0.1+£0.00 0.1 0.2+0.12 0.1-0.3 0.1-0.8
BUN mg/dL 2217 +4.17 15-30 20+2.83 18-24 18.75+1.5 18-21 225+3 21-27 15.7-33
Creatinine mg/dL  048%0.1 0.4-0.5 043+0.05 04-05 0.55+0.1 0.5-0.7 0.5%0.00 0.5 04-1.8
BUN:creatinine — 63.5+22.04 30-100 62.5+12.58 50-80 345+3 30-36 45+ 6.00 42-54 —
Phosphorus mg/dL 556 +1.37 49-6.4 6.3+£1.05 6-6.5 4.88 +0.45 45-5.4 4.88 +0.57 4.5-5.7 4.2-6.5
Glucose mg/dL 131.25+31.27 102-153 113.25+3.77 108-117 85.83+35.99 81-138 93.25%32.53 80-138 80-533
Calcium mg/dL 10.37 +£0.72 9.6-12.3 10.33+0.29 9.9-10.5 10.13%+0.45 9.6-10.5 10.65+0.17 10.5-10.8 9.0-14.4
Magnesium mEq/L  2.36+0.65 2.2-2.6 24+014 22-27 2.18+0.29 2.1-2.3 2.18+0.15 2124 2.1-2.7
Sodium mEq/L 137.58 £ 8.8 127-158 138.75+5.19 131-142 146.25+5.38 141-153 147.75+1.71 146-150 121-160.7
Potassium mEq/L  538+1.15 4.2-7.5 513+093 4.2-64 4.58 +0.29 4248 5.25+0.71 4.5-6 4-22.31
Na:K — 26.58 +4.52 19-34 28 £5.16 22-34 32+245 29-35 28.75+ 3.86 25-33 —
Chloride mEq/L 101.92 £ 6.02 96-118 100.25+3.5 96-104 111 £ 4.69 106-117  111.5+3.42 107-115  96-128.9
Cholesterol mg/dL 33+11.22  21-57 28.5 + 866 21-36 375+7.14 33-48 42.75+11.32 33-54 20-128
Triglycerides mg/dL 65.33+18.25 39-105 56.5+11.96 42-69 62.25+17.73 45-84 119.25+44.72 69-177 28-245

Different lowercase letters indicate significantly (P < 0.05) different value

As previously observed,'%3237 the current formulation of SRB
was designed to elicit little or undetectable reactivity at the
injection site in the skin after single administration in most
species. Further investigation is needed to determine whether
similar results are achieved when multiple administrations of
the drug are needed, particularly during prolonged treatment
regimens, in guinea pigs or any other laboratory animal species.

Opioid-induced bowel dysfunction (OIBD) is a common
adverse effect associated with the use of opioid analgesics.?0?!
The pathophysiology of this syndrome is complex and not fully
characterized.”! However, most of the effects of peripherally-
administered opioids on p-receptor occurs in the gut wall or
CNS.681316213238 Ty the literature, OIBD comprises several symp-
toms, but anorexia and constipation are commonly associated
with buprenorphine.>10131621,2527,32,353738 Gionificant changes
in body weight are subtle.581316:25-27,32,353738 In small laboratory
animals (mice, rats, and rabbits) undergoing surgery, weight loss
after SRB administration is usually transient (averaging less than
10% of body weight) and is highly dose-dependent.>810.13.16:3032
In reports involving large-animal species (i.e. dogs, macaques,
sheep, swine),262735% the use of SRB to manage pain appears to be
associated with mild decreases in appetite, particularly in dogs.?”
Opverall, in large animals, body weight after administration of the
recommended SRB dose is described in the literature to fluctu-
ate within normal values for the corresponding species.?6:27:337

In our study, significant changes in body weight were
observed between time points and the tested SRB dose inde-
pendent of the sex. As previously reported in small laboratory
species, 510131630 our guinea pigs lost less than 10% of their
body weight. Similar results have recently been reported
in healthy female guinea pigs after single administration of
IRB (0.05 mg/kg) or SRB (0.3 mg/kg).3? In that study, weight

loss during the first 3 d was comparable between the 2 drug
formulations; however, the authors did not describe the time
needed to recover the lost weight.®? In our study, all animals
regained the lost weight 7 d after SRB administration. Moreo-
ver, at this time point, their body weights were comparable
to that measured during the acclimation phase of this study
(baselines). The transient weight loss in our study might be
explained in part by OIBD, given that anorexia is a common
symptom.>&131625-27,3537,38 However, the fast weight recovery
might also be due to this species’ need to frequently eat to
maintain its high metabolic demands.!*2% In fact, a common
observation in this study was that all guinea pigs started to eat
immediately after anesthesia recovery independent of the SRB
tested group.

The so called ‘time-to-consumption” (TTC) was recently
introduced as a potential proxy to assess pain in guinea pigs.!!
Even though a carprofen-based analgesia protocol was used
in that study and no significant differences in the TTC were
observed after surgery, the guinea pigs were highly food-
motivated."! As described in our current study and elsewhere,3
SRB caused weight loss in healthy guinea pigs within the first
72 h after administration. However, how TTC" could change
postoperatively in the context of SRB-based regimens remains
unknown. Therefore, future investigations should establish
correlations between changes in body weight immediately after
surgery and TTC to better predict appropriate intervention in
SRB pain-specific protocols.

Constipation is another OIBD symptom commonly associated
with buprenorphine 5101316.21,25-27,32,3537.38 The myenteric and
submucaosal plexus in the gut wall are, respectively, responsible
for gastrointestinal motility and secretion.?! Opioids modify gas-
trointestinal function by inhibiting the excitatory and inhibitory
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neural pathways within the enteric nervous system coordinating
motility.!??° Inhibition of excitatory neural pathways depresses
peristaltic contractions, ultimately leading to delayed gastric
emptying and slowing of intestinal transit.>10.13:16:25-27,32,35,37,38
This decreased transit has recently been used to monitor gas-
trointestinal hypomotility after buprenorphine administration
in rabbits.? In guinea pigs, however, similar work remains to
be performed regarding the administration of either IRB or
SRB formulations . In our study, we used daily fecal output
measurements in single-housed guinea pigs to assess the degree
of constipation after administration of the tested SRB dosages.
Consequently, we developed a quantitative method that pro-
vides an accurate and real-time assessment of the fecal output
after SRB administration. This method can be easily adopted
to quantitate changes in fecal output whenever constipation
related to OIBD is a concern.5-10.1316,21,23,25-27,32,35,37,38 Noreover,
this method could be used further to similarly assess the daily
fecal output effects of SRB in pain-specific studies.

Our quantitative method for assessing daily fecal output
revealed interesting information related to the distribution of
the fecal pellets in the bottom of the cages. According to our
data, independent of the SRB group test, sex, and time point,
single-housed guinea pigs during the acclimation phase of this
study (baseline) had increased fecal output deposition at the
lower quadrant of the cage (quadrant 4) compared with other
quadrants. The automated water valve was located in this
same quadrant. However, this pattern significantly changed
after SRB administration. Hallucinations are known adverse
effects of buprenorphine in humans.?26% Perhaps the loss
of environmental awareness related to the use of this opioid
explains the significant changes in fecal output distribution in
the cages.?230 One could also suggest that the disturbance in
fecal output distribution observed in this study was a reflection
of distress related to procedures performed in this study;!!32333¢
however, we controlled for such effects with our sham group.
Animals in this group were exposed to the same experimental
stressors that SRB-based groups were. Yet, the fecal output
distribution in this group (Sham) was significantly higher in
Q4 and remained unchanged throughout the study period. As
a conclusion, the reasons why single-housed guinea pigs during
the acclimation period ‘preferred’ to defecate close to the water
supply remain to be determined. Although SRB affected this
pattern, further work must be performed to determine whether
other analgesics and clinically relevant painful stimuli can also
alter this pattern.!323¢ Because TTC recently failed as a proxy

indicator for pain or distress in guinea pigs undergoing survival
surgery,!! our data support the hypothesis that changes in fe-
cal output distribution in single-housed guinea pigs should be
further explored for that purpose.

In terms of physiologic changes, buprenorphine causes
limited respiratory depression, with a ceiling effect at higher
dosages.??13233 We saw similar trends in guinea pigs treated
with SRB, ., . In general, the respiratory rate was lower in animals
belonging to this group compared with the other groups. Prior to
blood collection at each time point, we initially anesthetized the
guinea pigs with isoflurane in an induction chamber and then
transferred them to the stage where monitoring of vital signs took
place. As aresult, each data point for temperature, heart rate, and
respiratory rate was collected within 10 min from start to full an-
esthesia recovery. Therefore, one could expect to find significant
changes in the respiratory rate after SRB,, administration in
procedures requiring prolonged anesthesia monitoring.20215233

Other important physiological changes observed in this study
were related to serum concentrations of AST and cortisol. Inde-
pendent of sex, data collected 3 d after SRB administration revealed
that serum AST concentrations in guinea pigs treated with SRB-
Medium @Nd SRB, . were at least twice as high as baseline values.
Even though the AST values were within the normal range for the
strain,”?? users must carefully consider the use of SRB (0.3 to 0.6
mg/kg) in animals with known liver disease. Likewise, especially
in toxicology studies, users must also be aware of potential con-
founding changes in AST values after SRB administration.

Transportation of the animals to the location where anesthesia
and blood draws were performed might have influenced the
cortisol baseline values reported at the beginning of this study.
Moreover, blood samples collected after SRB administration
revealed significant reduction in the cortisol values. Gender had
a significant effect on cortisol concentrations. Independent of the
SRB dose or time point, female guinea pigs had cortisol levels
that were significantly greater than those observed in males
undergoing the same procedures. Because this is the first report
to compare cortisol levels in healthy guinea pigs and all animals
were acclimated to the procedures described, we do not know
if other procedures would result in similar cortisol dynamics.
Likewise, the cortisol levels we report here in guinea pigs cannot
be compared with published data from different species.?!434
Guinea pigs have a very high metabolic rate'!! and are known
to be extremely sensitive to stressful stimuli.!1120323338 Mak-
ing such comparisons without further data could result in
inaccurate conclusions. Overall, future studies on the use of
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Figure 5. Pharmacokinetics of 3 concentrations of SRB in healthy guinea pigs (females, dotted lines; males, solid lines). In A through C, black

dashed lines represent target therapeutic levels (1 ng/mL). Overall plasma concentrations are expressed as AUC_,,. (D) AUC
.}, P<0.001 (one-way ANOVA).

and SRB

Medium Low

group was greater than those for SRB

SRB should be conducted to fully understand the effect of this
formulation on animal wellbeing and research data.

One limitation of the current study was that all assessments
involved the same 8 guinea pigs. The goals of this study was
to provide an unbiased description from both extremes (low
to high) of the pharmacokinetic profiles and potential adverse
effects of SRB in healthy guinea pigs. We used the same ani-
mals in each treatment group in order to adhere to the ‘3 Rs’ of
laboratory animal science. This approach is deemed acceptable
in pharmacology studies®’ and allowed us to better describe
interindividual differences across doses. Consequently, this
study now provides in-depth considerations for the use of SRB
in more predictable pain-specific analgesic protocols.

In conclusion, this study was designed to describe the phar-
macokinetic profiles and adverse effects of 3 dosages of SRB
in healthy male and female guinea pigs. Single, subcutaneous
administration of any of the tested doses (SRB, _, 0.15 mg/
kg; SRB,, .y 0-3 mg/kg; SRB, . 0.6 mg/kg) resulted in no
significant physiologic changes during anesthesia. Likewise,
independent of the dose tested, no injection site reactions were
observed within the study period. Potential adverse effects
related to the use of any of the tested doses in single-housed

[SRBseqgiuml] in NG/ML
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—
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|=_—|'-
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0-72h
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animals was dose-dependent and included significant changes
in AST, fecal output quantity and distribution, and body weight.
In addition, the plasma concentrations after administration of
theSRB,, . (males)and SRBHigh (both sexes) dosages remained
above established therapeuticlevels (1 ng/mL) for at least 72 h.
Within the tested period, guinea pigs receiving SRB,, , (0.6 mg/
kg) had the highest overall plasma concentration of the drug.
These results provide guidelines for appropriate SRB dosages
in guinea pigs. Further investigation is needed to determine
whether the doses described in this study effectively alleviate
pain in guinea pigs using established models.
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