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This pilot study aimed to determine the plasma pharmacokinetics of prednisone and its

active metabolite prednisolone following oral prednisone administration in dogs—using

dosing regimens that cover anti-inflammatory to immuno-suppressive biological effects.

Six healthy Beagle dogs were given 0.5, 1, 2, and 4 mg/kg prednisone orally once

daily for 5 days, each successive course separated by a washout period of 9

days. At steady-state (Day 4), a sparse sampling design allowed for collection of

blood from 2/6 individuals for each of the following time points: 0, 15, 30, 60, 90,

120, 240, 480, and 720min. Prednisone and prednisolone were quantified by liquid

chromatography-tandem mass spectrometry (LC-MS/MS). Oral prednisone was rapidly

converted to prednisolone in dogs (≤30min), with plasma prednisolone reaching∼6-fold

greater levels (0–656.1 ng/mL) than prednisone (0–98.8 ng/mL) overall. The ratio of

plasma prednisolone/prednisone was constant across the dosing regimens, indicating

a non-saturation of the hepatic 11-β-hydroxysteroid dehydrogenase that converts the

prodrug to the active metabolite in dogs. The level of both corticosteroids increased

with increasing dosing regimens, albeit in a non-linear manner. Non-compartmental

pharmacokinetic parameters are described, including peak concentration (Cmax), time

of peak concentration (Tmax), area under the concentration-time curve (AUClast), and

the elimination half-life (t 1/2) for both corticosteroids, as well as clearance and volume

of distribution during the terminal phase (Vz) for the administered drug (prednisone).

In sum, the present study utilizes a sparse sampling and naïve pooled-data approach

to estimate pharmacokinetic parameters for prednisone and prednisolone, providing

supporting preliminary knowledge that can be used to optimize corticosteroid efficacy

and minimize toxicity in canine patients.

Keywords: corticosteroid, prednisone, prednisolone, plasma, canine, pharmacokinetics, naïve pooled-data, non-

compartmental analysis (NCA)

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://doi.org/10.3389/fvets.2020.571457
http://crossmark.crossref.org/dialog/?doi=10.3389/fvets.2020.571457&domain=pdf&date_stamp=2020-10-19
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles
https://creativecommons.org/licenses/by/4.0/
mailto:lsebbag@iastate.edu
mailto:jmochel@iastate.edu
https://doi.org/10.3389/fvets.2020.571457
https://www.frontiersin.org/articles/10.3389/fvets.2020.571457/full


Sebbag and Mochel Plasma Corticosteroid Pharmacokinetics in Dogs

INTRODUCTION

Prednisone and its active metabolite prednisolone, both synthetic
analogs of cortisol, are widely used in the management of a
variety of clinical disorders in dogs. Due to their broad and
dose-dependent biological effects, from physiologic replacement
to anti-inflammatory and immunosuppression, glucocorticoids
represent one of the most commonly prescribed classes of
medication in veterinary medicine (1, 2). In fact, according
to a survey of three veterinary practices in the UK, 14.5%
(2,913/20,019) of canine consults result in the use of systemic
glucocorticoid therapy (3), including various indications such
as atopic dermatitis (4), idiopathic lymphoplasmacytic rhinitis
(5), and immune-mediated thrombocytopenia (6). However,
the clinical benefits of corticotherapy are often accompanied
by significant limitations such as variability in therapeutic
response to labeled dosage and concerns for systemic toxicity;
for instance, systemic adverse effects were reported in 10–
81% of dogs receiving oral corticosteroids for the treatment
of atopic dermatitis (4). Such limitations are due, in part,
to dosing regimens adopted from human medicine and
applied empirically to dogs without solid evidence based on
pharmacokinetic and pharmacodynamic studies (1). Indeed,
while the pharmacokinetics of oral prednisone has been fairly
well-described in plasma for cats (7), humans (8), and rabbits (9),
data in dogs are limited to single dosing of 0.3–0.5 mg/kg (n= 16
dogs) (10) or 2 mg/kg (n= 2 dogs) (11).

The present pilot study is a preliminary attempt to describe
the plasma pharmacokinetics of prednisone and prednisolone
following oral prednisone administration across a broad range
of therapeutic doses (0.5, 1, 2, and 4 mg/kg) in healthy Beagle
dogs using a naïve-pooled data approach. Further insights into
predniso(lo)ne pharmacokinetics is indeed needed to optimize
pharmacological efficacy and minimize toxicity of corticotherapy
in canine patients.

MATERIALS AND METHODS

Animals
Six spayed female Beagle dogs (1.5–2 years, 7.5–10 kg) were
enrolled in the study, all confirmed to be healthy based on a
complete physical examination, complete blood count, serum
chemistry, and urinalysis. The dogs were part of a research
colony at Iowa State University. The study was approved by
the Institutional Animal Care and Use Committee of Iowa State
University (#1-18-8692-K).

Procedures
All dogs received four successive dosing regimens of oral
prednisone (CadistaTM prednisone tablets; Jubilant Cadista
Pharmaceuticals Inc., Salisbury, MD), characterized by 5 days
of drug administration interrupted by a 9 days-washout period,
namely: (i) 0.5 mg/kg once daily for 5 days; (ii) 1.0 mg/kg once
daily for 5 days; (iii) 2.0 mg/kg once daily for 5 days; and (iv)
4.0 mg/kg once daily for 5 days. Plasma and tear samples were
collected at various times on Day 4 of each dosing regimen—a
day chosen to reach steady state drug levels based on previous

literature (10, 11). Of note, tear samples were collected in eyes
with histamine-induced conjunctivitis (12, 13), and results of tear
concentrations were reported in another study (14). On Day 4, a
sparse sampling design allowed for collection of blood from 2/6
individuals for each of the following time points: 0 (pre-dose),
+ 15, 30, 60, 90, 120, 240, 480, and 720min after oral dosing.
Blood was collected by peripheral venipuncture, placed in EDTA
tube, centrifuged for 30min (4◦C, 1,232 g), and the retrieved
plasma was transferred to 2-mL cryogenic vials that were stored
at−80◦C until analysis.

Drug Quantification
A 100 µL of each plasma sample was mixed with 400 µL of ice-
cold acetonitrile/0.1 % formic acid to precipitate plasma proteins.
Ten µL of internal standard prednisone-d7 (Toronto Research
Chemicals, North York, Canada) was added to each sample,
prepared as 10 ng/µL solution in 50% acetonitrile:water. This was
followed by vortexmixing (15 s), centrifugation (20min, 6,000 g),
transfer of the supernatant to a new tube, nitrogen drying
(5min, 40◦C), reconstitution in 150µL of 25% acetonitrile:water,
and transfer of the samples to autosampler vials fitted with a
glass insert. Standard solutions were prepared for prednisone
(10 solutions, 0.5–500 ng/mL) and prednisolone (10 solutions,
2–2,000 ng/mL) by spiking blank canine plasma with stock
solutions of prednisone and prednisolone (Sigma Chemical, St.
Louis, MO, USA), respectively; of note, both stock solutions
were compliant with USP reference standards for purity and
potency. Three quality control (QC) samples were also prepared
for analysis with each run: 3, 30, and 300 ng/mL for prednisone,
15, 150, and 1,500 ng/mL for prednisolone. Concentrations of
prednisone and prednisolone in canine plasma were determined
by liquid chromatography-tandem mass spectrometry (LC-
MS/MS), in which a Surveyor pump and autosampler was
coupled with a Hypercarb 50mm × 2.1mm × 5µm column
maintained at 45◦C for separation (Thermo Scientific, San Jose,
CA, USA) and a triple quadrupole mass spectrometer (TSQ
Discovery Max) for detection. Injection volume was set to 12.5
µL. The mobile phases consisted of 0.1% formic acid in water
(A) and 0.1% formic acid in acetonitrile (B) at a flow rate of
0.25 mL/min. The mobile phase began at 30% B with a linear
gradient to 95% B in 6min, which was maintained for 1.5min
at 0.324 mL/min, followed by re-equilibration to 30% B for a
3.5min. The chromatic peaks for the internal standard (2.97 ±

0.05min), prednisone (3.04 ± 0.05min) and prednisolone (3.24
± 0.05min) were integrated using Xcalibur software (Thermo
Scientific, San Jose, CA). Drug quantitation was based on linear
regression analysis of calibration curves (weighted 1/X) using
the analyte to internal standard area ratio. Calibration curves
exhibited a correlation coefficient (r2) exceeding 0.996 across
the concentration range. The QC samples were within ±8%
of nominal values for prednisone and ±6% for prednisolone.
The lower limit of quantitation (LLOQ) was set at 3 ng/mL for
prednisone and 2 ng/mL for prednisolone.

Data Analysis
A non-compartmental (i.e., statistical moments) PK analysis
was performed using PKanalix version 2019R1 (Lixoft, Orsay,
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France), using the linear-log trapezoidal rule for calculation of the
area under the concentration-time curve (AUClast), as previously
described (15, 16). A naïve pooled-data analysis was conducted
to account for the sparse sampling approach (17), providing
the following PK parameters for prednisone: the area under
the concentration-time curve from 0 to the last observation
(AUClast), peak plasma concentration (Cmax), time to reach
Cmax (Tmax), apparent systemic clearance (Cl/F), elimination
half-life (t1/2) and apparent volume of distribution (Vz/F). For
prednisolone (active metabolite), however, clearance and volume
of distribution could not be determined as their computation

depends on the fraction of the prednisone dose that is converted
to prednisolone (18), which is, to the best of the authors’
knowledge, an unknown variable in dogs. Pre-dose data below
the LLOQ was given a fixed value of zero.

RESULTS

In dogs receiving 0.5, 1.0, 2.0, and 4.0 mg/kg prednisone orally
once daily for 5 days, plasma prednisone concentrations at
steady state (Day 4) varied (min-max) from 0–17.2, 0–32.6, 0–
58.2, and 0-98.8 ng/mL, respectively (Figure 1). For the active

FIGURE 1 | Scatter plot depicting mean plasma prednisone (A) and prednisolone (B) concentration over time in dogs receiving prednisone at a dose of 0.5 mg/kg

(black circles), 1.0 mg/kg (red downward triangles), 2.0 mg/kg (green squares), or 4.0 mg/kg (blue upward triangles), given orally once daily for 5 days. Results depict

steady-state plasma concentrations (Day 4).

FIGURE 2 | Scatter plot depicting mean plasma prednisone (red circles) and prednisolone (blue triangles) concentration over time in dogs receiving prednisone at a

dose of 0.5 mg/kg (A), 1.0 mg/kg (B), 2.0 mg/kg (C), or 4.0 mg/kg (D), given orally once daily for 5 days. Results depict steady-state plasma concentrations (Day 4).
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metabolite prednisolone, plasma concentrations at steady state
varied from 0–87.1, 10.3–268.1, 3.5–314.3, and 4.1–656.1 ng/mL,
respectively (Figure 2). Pharmacokinetic parameters obtained
with non-compartmental analysis are summarized in Table 1

for prednisone and in Table 2 for prednisolone. Of note,
prednisone elimination half-life was rather consistent across
the dosing regimens at ∼250min, except for 0.5 mg/kg.
Also, Cmax/D ratios were somewhat constant across the
various doses for prednisone (0.0025–0.0034 µg/L∗µg−1) and
prednisolone (0.0164–0.0268 µg/L∗µg−1), suggesting dose-
proportionality. However, the increase in systemic exposure to
either prednisone or prednisolone was not dose-proportional
across the investigated dose range (AUClast/D ranging from 46.1–
97.9 to 187.6–339.6 h.L−1, respectively).

DISCUSSION

Following oral prednisone administration, the predominant
analyte detected in canine plasma was prednisolone (and not
prednisone), a finding that is consistent with previous studies
in dogs (10, 11) and other species (8, 9). Regardless of the dose
administered (0.5 to 4 mg/kg), Cmax and AUClast were ∼6-fold
and 4-fold higher for prednisolone vs. prednisone, respectively.
Further, the ratio of prednisolone/prednisone in plasma was
approximately constant across the dosing regimens, showing
that the doses tested in the present study did not saturate the
liver enzyme responsible for the conversion of prednisone to
prednisolone (11-β-hydroxysteroid dehydrogenase). In contrast,
the enzyme’s activity is limited in cats, which explains why oral

TABLE 1 | Prednisone pharmacokinetic parameters at steady-state following oral

prednisone administration at 0.5–4.0 mg/kg/d to 6 healthy Beagle dogs

(naïve-pooled approach).

0.5 mg/kg 1.0 mg/kg 2.0 mg/kg 4.0 mg/kg

Cmax

(ng/mL)

17.2 32.6 58.2 98.8

Cmax/D

(µg/L*µg−1)

0.0034 0.0033 0.0029 0.0025

Tmax

(min)

240 60 60 90

AUClast

(ng*min/mL)

8,160 13,871 15,363 37,588

AUClast/D

(h.L−1)

97.9 83.2 46.1 56.4

t ½
(min)

471.4 245.8 254.9 259.8

Cl/F

(L/min/kg)

0.0369 0.0596 0.112 0.0887

Vz/F

(L/kg)

25.1 21.1 41.2 33.3

Cmax , maximum observed concentration; Cmax/D, Cmax divided by the dose; Tmax , time of

maximum observed concentration; AUClast, area under the curve from the time of dosing

to the last measurable concentration; AUClast/D, AUClast divided by the dose; t½, terminal

half-life; Cl/F, oral clearance; Vz/F, volume of distribution during the terminal phase after

oral administration.

prednisolone is preferred over prednisone in this species (7). In
fact, prednisolone is frequently selected over its prodrug in dogs
as no further hepatic biotransformation is required (19, 20), and
the PK data available in the scientific literature is more robust for
prednisolone than prednisone (10, 21–24).

In the present pilot study, the overall drug exposure (AUClast)
increased for both prednisone and prednisolone as oral dosing
of prednisone increased. However, this increase was not dose-
proportional, as exemplified by merely 1.1- and 1.2-fold increase
in AUClast (for prednisone and prednisolone, respectively)
when oral prednisone dose doubled from 1 to 2 mg/kg. This
finding, also reported in other species (8, 9), is often explained
by the concentration-dependent binding of prednisolone to
plasma proteins (25). The maximal plasma concentrations were
overall dose-proportional for both corticosteroids (most notably
prednisone), as determined by approximately constant Cmax/D
ratios, although this information is derived from naïve pooling of
data and could be confounded by between-dogs variability.

In dogs, the time to reach maximal plasma concentration
(Tmax) was generally greater for prednisolone than prednisone,
regardless of the dose administered. Excluding the Tmax obtained
for prednisone at 0.5 mg/kg dosing (240min)—a value that
does not make physiological sense and is likely biased by the
small sample size—the difference between Tmax of prednisolone
and prednisone was ≤30min. This finding supports the rapid
conversion of drug to active metabolite following oral absorption
of prednisone in dogs (10, 11).

To the authors’ knowledge, only two other studies assessed
plasma drug kinetics following oral prednisone administration
in dogs, both published in the 1970’s. Colburn and colleagues
evaluated a single dose of 5mg (∼0.3–0.5 mg/kg) given orally
to 16 male Beagles dogs (10); using a similar dose (0.5 mg/kg),
our study obtained AUClast and Cmax that were ∼6-fold and
2-fold higher for prednisone and prednisolone, respectively.
El Dareer and colleagues evaluated a single dose of 2 mg/kg
given orally to 2 female Beagle dogs (11); using a similar dose,

TABLE 2 | Prednisolone pharmacokinetic parameters at steady-state following

oral prednisone administration at 0.5–4.0 mg/kg/d to 6 healthy Beagle dogs

(naïve-pooled approach).

0.5 mg/kg 1.0 mg/kg 2.0 mg/kg 4.0 mg/kg

Cmax

(ng/mL)

87.1 268.1 314.3 656.1

Cmax/

D (µg/L*µg−1)

0.0174 0.0268 0.0157 0.0164

Tmax

(min)

90 90 90 90

AUClast

(ng*min/mL)

28,296 53,256 62,530 160,244

AUClast/D

(h.L−1)

339.6 319.5 187.6 240.4

t ½
(min)

111.5 192.0 211.4 632.7

See Table 1 for the detail of the abbreviations used.
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our study obtained Cmax that were ∼3–8 fold and 3–4 fold
lower for prednisone and prednisolone, respectively. This large
variability among studies could be explained by differences in
subjects’ characteristics (e.g., sex, age, body weight), study design
(e.g., fasting, single dose vs. steady-state, sampling collection
schedule), or bioanalytical methods.

The main limitation of the study was the sparse sampling
approach, whereby only three blood samples were collected from
each dog at steady state, providing results from 2 individuals for
each time point (0–720min) and each dosing regimen (0.5–4
mg/kg/d). As such, this preliminary description should support
further, more comprehensive descriptions of predniso(lo)ne
pharmacokinetics in dogs. Study subjects did not have a central
line for frequent sampling; rather, blood collection was part of
a larger experiment that assessed corticosteroid PK in the tear
film (14) and cardiac-related parameters (26). Given the small
sample size and sparse sampling approach, pharmacokinetic
data were pooled together for non-compartmental analysis.
This approach is only valid if the study population does not
exhibit large subject-to-subject variation (18), and has been used
successfully by other investigators to estimate PK parameters
(17, 27–29). The homogenous canine subjects used for this work
(same breed, sex, age) permitted the naïve-pooling approach;
however, this lack of variability among dogs also represents a
study limitation, as results cannot be directly extrapolated to the
general canine population. Beagle dogs were shown to exhibit
polymorphism in the CYP1A2 gene, with 4% of dogs being
homozygote for the mutation causing dysfunctional enzyme
activity (30); the same may be true for the enzyme responsible
for the conversion of prednisone to prednisolone, although this
speculation has not been studied to date. Last, the potential
conversion of prednisolone to prednisone was not evaluated in
the present study, a process presumed to occur in dogs and
man (22, 31); ultimately, our preliminary findings support the
need for additional modeling work on predniso(lo)ne in a larger
population dogs, accounting for the interconversion between the
two corticosteroids and the diversity among canine breeds.

In summary, this pilot study showed that oral prednisone
is rapidly converted to prednisolone in dogs (within 30min),
with a dose-dependent increase in systemic exposure for the
prodrug and active metabolite (albeit increase in total exposure
was not fully dose proportional). Ultimately, the present
information can be used to design a more robust characterization
of prednisone PK in dogs, assessing relevant therapeutic
and safe doses in a larger canine population with diverse
characteristics. This is particularly important as prednisone is
frequently used by veterinary practitioners to manage various
conditions in dogs, but also because prednisone use can result
in serious adverse effects or negatively impact physiological
parameters such as coagulation (32) and systolic blood
pressure (33).
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