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1. The objective of these studies was to determine the pharmacokinetics of levonorgestrel and eto-
Accepted 14 May 2022

nogestrel in Sprague-Dawley rat or Gottingen minipig following various administration routes.

2. Four sequential crossover studies were conducted: Study 1 administered levonorgestrel 30 g
intravenously and intradermally in four minipigs; Study 2 administered levonorgestrel 30 ug intra-
venously in 12 rats; Study 3 administered levonorgestrel 60 pug intravenously and subcutaneously
in 12 rats; and Study 4 administered etonogestrel 30 ug intravenously in 12 rats. Samples were
quantified using liquid chromatography-tandem mass spectrometry and pharmacokinetic parame-
ters were estimated via noncompartmental analysis.

3. Cmax and AUGs for etonogestrel and levonorgestrel were similar following 30pg intravenous
bolus in rats, suggesting comparable pharmacokinetics. Levonorgestrel exposure was dose-pro-
portional in rats, based on two-fold higher AUC;,¢ following levonorgestrel 60 versus 30 pg. The
bioavailability of intradermal and subcutaneous levonorgestrel was 97.7% (Study 1) and 90.3%
(Study 3), respectively. The minipig levonorgestrel clearance was 21.5 L/hr, which was about 20-
fold higher than both the rat levonorgestrel (range: 0.985-1.45L/hr) and etonogestrel clearance
(range: 0.803-0.968 L/hr).

4. These studies contribute to the gap in knowledge of nonclinical levonorgestrel and etonogestrel
pharmacokinetics, which is necessary for the ongoing development of long-acting reversible
contraceptives.
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Introduction literature suggests that there is limited and outdated infor-
mation on nonclinical PK of synthetic progestins, especially
IV PK. Our studies aim to determine the IV PK of LNG and
ENG in Sprague-Dawley rat or Gottingen minipig and esti-
mate the bioavailability of LNG administered subcutaneously
(SC) and intradermally. The results from our studies narrow
the gap in the literature on nonclinical LNG and ENG PK and
provide valuable IV PK necessary to estimate LNG and ENG

release rate from LARC formulations in development.

Long-acting reversible contraceptives (LARC) are among the
most effective methods of birth control, which consist of
intrauterine devices, long-acting injectables like depot
medroxyprogesterone acetate, and rod implants of levonor-
gestrel (LNG) and etonogestrel (ENG) (Mansour et al. 2010).
Developing innovative alternatives and increasing accessibil-
ity to these contraceptives remains a global health priority,
especially in addressing the issue of unintended pregnancies
in low- and middle-income countries (Sully et al. 2020). The
main challenge of LARC development, however, is predicting
human pharmacokinetics (PK) based on the observed non-
clinical PK. More specifically, predicting the clinical release
rate based on nonclinical data is an essential step in deter-

Materials and methods

Four nonclinical sequential crossover studies were conducted
to assess PK following LNG or ENG in rats and LNG in mini-
pig administered via various routes.

mining whether to move forward with a LARC formulation.
The release rate can be calculated using either basic PK prin-
ciples or mathematical deconvolution of the drug absorption
profile (Margolskee et al. 2016), but in either case the intra-
venous (IV) PK is necessary. A review of publicly available

Study 1: LNG in minipig

Study design and treatments
Study 1 was a prospective, three-treatment crossover study
in which minipigs received a different treatment for each
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predefined phase, with a 14- or 15-day washout period
between phases. LNG 30 pug was administered as an IV bolus
injection with a one-minute push in Phase 1; as a 24-hr IV
infusion in Phase 2; and as two intradermal injections (at
0.15mL per site) in Phase 3. Four female Gottingen minipigs
were enrolled for this study, five months of age at baseline
with a mean body weight (+ standard deviation (SD)) of
11.5+0.4kg for Phase 1 (IV bolus), 13.0+0.5kg for Phase 2
(24-hr IV infusion), and 14.2 £0.5 kg for Phase 3 (Intradermal).
Animals were allowed to acclimate for 32 days prior to initial
dose administration.

Monitoring, dose administration, and sampling

The animals were weighed within five days of arrival and
then weekly throughout acclimation. Animals were also
weighed on each day of dose administration and then
weekly throughout the remainder of the study. Cageside
observations for general health and appearance were per-
formed once daily and at 1, 2, and 24 hours (hr) post-dose
for each phase. The IV bolus and infusion doses were admin-
istered via a jugular vein catheter (JVC) and the intradermal
dose was administered via injection in the inner thigh
region. Approximately 2 mL of blood was collected via a JVC
and the sampling schedule differed for each treatment -
Phase 1 (IV bolus): 0 (predose), 0.1, 0.25, 0.5, 1, 2, 4, 8, 10, 12,
24, 36, and 48 hr post-dose; Phase 2 (IV infusion): 0 (predose),
1, 2, 4, 8, 12, 24 (end of infusion), 25, 26, 28, 30, 32, 36, 40,
48, 60, and 72hr post-dose; and Phase 3 (Intradermal): 0
(predose), 0.25, 0.5, 1, 2, 4, 6, 8, 10, 12, 24, 36, 48, 60, and
72 hr post-dose.

Studies 2 and 3: LNG in rat

Study design and treatments

Studies 2 and 3 were prospective, two-treatment crossover
studies in which the rat received two treatments sequen-
tially, with at least a 14-day washout period. For Study 2,
LNG 30 pg was administered as a 24-hr IV infusion in Phase 1
and as an IV bolus injection with a one-minute push in
Phase 2. For Study 3, LNG 60 ug was administered as a 1-hr
IV infusion in Phase 1 and as an SC injection in Phase 2.
Female Sprague-Dawley rats were enrolled for these studies
(N=12 for each study). For Study 2, rats were 14 weeks of
age at baseline with a mean body weight (+ SD) of
286+ 109 for Phase 1 (24-hr IV infusion) and 305+12g for
Phase 2 (IV bolus). For Study 3, rats were 18 weeks of age at
baseline with a mean body weight (+ SD) of 247+23g for
Phase 1 (1-hr IV infusion) and 251+17g for Phase 2 (SC
injection). Animals were allowed to acclimate for 12days in
Study 2 and three days in Study 3 prior to initial dose
administration.

Monitoring, dose administration, and sampling

The animals were weighed at the time of animal selection
and on each day of dose administration. Cageside observa-
tions for general health and appearance were performed
once daily. For Study 2, the IV bolus and infusion doses were

administered via a femoral vein-cannula (FVC). For Study 3,
the 1-hr IV infusion dose was administered via a tail vein and
the SC injection was administered into the upper left dorsal
region. Approximately 0.5 mL of blood was collected via the
jugular vein. The sampling schedule was staggered so that
samples were taken from a subset of four animals at four or
five-time points. For Study 2, samples were collected at 0
(predose), 1, 2, 4, 8, 12, 24 (end of infusion), 25, 26, 28, 30,
33, 36, 40, and 48 hr post-dose for 24-hr IV infusion and at 0
(predose), 0.1, 0.25, 0.5, 1, 2, 4, 8, 10, 12, 24, 36, and 48 hr
post-dose for IV bolus. For Study 3, sampling schedule was
also staggered and collected at 0 (predose), 0.1, 0.25, 0.5, 1
(end of infusion), 2, 4, 8, 10, 12, 16, and 24 hr post-dose for
1-hr IV infusion and at O (predose), 0.25, 0.5, 1, 2, 4, 6, 8, 10,
12, 16, 24, and 36 hr post-dose for SC injection.

Study 4: ENG in rat

Study design and treatments

Study 4 was a prospective, two-treatment crossover study in
which rats received two treatments sequentially, with a 14-
day washout period. ENG 30 g was administered as a 24-hr
IV infusion in Phase 1 and as an IV bolus injection with a
one-minute push in Phase 2. 12 Female Sprague-Dawley rats
were enrolled for this study, 14 weeks of age at baseline with
mean body weight (+ SD) of 270+ 11 g for Phase 1 (24-hr IV
infusion) and 290+ 12g for Phase 2 (IV bolus). Animals were
allowed to acclimate for five days prior to initial dose
administration.

Monitoring, dose administration, and sampling

The animals were weighed at the time of animal selection
and on each day of dose administration. Cageside observa-
tions for general health and appearance were performed
once daily. Detailed observations were performed on all
available animals 0 (predose) and at 1, 4, and 24 hr post
dose following IV bolus and at 4, 26, and 48 hr following the
start of the 24-hr IV infusion. The IV bolus and infusion doses
were administered via an FVC. Approximately 0.5mL of
blood was collected via the jugular cannula or jugular veni-
puncture. The sampling schedule was staggered so that sam-
ples were taken from a subset of four animals at four or five
time points. Samples were collected at 0 (predose), 1, 2, 4, 8,
12, 24 (end of infusion), 25, 26, 28, 30, 33, 36, 40, and 48 hr
post-dose for 24-hr IV infusion and at 0 (predose), 0.1, 0.25,
0.5, 1,2,4,8,10, 12, 24, 36, and 48 hr post-dose for IV bolus.

Animal environment

Animals in all studies were selected for use based on overall
health, body weight, and cannula patency. Animals were
individually housed, except in Study 3, in which they were
group housed (up to three animals per cage). Animals were
provided the appropriate certified diet (PMI, Inc. for minipig
and Envigo RMS, Inc. for rat) and fresh water daily. The tem-
perature was maintained at 20-26 °C and there was a 12-hr
light/12-hr dark cycle. These studies were not considered to



be within the scope of the Good Laboratory Practice
Regulations. Animals were maintained in compliance with
the Animal Welfare Act Regulations (9 CFR 3).

Dose preparation

All doses were prepared by diluting stock solutions of LNG
or ENG with 10% hydroxypropyl 3-cyclodextrin (HP-B-CD) in
normal saline and then stirring until the solution was clear
and colourless. Contact and solution stability experiments
(Velesco Pharmaceutical Services, Wixom, MI) showed that
there was minimal or no loss of potency of LNG or ENG in
the vehicle (syringes, syringe infusion kits, and IV bag infu-
sion kits) for > 24hr. All tested concentrations of LNG
remained stable at 20+ 2°C for five days and ENG remained
stable at 2-8°C for one month.

Sample analysis

In all studies, blood samples were immediately transferred to
chilled cryoracks prior to centrifugation to obtain plasma.
Centrifugation began within one hour of collection. Plasma
was then maintained on dry ice prior to storage at approxi-
mately —70°C until analysed.

Separate stock solutions of LNG or ENG, prepared in
methanol at 1.0mg/mL in glass bottles and maintained at
2-8°C, were used for the calibration standards (CS) and for
the validation samples (VS)/quality control (QC) samples.
General spiking solutions were prepared by diluting the LNG
or ENG stock solutions with methanol. CS and VS/QC sam-
ples were prepared by mixing 5 parts of respective spiking
solutions with 95 parts of the control matrix (K,EDTA minipig
or rat plasma obtained from commercial suppliers). The sam-
ple volume of 100 (for Studies 2-4) or 200 uL (for Study 1)
was aliquoted into a 1.2mL 96-well plate and mixed with
25uL internal standard (10,000 pg/mL of LNG-D6 in water:-
methanol 50:50) and 75 (for Studies 2-4) or 175 pL (for Study
1) of water. The mixtures were vigorously shaken, vortexed,
and centrifuged. The sample mixtures were then transferred
to Biotage Isolute SLE+ 200 (for Studies 2-4) or 400 mg (for
Study 1) plate and loaded to the sorbent using positive pres-
sure. After about five minutes (min), samples were eluted
into a 0.8 mL or 1.2mL 96-well plate using 700 or 750 uL of
ethyl acetatethexane 25:75 and evaporated to dryness under
nitrogen at 35°C. This elution and evaporation process was
performed a second time in Study 1 only. The dried mixture
was reconstituted with 50 L of water:acetonitrile:formic acid
50:50:0.1 (Studies 3 and 4) or 75uL of water:acetonitrile:for-
mic acid 60:40:0.1 (Studies 1 and 2).

Samples were analysed on a Waters Acquity liquid chro-
matograph interfaced with a Thermo Scientific TSQ Vantage
triple quadrupole mass spectrometer or on a Dionex
Ultimate 3000 liquid chromatograph interfaced with a
Thermo Scientific TSQ Quantiva triple quadrupole mass spec-
trometer, both with electrospray ionisation (AIT Bioscience
LLC, Indianapolis, IN). Study 1 utilised both systems, Study 2
utilised the Waters Acquity system, and Studies 3 and 4 uti-
lised the Dionex Ultimate system. Each extracted sample was
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injected onto a Waters BEH C18 column (2.1 x 50 mm;
1.7 um) equilibrated at 30°C, using a flow rate of 0.3 mL/min.
50 puL injection volume was used for the Waters Acquity sys-
tem and 25 pL for the Dionex Ultimate system.

A gradient was used, with varying ratios of Mobile Phase
A (MP A), ammonium fluoride (25 mM), and Mobile Phase B
(MP B). MP B was a mix of acetronitrile:hexafluoroisopropanol
100:0.5 for Studies 1 and 2 and methanol:hexafluoroisopro-
panol 100:0.5 for Studies 3 and 4. The following gradient
was used for Studies 1 and 2: From 0 to <1min, a ratio of
MP A:MP B 60:40 was used; 1 to <2.6 min, MP A:MP B 40:60;
2.6min to <3.7min, MP A:MP B 10:90; and 3.7-4 min, MP
A:MP B 60:40. A slightly different gradient was used for
Studies 3 and 4: From 0 to <3min, a ratio of MP A:MP B
50:50 was used; 3 to <3.1min, MP A:MP B 5:95; and
3.1-3.5min, MP A:MP B 50:50. The observed retention time
for LNG was 1.87 min for Studies 1 and 2 and 2.45min for
Study 3. The observed retention time for ENG was 2.52 min
for Study 4. For Study 1, standard curves were linear over a
concentration range of 10-10,000 pg/mL with an R? >0.99.
For Studies 2-4, standard curves were linear over a concen-
tration range of 25-25,000pg/mL with an R?> >0.98. The
lower limit of quantitation (LLOQ) was < 10 or 20 pg/mL for
Study 1 and < 25.0 pg/mL for Studies 2-4.

For Study 1, accuracy (% bias) and precision (% coefficient
of variation (CV%)) were determined using VS at concentra-
tions of 10 (LLOQ), 30, 3,000, and 7,500 pg/mL (N=6, each
concentration). The accuracy ranged from 86.7 to 99% and
precision ranged from 1.5 to 15.2%. For Study 2, VS at con-
centrations of 25 (LLOQ), 75, 7,500, and 18,800 pg/mL (N=6,
each concentration) were used. The accuracy ranged from
98.3 to 101.6% and precision ranged from 2.2 to 8.7%. For
Study 3, VS at concentrations of 75, 7,500, 18,800, and
50,000 pg/mL (N=6, each concentration) were used. The
accuracy ranged from 100.9% to 107.9% and precision
ranged from 4.8 to 6.3%. For Study 4, VS at concentrations
of 25 (LLOQ), 75, 7,500, and 18,800 pg/mL (N=6, each con-
centration) were used. The accuracy ranged from 94.8 to
114.4% and precision ranged from 2.4 to 4%, excluding the
VS at 7500 pg/mL which had a CV% of 34.3%.

Pharmacokinetic analysis

The concentration-time data for each minipig were plotted
and visually inspected. Pharmacokinetic parameters for each
of the treatments were estimated using noncompartmental
analysis (NCA) via Phoenix WinNonlin™ Version 8.1 (Certara
USA, Princeton, NJ). The following parameters were meas-
ured or estimated, as appropriate for the treatment: peak
concentration following dose (Cna.y), area-under-the-curve
until the last measurable time point (AUC|,s;), area-under-the-
curve extrapolated to infinity (AUG;,), half-life (t,/,), clearance
or apparent clearance (CL or CL/F), and bioavailability (F).
AUC calculations were estimated using the linear trapezoidal
method except for Study 4, in which the linear/log trapez-
oidal method was used. Any concentrations below the LLOQ
were treated as zero for descriptive statistics and pharmaco-
kinetic analysis. Statistical analyses were limited to
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descriptive statistics such as mean and standard deviation,
if applicable.

Results

Figures 1-3 illustrate the concentration-time profiles from
the studies: Figure 1 illustrates the LNG concentration-time
in minipig for Study 1; Figure 2 the LNG concentration-time
in rats for Studies 2 and 3; and Figure 3 the ENG concentra-
tion-time in rats for Study 4. There were several LLOQ values
towards the last few timepoints for Study 1 and 4, which
were treated as zero values, resulting in lower mean concen-
trations (Figure 1, Figure 3). The overall PK parameter results
are summarised in Table 1. 24-hr IV infusions of LNG or ENG
had lower C,. values than the other routes of administra-
tion but maintained a steady concentration for the entire
duration of the infusion. The IV bolus dose of LNG and ENG
had the highest C.x values, followed by slightly higher

Treatment

1.004 IV Bolus 30 pg

oo —=— 24-hr IV Infusion 30 pg

—+= Intradermal 30 pg

0.01 4

Plasma Concentration, ng/mL

&
$
0.104 4
1
1
1
]
1
1
4
|
1
1
1

40 60

=)
o
S

Time, hours

Figure 1. Levonorgestrel (LNG) concentration in Gottingen minipig following
30 g via various routes of administration: intravenous (IV) bolus, IV infusion,
and intradermal injection (semi-logarithmic scale). Points (i.e. shapes) represent
individual observations and the lines (i.e. line types) represent the mean con-
centration. Any concentrations below the limit of quantitation were treated as
zero values, thus affecting the overall mean concentration.
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A
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o
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) . :
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Figure 2. Levonorgestrel (LNG) concentration in Sprague-Dawley rat following
30 and 60 g via various routes of administration: intravenous (V) infusion, IV
bolus, and subcutaneous (SC) (semi-logarithmic scale). Points (i.e. shapes) repre-
sent individual observations and the lines (i.e. line types) represent the mean
concentration. Any concentrations below the limit of quantitation were treated
as zero values, thus affecting the overall mean concentration.

overall AUGC;,s compared to those following 24-hr IV infu-
sions. The 1-hr IV infusion of LNG had similar PK parameter
values to the SC administration of LNG in Study 3, as well as
a similar concentration-time curve (Figure 2). Comparing the
PK following 30pg IV bolus of LNG and ENG in the rat
(Studies 2 and 4), the C.,.x and AUC;,¢ for ENG were 6.67%
and 25.5% higher, respectively, compared to those for LNG
(Crmax: 91.1 vs. 85.4ng/mL; AUG;,¢: 37.4 vs. 29.8 ng-hr/mL for
ENG and LNG, respectively). Comparing the PK following 30
and 60 pg of LNG in the rat (Studies 2 and 3), the AUG; fol-
lowing 60 pug 1-hr IV infusion or SC injection was about two-
fold higher than that following 30 pug IV bolus (60.9 (1-hr IV
infusion) or 55.0 (SC injection) vs. 29.8 ng-hr/mL (IV bolus)). F
of LNG was 97.7% following intradermal administration in
minipig and 90.3% following SC injection in the rat. The LNG
CL in minipig was 21.5L/hr (1.87 L/hr/kg). The systemic CL of
LNG and ENG in the rat following IV bolus and infusion were
similar: LNG CL was 0.985-1.45L/hr (3.31-5.07 L/hr/kg), and
ENG CL was 0.803-0.968 L/hr (2.77-3.57 L/hr/kg).

Discussion

LNG and ENG were patented in 1960 (Fischer and Ganellin
2006, p. 479) and 1972 (Fischer and Ganellin 2006, p. 480),
respectively, and studied widely in humans over the span of
50-60years. However, there is a clear gap in the literature
for LNG and ENG PK in various animal species. There are a
few studies that measured nonclinical PK for assay validation
purposes or for experimental formulations (e.g. intravaginal
ring), but dedicated IV PK studies of LNG and ENG in animals
are sparse or outdated. The results from five studies that
investigated LNG and ENG PK following IV route of adminis-
tration are summarised in Table 2 (Dusterberg et al. 1981;
Nair et al. 1981; Dusterberg and Beier 1984; Naqvi et al.
1984a; Geelen et al. 1993).

There are many caveats to the cited studies in Table 2
that prevent us from comparing our study results to those
from the literature. First, not all the PK parameters typically
derived from IV PK studies are reported and the

100.004
Treatment

—=— 24-hr IV Infusion 30 pg
IV Bolus 30 pg

10.00 4

1.00 4

Plasma Concentration, ng/mL
o
1)

0.014

0 10 20 30 40 50
Time, hours
Figure 3. Etonogestrel (ENG) concentration in Sprague-Dawley rat following
30 pg via intravenous (IV) bolus and IV infusion (semi-logarithmic scale). Points
(i.e. shapes) represent individual observations and the lines (i.e. line types) rep-
resent the mean concentration. Any concentrations below the limit of quantita-
tion were treated as zero values, thus affecting the overall mean concentration.



F
0.977
0.903

CL or CL/F® (L/hr)
21.5+2.08
1.01
145
0.985
1.09
0.803
0.968

6.12
1.00
1.64
2.52
2.54
412

t1,2° (hr)

544+430

AUGin® (ng-hr/mL)
1.41+0.143
29.8
207
60.9
55.0
374
31.0

AUCas (ng-hr/mL)
1.35+0.158
1.08 +0.398
1.32+0.554

29.8
20.7
60.8
550
374
31.0

Cmax? (ng/mL)
1.64 £0.476
85.4
0.947
04
365
91.1
147

0.0450 + 0.00665
0.313+0.0908

Route
V infusion (24-hr)

ntradermal
V infusion (24-hr)

V infusion (1-hr)

SC

IV infusion (24-hr)
#: number; LNG: levonorgestrel; ENG: etonogestrel; IV :intravenous; SC:subcutaneous; Cy.x: peak concentration following dose; AUC,,s: area-under-the-curve to the last measurable timepoint; AUC;.: area-under-the-curve

extrapolated to infinity; t;/,: half-life; CL or CL/F: (apparent) clearance; F:bioavailability; -: not applicable/not acceptable.

N : 4 for Gottingen minipig; N:12 for Sprague-Dawley rat, mean data used for concentration-time profile.

PArithmetic mean + standard deviation (SD) when SD was reported.

IV bolus

Dose
(ng)
30
30
30
30
30
60
60
30
30

Body
Weight® (kg)
11.5+0.364

13.0£0.418

14.2 £0.466
0.305+0.0117
0.286 +0.0253
0.247 £0.0227
0.251+0.0172
0.290+0.0118
0.271+£0.0112

Species®
Sprague-Dawley Rat
Sprague-Dawley Rat
Sprague-Dawley rat

Gottingen Minipig

Table 1. Mean pharmacokinetic parameters following various routes of administration of LNG or ENG in rat and minipig.

Drug
(Study #)
LNG (1)
LNG (2)
LNG (3)
ENG (4)
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concentration-time profiles are generally not available.
Second, the age, strain, and body weight of animals are all
known to affect drug PK. From birth to adulthood, Sprague-
Dawley rats and Camborough-29 pigs experience the
increased expression of the two hepatic enzymes responsible
for LNG metabolism, uridine diphosphate glucuronosyltrans-
ferase (UGT) and sulfotransferase (SULT) enzymes (Hu 2017;
Xu et al. 2019). Age- and species-specific changes in hepatic
enzyme production may consequently result in changes to
overall CL. In addition, different strains of mice have shown
different plasma concentrations of antibiotics like itracon-
azole, despite the same weight, dose, and route of adminis-
tration (MacCallum and Odds 2002). Third, the assay
methodology used results in different plasma drug concen-
tration measurements. The radioimmunoassay (RIA) method
is non-specific and detects both the drug and its metabo-
lites, which overestimates plasma concentrations at lower
concentrations and underestimates at higher concentrations
(Xu et al. 2014). In addition to the methodology itself, differ-
ent assay sensitivities can lead to differences in the charac-
terisation of concentration-time curves, consequently
affecting overall PK parameters. While RIA sensitivities are
not mentioned in the Disterberg study (Dusterberg et al.
1981), Naqvi et al. (1984a) and Nair et al. (1981) cite an RIA
sensitivity of 10pg per tube, or about 50 pg/mL, whereas
liquid chromatography-tandem mass spectrometry (LC-MS/
MS) from our studies detected LNG and ENG concentrations
as low as 10 pg/mL for the minipig and 25 pg/mL for the rat.
Higher LLOQ values will require more extrapolation past the
last measurable time point and thus greater potential inac-
curacies in estimating PK parameters. Finally, protein binding
differences between animal species can affect the LNG and
ENG PK. LNG and ENG are > 90% protein-bound in humans
to albumin and sex hormone binding globulin (SHBG), with
LNG demonstrating a higher affinity to SHBG compared to
ENG (FDA 1996; FDA 2001). This difference in binding is evi-
dent by the change in total LNG CL observed with decreas-
ing SHBG levels (Kuhnz et al. 1992). The literature suggests
the presence of SHBG in rabbits, dogs, and monkeys, but
not in rats and pigs (Renoir et al. 1980; Jenkins and Fotherby
1981). While there is currently no published literature to
demonstrate the effects of SHBG on LNG and ENG PK, SHBG
adds another layer of complexity to an interspecies and
interstudy comparison between our studies and the cited
studies in Table 2. Thus, the availability of nonclinical IV PK
information does not necessarily translate to usability of said
information unless the necessary assumptions are made to
account for the limitations of the studies from literature.

The other two formulations tested in our studies are SC
and intradermal injections. Six other studies that studied PK
of LNG and ENG SC, intramuscular (IM), and intradermal (ID)
in animal species are summarised in Table 3 (Dusterberg
1984; Dusterberg and Beier 1984; Naqvi et al. 1984b;
Ananthula et al. 2015; He et al. 2018; 2020).

The extravascular studies in Table 3 have their own set of
caveats that prevent a meaningful comparison between our
results and those from the literature. The cited studies from
the literature use a range of formulations, from sesame oil
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to long-acting solutions like poly(lactic-co-glycolic acid)
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CL (L/hr)
N/R
N/R*
N/R*
N/R

16.4+3.12
N/R
N/R*
N/R*

t1/2 (hr)
N/R
163
N/R*
8 ug: 2.42+0.251
16 ug: 3.01+0.148
32ug: 3.80+0.419
22.1+4.97
N/R
N/R*
N/R*

AUC (ng-hr/mL)
N/R
N/R*
N/R*
81g: 15.2+1.48
16 ug: 27.3£3.44
32 ug: 56.7+£9.52
AUCq_4gp: 889 £201
AUCo_24n
D1:104+15
D14: 125+ 2.1
AUC0414d: 173
IM: 425
ID: 399
AUG; 463.2

Crmax (ng/mL)
6,300 + 200
58+20
246 +73
81ug: 4.51 +0.694
16 1g: 6.33+0.830
32 g: 10.2+0.601
229 +49.2
D1: 0.53+0.04
D14: 0.57 £0.15
IM: 37.3+8.1
ID: 224+7.6
410+116

Assay

RIA

RIA

RIA

RIA

LC-MS/MS

RIA
UPLC-MS/MS
UPLC-MS/MS

Administration
SC (dissolved in 0.2 mL mixture (4:6)
of benzyl benzoate:castor oil)
SC (dissolved in 0.2 mL mixture (4:6)
of benzyl benzoate:castor oil)
SC (dissolved in 0.2 mL of sesame oil)

of benzyl benzoate:castor oil)
SC (dissolved in 0.2 mL mixture (4:6)

mixture (4:6) of benzyl benzoate:castor oil)
at a ratio of 6:4)

SC (4 mg in 400 uL NMP solution)

C (14 doses) (dissolved in 0.2 mL
IM and ID (ENG MPs suspended
SC (PLGA and ENG dissolved in NMP

in HPMC solution)

Body
weight (kg)
0.14-0.16
12-14
6-7
0.25
N/R
8-10
0.18-0.22
0.18-0.22

Drug (Dose)

LNG (1 mg)

LNG (1 mg)

LNG (1 mg)

LNG (8, 16, and 32 pg)

LNG (4 mg/kg)
LNG (0.1 mg)
ENG (700 pg)

ENG (600 pg)

Species (N)
Wistar rat
(N:33-48)
Beagle dog

(N:6)
LNG: levonorgestrel; ENG: etonogestrel; SC:subcutaneous; IM:intramuscular; ID :intradermal; N:number of animals per dose group; NMP : N-methyl-2-pyrrolidone; MP : microcrystal particles; HPMC: hydroxypropyl methyl-

cellulose; PLGA: poly(lactic-co-glycolic acid); RIA:radioimmunoassay; LC-MS/MS:liquid chromatography-tandem mass spectrometry; UPLC-MS/MS : ultra-performance liquid chromatography-tandem mass spectrometry;

(N:4)
Sprague-Dawley rat

Rhesus monkey
Sprague-Dawley rat
Sprague-Dawley rat
Beagle dog (N:6)
Sprague-Dawley rat

(1984)
(1984b)
Beier (1984)

(2015)

Dusterberg and
Cmax: Peak concentration following dose; AUC: area-under-the-curve exposure; t;,,: half-life; CL: clearance; D1/D14:Day 1/Day 14; N/R:not reported; N/R*: not reported but concentration-time profile available for digitisa-

tion and noncompartmental analysis.

Table 3. LNG and ENG PK following SC/IM/ID injection in animal species from the previous studies®.

@Arithmetic mean + standard deviation (SD) when applicable.

Author(s) (Year)
Diisterberg
Naqvi et al.
Ananthula et al.
He et al. (2018)
He et al. (2020)
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with concentrations in minipig and suggests that a more
sensitive assay should be used for minipigs following clinical
doses of LNG. Finally, the high F values corroborate the high
absorption of LNG and ENG when administered through the
skin, both in animals and in humans (FDA 1996; FDA 2001).

One of the limitations of these studies was not using an
assay that was sensitive enough to detect plasma concentra-
tions <10 or 20pg/mL for Study 1 with minipig. The LNG
concentrations in minipig were lower than expected and
thus not all PK parameters were within the acceptable crite-
ria of the NCA to be reported. Another limitation not specif-
ically related to the studies is the fact that we did not
measure some of the physiological parameters associated
with LNG and ENG, like oestradiol and SHBG levels.
Comparing LNG and ENG concentrations with oestradiol and
SHBG levels will allow better interpretation of the nonclinical
PK results and subsequent translation to human PK.

The future direction of these studies would be to demon-
strate the significance of nonclinical PK information in LARC
development by summarising, implementing, and translating
the study results to an in vivo release rate in women. Other
directions include conducting further nonclinical PK studies
in other species (e.g. rabbit and dog), comparing the accur-
acy and precision of the calculated in vivo release rates with
the observed release rates, and exploring the applicability of
this information in the context of currently accepted regula-
tory standards for calculating in vivo release rate from con-
trolled-release or long-acting formulations.

Conclusions

Our studies set out to determine LNG and ENG IV PK as well
as assess the bioavailability of LNG administered via extravas-
cular routes in rats and minipig. LNG PK was comparable to
ENG PK in rats, LNG exposure (i.e. AUC;,s) was shown to be
dose-proportional in rats, LNG CL in minipig was higher than
that of rat (but lower on a ‘per weight’ basis), and F of LNG
in both species was high (> 90%). The findings from these
studies will continue to narrow the gap in nonclinical LNG
and ENG PK as well as support the ongoing development of
innovative LARCs by providing IV PK data necessary to esti-
mate in vivo release rates from controlled-release or long-act-
ing formulations.
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