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Pharmacokinetics of Ertapenem in Sheep
(Ovis aries) with Experimentally Induced Urinary
Tract Infection

Joe S Smith,**" David J Borts,' Clare C Slagel,’ Suzanne M Rajewski,? Alain Bousquet-Melou,* Aude A Ferran,?
Paul J Plummer,**® and Jon P Mochel,®

Sheep are commonly used as animal models for human biomedical research, but descriptions of their use for studying the
pharmacokinetics of carbapenem antimicrobials, such as ertapenem, are unavailable. Ertapenem is a critical antimicrobial
for human infections, and the description of the pharmacokinetics of this drug is of value for research using ovine as models
for human diseases, such as urinary tract infections (UTI). There are currently no ovine models for comparative biomedi-
cal research of UTI. The objective of this study was to report the pharmacokinetics of ertapenem in sheep after single and
multiple dosing. In addition, we explored the effects of an immunomodulatory drug (Zelnate) on the pharmacokinetics of
ertapenem in sheep. Eight healthy ewes (weight, 64.4 +7.7 kg) were used in an ovine bacterial cystitis model of human cystitis
with Pseudomonas aeruginosa. After disease confirmation, each ewe received 1 g of ertapenem intravenously once every 24
h for 5 administrations. Blood was collected intensively (14 samples) during 24 h after the first and last administration. After
multiple-dose administration, the volume of distribution was 84.5 mL/kg, clearance was 116.3 mL/h/kg, T1/2(7uz) was 1.1 h, and
the extraction ratio was 0.02. No significant differences in pharmacokinetic parameters or time points were found between
groups treated with the immunostimulant and controls or after the 1st or 5th administration of ertapenem. No accumulation
was noted from previous administration. Our ovine pharmacokinetic findings can be used to evaluate therapeutic strategies
for ertapenem use (varying drug dosing schedules and combinations with other antimicrobials or immune modulators) in

the context of UTI.

Abbreviations: AUMC,

inf/
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the area under the first-moment curve from time 0 to infinity; UTI, urinary tract infection

Ertapenem is a member of the carbapenem family and as such
has activity against gram-positive and gram-negative aerobic as
well as anaerobic bacteria. This drug demonstrates bactericidal
characteristics through binding to penicillin-binding proteins,
thereby inhibiting bacterial cell wall synthesis. Due to its high
degree of protein binding and stability against renal dehydro-
peptidase enzymes, ertapenem can be dosed once daily in hu-
mans.” Similar among carbapenem antimicrobials, ertapenem
demonstrates a postantibiotic effect, where bacterial growth is
suppressed after concentrations fall below the minimal inhibi-
tory concentration of the organism."> These characteristics allow
for favorable use of ertapenem for the treatment of complicated
urinary tract infections (UTI) in people, often with excellent
efficacy.®*

UTI are a leading cause of nosocomial and resistant bacte-
rial infections in human healthcare. New approaches to treat
infection and models could be beneficial to develop treatment
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strategies and combat the high rate of resistance to infection.
Complicated UTI are often associated with immunosuppres-
sion, renal disease, renal transplantation, or physical objects,
such as urinary calculi and indwelling urinary catheters."” Ani-
mal models of infection are critical for these types of studies,
but traditional models, such as mice, do not work well for all as-
pects of urinary tract diseases, most notably due to size and the
inability to place human urinary catheters. In addition, sample
collection could be impaired in a murine model of cystitis due
to indwelling catheterization, because only a limited volume of
urine would be produced, and traditional methods of sample
collection, such as cystocentesis, could induce artifact in the
form of transient hematuria, which would be suboptimal for a
longer-term study.® Sheep research models are used for many
human diseases including respiratory disease, hemophilia, and
polycystic kidney disease.*''> Sheep possess many attributes
that are advantageous for research models, including body size,
laboratory disposition, low cost, and longevity, and they can
be catheterized for long periods of time, thus allowing for the
collection of large volumes of urine. We do not advocate the
treatment of ovine patients with carbapenem antibiotics but do
recognize that—because of their attributes—sheep may serve as
a model of infectious urinary tract disease for human biomedi-
cal research.
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Although ertapenem is used in human medicine for com-
munity-acquired pneumonia as well as mixed and complicated
UT]I, there are no reports of its use among veterinary species for
human biomedical research.”” Drug efficacy is inherently related
to drug exposure for carbapenem antibiotics, because time-de-
pendent exposure exceeding the MIC for 40% and 20% of the
dosage interval is necessary to achieve a bactericidal or bacte-
riostatic effect.® Therefore the development of a sheep model
for testing various ertapenem dosing schedules or combination
therapies will rely heavily on the comparative pharmacokinet-
ics of ertapenem. One of the primary steps in developing an
animal model for human disease that requires ertapenem for
treatment is a description of the pharmacokinetics of this drug
in sheep (Ovis aries). The purpose of this study was to define the
pharmacokinetics of ertapenem after single and multiple dosing
in sheep undergoing experimental complicated catheter-associ-
ated cystitis with and without the use of an immunomodulator.

Materials and Methods

Experimental animals. All aspects of this project were
reviewed and approved by the Iowa State University IACUC
(log no. 3-15-7965-0). Eight ewes (weight, 64.4 + 7.7 kg) were
sourced from a commercial breeder and used for this study.
Ewes were housed in a climate- and humidity-controlled room
for the entirety of the study, with the first 72 h used for accli-
mation prior to initiation of the study. Animals were randomly
assigned by body weight to 1 of 2 groups, an ertapenem-only
group (n = 4) and an ertapenem-and-immunomodulator (Zel-
nate [ZN], Bayer HealthCare, Animal Health, Shawnee Mission,
KS) group (n = 4). The ewes were housed in individual pens
since arrival, and the study took place in the same individual
pens for each ewe. After acclimation, no alterations to feeding
or handling were made for this study. During the prestudy time
period, all ewes were trained to be restrained by a halter placed
on the head and tied to the wall of the pen. Criteria for enroll-
ment in this study included a normal physical exam that yielded
vital signs within the normal limits of an adult ewe, no previ-
ous history of medical illness as well as no recent history of a
previously administered medication. Both before and during
the study, all sheep were fed a diet that either met or exceeded
the National Research Council requirements for maintenance
of ewes.

At 24 h prior to initiation of the study, ewes were restrained,
and the skin of the neck was aseptically prepared by using 4
alternating scrubs of chlorhexidine surgical scrub and 70% iso-
propyl alcohol. Prior to catheter placement, the skin at the cathe-
ter site was infiltrated with 2% lidocaine, and a 14-gauge, 5.5-in.
catheter MILACATH, MILA International, Florence, KY) were
aseptically placed in each jugular vein. After catheter placement,
an injection port was added, and the catheters were sutured to
the skin and wrapped for security.

UTI was induced as described previously.* After an acclima-
tion period, a Foley catheter was placed aseptically, the bulb
was inflated with sterile saline, and ewes were inoculated with
Pseudomonas aeruginosa strain ATCC 15442. The catheter was
clamped for 4 h during the inoculation procedure and then left
unclamped. Blood collection for the study began 72 h after in-
oculation.

Experimental design and sample collection. At 24 h prior to
collection of samples, ewes in the immunomodulator group
received 2.0 mL SC of ZN, a STING pathway activator;” control
ewes received a similar volume of 0.9% saline administered via
the same route. At time 0, 1 gof ertapenem (Invanz, Merck, NJ)
was given as a 60-s bolus through the jugular catheter designated
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for drug administration; blood was collected through the other
jugular catheter, with predosing samples collected before drug
administration and then at times 0.25, 0.5, 0.75,1,1.5,2,3,4,6, 8,
10,12, 24, 48,72, and 96 h after drug administration. Ertapenem
was administered at a dose of 1g every 24 h for 5 doses. At 96
h, the fifth intravenous dose of ertapenem was given, and ad-
ditional samples were collected at 96, 96.25, 96.5, 96.75, 97, 97.5,
98, 99, 100, 102, 104, 106, 108, and 120 h to describe pharmaco-
kinetics at presumed steady state, defined according to human
pharmacokinetic data.?*"®

At each sampling time point, blood was collected from the
catheter by using a 12-mL syringe and placed into sodium hepa-
rin—treated tubes (Vacuum phlebotomy tube, Becton Dickinson,
Franklin Lakes, NJ) The samples were then centrifuged at 1500 x
g for 10 min. The plasma was collected, transferred to cryovials,
and then stored at —80 °C until analysis.

Sample analysis. Standards were made in 0.1mM 2-[N-mor-
pholino]ethanesulfonic acid (MES) buffer containing 0.24M
sodium fluoride at pH 6.5, refrigerated, and used within 3 d
to ensure the stability of ertapenem.'®?! Frozen samples were
thawed in cold water, vortexed, pipetted, and immediately re-
turned to -80 °C freezer to minimize degradation of ertapenem.

Analytical standards for plasma were prepared in 200 pL of
blank ovine plasma at ertapenem concentrations of 0.25, 0.5, 1,
2,5,10, 20, 50, 100, 200 ug/mL. Quality control samples were
prepared in 200 puL blank ovine plasma at ertapenem concentra-
tions of 1.5, 30, and 150 ng/mL. Standards and quality controls
were kept on ice when not in use. A 25-ug/mL solution of the
internal standard, ertapenem-d4, was made in 0.1 mM MES
buffer containing 0.24 M sodium fluoride at pH 6.5, and 10 uL
was added to standards, quality controls, blank plasma, and
samples.

We modified a previously published method for plasma sam-
ple preparation.” For the standards, quality controls, blank and
samples, an aliquot of 200 pL of plasma was transferred into a
microfuge tube, and 0.25 ng ertapenem-d4 internal standard
was added to each tube. A 200-puL portion of chilled 0.1 mM
MES buffer, containing 0.24 M sodium fluoride, was added to
each sample, followed by 600 uL of chilled acetonitrile. Samples
were mixed by using a vortex mixer and then centrifuged for
5 min at 2700 x g. The supernatant was decanted into another
tube, to which was added 600 uL of chilled dichloromethane;
the tube then was mixed by using a vortex mixer and centri-
fuged for 5 min at 2700 x g. A 100-uL portion of the top layer
was transferred into a microvial containing a glass insert. Sam-
ples were then centrifuged for 20 min at 1500 x g in a chilled
centrifuge. Standards and samples were kept on ice during the
extraction procedure. Data points with concentrations above
the range of the standard curve were diluted with blank plasma
and reextracted to achieve a concentration within the range on
the curve.

Ovine plasma concentrations of ertapenem were determined
by using LC-MS/MS. A TSQ Quantum Discovery Max triple
quadrupole was coupled to a Surveyor Pump with a chilled Au-
tosampler. (Thermo Scientific, San Jose, CA). The mobile phases
consisted of (A) 0.1% formic acid in water and (B) 0.1% formic
acid in acetonitrile. The mobile phase began at 15% B with a
linear gradient to 70% B at 2.5 min, followed by reequilibration
to 15% B. A Kinetex phenyl hexyl column was used (100 mm
x 2.1 mm, 2.6-um particles) from Phenomenex (Torrance, CA)
with the column temperature set to 35 °C. The injection volumes
were 10 pL for plasma and 2 uL for urine. The following ions
were used for identification: ertapenem (m/z 476) 68, 114, and
432 and ertapenem-d4 (m/z 480) 68, 114, and 436. The retention



time for both compounds was 1.8 min. The 432 and 436 ions
were used for quantitation of ertapenem and ertapenem-d4,
respectively.

Calibration curves were calculated by using the Quan
Browser module of Xcalibur software (Thermo Scientific, San
Jose, CA) and quadratic fit. All correlation coefficients (R?) ex-
ceeded that of 0.99. The calibrators were within a tolerance of
15% of the nominal value, except for the lower limit of quantita-
tion, which was less than 20%. The quality controls were within
a tolerance of +15% of the nominal value. The limit of detection
(LOD) was 0.1 pg/mL for ovine plasma. The limit of quantita-
tion, which was based on the calibration curve, was 0.25 pg/mL
for ovine plasma.

Pharmacokinetic analysis. Pharmacokinetic analysis of to-
tal ertapenem plasma concentration was completed using a
noncompartmental module in commercial software (Phoenix
WinNonlin 8.0, Certara, Princeton, NJ). Figures showing time
plotted against concentration of ertapenem were produced by
using a commercial program (Prism 8, GraphPad Software, La
Jolla, CA). (Figures 1 and 2).

The following standard pharmacokinetics parameters were
generated for individual ewes maximum observed ertapenem
concentration (ug/mL); last observed ertapenem concentration
(ug/mL, C,_); time to last observed ertapenem concentration
(min; T, ); area under the ertapenem concentration-time curve
from time 0 to infinity ([ug/mL]xh; AUC, ); area under the er-
tapenem concentration-time curve from time 0 to last measure-
ment ([ug/mL]xh, AUC,_); and ertapenem mean residence time
(h; = AUMC, ,/AUC, ; where AUMC_, is the area under the
first-moment curve from time 0 to infinity [ug/mLxh?]). Area
parameters (AUC, AUMC) were calculated by using the log-
linear trapezoidal rule. Ertapenem elimination half-life (h) was
calculated as T1/2A, = In (2)/A,, where A, is the slope of the
terminal phase of the natural logarithm of concentrations com-
pared with time curve; ertapenem systemic clearance (mL/h/
kg) was dose/ AUC, ; the volume of distribution (mL/kg) of er-
tapenem during the elimination phase was calculated as dose /
AUC, x A ; the volume of distribution (mL/kg) of ertapenem at
steady-state was equal to systemic clearance X mean residence
time. The extraction ratio (E, , = systemic clearance / cardiac
output) was calculated as reported previously,” first calculated
for each individual ewe and then combined for a mean value,
with ewe cardiac output described” as 180 x body weight (in
kg)-o.w.

Statistical analysis. Statistical analysis was completed using
Prism 8.0.2 (GraphPad Software, La Jolla, CA). The respec-
tive data distributions for all pharmacokinetic parameters and
group time point concentrations were assessed for normality
by means of the Shapiro-Wilk test. Comparisons between the
2 treatment groups were performed with unpaired ¢ tests for
parametric statistics and Mann-Whitney tests for nonparamet-
ric statistics as previously described.”? A P value less than 0.05
was considered statistically significant.

Results

Ewe health. Ertapenem was well tolerated by all 8 ewes dur-
ing the study. No changes in appetite, behavior, or stool con-
sistency were noted. No adverse reactions were noted at the
catheter sites.

Pharmacokinetics. No ewe had detectable ertapenem in
plasma prior to commencement of the study. The average time
course of ertapenem can be found in Figure 1. Geometric mean,
median, minimum and maximum profiles after single-dose ad-
ministration are presented in Table 1. Among individuals there

Pharmacokinetics of ertapenem in sheep with urinary tract infection
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Figure 1. (A) Plasma concentration (mean + 1 SD [error bars]) after
a (A) single initial intravenous administration and (B) multiple-dose
administration of ertapenem to sheep. The dashed line illustrates the
limit of quantification for the assay (0.25 pg/mL).

appears to be limited variation of time compared to concentra-
tion data for ertapenem in plasma. All ewes had no detectable
concentrations of ertapenem in plasma after 6 h for the single-
dose study. No statistically significant differences were noted
among time point concentrations when compared for the pres-
ence or absence of the immunomodulator or for single com-
pared to multiple dosing.

After initial dosing, ertapenem C,__(mean + 1 SD) was 232.6 +
50.8 ug/mL, AUC,  was 144.0 +24.8 hxug/mL, mean residence
time was 0.7 + 0.08 h, volume of distribution at steady state was
78.3 +16.1 mL/kg, systemic clearance was 109.6 = 17.9 mL/h/
kgand T1/2A, was1.3+0.6 h.

Ertapenem concentrations in plasma immediately prior to
administration of the 5th dose were below the limit of detection.
The geometric mean, median, minimum, and maximum plasma
concentration profiles for each group after administration of the
5th dose are presented in Table 2, and no detectable concentra-
tions were noted after 6 h in the multiple-dose study.

After multiple dosing (Figure 2), C__ of ertapenem was calcu-
lated as 228.0 + 52.8 ug/mL, AUC,_ was 138.7 £ 34.0 hxug/mL,
mean residence time was 0.7 = 0.06 h, the volume of distribution
at steady state was 84.5 + 13.1 mL/kg, systemic clearance was
116.3 £24.4 mL/h/kg, and T1/2(kz) was 1.1+0.6 h.

No accumulation was noted, given that the majority of 8-h
time points and all 10, 12, and 24 h timepoints demonstrated
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Figure 2. Plasma concentration (mean * 1 SD [error bars]) after (A) a
single intravenous dose and (B) multiple intravenous doses of ertap-
enem in sheep treated without the immunomodulator (Ert) or with the
immunomodulator (Ert + ZN). The dashed line illustrates the limit of
quantification for the assay (0.25 ug/mL).

ertapenem concentrations below the limit of detection. The ex-
traction ratio for ertapenem in our ewes was 0.02 * 0.004.

Statistical analysis. When parameters were compared with
the values for the 1st and 5th administration of ertapenem, no
significant differences were found for T1/ Z(KZ) (P=044),C_
(P =0.86), AUC,_, (P =0.73), Vz (P = 0.65), systemic clearance
(P =0.88), AUMC (P = 0.97), mean residence time (P = 0.47), and
Vss (P = 0.41). No significant differences in drug concentrations
or pharmacokinetics between ewes were found regardless of the
presence or absence of immunomodulator.

Discussion

Before using sheep as a model for human diseases with
regard to carbapenem administration, it is important to under-
stand the pharmacokinetics of ertapenem in this species. With
the increase of resistance in nosocomial infections in human
hospitals requiring carbepenem therapy, additional animal
investigations will need to be developed for translational stud-
ies. Sheep used in this study displayed ideal characteristics as
subjects for a pharmacokinetic study. By commencement of
this study, sheep were rapidly accustomed to halter restraint.
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Intravenous catheters maintained patency and allowed for ease
of sample collection. Although ruminant urine pH differs from
that of humans, it can be manipulated by dietary factors, such as
the addition of ammonium chloride.** This manipulation may
be ideal for other investigations of ertapenem in experimentally
infected sheep. The body weight of the sheep in this study (65.2
*7.7 kg) was similar to the weights of human patients in sev-
eral human pharmacokinetic studies (e.g., 76.2 + 9.3 kg and 73
kg).3'* This similarity in body weights allow for translational
dosing for sheep when ertapenem is dosed at 1 g/patient, as is
common for humans.'*** However, this similarity in total body
mass does not account for differences in anatomy, such as the
relatively larger size of the ruminant gastrointestinal system.

Our analysis revealed a short half-life for ertapenem, similar
to what is described in human patients. The pharmacokinetic
parameters and concentration at individual timepoints also
demonstrated no differences after single or multiple adminis-
trations of ertapenem in sheep. This is noteworthy as our study
sheep appear to have linear pharmacokinetics, again similar to
humans. When ertapenem is administered to people, it can be
given as either a 30-min or 5-min infusion, typically once daily.*!
The C__ of our study in sheep (232.6 + 50.8) is similar to that
after a 5-min bolus in humans (195.9 + 34.0).*!

The volume of distribution at steady state for ertapenem—
after adjustment for bodyweight for our ewes—was 5.5+ 0.14 L,
which is descriptively similar to what is reported for human
outpatients with complicated UTI (4.85 + 1.8 L) but less than
what is reported for healthy female human volunteers (7.5 £
0.9 L).13% In addition, the elimination half-life in our ewes was
less than reported in either of those human studies. Although
some of the pharmacokinetic parameters of ertapenem in sheep
seemed lower than what is reported in human patients, it is
important to note that specific disease status can alter ertape-
nem pharmacokinetics, such as sepsis can increase distribution
volume and UTI can decrease this parameter. For example, in
patients with severe sepsis treated with ertapenem, lower C__
and AUC as well as larger volume of distribution were observed
when compared with healthy human volunteers.? A decreased
volume of distribution has been noted in human outpatients
with complicated UTI when compared with healthy volunteers,
potentially a result of decreased clearance.® Furthermore, age
may also present an effect on the PK of ertapenem as in humans
elderly people have higher AUC values when compared with
younger persons.'”

The extraction ratio of ertapenem in our current study sheep
would be classified as low, because it is less than 0.05.% This
value is in the range of extraction by glomerular filtration (that
is, 2% of cardiac output) and in agreement with previous de-
scriptions for humans.”® Although our results suggest some spe-
cies-specific differences in the pharmacokinetics of ertapenem in
sheep and humans, it is important to note that analytical method
sensitivity can have a profound effect on pharmacokinetics, as
recently illustrated in the comparative pharmacokinetics of fen-
tanyl in large animal species.” The limit of quantification of our
assay was 0.25 ng/mL, and in the human literature limits of
quantitation of 0.125 pg/mL have been reported.” As noted for
fentanyl concentrations in large animal species, when compar-
ing pharmacokinetic parameters it is important to consider ana-
lytical sensitivity as a lower limit of quantification can lead to
the reporting of a longer elimination half-life. As such, it is pos-
sible that our analytical limits would yield decreased half-life
and other parameters due to the higher limits of quantitation.

Adpverse effects with ertapenem administration in people are
primarily of concern for the nervous system. Several human
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Table 1. Pharmacokinetic parameters of ertapenem in sheep after single dosing

Parameter Unit Geometric mean Median Minimum Maximum
o pg/mL 228.1 216.5 182 324
T1/2 (Az) h 1.09 1.13 0.65 2.7
AUC, (ng/mL)xh 142.0 146.5 112.3 176.7
Clearance mL/h/kg 108.3 109.1 131.4 81.2
AUMC (ng/mL)xh? 97.3 97.1 734 137.9
Mean residence time h 0.69 0.70 0.55 0.78
Volume of distribution at steady state ~ mL/kg 76.8 78.1 52.7 113.4
Chu pg/mL 0.28 0.3 0.125 0.7
st h 59 6 4 8
Az 1/h 0.59 0.61 0.25 1.06

patient undergoing peritoneal dialysis have developed seizures  dosing, which is consistent with the short elimination half-life

Table 2. Pharmacokinetic parameters of ertapenem in sheep after multiple dosing

Parameter Unit Geometric mean Median Minimum Maximum
C_. pg/mL 2223 2175 136 324
T1/2 (Az) h 1.01 0.86 0.56 2.16
AUC,_, (ug/mL)xh 134.6 136.3 77.8 183.8
Clearance mL/h/kg 114.3 112.4 92.5 170.9
AUMC (ug/mL)xh? 4209 46.9 472 138.7
Mean residence time h 0.71 0.72 0.61 0.79
Volume of distribution at steady state mL/kg 77.2 72.7 67.1 105.6
(G pg/mL 0.26 0.25 0.25 0.3
T« h 473 5 3 6
Az 1/h 0.58 0.75 0.19 1.35

after the administration of ertapenem.** In addition, seizures
have been reported in elderly patients receiving ertapenem.**
Among humans, stroke, low Hgb, and a low platelet count were
identified as risk factors for seizures when administered ertape-
nem.'® Less common adverse effects, such as thrombocytopenia,
have also been reported in human patients.> Although safety
evaluation was not a primary goal of this study, none of the
sheep given ertapenem had overt seizure activity or neurologic
disease, and none displayed the hematologic abnormalities as-
sociated with ertapenem in people.

Of note, organisms susceptible to ertapenem are typically
inhibited by in vitro concentrations of less than or equal to 4
pg/mL."® The time above the minimal inhibitory concentration
required for bacteriostasis for ertapenem in people is approxi-
mately 30% of the dosing interval.?® Given the shorter elimina-
tion half-life of ertapenem in sheep (1 h) when compared with
human patients (approximately 3.5 h), future studies involving
sheep models of infection may need to use an increased dosage
(greater than the 1 g/ewe we used here) to maintain plasma
concentrations above 4 png/mL for 30% of the day with once-
daily dosing.

A limitation of our study was the relatively small sample size;
however for veterinary pharmacokinetic studies, a sample size
of 4 to 6 animals typically is sufficient to describe the pharma-
cokinetics of a test drug.> Additional studies are required to ex-
plore the pharmacodynamics of ertapenem in sheep, as well
as the potential synergistic effects of ertapenem and immuno-
modulators on bacteriuresis and resistance development.

In conclusion, our study established the pharmacokinetics
of ertapenem in sheep used as a model for human biomedical
research. No drug accumulation was reported after 5 d of

of this antimicrobial in sheep. Likewise, the absence of notable
difference between ertapenem clearance after single and mul-
tiple dosing is indicative of first-order elimination in sheep.
This ovine model can be used to evaluate pharmacokinetics
for therapeutic strategies for ertapenem use (varying drug dos-
ing schedules and combinations with other antimicrobials or
immune modulators) in the context of UTIL.

Acknowledgments
We acknowledge Parker Robison, Kristin Cairns, Aislinn Ophoff,
and Gabby DiRusso for their help in sample collection and the ISU
VDL ACS team.

References

1. Aydin A, Baris Aykan M, Saglam K, Veillette JJ. 2017. Seizure
induced by ertapenem in an elderly patient with dementia. Consult
Pharm 32:561-562. https:/ /doi.org/10.4140/TCP.n.2017.561.

2. Brink AJ, Richards GA, Schillack V, Kiem S, Schentag J. 2009.
Pharmacokinetics of once-daily dosing of ertapenem in critically
ill patients with severe sepsis. Int ] Antimicrob Agents 33:432-436.
https:/ /doi.org/10.1016 /j.jjantimicag.2008.10.005.

3. Chittenden J. 2011. Study design and data analysis. p 295-314.
In: Riviere JE. editor. Comparative pharmacokinetics: principles,
techniques and applications. Oxford (United Kingdom): Wiley—
Blackwell

4. Connolly F, Rae MT, Spith K, Boswell L, McNeilly AS, Duncan
WC. 2015. In an ovine model of polycystic ovary syndrome (PCOS)
prenatal androgens suppress female fetal renal gluconeogenesis.
PLoS One 10:1-16. https:/ /doi.org /10.1371 /journal.pone.0132113.

5. Docobo RA, Bukhari S, Qutrio Baloch Z. 2017. Ertapenem-
Induced Thrombocytosis. Cureus 9:1-5.

417



Vol 69, No 5
Comparative Medicine
October 2019

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

418

Drusano GL. 2004. Antimicrobial pharmacodynamics: critical in-
teractions of ‘bug and drug’. Nat Rev Microbiol 2:289-300. https://
doi.org/10.1038 /nrmicro862.

Ilg T. 2017. Investigations on the molecular mode of action of the
novel immunostimulatory ZelNate: Activation of the cGAS-STING
pathway in mammalian cells. Mol Immunol 90:182-189. https://
doi.org/10.1016/j.molimm.2017.07.013.

Kruger JM, Osborne CA, Ulrich LK. 1996. Cystocentesis. Di-
agnostic and therapeutic considerations. Vet Clin North Am
Small Anim Pract 26:353-361. https://doi.org/10.1016 /50195-
5616(96)50215-9.

Lakota EA, Landersdorfer CB, Zhang L, Nafziger AN, Bertino
JS Jr, Bhavnani SM, Forrest A. 2018. Population pharmacokinetic
analyses for ertapenem in subjects with a wide range of body sizes.
Antimicrob Agents Chemother 62:1-11.

Lee YC, Huang Y], Hung MC, Hung SC, Hsiao CY, Cho HL,
Lai LF, Tong SH, Wang JT. 2017. Risk factors associated with the
development of seizures among adult patients treated with ertape-
nem: A matched case-control study. PLoS One 12:1-13. https://
doi.org/10.1371/journal.pone.0182046.

Lozier JN, Nichols TC. 2013. Animal models of hemophilia and
related bleeding disorders. Semin Hematol 50:175-184. https://
doi.org/10.1053/j.seminhematol.2013.03.023.

Majcherczyk PA, Livermore DM. 1990. Penicillin-binding protein
(PBP) 2 and the post-antibiotic effect of carbapenems. ] Antimicrob
Chemother 26:593-594. https:/ /doi.org/10.1093 /jac/26.4.593.
Majumdar AK, Musson DG, Birk KL, Kitchen CJ, Holland S,
McCrea J, Mistry G, Hesney M, Xi L, Li SX, Haesen R, Blum RA,
Lins RL, Greenberg H, Waldman S, Deutsch P, Rogers JD. 2002.
Pharmacokinetics of ertapenem in healthy young volunteers. Anti-
microb Agents Chemother 46:3506-3511. https:/ /doi.org/10.1128/
AAC.46.11.3506-3511.2002.

Mavangira V, Cornish JM, Angelos JA. 2010. Effect of ammonium
chloride supplementation on urine pH and urinary fractional excre-
tion of electrolytes in goats. ] Am Vet Med Assoc 237:1299-1304.
https://doi.org/10.2460/javma.237.11.1299.

Meeusen EN, Snibson K]J, Hirst SJ, Bischof RJ. 2009. Sheep as
a model species for the study and treatment of human asthma
and other respiratory diseases. Drug Discov Today Dis Models
6:101-106. https:/ /doi.org/10.1016/j.ddmod.2009.12.002.
Musson DG, Kitchen CJ, Hsieh JY, Birk KL. 2002. Modified high-
performance liquid chromatographic method for the determination
of ertapenem in human urine: enhanced selectivity and automa-
tion. ] Chromatogr B Analyt Technol Biomed Life Sci 779:341-346.
https://doi.org/10.1016/51570-0232(02)00377-X.

Musson DG, Majumdar A, Holland S, Birk K, Xi L, Mistry G,
Sciberras D, Muckow ], Deutsch P, Rogers JD. 2004. Pharma-
cokinetics of total and unbound ertapenem in healthy elderly
subjects. Antimicrob Agents Chemother 48:521-524. https://doi.
org/10.1128 / AAC.48.2.521-524.2004.

Nix DE, Majumdar AK, DiNubile MJ. 2004. Pharmacokinetics
and pharmacodynamics of ertapenem: an overview for clini-
cians. ] Antimicrob Chemother 53 Suppl 2:ii23-ii28. https://doi.
org/10.1093 /jac/dkh205.

Pallett A, Hand K. 2010. Complicated urinary tract infections: prac-
tical solutions for the treatment of multiresistant Gram-negative
bacteria. ] Antimicrob Chemother 65 Suppl 3:iii25-iii33. https://
doi.org/10.1093 /jac/dkq298.

Pickering M, Brown S. 2012. Quantification and validation of
HPLC-UV and LC-MS assays for therapeutic drug monitoring of

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

ertapenem in human plasma. Biomed Chromatogr 27:568-574.
https://doi.org/10.1002/bmc.2829.

Pletz MW, Rau M, Bulitta J, De Roux A, Burkhardt O, Kruse G,
Kurowski M, Nord CE, Lode H. 2004. Ertapenem pharmacokinet-
ics and impact on intestinal microflora, in comparison to those
of ceftriaxone, after multiple dosing in male and female volun-
teers. Antimicrob Agents Chemother 48:3765-3772. https://doi.
org/10.1128/ AAC.48.10.3765-3772.2004.

PowersJ.1990. Statistical analysis of pharmacokinetic data. ] Vet Phar-
macol Ther 13:113-120. https:/ /doi.org/10.1111/j.1365-2885.1990.
tb00758.x.

Seto AH, Song JC, Guest SS. 2005. Ertapenem-associated seizures
in a peritoneal dialysis patient. Ann Pharmacother 39:352-356.
https://doi.org/10.1345/aph.1E421.

Smith J, Slagel C, Borts D, Ferran A, Bousquet-Melou A, Plummer
P, Mochel J. Pharmacodynamics of ertapenem with and without
concurrent use of an immunostimulant using an induced cystitis
model in sheep. Presented at the 14th International Congress of the
European Association for Veterinary Pharmacology and Toxicology.
Wroclaw, Poland, 24-27 June 2018. ] Vet Pharmacol Ther 41 S1:42.
Smith JS, Coetzee JF, Fisher IWG, Borts DJ, Mochel JP. 2018.
Pharmacokinetics of fentanyl citrate and norfentanyl in Holstein
calves and effect of analytical performances on fentanyl param-
eter estimation. J Vet Pharmacol Ther 41:555-561. https:/ /doi.
org/10.1111/jvp.12501.

Sprake PM. [Internet]. 2012. The effect of continuous and pulse
dose ammonium chloride regimens on the urine pH of goats. [Cited
11 November 2018]. Available at: http:/ /hdlLhandle.net/1969.1/
ETD-TAMU-2012-08-11515.

Toutain PL, Bousquet-Mélou A. 2004. Plasma clearance. ] Vet
Pharmacol Ther 27:415-425. https://doi.org/10.1111/j.1365-
2885.2004.00605.x.

Turnidge JD. 1998. The pharmacodynamics of B-lactams. Clin
Infect Dis 27:10-22. https:/ /doi.org/10.1086/514622.

Veillette JJ, Van Epps P. 2016. Ertapenem-Induced hallucinations
and delirium in an elderly patient. Consult Pharm 31:207-214.
https://doi.org/10.4140/TCP.n.2016.207.

Wells WG, Woods GL, Jiang Q, Gesser RM. 2004. Treatment of
complicated urinary tract infection in adults: combined analysis
of two randomized, double-blind, multicentre trials comparing
ertapenem and ceftriaxone followed by appropriate oral therapy.
J Antimicrob Chemother 53 Suppl 2:ii67-ii74. https://doi.
org/10.1093 /jac/dkh208.

Wiskirchen DE, Housman ST, Quintiliani R, Nicolau DP, Kuti
JL. 2013. Comparative pharmacokinetics, pharmacodynamics,
and tolerability of ertapenem 1 gram/day administered as a
rapid 5-minute infusion versus the standard 30-minute infusion in
healthy adult volunteers. Pharmacotherapy 33:266-274. https://
doi.org/10.1002/phar.1197.

Yilmaz F, Uslu H, Ersoy F. 2016. Ertapenem associated with sei-
zures in treatment of pyelonephritis in a chronic peritoneal dialysis
patient. Ther Apher Dial 20:89-90. https://doi.org/10.1111/1744-
9987.12334.

Zhou J, Sulaiman Z, Llorin RM, Hee KH, Lee LS, Lye DC, Fisher
DA, Tam VH. 2014. Pharmacokinetics of ertapenem in outpatients
with complicated urinary tract infections. ] Antimicrob Chemother
69:2517-2521. https:/ /doi.org/10.1093 /jac/dku143.



http://hdl.handle.net/1969.1/

