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Treatment of intrauterine infection is likely key to preventing a significant proportion of preterm deliveries before 32 weeks of
gestation. Azithromycin (AZ) may be an effective antimicrobial in pregnancy; however, few gestation age-approriate data are
available to inform the design of AZ-based treatment regimens in early pregnancy. We aimed to determine whether a single in-
tra-amniotic AZ dose or repeated maternal intravenous (i.v.) AZ doses would safely yield therapeutic levels of AZ in an 80-day-
gestation (term is 150 days) ovine fetus. Fifty sheep carrying single pregnancies at 80 days gestation were randomized to receive
either: (i) a single intra-amniotic AZ administration or (ii) maternal intravenous AZ administration every 12 h. Amniotic fluid,
maternal plasma, and fetal AZ concentrations were determined over a 5-day treatment regimen. Markers of liver injury and am-
niotic fluid inflammation were measured to assess fetal injury in response to drug exposure. A single intra-amniotic administra-
tion yielded significant AZ accumulation in the amniotic fluid and fetal lung. In contrast, repeated maternal intravenous admin-
istrations achieved high levels of AZ accumulation in the fetal lung and liver and a statistically significant increase in the fetal
plasma drug concentration at 120 h. There was no evidence of fetal injury in response to drug exposure. These data suggest that
(i) repeated maternal i.v. AZ dosing yields substantial fetal tissue uptake, although fetal plasma drug levels remain low; (ii) trans-
fer of AZ from the amniotic fluid is less than transplacental transfer; and (iii) exposure to high concentrations of AZ did not
elicit overt changes in fetal white blood cell counts, amniotic fluid monocyte chemoattractant protein 1 concentrations, or hepa-

totoxicity, all consistent with an absence of fetal injury.

Preterm birth (PTB) (delivery before 37 weeks of completed
gestation) remains a leading cause of neonatal death and dis-
ease (1, 2). Intrauterine infection is a primary cause of high-risk
deliveries prior to 32 weeks of gestation (3), and a substantial body
of clinical data demonstrate an inverse relationship between the
incidence of intrauterine infection (2, 4, 5) and histologic chorio-
amnionitis (6, 7) and the gestational age at delivery. PTB is esti-
mated to account for about 10% of total child health care expen-
diture in the United States (8, 9). Accordingly, developing
effective antimicrobial treatments for intrauterine infection is
likely a key step in preventing a significant proportion of PTBs.
Antibiotics are commonly used in pregnancy; however, their
application is not without controversy. There is a wealth of con-
flicting data regarding the efficacy of antibiotics in treating bacte-
rial vaginosis in an attempt to prevent PTB (for a review, see ref-
erence 10). A recent Cochrane review of 21 trials (7,847 women)
assessing the efficacy of such treatments concluded that although
antibiotic therapy was effective in resolving bacterial vaginosis and
reduced the risk of late miscarriage, it did not reduce the risk of
PTB or preterm prelabor rupture of membranes (PPROM) (11).
Data from the ORACLE I trial demonstrated that, relative to pla-
cebo, erythromycin treatment of women with PPROM resulted in
an improvement in composite neonatal outcomes and prolonged
pregnancy but no overall reduction in PTB (12). In contrast, the
authors of the ORACLE II trial of erythromycin treatment for
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women with spontaneous preterm labor concluded that antibiot-
ics should not be routinely prescribed without evidence of clinical
infection (13). These data suggest that the use of antibiotics in
pregnancy should take into account the clinical presentation, the
target organisms, and the physiological changes that result from
pregnancy, as well as a host of factors, including ethnicity, body
weight, gestational age, and drug coadministration (14).
Azithromycin (AZ) is a dibasic azalide class macrolide antibi-
otic commonly prescribed in pregnancy for treatment of chla-
mydia (15), scrub typhus (16), Q fever (17), and malaria (18) (in
combination with chloroquinone). AZ is also active against the
Ureaplasma spp. (19), which are frequently identified in cases of
chorioamnionitis (20). AZ has a number of pharmacokinetic
properties that make it well suited to use in pregnancy infections
(21); it has an extended tissue half-life (~68 h) and has been
shown to accumulate in leukocytes, potentially amplifying its ef-
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ficacy in treating infection (21). AZ has an excellent safety profile;
reports of hepatotoxicity following AZ administration (22) are
uncommon, its use is not associated with fetal abnormalities or
malformations (23, 24), and it is well tolerated in patients with
compromised renal function (21). A recent population level study
in Denmark concluded that the small absolute risk of tachyar-
rhythmia derived from potential Q-T period elongation in high-
risk individuals (25) is not significant in young and middle-aged
adults (i.e., the normal pregnant population) (26).

Estimates suggest that 2% of U.S. women are prescribed AZ in
the first trimester of pregnancy (27); in one cohort of U.S. women
with a diagnosis associated with PTB, 46.1% were prescribed an-
timicrobial agents (28). However, there is a lack of data describing
the maternal-fetal drug transfer and the safety of AZ in early preg-
nancy. Previous data from pregnant sheep in late pregnancy sug-
gest low rates of maternal-fetal and amniotic fluid (AF)-fetal AZ
transfer (29). In early to midpregnancy, the fetal skin is structur-
ally immature (30), and as such, may pose less of a barrier to AZ
uptake from the AF. We hypothesized that the structurally imma-
ture second trimester fetal skin would allow greater fetal AZ up-
take from the amniotic fluid than is observed later in pregnancy.

In the present study, we used a sheep model of second trimester
pregnancy to determine maternal plasma (MP), fetal plasma
(from cord arterial blood) (FP), AF, cerebrospinal fluid (CSF),
fetal liver, and fetal lung azithromycin concentrations resulting
from single intra-amniotic (IA) or repeated maternal i.v. AZ ad-
ministrations. We assessed the fetal uptake achieved by the two
treatment regimens against MIC data for the treatment of Urea-
plasma spp., which are commonly isolated from the AF and cho-
rioamnion in cases of PPROM and PTB (31) and are associated
with a host of neonatal morbidities, including bronchopulmonary
dysplasia (32). Serum markers of liver injury, white blood cell
counts and AF monocyte chemoattractant protein 1 (MCP-1)
concentrations, were also measured over the 5-day regimen to
assess potential fetal injury in response to drug exposure.

MATERIALS AND METHODS

Animals. All animal work was reviewed and approved by the University of
Western Australia’s Animal Ethics Committee. Fifty sheep, each carrying
a single fetus at 80 days gestational age (GA), were randomized to receive
either (i) a single IA injection of 6.4 mg AZ (Zithromax i.v.; Pfizer, New
York, NY) under ultrasound guidance using a Philips CX-50 ultrasound
system (Philips Healthcare, Andover, MA) (n = 25) or (ii) repeated ma-
ternal intravenous (i.v.) AZ (Pfizer) doses, 10 mg/kg maternal body
weight every 12 h as a bolus over 5 min (n = 25). The bolus AZ concen-
tration was 13.5 mg/ml in a mean volume of 43.1 * 3.7 ml. Sterile saline
was used as a vehicle in all animals. All the animals underwent amniocen-
tesis only twice, in order to minimize the confounding risk from infection
and/or fetal loss. As the early-GA fetuses in this study were not able to be
chronically catheterized, the animals in each treatment group were eutha-
nized with an intravenous bolus of pentobarbital after either (i) 4 h (with
AF and MP only collected at 2 h), (ii) 12 h (with AF and MP only collected
at 6 h), (iii) 36 h (with AF and MP only collected at 24 h), (iv) 72 h (with
AF and MP only collected at 48 h), or (v) 120 h (with AF and MP only
collected at 96 h) (n = 5/time point for each group). Arterial cord blood,
FP, CSF, AF, MP, fetal lung, and fetal liver tissues were collected at au-
topsy. Arterial cord blood pH, partial O, (pO,), and pCO, values were
determined using a Siemens Rapidlab 1265 blood gas analyzer (Siemens,
Victoria, Australia). The peak maternal-fetal AZ transfer time after re-
peated dosing was unknown at the time of the study. As such, sampling
after 12 h of treatment in the repeated maternal intravenous administra-
tion group was performed immediately before the next scheduled AZ dose
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in order to yield stable minimum (trough) AZ concentrations. Fetuses
were weighed, scored for the presence of meconium, and sexed at autopsy.

Hepatotoxicity analysis. Fetal arterial cord blood for liver function
tests (aspartate aminotransferase [AST], gamma glutamyl transpeptidase
[GGT], glutamate dehydrogenase [GLDH], albumin [ALB], and total bil-
irubin [TB]) was collected in a 10-ml SST clot-activating Vacutainer (BD,
Franklin Lakes, NJ). Analyses were performed by Vetpath (Perth, Western
Australia [WA], Australia).

Inflammatory analysis. Fetal arterial cord blood for leukocyte analy-
sis (complete and differential counts) was collected in a 10-ml Vacutainer
(BD) containing EDTA. Analyses were performed by Vetpath (Perth, WA,
Australia). AF MCP-1 concentrations, a marker of intrauterine inflamma-
tion in sheep, were measured using an MCP-1 ELISA VetSet kit
(VS0083B-002; Kingfisher Biotech, Inc., Saint Paul, MN), with washing
performed on a Biosan plate washer (Intelliwasher 3D-IW8; Biosan, Riga,
Latvia). Standards (calibration curve, R* > 0.98) were assayed in triplicate
(average coefficient of variation [CV], 7%), and unknown samples were
assayed in duplicate. The assay limit of detection was <4 pg/ml. One
hundred microliters of each standard or sample was incubated overnight
(16 h) at 4°C before the assay was completed following the manufacturer’s
instructions, with absorbance at 450 nm read on an Anthos 2010 micro-
plate reader (Biochrom Ltd., Cambridge, United Kingdom).

Azithromycin quantification. Fluid samples (MP, AF, and CSF) were
processed for analysis as described previously (29). Briefly, AZ standards
were constructed in saline as a series of seven 10-fold dilutions, from
20,000 ng/ml to 0.2 ng/ml. One hundred microliters of thoroughly mixed
unknown samples or standard was added to 320 wl of liquid chromatog-
raphy-mass spectrometry (LC-MS) grade methanol containing 50 ng
roxithromycin (R4393; Sigma-Aldrich, St. Louis, MO) as an internal stan-
dard. Samples were vortexed for 20 s and centrifuged at 1,700 X g for 20
min at 24°C in an Eppendorf 5810R benchtop centrifuge (Eppendorf,
Hamburg, Germany). The supernatant was transferred to a glass tube and
dried for 3 h under nitrogen at room temperature. The precipitate was
resuspended by vortexing for 1 min in 100 pl of LC-MS grade methanol
before being cleared in a 0.22-pm spin-X cellulose-acetate centrifuge filter
tube (CLS-8160; Sigma-Aldrich) in accordance with the manufacturer’s
instructions. Assay controls were constructed by spiking control (no AZ
exposure) AF and MP samples with 50 ng roxithromycin and AZ to give a
final AZ concentration of either 5,000 ng/ml or 50 ng/ml. Assay controls
were processed at the beginning and end of each sample preparation run.
AZ solution (0.5 pl; 20 pg/ml) and roxithromycin solution (0.5 pl; 2.5
pg/ml) were injected at the beginning of each LC-MS run and used to
confirm peak transitions. The interassay CV for pooled 5,000-ng/ml assay
control samples was determined to be 9.2% (n = 6). The CV for pooled
50-ng/ml assay control samples was determined to be 16.4% (n = 7). The
extraction efficiencies for pooled 5,000- and 50-ng/ml assay control sam-
ples were 88.8% (n = 6) and 74.6% (n = 7), respectively. The limit of
detection for fluid samples was determined to be <2 ng/ml by construct-
ing a one-sided 95% confidence interval from the mean value of blank
values based on the method described by Burd (33). Samples measured at
less than the limit of AZ detection were assigned an arbitrary concentra-
tion value of 0 ng/ml.

Tissue samples were processed for analysis based on the method de-
scribed by Hunter and colleagues (34). The tissue samples were defrosted
on wet ice, and 50 ng roxithromycin and 100 mg of tissue were added to a
Precellys MK28-R lysing tube (Bertin Corp., Rockville, MD) containing
LC-MS grade acetonitrile (Honeywell-Burdick and Jackson, Morristown,
NJ) to a final volume of 1,120 pl. The tissue was homogenized using two
cycles of 6,500 rpm for 30 s. Samples were incubated at 50°C for 1 h before
being centrifuged at 1,700 X g in an Eppendorf 5810R benchtop centri-
fuge for 20 min at 24°C. Supernatant (700 pl) was transferred into a glass
tube and dried under nitrogen for 3 h. The precipitate was resuspended in
100 pl of acetonitrile at 50°C, vortexed for 1 min, and cleared ina 0.22-pm
spin-X cellulose-acetate centrifuge filter tube (Sigma-Aldrich) in accor-
dance with the manufacturer’s instructions. AZ standards were con-
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TABLE 1 Fetal delivery data

Azithromycin Transfer in Second Trimester Pregnancy

Arterial cord blood

Autopsy time % Male Delivery wt No. with
AZ route (h) group fetuses (kg) pH pO, pCO, meconium/total
Single IA 4(n=>5) 60 0.33 £0.05 7.3 =£0.05 6.2 0.7 54.6 = 3.7 0/5

12(n=15) 0 0.36 = 0.10 7.4 * 0.04° 7.4 * 1.3° 52.2 38" 0/5

36 (n=15) 40 0.32 = 0.04 7.3 £ 0.06 8.9 * 1.57 58.0 * 7.7 0/5

72 (n=15) 40 0.34 = 0.03 7.3 £0.04 6.8 +23 56.2 = 4.2 0/5

120 (n =5) 80 0.43 = 0.06 7.3 £0.04 7.5 * 1.0° 61.0 = 3.3 0/5
12-h maternal i.v. 4(n=>5) 40 0.33 £ 0.03 7.3 £0.05 6.8 £0.8 58.0 £ 6.4 0/5

12(n=15) 40 0.31 = 0.01 7.3 £0.08 4.6 0.2 63.0 £ 11.0 1/5

36 (n=15) 20 0.35 £ 0.02 7.3 £ 0.06 54*04 59.4 * 6.6 0/5

72 (n=15) 60 0.34 £ 0.05 7.3 £0.04 6.9 £ 1.2 62.3 £ 6.6 0/5

120 (n = 4) 66" 0.42 *= 0.04 7.3 £0.05 51%x22 64.0 £ 7.9 0/4

“ Significant difference (P < 0.05) between time groups.
b Only 3 of the 4 fetuses in this group were sexed at autopsy.

structed in saline as a series of seven 10-fold dilutions from 20,000 ng/ml
to 0.2 ng/ml. One hundred microliters of thoroughly mixed standard was
added to 1,020 wl LC-MS grade acetonitrile containing 50 ng roxithromy-
cin and 100 mg control (no AZ exposure) tissue and processed as de-
scribed above. AZ standards were run in triplicate for fetal lung and fetal
liver analyses. AZ solution (0.5 wl; 20,000 ng/ml) and roxithromycin so-
lution (0.5 pl; 2.5 pg/ml) were injected at the beginning of each LC-MS
run and used to confirm peak transitions. The extraction efficiencies for
the 20,000-ng/ml and 2,000-ng/ml lung AZ standards were 99% (n = 6)
and 96% (n = 6), respectively. The extraction efficiencies for the 20,000-
ng/ml and 2,000-ng/ml liver AZ standards were 99% (n = 5) and 99%
(n = 3), respectively. The CVs for the 20,000-ng/ml and 2,000-ng/ml lung
AZ standards were 90% (n = 6) and 84% (n = 6), respectively. The CVs
for the 20,000-ng/ml and 2,000-ng/ml liver AZ standards were 89% (n =
5) and 80% (n = 3), respectively. The limit of detection for both liver and
lung samples was determined to be <200 ng/mg by constructing a one-
sided 95% confidence interval from the mean blank values based on the
method described by Burd (33). Samples measured at less than the limit of
AZ detection were assigned an arbitrary concentration value of 0 ng/ml.
The concentrations of the extracts were back-calculated to derive levels in
tissues as nanograms per gram tissue.

Separation was performed on a Kinetex (Phenomenex, Torrance, CA)
2.6-pum, 150- by 3.0-mm C,4 column. For the solvents, “A” was water
(Optima; ThermoFisher Scientific, Waltham, MA) plus 0.1% formic acid
and “B” was acetonitrile plus 0.1% formic acid (Honeywell-Burdick and
Jackson). Both solvents were LC-MS grade. The flow rate was 0.3 ml/min
with the following gradient: 0 min at 0% B, 7 min at 75% B, 8 min at 100%
B, 9 min at 100% B, 9.3 min at 0% B, and 12 min at 0% B. The total run
time was 12 min. The LC-MS system was an Agilent 1290 UPLC coupled
to an Agilent 6460 triple-quadrupole mass spectrometer (Agilent Tech-
nologies Inc., Santa Clara, CA). The mass spectrometer was operated un-
der the following conditions: gas temperature, 250°C; gas flow, 8 ml/min;
nebulizer, 35 Ib/in?; sheath gas temperature, 300°C; sheath gas flow, 10
liters/min; capillary, 4,000 V, The instrument was operated in positive
mode. The transitions monitored were 749.5 to 591.4 for AZ and 837.5 to
679.0 for roxithromycin, and in both cases, the collision energy was 15.
Extracted sample (0.1 pl) was injected onto the LC-MS. The data for
unknown, standard, and assay control samples (both AZ and roxithromycin
peak area values) were blank corrected. The AZ peak value was then divided
by the roxithromycin internal-standard peak value for that sample. Standard
sample ratio values were fitted to calibration curves (R* > 0.98), which were
used to determine the concentrations of unknown samples.

Pharmacokinetic analysis of amniotic fluid AZ data. Means and
standard deviations (SD) of AZ concentrations from each time point were
calculated. AF AZ values from the single A AZ administration group were
subjected to pharmacokinetic analysis using PKSolver (35). Model selec-
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tion (noncompartmental analysis or one- or two-compartment analysis)
was based on the calculation of the delta second-order Akaike’s informa-
tion criterion (A ;) (36). A two-compartment analysis was found to best
describe the peak AF data (0 to 120 h) from the single IA AZ administra-
tion group. Fetal lung and liver (ng/g)/plasma (ng/ml) AZ concentration
ratios were calculated for FP, MP, and AF values.

Statistics. All values represent means and SD. Analyses were performed
using IBM SPSS Statistics for Windows, version 20.0 (IBM Corporation, Ar-
monk, NY). Data were assessed for normality with Shapiro-Wilk tests. Puta-
tive outliers were assessed with Dixon’s Q test. Nonparametric data were
subjected to log, , transformation before distributions were reanalyzed. Mean
differences between groups were tested for significance with univariate anal-
ysis of variance (ANOVA). A P value of =0.05 was accepted as significant.
Homogeneity of variances was assessed using Levene’s test and by plotting
standardized residuals against a normal distribution curve. Interactions and
main effects were assessed for treatment (single IA versus repeated maternal
i.v. AZ), time (post-first dose), and treatment time.

RESULTS

Delivery data. Forty-nine of 50 fetuses survived their protocols.
One fetal death occurred after 60 h of repeated maternal i.v. AZ
treatment. No abnormalities were identified in any of the other 9
animals, which received 60 h or more of repeated maternal i.v. AZ
treatment. There was little difference in delivery weights across
treatment regimens or between treatment groups (Table 1). Small
but statistically significant differences in arterial cord blood pH,
pO,, and pCO, were observed in the IA AZ group. Only one ani-
mal had light meconium staining, possibly suggesting fetal dis-
tress.

Inflammation data. Complete and differential blood counts
remained broadly constant across the duration of individual treat-
ments and between the two treatment groups. Analysis of fetal
arterial cord blood neutrophil concentrations demonstrated sig-
nificant differences between treatment times (P = 0.029) and
treatment groups (P = 0.027) but no interaction between the two
variables (P = 0.351). Pairwise comparisons demonstrated a sig-
nificant difference (5.3 X 10”7 = 4 X 107 versus 14.4 X 107 = 10 X
107; P = 0.029) in the neutrophil concentrations of fetal arterial
cord blood at 120 h after treatment initiation between the single IA
AZ and repeated maternal i.v. AZ groups, respectively. The fetal
arterial cord blood neutrophil concentration was also significantly
increased (14.4 X 107 = 10 X 107 versus 5.4 X 107 = 3.8 X 107;
P = 0.031) at 120 h relative to the concentration at 36 h in the
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FIG 1 Concentrations of leukocytes in fetal arterial cord blood at 36 h (A) and 120 h (B). Blue symbols, single IA AZ administration; orange symbols, repeated
maternal i.v. AZ administrations. The horizontal bars represent group means. *, significant difference (P < 0.05) in neutrophil concentrations in fetal arterial
cord blood at 120 h after treatment initiation between the single IA AZ and repeated maternal i.v. AZ groups; +, significant difference (P < 0.05) in the neutrophil
concentration at 120 h relative to the concentration at 36 h in the repeated maternal i.v. AZ group. NEUT, neutrophils; LYMPH, lymphocytes; MONO,

monocytes; EOSIN, eosinophils.

repeated maternal i.v. AZ group. No other significant differences
were identified between fetal arterial cord blood lymphocyte,
monocyte, or eosinophil concentrations at any time point in ei-
ther treatment group (Fig. 1). No MCP-1 protein was detected in
the AF of animals in either the single IA or repeated maternal i.v.
AZ group.

Hepatotoxicity data. Little difference was observed in the con-
centrations of selected liver injury markers across the duration of
treatments and between the two treatment groups. Analysis of
markers of hepatotoxicity (Fig. 2) in fetal arterial cord blood dem-
onstrated a statistically significant difference between treatment
times for AST (P = 0.002) and a significant interaction between
treatment group and treatment time for AST (P = 0.013), GGT
(P =10.012), and TB (P = 0.016). Pairwise comparisons demon-
strated small but significant increases in AST at 12 h (30.8 * 5.1
versus 17.2 = 2.3 U/liter; P = 0.002), GGT at4 h (7.4 = 1.5 versus
3.4 = 0.6 Ulliter; P = 0.004), and TB at 4 h (12.0 * 3.0 versus
7.0 = 3.1 wmol/liter; P = 0.013) and 36 h (7.0 = 4.0 versus 11.2 *
4.2 pmol/liter; P = 0.015) between single IA AZ and repeated
maternal i.v. treatment groups, respectively. There was no overt
liver pathology identified at autopsy, suggesting that the small
differences identified in serum injury markers are unlikely to be of
biological relevance.

Amniotic fluid azithromycin concentration. The pharmaco-
kinetic parameters for peak AF AZ concentrations (0 to 120 h) in
the single IA AZ group are given in Table 2. Single IA AZ admin-
istration achieved high AF concentrations of AZ, with a C,,,,
(maximum concentration of drug in serum) of 25.6 pg/ml and a
Tax (time to maximum concentration of drug in serum) 0of 0.16 h
(Fig. 3A). AF AZ concentrations remained above the AZ MIC for
Ureaplasma spp. for at least 72 h. In contrast, repeated maternal
i.v. AZ administration resulted in little initial AF AZ accumula-
tion. After 24 h of treatment, an apparent accumulation of AZ in
the AF was observed over the next 4 days of treatment to yield a
trough value of 111.0 * 13.1 ng/ml AZ at 120 h (Fig. 3A). Analysis
of AZ concentrations demonstrated significant differences be-
tween treatment groups (P = 0.000) and treatment times (P =
0.000) and significant interaction (P = 0.000) between the two
variables. Pairwise analysis demonstrated a statistically significant
(P < 0.015) difference in AF AZ concentrations between treat-

6584 aac.asm.org

ment groups from 2 h to 24 h but no significant difference in AF
AZ concentrations at later time points.

Maternal plasma azithromycin concentration. Assuming a
MIC of 0.5 pg/ml against Ureaplasma spp. (19), single IA AZ
administration did not achieve AZ concentrations of greater than
or equal to the MIC in the MP at any time point (Fig. 3B). The
highest MP AZ concentration achieved was 10.0 = 11.4 ng/ml at 6
h (0.23% of a comparable AF AZ concentration), suggesting that
the rate of transfer between the AF and MP was insufficient to
meaningfully increase MP AZ levels at the time points analyzed.
Repeated maternal i.v. AZ administrations resulted in transient
therapeutic concentrations in the MP. All MP AZ concentrations
after 12 h represent trough concentrations (12 h after the last i.v.
dose, taken immediately before the next i.v. AZ administration)
(Fig. 3B). Maternal i.v. AZ dosing every 12 h achieved AZ concen-
trations greater than or equal to the MIC in the MP at 2 h, 6 h, and
24 h and between 96 and 120 h of treatment. Trough concentra-
tions of 558.9 = 637.2 ng/ml at 96 h and 581.6 * 389.7 ng/ml at
120 h (compared with a peak C,,,, 0f 739.2 = 683.6 ng/ml at 2 h)
are suggestive of AZ accumulation over the treatment duration.
Analysis of AZ concentrations demonstrated significant differ-
ences for treatment time (P = 0.013) and treatment group (P =
0.000) and an interaction (P = 0.013) between the two variables.
Pairwise comparisons demonstrated a significant difference in
MP AZ concentrationsat 2h to 120 h (P < 0.05) between single IA
AZ and repeated maternal i.v. AZ administrations.

Fetal plasma azithromycin concentration. Despite achieving
high peak values in targeted compartments (AF/MP), FP AZ con-
centrations remained low in both treatment groups (Fig. 3C). The
highest measured FP concentration in the single IA AZ adminis-
tration group (36 h; 10.9 * 11.5 ng/ml) was just 0.73% of the
comparative AF AZ concentration. The highest measured FP con-
centration in the repeated maternal i.v. AZ administration group
(120 h; 74.2 * 26.8 ng/ml) was 13% of the comparative MP AZ
concentration. No observed FP AZ concentration from either
treatment group approached the MIC for Ureaplasma spp. Uni-
variate analysis of AZ concentrations demonstrated statistically
significant differences between treatment groups (P = 0.000) and
treatment times (P = 0.000) and a significant interaction between
the two variables (P = 0.000). Pairwise analysis demonstrated
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FIG 2 Concentrations of markers of liver injury in fetal arterial cord blood following single IA AZ (blue) and repeated maternal i.v. AZ (orange) administrations.
*, significant differences (P < 0.05) were identified in AST at 12 h, GGT at 4 h, and TB at 4 h and 36 h between single IA AZ and repeated maternal i.v. treatment

groups, respectively. The error bars indicate 1 SD.

statistically significant differences in FP AZ concentrations at 72 h
(7.3 £ 8.5 versus 46.2 = 25.5 ng/ml; P = 0.000) and 120 h (2.0 =
3.0 versus 74.2 * 26.8 ng/ml; P = 0.000) between single IA AZ and
repeated maternal i.v. AZ treatments, respectively. The FP AZ
concentration at 120 h in the repeated maternal i.v. AZ group was
significantly different from earlier FP AZ concentrations achieved
at4h, 12 h, 36 h, and 72 h (P = 0.000).

Fetal cerebrospinal fluid azithromycin concentration. Con-
centrations of AZ in the fetal CSF did not approach MIC levels at
any observed time point for either treatment group. Data from 12
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h and 72 h were not available for both groups and were excluded
from the analysis. No AZ was detected in the fetal CSF concentra-
tion in the single IA AZ group. The highest observed value in the
repeated maternal i.v. AZ group was 11.4 = 9.4 ng/ml at 120 h.
Fetal lung azithromycin concentration. Significant AZ accu-
mulation was observed in fetal lung tissue from both treatment
groups (Fig. 4A); the highest observed value in the single IA AZ
treatment group was 1,086.0 £ 582.8 ng/g at 36 h, and the highest
observed value in the repeated maternal i.v. AZ treatment group
was 3,088.3 = 556.1 ng/g at 72 h. Analysis of AZ concentrations
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TABLE 2 Amniotic fluid pharmacokinetic data following
administration of a single intra-amniotic bolus”

Parameter” Unit Value
Dose mg 6.40

A ng/ml 24,611.34
a liter/h 0.90

B ng/ml 4,934.30
B liter/h 0.03

k, liters/h 21.30
kio liter/h 0.14

ki, liter/h 0.61

kyy liter/h 0.18
o h 0.77
thop h 25.02
1ok h 0.032
VIF (mg)/(ng/ml) 0.00,022
CL/F (mg)/(ng/ml)/h 3.14E-05
V,IF (mg)/(ng/ml) 0.00,077
CL,/F (mg)/(ng/ml)/h 0.00,014
Toax h 0.16
Crnax pg/m - liter 25.62
AUC, , pg/ml - h 198.0
AUC, ., pg/ml-h 204.0
AUMC pg/ml - h? 6,460.50
MRT h 31.70

# Calculated from a two-compartment analysis using peak value data from 10 time
points (2 to 120 h).

b A, zero time intercept for « phase; e, distribution phase; B, zero time intercept for B
phase; B, elimination phase; k, first-order absorption rate constant; k,,, first-order
elimination rate constant; k, ,, first-order distribution rate constant; ,,,,, half-life at o
phase; )5, half-life at 3 phase; V/F, apparent volume of distribution; CL/F, apparent
clearance; CL,/F, intercompartmental clearance; AUC,_,, area under the concentration-
time curve from 0 h to ; AUC,,_.,, area under the concentration-time curve from 0 h to
infinity; AUMC, area under the first moment of the concentration-time curve; MRT,
mean residence time.

demonstrated statistically significant differences between treat-
ment groups (P = 0.000) and treatment times (P = 0.000) and a
significant interaction between the two variables. Pairwise analysis
demonstrated statistically significant differences in fetal lung AZ
concentrations at 12 h (1,063.0 = 252.2 ng/g versus 108.0 = 125.3
ng/g; P = 0.000), 72 h (654.0 £ 259.5 ng/g versus 3,088.3 = 556.1
ng/g; P = 0.000), and 120 h (390.4 = 68.1 ng/g versus,2883.4 *=
793.8 ng/g; P = 0.000) between single IA AZ and repeated mater-
nali.v. AZ treatments, respectively. The ratios of the fetal lung AZ
concentration to AF and FP (single IA AZ treatment animals) and
AF, FP, and MP (repeated maternal i.v. AZ animals) concentra-
tions are given in Table 3.

Fetal liver azithromycin concentration. As identified in the
fetal lung, significant AZ accumulation was observed in fetal liver
tissue from both treatment groups (Fig. 4B); the highest observed
value in the IA AZ treatment group was 3,030.0 = 2,813.0 ng/g at
12 h, and the highest observed value in the repeated maternal i.v.
AZ treatment group was 16,969.0 = 904.4 ng/g at 72 h. Analysis of
AZ concentrations demonstrated statistically significant differ-
ences between treatment groups (P = 0.000) and treatment times
(P = 0.000) and a significant interaction between the two vari-
ables. Pairwise analysis demonstrated statistically significant dif-
ferences in fetal liver AZ concentrations at 36 h (2,004.0 * 1,345.7
versus 8,554.0 * 1,907.7 ng/g; P = 0.000), 72 h (2,067 * 1,628.3
versus 16,969.0 = 904.4 ng/g; P = 0.000), and 120 h (2,318.0 =
814.0 versus 15,958.0 * 848.6 ng/g; P = 0.000) between single [A
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AZ and repeated maternal i.v. AZ treatments, respectively. The
ratios of the fetal liver AZ concentration to AF and FP concentra-
tions are given in Table 4.

DISCUSSION

Based on our data from 5 days of single IA AZ or repeated mater-
nali.v. AZ treatment, the primary findings of this study are (i) that
the rate of AZ transfer from the AF to the fetus following a single
IA AZ dose of 6.4 mg is insufficient to yield FP AZ levels greater
than or equal to the MIC for Ureaplasma spp.; (ii) although evi-
dence of FP accumulation emerged after 120 h of treatment, the
rate of AZ transfer from the maternal circulation to the fetus is
insufficient to yield fetal plasma AZ levels greater than or equal to
the MIC for Ureaplasma spp.; (iii) significant and sustained accu-
mulation of AZ was observed in the fetal lung and liver in the
repeated maternal i.v. AZ treatment group and, to a lesser extent,
in the single IA AZ treatment group; and (iv) the substantial ac-
cumulation of AZ in the fetal liver and lung in repeated maternal
i.v. AZ animals suggests that AZ transfer across the immature
second trimester fetal skin is limited relative to transplacental AZ
transfer.

Intrauterine infection is most commonly identified in cases of
PPROM and PTB prior to 32 weeks gestation (2, 6). Work in
nonhuman primates by Novy et al. and Grigsby et al. have under-
scored the importance of Ureaplasma spp. in preterm birth (37)
and demonstrated the potential utility of AZ for treatment of in-
trauterine infection in pregnancy (38). Current evidence suggests
that polymicrobial (39) infections are common and that the Urea-
plasma spp. are among the microorganisms most frequently iden-
tified in the AF (40). Given its ready availability, broad spectrum
of activity, low cost, and limited adverse side effect profile, AZ is
thus an attractive candidate antibiotic for use in early pregnancy.
AZ’s status as a generic drug also makes it an attractive option for
developing and low-income countries, the nations that report
some of the highest rates of preterm birth (1).

As such, a number of investigators have assessed the pharma-
cokinetics of AZ in gravid (29, 41) and nongravid (34, 42-44)
animal models, as well as in humans (14, 45, 46). Although the MP
pharmacokinetics of AZ in humans at term (45) and in the late
second trimester (46) are well described, there remains a lack of
data describing the fetal uptake of AZ in the second trimester of
pregnancy. This lack of data, combined with debate as to whether
AZ can cross the placenta in sufficient quantities to treat intra-
amniotic infection (41), has hindered the development of optimal
treatment regimens for common pregnancy pathogens, including
the Ureaplasma spp. In the present study, we aimed to determine
whether a single IA AZ dose or repeated maternal i.v. AZ doses
would yield therapeutic levels for the Ureaplasma spp. in an 80-
day GA ovine fetus.

Earlier in vitro studies using a noncirculating placental-perfu-
sion model to simulate chronic oral drug treatment suggested a
steady-state transplacental transfer rate of 2.6% (47). Noting that
the T, for a single 0.5-g oral dose of AZ is 2.5 h, analysis of
placental tissues and sera from 20 women with term pregnancies
given 1 g oral AZ demonstrated AF/maternal-serum and fetal-
serum/maternal-serum ratios of 49% and 6%, respectively, at 6 h
(45). The AF AZ pharmacokinetic data from the single IA AZ
treatment group in the present study were broadly in agreement
with our earlier data from third trimester sheep pregnancies, al-
beit with a longer half-life (¢,/,5) of 25.2 h and a mean residence
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FIG 3 Concentrations of AZ in AF (A), MP (B), and FP (C) following single IA AZ (blue) and repeated maternal i.v. AZ (orange) administrations. *, significant
differences (P < 0.05) in AZ concentrations between single IA AZ and repeated maternal i.v. AZ groups; +, significant differences (P < 0.05) between FP AZ
concentrations in the repeated maternal i.v. AZ group at 120 h and the repeated maternal i.v. AZ group at 4 to 72 h. The error bars indicate SD.

time of 31.7 h (29). With the unsurprising exception of AF in the
single IA AZ treatment group, AF and FP AZ levels remained low
and well below calculated MIC breakpoints for the Ureaplasma
spp. at all time points. However, there are strong data to suggest
that both tissue and fluid AZ concentrations should, where possi-
ble, be taken into account when estimating maternal-fetal transfer
and that MIC values determined in vitro may not accurately esti-
mate drug efficacy in vivo.

AZ pharmacokinetics are characterized by rapid and extensive
tissue accumulation in conjunction with low plasma concentra-
tions (44, 48). Ramsey and colleagues have suggested the impor-
tance of determining fetal tissue AZ concentrations to assist in
determining whether AZ should be recommended for use in treat-
ing perinatal infections (45). Davila and colleagues reported that
tissue (including lung and liver) AZ concentrations were higher
than serum concentrations in both rabbits and rats following oral
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dosing (49). Work by Girard et al. suggests that AZ is effective
against localized infections by Gram-positive and Gram-negative
bacteria in rodent models even when serum AZ concentrations are
below the MIC (50). In light of this, Escudero and colleagues have
noted that relying on serum AZ concentrations markedly under-
estimates therapeutic concentrations at the site of infection (48).

Recent work by Acosta et al. suggests that a similar pattern may
hold true for AF AZ concentrations. Using a late-pregnancy ma-
caque model, they used pharmacokinetic and pharmacodynamic
data to determine that an AF AZ concentration of 39 ng/ml (well
below the MIC of 0.5 pg/ml) was sufficient to eradicate 95% of the
10”7 CFU of the Ureaplasma parvum serovar 1 isolate used to es-
tablish intrauterine infection (41). Although the authors specu-
lated that differences between the AF pH and protein binding may
explain this discrepancy with in vitro broth microdilution MIC
assays, it is equally possible that significant AZ tissue accumula-
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FIG 4 Concentrations of AZ in fetal lung (A) and liver (B) following single IA AZ (blue) and repeated maternal i.v. AZ (orange) administrations. *, significant
difference (P < 0.05) in AZ concentrations between the single IA AZ and repeated maternal i.v. AZ groups. The error bars indicate SD.

tion (potentially assisted by AZ’s ability to concentrate in invading
immunocytes [44]) also contributes to effective treatment at sub-
MIC AF concentrations. Extrapolating from these data, therapeu-
tic AZ concentrations for Acosta and colleagues’ serovar 1 isolate
of U. parvum would have been achieved in the AF and FP in re-
peated maternal i.v. AZ treatment animals in the present study by
48 h and 72 h, respectively. For the single IA AZ treatment group,
predicted therapeutic concentrations of AZ in the AF would have
been maintained across the 120-h study, although FP AZ concen-
trations would have failed to reach the estimated 39 ng/ml neces-
sary to eradicate 95% of the inoculum.

The fetal liver and lung data in the present study suggest that
significant accumulation in fetal tissue rapidly occurs in the sec-
ond trimester in ovine pregnancy following maternal i.v. and, to a
lesser extent, [A AZ administration. In keeping with previous
studies (29, 45), accumulation in tissue was observed in tandem
with low apparent AZ levels in the fetal plasma. In the present
study, the concentrations of AZ in the fetal liver were between 52.3
and 1,185.1 times higher than fetal plasma AZ concentrations in
single IA AZ treatment animals and between 215.2 and 897.8
times higher than fetal plasma concentrations in repeated mater-
nal i.v. AZ treatment animals (Table 3). A similar pattern was
identified in the fetal lung; concentrations of AZ were between
96.1 and 199.6 times higher than plasma AZ concentrations in
single IA AZ treatment animals and between 38.9 and 85.9 times
higher than plasma AZ concentrations in repeated maternal i.v.
AZ treatment animals (Table 4). Similar values have been re-

TABLE 3 Ratios of fetal lung AZ concentrations to AF, FP, and MP AZ
concentrations

ported by other investigators. For example, Escudero and col-
leagues (48) cited work by Davila et al. (49), noting that “tissue/
serum ratios in liver, kidney, lung and ileum of 1381, 1171, 1261
and 1682, respectively, have been reported in rats after a single
(200 mg/kg) oral administration of azithromycin.” Similarly,
Foulds and colleagues have reported that AZ concentrations in
tissues commonly range from 10 to 100 times the serum AZ con-
centrations (51).

Whether the significant accumulation of AZ in tissue identified
in the present study also occurs at later gestation ages is a key
question. AZ clearance is known to be mediated, at least in part, by
two drug efflux transporters, P-glycoprotein (P-gp) (ABCBI1/
MDR1) and multidrug resistance protein 2 (MRP2) (ABCC2) (14,
52).P-gpisan ATP-dependent efflux pump that has been detected
in both the rodent and the human placenta. MRP2 is a transmem-
brane ATP-binding cassette transport protein that is found on the
apical membrane of syncytiotrophoblasts and the endothelium of
fetal blood vessels (52). It is hypothesized to act as an important
protective mechanism in the human placenta, limiting fetal expo-
sure to xenobiotics. The regulation of placental drug transport
pumps in pregnancy is both complex and likely dependent on a
host of variables, including tissue distribution, gestation, species,
hormonal levels, and the presence of infection (52). Work by No-
votna and colleagues (53) has demonstrated that, in the rat pla-
centa, P-gp is first detectable at 13 days GA, with significantly
higher expression peaking (in terms of both intensity and distri-
bution) close to term at 22 days GA. Interestingly, these data are in

TABLE 4 Ratios of fetal liver AZ concentrations to AF, FP, and MP AZ
concentrations

Ratio” Ratio”

Single IA AZ Repeated maternal i.v. AZ Single IA AZ Repeated maternal i.v. AZ
Time (h) AF FP AF FP MP Time (h) AF FP AF FP MP
4 0.1 96.1 1.1 4 0.1 52.3 96.3 5.5
12 0.3 130.3 1.1 12 0.8 371.3 14.4
36 0.7 99.7 57.2 85.9 1.9 36 0.7 184.1 598.3 897.8 20.3
72 0.7 89.8 30.6 66.8 132 72 2.2 283.9 168.3 366.9 72.3
120 2.0 199.6 26.0 38.9 5.0 120 11.7 1,185.1 143.8 215.2 27.4

“ Fetal lung AZ concentrations (ng/g) and AF, FP, and MP AZ concentrations (ng/ml).
The 36-, 72-, and 120-h values are minimum AZ concentrations for repeated maternal
i.v. AZ animals.
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“ Fetal liver AZ concentrations (ng/g) and AF, FP, and MP AZ concentrations (ng/ml).
The 36-, 72-, and 120-h values are minimum AZ concentrations for repeated maternal
i.v. AZ animals.
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contrast to findings from studies in human placental tissue (54, 55). A
recent study demonstrated that term (>37 weeks GA) human pla-
centa expressed approximately 4.4 times more MRP2 mRNA than
early (<32 weeks GA) placenta (56). It is tempting to speculate that
changes in the expression of placental drug efflux pumps may con-
tribute to different rates of maternal-fetal AZ transfer at different
gestational ages. In any case, these data add further weight to the
argument for employing gestation age-approriate animal models
when assessing drug therapies in pregnancy.

Despite achieving elevated concentrations in fetal tissue, nei-
ther AZ treatment group was associated with marked differences
in serum markers of liver injury, increases in AF MCP-1 protein
concentrations, or overt changes in circulating immunocyte pop-
ulations. These data suggest that there were no overt toxic re-
sponses following exposure of the fetus to sustained and elevated
concentrations of AZ early in pregnancy. The death of one fetus
(out of a study population of 50 animals) is well within the nor-
mal, expected pregnancy loss rate for our sheep model.

In this study, we used a sheep model of early pregnancy to
investigate the maternal-fetal transfer of AZ in early pregnancy
(80 days GA). The data suggest (i) that FP AZ concentrations
remain low following both single IA and repeated maternal i.v.
administrations; (ii) that AZ can cross the AF-exposed second
trimester epithelium (fetal skin, lung, and gut) to a limited extent,
accumulating in both the fetal lung and liver; (iii) that AZ accu-
mulates at high levels in the fetal lung and liver following maternal
i.v. administration, suggesting that maternal-fetal AZ transfer is
more effective than AF-fetal AZ transfer; and (iv) that when as-
sessing maternal-fetal drug transfer in pregnancy, fetal tissue ac-
cumulation, as well as fluid (FP, AF, or CSF) levels, should be
studied, especially for agents such as AZ with a known ability to
accumulate in tissues at high levels.

In extrapolating our findings, it is important to take into ac-
count the limitations of this study. First, ovine placentation is
rather different from that of humans (57). Second, the early GA of
the fetuses under investigation and a desire to assess tissue AZ
concentrations prevented us from utilizing chronically catheter-
ized preparations, necessitating a cross-sectional approach. Third,
comparing fluid and tissue concentrations with MIC values to
determine therapeutic efficacy must be done with some caution
due to differences in drug availability (58).

With these limitations in mind, we conclude that of the two AZ
delivery regimens assessed, repeated maternal i.v. AZ administra-
tion is likely the most useful and effective means of delivering AZ
to the fetus in the second trimester of pregnancy. IA AZ adminis-
tration did result in sustained AZ levels greater than or equal to the
MIC in the AF and fetal lung and liver uptake; however, repeated
maternal i.v. AZ dosing gave equivalent or higher AZ levels in the
fetal lung, fetal liver, FP, and AF after 36 h of treatment, in addi-
tion to AZ concentrations greater than or equal to the MIC in the
MP without the need for amniocentesis. Given reports of AZ ac-
cumulation in leukocytes, it would be of interest to determine the
impact of active uterine infection on maternal-fetal AZ transfer. It
would also be important to determine if the 48 to 72 h required for
maternal i.v. AZ administration to achieve therapeutic concentra-
tions in the AF and FP is fast enough to effectively treat intrauter-
ine infection and prevent fetal injury.

In conclusion, we suggest that additional studies are required
to better characterize in vivo AZ treatment efficacy, especially
against Ureaplasma sp. isolates that show AZ resistance in vitro, and
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also in cases of polymicrobial infections of the amniotic environment.
Furthermore, studies investigating the optimal maternal dosing re-
quired to safely minimize the time necessary to achieve therapeutic
fetal AZ concentrations would also be of benefit.
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