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Abstract

Objective—To determine the pharmacokinetics (PK) and placental transfer of intravenous (1V)
N-acetylcysteine (NAC) in mothers with a clinical diagnosis of chorioamnionitis and determine
the PK of IV NAC in their infants.

Study design—In this prospective, double blind study IV NAC 100 mg/kg/dose or saline was
administered within 4 hours of CA diagnosis to pregnant women =24 weeks gestation and then
every 6 hours until delivery. Maternal PK and placental transfer were determined with maternal
blood and matched maternal and cord venous blood. Neonatal PK estimates were determined from
IV NAC (12.5 - 25 mg/kg/dose) administered every 12 hours for 5 doses. Noncompartmental
analyses were performed for maternal and neonatal PK estimates.

Results—Eleven mothers (5 preterm, 6 near-term) and 12 infants (1 set of twins) received NAC.
Maternal clearance (CL) of NAC was faster than in non-pregnant adults, with a ty;, of 1.2 £ 0.2
hours. The NAC cord to maternal ratio was 1.4 + 0.8 suggesting rapid placental transfer and
slower rate of fetal CL. Neonatal PK estimates for near-term compared with preterm infants
showed a significantly shorter t1;, (5.1 vs.7.5 hours, respectively) and higher CL (53.7 vs. 45.0
mL/hr/kg, respectively).

Conclusions—Maternal CL and placental transfer of NAC was rapid with umbilical cord
concentrations frequently exceeding maternal concentrations. NAC administration to mothers with
CA achieves predictable NAC plasma concentrations in the fetus, indicating that antenatal
neuroprotection may be possible for these newborns at high risk for neuroinflammation.
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Chorioamnionitis (CA) is an acute inflammation of the amniotic and chorionic membranes,
typically due to an ascending bacterial infection in the setting of ruptured membranes. CA is
a common complication of pregnancy, affecting 1-4% of all births in the US, and is
associated with significant maternal and neonatal morbidity, regardless of gestational age.1 =3
Maternal inflammation with immune activation results in an increase in proinflammatory
mediators such as interleukins 1 and 6, and TNF-alpha which may stimulate the fetal
inflammatory response syndrome (FIRS). Aside from direct fetal infection and sepsis, FIRS
may result in cerebral white matter injury leading to the development of short and long-term
neurological sequelae.l: 4 CA is associated with cystic periventricular leukomalacia,
intraventricular hemorrhage (IVH) in preterm infants and cerebral palsy in both preterm and
term infants.3 -7 No accepted therapy for prevention or treatment of the inflammatory brain
injury is available to the developing fetus or neonate exposed to CA.

Protecting the brain from injury during the fetal, peripartum and neonatal period is critical to
improving short and long-term outcomes.8 Considering the inflammatory cytokine link in
fetal brain injury and the associated release of reactive oxygen species?, N-acetylcysteine
(NAC) has potential therapeutic use in this setting.1%-12 Investigations of NAC in an animal
model of CA and in hypoxic- ischemic brain injury have shown consistent
neuroprotection.}1-15 Prophylactic maternal NAC administration in rats significantly
reduces diffuse cerebral injury in offspring with maternal lipopolysaccharide induced
inflammation.1® However, for optimal neuroprotection, NAC must be administered before
the potentially hypoxic ischemic process of birth.14: 17

NAC, a precursor of reduced glutathione (GSH), has been in clinical use for more than thirty
years in the management of acetaminophen overdose and as a mucolytic agent. The
beneficial effects of NAC are thought to be mediated by scavenging free-radicals, reducing
oxidative stress by restoring intracellular GSH, modulating apoptosis, decreasing cytokine
expression and anti-inflammatory activity.18 Both pediatric and adult studies show a
favorable NAC safety profile with limited adverse effects. However, the antenatal
administration of a fetal neuroprotectant poses significant challenges when considering drug
safety, pharmacokinetics (PK) and efficacy in the maternal-fetal-neonatal setting.

Animal models of CA and available evidence in humans suggest NAC is a strong candidate
for further investigation as a potential neuroprotective agent for the fetus and newborn.1®
Our aim was to assess the PK of IV NAC administered to mothers with CA prior to delivery,
the placental transfer of NAC during a significant inflammatory process, and the neonatal
PK immediately after delivery.
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This prospective, double blind, pilot study was approved by the Medical University of South
Carolina’s Institutional Review Board, with written informed consent obtained for pregnant
women at gestational ages =24 completed weeks, who presented with clinical diagnosis of
CA. Clinical CA was defined as maternal fever >38°C in the presence of rupture of
membranes or two of the following: uterine tenderness, maternal white blood cell count
>15,000 cells/mm, fetal tachycardia >160 bpm, or malodorous amniotic fluid. Exclusion
criteria included: medication dependent asthma, sepsis, seizure disorder, suspected major
congenital abnormalities, fetal weight less than the 10t % for gestational age (GA),
indication for immediate delivery, or participation in another clinical trial. Exit criteria were
designated as bronchospasm requiring p-agonist treatment, refractory bleeding, refractory
hypotension or seizures.

Pregnant mothers were recruited concurrently in 2 parallel cohorts based on GA at
presentation: near-term/ term (term, =233 completed weeks of gestation) and preterm
(preterm, 24-32 completed weeks gestation). Gestational age cohorts were chosen based on
the expected decreased nephron numbers in preterm infants <32 completed weeks gestation
and a previous NAC PK study in preterm infants up to 31 weeks gestation.20: 21 Mothers and
their infants were randomized as a dyad to saline or NAC for the first 10 patients in each
gestational cohort for evaluation of safety, and then solely into the NAC group thereafter.
Maternal PK estimates were determined from IV NAC (100 mg/kg/dose) administered
within 4 hours of clinical diagnosis of CA. NAC was infused over 60 minutes every 6 hours
up to a total of 4 doses before delivery. Maternal dosing was determined from non-pregnant
adult studies recognizing the likelihood that PK estimates would be altered during
pregnancy.22 23 Neonatal PK data were generated from IV NAC (term, 25 mg/kg/dose;
preterm, 12.5 mg/kg/dose) administered over 60 minutes every 12 hours for 5 doses.
Neonatal NAC dosing was determined from a previous PK study in preterm infants with a
goal range for NAC plasma concentrations of 100 to 300 pmol/L.2L: 24 No cysteine
supplementation was added to neonatal parenteral nutrition solutions during the two days of
NAC administration. Only Investigational Pharmacy Services was aware of the
randomization status.

NAC Sampling and Analysis

Maternal venous blood for NAC plasma concentrations was drawn just prior to and at 30,
60, 120 and 180 minutes after the first NAC infusion. Two mothers had more than one dose
of NAC prior to delivery with trough levels measured prior to the second dose.
Simultaneous venous cord and maternal NAC venous levels were measured at delivery.
Neonatal venous NAC plasma levels were drawn just prior to and at 30 minutes, 8 hours and
12 hours after the first dose and just prior to the 3" and 4™ dose. Blood samples (0.8 mL/
sample) were collected in sodium EDTA tubes, immediately centrifuged and plasma stored
in polypropylene tubes at =70°C until analysis.
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Total NAC (ie, oxidized, reduced and protein-bound drug) plasma concentrations were
determined using a modified, reverse phase high performance liquid chromatography
method2> with penicillamine as the internal standard. Plasma samples were initially treated
with dithiothreitol to reduce available oxidized NAC (NAC,) and then derivatized with N-
(1-pyrenyl)maleimide (NPM). The NAC-NPM adduct was then analyzed by fluorescence
detection. The limit of sensitivity for the assay was 6.0 umol/L. The five-point standard
curve was linear and reproducible over the range of 60 to 3000 pmol/L (R? > 0.99). No
sample was used that was below the assay limit of sensitivity. The coefficients of variation
for the within-run and between-run precision were all less than 10%.

Pharmacokinetic Analyses

Results

The NAC plasma concentration-time data were analyzed using noncompartmental PK
methods (PK Solutions, version 2.0, Summit Research Services, Montrose, CO 81401). We
evaluated terminal elimination half-life (t1,), volume of distribution (Vd), and total body
clearance (CL). The terminal elimination rate constant (kel) was determined by linear
regression of the final linear portion of the natural log of the concentration-time curve for
concentrations in plasma. Venous umbilical cord to maternal venous blood NAC
concentration ratios at the time of delivery were used to characterize placental transfer. To
further examine placental transfer, the relationship between NAC cord concentrations and
the time from the end of maternal NAC infusion were compared. Only cord concentrations
from mothers that delivered after completing the first dose of NAC were used for this
analysis. The variables of interest from all patients were used to generate mean and standard
deviation (SD) values. Statistical comparisons were conducted using unpaired two-sided
Student’s T-test (GraphPad Prism 6, La Jolla, CA). A P value less than 0.05 was considered
significant.

A total of 22 mothers (12 preterm, 10 term) and 24 infants, including 2 sets of twins were
enrolled. There were no significant differences in demographic data between NAC and
control groups (Table I; available at www.jpeds.com). Two withdrawals occurred: one for
mother’s comfort level and one by study personnel for the presence of IVH on first cranial
ultrasound, prior to the first infant study dose. No participant met exit criteria. Eleven
mothers (6 preterm, 5 term) and 12 infants (1 set of preterm twins) received NAC (Table I).
Seven patients delivered after completing the first NAC dose. Two patients delivered during
the first NAC infusion. One patient delivered 30 minutes into the second NAC dose. One
patient delivered after the third NAC dose. No adverse effects were observed during NAC
administration to the mothers or their infants.

Maternal NAC plasma concentrations versus time profiles are shown in Figure 1, A and
individual PK estimates reported in Tables Il (available at www.jpeds.com) and IV. The
mean NAC concentration 30 min post infusion NAC was 1222 + 415 umol/L. No significant
differences were observed in PK estimates between the maternal-P and maternal-T patients
with the exception of Vd being larger in the maternal-P group (P = 0.03, R2 = 0.57).
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Neonatal NAC plasma concentrations versus time profiles are shown in Figure 1, B, with
individual PK estimates reported in Tables Il (available at www.jpeds.com) and IV.
Significant differences between preterm and term groups were found for GA, weight, t/,,
and CL. The PK estimates for term and preterm infants indicate that steady-state NAC
concentrations were achieved after 1 day and 2 days, respectively. NAC trough
concentrations at 48 hours for both the preterm and term groups (mean: 66.2 and 61.2
umol/L, respectively) were below the target trough of 100 pmol/L.

Nine NAC cord plasma concentrations matched to their respective maternal plasma
concentration (n=8, 1 pair twins) were measured (Figure 2). The mean maternal NAC
plasma concentration at time of delivery was 523 + 409 pmol/L (range: 110 to 1235 pmol/L)
which was similar to the mean cord concentration of 520 + 300 pmol/L (range: 190 to 1184
umol/L). The mean NAC cord to maternal ratio was 1.4 + 0.8. NAC cord concentration was
significantly associated (P = 0.0005, R2 = 0.8829) with the time from the end of maternal
NAC infusion providing an estimate on the level and duration of fetal NAC exposure from a
single maternal dose (Figure 3, A). An appreciation for the difference in NAC disposition
between the mother and the fetus is provided by the association between C: M and end of
maternal NAC infusion (Figure 3, B) showing an increasing C: M ratio with time.

Discussion

This pilot trial characterizes the disposition of IV NAC in mothers antenatally and their
infants postnatally. NAC maternal and venous cord concentrations at time of delivery
provide new insight into placental transfer, fetal exposure and possibly fetal metabolism.
The only previous investigation examining fetal exposure of NAC was in 4 pregnant women
receiving NAC as a treatment for acetaminophen toxicity. NAC was detected in cord blood
of three viable infants and cardiac blood from a fourth infant at autopsy. The paired
maternal-fetal total NAC concentrations were almost identical, documenting placental
transfer of NAC.26 Our study affirms placental transfer of NAC after maternal dosing. Fetal
NAC exposure occurs rapidly and was substantial after one maternal dose (Figure 3, A). The
difference in maternal and fetal disposition is evident with the increasing C: M NAC
concentration associated with time from end of maternal infusion (Figure 3, B). A decreased
fetal CL as compared with maternal CL supports the increasing C: M NAC concentration
with time. Many factors influence drug transfer across the placenta including uteroplacental
and umbilical blood flow, surface area for exchange, placental permeability in relation to
physicochemical properties of a drug (e.g., molecular weight, pKa, protein binding, lipid
solubility) and activity of specific transporter proteins in the placenta. Amino acids cross the
human placenta by one of twenty known active transport mechanisms present in the
maternal-facing apical membrane and fetal-facing basal membrane of the
syncytiotrophoblast.2” NAC, a derivative of naturally occurring amino acid L-cysteine, is
postulated to be transported by the L-system of amino acid transporters. Selective placental
transport of amino acids against a concentration gradient via the L-amino acid transporters
has been reported and is well characterized for some amino acids.28 Umbilical blood flow
has also been shown to directly influence the fetal to maternal enrichment of the essential
amino-acid leucine in normal pregnancies.2? However, we measured umbilical blood flow in
several participants prior to delivery and found no correlation with umbilical cord NAC
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levels. Also important in the antenatal dosing of NAC and placental transfer is the unique
physiology of umbilical blood flow. Drugs delivered by the umbilical vein are not subject to
first pass metabolism, as most blood from the ductus venosus flows through the patent
foramen ovale into the left atrium and shunts into the systemic circulation. This provides an
advantage in dosing the fetus in utero, as the highest concentrations of NAC will be directed
toward the cerebral circulation similar to intra-arterial delivery.30 PK variables, such as Vd
and CL, should be considered in characterizing placental transport in both the maternal and
fetal compartments both of which would influence the extent of permeation of a substance
across the placenta.2’: 31, 32

The PK of NAC during pregnancy has not been previously reported. In 17 non- pregnant
adults receiving IV NAC for acetaminophen overdose the t;/, , CL and Vd of total NAC was
5.7 hours , 190 mL/hr/kg and 0.54 L/kg, respectively.?2 Similar findings were reported for 6
healthy adult volunteers receiving IV NAC with a t1, of 5.6 hours, CL of 110 mL/hr/kg and
Vd of 0.47 L/kg for total NAC.23 Although the maternal Vd for IV NAC appears
comparable with previously reported values, the estimate of the mean terminal t;;, was
much shorter (mean: 1.2 vs. 6.02 hrs, respectively) and mean CL was double previously
reported values.23 Physiologic changes during pregnancy such as increased cardiac output,
blood volume, renal perfusion, hepatic blood flow, glomerular filtration, alterations in
protein binding and the presence of the fetal-placental unit may lead to pronounced
alterations in drug disposition.33: 34 Race was also considered as a possible factor that
influenced the PK with 8 of 11 mothers being African-American (Table I). However, our
sample size was not sufficient to answer this question. Our finding of a more rapid CL
suggests that maternal metabolism is increased and/or the fetal-placental unit is significantly
involved in the CL of maternal NAC.

Neonatal PK estimates for term infants showed a significantly shorter t;;, and higher CL
than the preterm infants. The estimates for ty;, reported for preterm patients were shorter
(mean: 7.5 vs. 11 hr) and CL rates higher (mean: 45 vs. 37 mL/hr/kg) than previously
reported in preterm infants of similar GA (27.7£2.0 wks) who received NAC by continuous
IV infusion.?! The longer t1/» in preterm patients is possibly due to immature deacetylation
activity and/ or reduced renal clearance.?3 The PK estimates for term and preterm infants
indicate that steady-state NAC concentrations were achieved after 1 day and 2 days,
respectively. Using the dosing scheme applied in this study, steady-state trough
concentrations will be approximately 60 pmol/L which is below the target goal of 100 to 300
umol/L for antioxidant treatment in a neonatal clinical trial for bronchopulmonary
dysplasia.2* This target concentration range was based on glutathione restoration in adult
myocardial infarction patients.3®

Preclinical studies show consistent neuroprotection with NAC in animal models of CA,
however, target plasma concentrations are not defined. NAC’s effect on redox regulation
can be measured to some extent in circulating leukocytes or even blood itself, but circulating
cysteine and total GSH levels are tightly regulated and show little difference in animal or
clinical studies of NAC.13 NAC’s restoration of the intracellular redox status in neurons,
astrocytes, oligodendroglia and their precursors, determines the extent of fetal and neonatal
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neuroprotection, which is perhaps best assessed in human infants by magnetic resonance
imaging techniques.

This was a pilot trial with a small sample size. Neonatal PK analyses were limited by the
amount of blood samples, particularly from preterm infants. Although we estimated total
NAC, this probably does not represent its true disposition in vivo. Because NAC is a
precursor to cysteine and glutathione biosynthesis, the plasma concentration of total NAC at
any time may not be a reliable index of its (or any substrates) biological activity at that time.
Before making dosing recommendations (maternal or neonatal) targeted NAC
concentrations have to be determined for fetal and infant neuroprotection. We are currently
engaged in these studies (animal and human), which are needed for successful clinical
translation.
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Figure 1.
A, Maternal NAC concentrations. B, Neonatal NAC concentrations.
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A, Relationship between NAC cord concentration and time to end of maternal infusion. B,
Relationship between C:M NAC concentrations and time to end of maternal infusion. 95%
Cl bands.
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Table |
Patient characteristics
NAC Control Total

Entry Strata:
Preterm mothers (n) 6 6 12
Preterm infants (n) 7 7 14

Gestational Age at Birth (wks) 28.1+1.8 29.4 +3.3 NS

Birth Weight (grams) 1207 £235 | 1339 462 NS
Term mothers (n) 5 5 10
Term infants (n) 5 5 10

Gestational Age at Birth (wks) 386+24 38.4+ 2.8 NS

Birth Weight (grams) 3451 +415 | 3150 +582 NS
Sex infants (male) 7 6 54%
Race of mothers:

African-American 8 3 50%

Caucasian 50%
Inclusion Criteria:
Fever 2100°F 3 6 9
Uterine Tenderness 4 5 9
WBC >15,000 cells/mm 5 3 8
Fetal tachycardia >160bpm 7 8 15
Malodorous amniotic fluid 3 2 5
Labor and Delivery:
Maternal BMI 35.4+9.0 29.7£5.2 NS
Antenatal Steroids 6 6 NS
Maternal antibiotic therapy 10 11 NS
Rupture of membranes (hrs) 69 (0-229) | 95 (0-322) NS

>18 hours 5 5 10
Mean hrs 1%t maternal Dose to delivery (range) | 2.9+2.2 18+18 NS#

(0-7) (0-5)

#excludes 2 NAC mothers who labored 17 & 32 hrs
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Table IV
Maternal and Neonatal NAC PK estimates
it Weight tip vd CL
Maternal (ka) (hrs) (L/kg) (mL/hr/kg)
1-M-P 129.0 NA NA NATT
2-M-P 108.0 11 0.43 264
3-M-P 63.0 11 0.54 331
4-M-P 95.0 NA NA NA*
5-M-P 106.5 17 0.49 198
6-M-P 87.3 0.9 0.39 290
P:Mean (SD) 98.1(22.2) | 1.2(0.31) | 0.46(0.07) | 271(56)
7-M-T 73.2 NA NA NAT
8-M-T 84.0 11 0.39 256
9-M-T 89.1 12 0.34 193
10-M-T 9.5 08 0.38 331
11-M-T 149.1 14 0.34 175
T:Mean (SD) 97(30) 1.1(0.2) | 0.36(0.03) | 239(71)
P+T Mean (SD) | 98(25) 1.2(0.2) | 0.41(0.07) | 255(61)
P value 0.95 0.60 0.03%t 0.53
ID Weight tun vd cL
Neonate (gm) (hrs) (L/kg) (mL/hr/kg)
1-B-P 1450 107 0.52 336
2a-B-P 1095 8.2 0.47 396
2b-B-P 1090 6.9 0.47 47.2
3-B-P 1310 NA NA NA™*
4-B-P 900 6.0 0.45 52.0
5-B-P 1550 56 0.42 51.9
6-B-P 1055 6.0 0.48 52.6
P:Mean (SD) | 1207(235) | 7.5(2.0) | 0.47(0.04) | 45.0(8.2)
7-B-T 3326 53 0.39 50.7
8-B-T 3940 4.0 0.30 52.2
9-B-T 3705 5.9 0.53 62.0
10-B-T 2842 3.9 0.38 73.0
11-B-T 3440 35 0.34 66.3
T Mean(SD) 3451(415) | 5.1(1.3) | 0.38(0.09) | 53.7(11.3)
P <0.0001F | 0.02tF | .09 0.021%

TM, maternal; P, preterm; T, term
- . . s
Delivered 40 minutes into NAC infusion
*
Delivered 9 minutes into NAC infusion

¢Stopped collecting NAC samples at delivery
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iiP vs. T Student t-test

**
Withdrawn due to IVH
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