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Abstract

Hydralazine, an antihypertensive agent used during pregnancy, undergoes A-acetylation primarily
via N-acetyltransferase 2 (NAT2) to form 3-methyl-1,2,4-triazolo[3,4-a]phthalazine (MTP). To
characterize the steady-state pharmacokinetics (PK) of hydralazine during pregnancy and evaluate
the effects of NAT2 genotype on hydralazine and MTP PK during pregnancy, 12 pregnant subjects
received oral hydralazine (5-25 mg every 6 hours) in mid- (n=5) and/or late-pregnancy (n=8).
Serial blood samples were collected over one dosing interval, and steady-state non-compartmental
PK parameters were estimated. Subjects were classified as either rapid acetylators (RA, n=6) or
slow acetylators (SA, n=6) based on NAT2 genotype. During pregnancy, when compared to the SA
group, the RA group had faster weight-adjusted hydralazine apparent oral clearance (70.0 £ 13.6
vs 20.1 £ 6.9 L/h, p<.05), lower dose-normalized area under the concentration-time curve (AUC)
(1.5+0.8vs 5.9 +£3.7 ng*h/mL, p < .05), lower dose-normalized peak concentrations (0.77 + 0.51
vs 4.04 £ 3.18 ng/mL, p < .05), and larger weight-adjusted apparent oral volume of distribution
(302 £ 112 vs 116 + 45 L/Kg, p < .05). Furthermore, the MTP/hydralazine AUC ratio was ~10-fold
higher in the RA group (78 £ 30 vs 8 + 3, p < .05) than in the SA group. No gestational age or
dose-dependent effects were observed, possibly due to the small sample size. This study describes
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for the first time, the PK of oral hydralazine and its metabolite, MTP, during pregnancy, and
confirmed that the PK of oral hydralazine is NAT2 genotype dependent during pregnancy.
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Introduction

Hypertensive disorders during pregnancy include gestational hypertension, chronic
hypertension, preeclampsia, and chronic hypertension with superimposed preeclampsia.
These disorders have been on the rise over the past two decades and affect up to 10% of
pregnant women-3. Some of the complications associated with severe hypertensive
disorders in pregnancy includes placental abruption, kidney injury, liver injury, cerebral
hemorrhage, seizures, fetal growth restriction, preterm birth, and in some cases maternal or
fetal demise®. Treatment initiation criteria and hypertension management approaches
vary*~’. Among other drugs, hydralazine is one of the antihypertensive drugs recommended
by The American College of Obstetricians and Gynecologists for pregnant women due to its
efficacy in lowering total peripheral resistance (TPR) and relative safety for the mother and
fetus®.

The parent compound, hydralazine, is responsible for the significant decrease in systemic
vascular resistance, mean arterial pressure, compensatory increase in cardiac output, and
stroke volume®. It is extensively metabolized and only 10% of unchanged drug is recovered
in the urine®. Hydralazine is highly protein bound and unstable in blood under physiological
conditions0. The predominate circulating form (>90%) is the acid-labile inactive metabolite
hydralazine pyruvic acid hydrazone (HPH)1-13, However, only 6% of an oral dose is
recovered in the urine as HPH4. In addition, hydralazine readily forms another acetone
hydrazone (HAH) that is reportedly equipotent as the parent compound®16. Iwaki et al.
reported that HAH is capable of reacting with pyruvic acid and forming HPH1’. Despite
being pharmacologically active, HAH does not circulate abundantly due to its instability /n
vivo and thus generally considered a minor contributor to the overall anti-hypertensive
effect®17.18_ Descriptions of hydralazine PK have varied over time due to lack of specificity
of early hydralazine assays, which failed to avoid the acid-catalyzed hydrolysis of HPH to
release hydralazine during derivatization reactions; as a result, earlier quantification of
plasma hydralazine concentrations were, in reality, a combination of the parent compound
and the acid-labile hydrazones112, This was later referred to as “apparent” hydralazine. The
majority of the dose was recovered in the urine as the inactive sequential metabolites of 3-
methyl-1,2,4-triazolo[3,4-a]phthalazine (MTP)°. MTP formation occurs via A-
acetyltransferase 2 (NAT2)19:20, MTP is further hydroxylated and eliminated as glucuronide
conjugates. A summary of the metabolic pathway schematic is shown in Figure 1. NAT2 is a
genetically determined polymorphic enzyme. In non-pregnant subjects, hydralazine plasma
concentrations reportedly varied up to 15-fold between slow and rapid acetylator
phenotypes?1-25, Higher frequency of hydralazine induced adverse effects, including
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systemic lupus erythematosus, has been reported in non-pregnant NAT2 slow acetylators
compared to rapid acetylators22. In the same study, NAT2 rapid acetylators failed to achieve
adequate blood pressure reduction with hydralazine?2. Both increased risk of adverse effects
in slow acetylators and reduced efficacy in rapid acetylators suggest a significant role of
NAT2 genotype in hydralazine PK and variation in response.

As a result of NAT2-mediated polymorphic first-pass metabolism, the systemic oral
bioavailability of parent drug is ~16% for rapid acetylators and ~35% for slow acetylators in
non-pregnant individuals2®. This difference in first-pass metabolism can be explained by
genetically determined differential expression of NAT? in the intestines and liver2’=29, In
non-pregnant adults, the peak plasma concentration of hydralazine occurs within an hour
after dose, and the elimination half-life typically ranges from 1 to 4 hours13.30.:31,

Earlier studies of hydralazine exposure during gestation were limited to blood samples
collected at the time of delivery or postpartum32:33, These studies demonstrated trans-
placental fetal exposure to hydralazine with mean umbilical cord-to-maternal plasma
concentration ratio of 2 + 2.5 at the time of birth. Postpartum studies have reported the
presence of hydralazine in the breast milk with mean breast milk-to-maternal plasma
concentration ratio of 0.8 + 0.532:33, Rigorous intensive sampling PK studies of hydralazine
and its metabolites during pregnancy have not been reported. Although the impact of NAT2
genotype on hydralazine PK has been studied in the non-pregnant population, little is known
regarding the effect of NAT2 on hydralazine and its metabolites during pregnancy. The main
objective of our study was to describe the PK of hydralazine during pregnancy and evaluate
the effects of NAT2 genotype on steady-state PK of hydralazine and its metabolite MTP
during pregnancy.

Materials and Methods

Subjects.

The study was approved by the institutional review board at the University of Washington
and was conducted in accordance with its guidelines. Written informed consent was
obtained from all subjects. We examined steady-state, whole blood hydralazine and plasma
MTP PK in 12 pregnant women receiving hydralazine for therapeutic reasons. Women who
had hematocrits less than 28% were excluded from the study.

Dosing regimen.

Oral hydralazine hydrochloride (5 — 25 mg four times daily) was prescribed to women with
hypertension, and dosages titrated according to clinical need without regard to the study. As
previously described, a validated, noninvasive, Doppler technique (Ultracom Cardiac Output
Monitor, Laurence Medical, Redmond WA) was utilized to measure hemodynamics prior to
and during oral hydralazine treatment for clinical titration of antihypertensive agents34.
Hemodynamic measurements were collected for clinical purposes. The timing relative to
dosing was variable and not specified. The oral hydralazine tablets [Teva Pharmaceutical
Industries (Petah Tikva, Israel)] were provided by the investigators for the 3 days prior to the
study day and dosing times were recorded on a calendar during this time period. Calendar
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checks and pill counts were conducted to assess adherence. Hydralazine was taken every 6
hours for the 3 days prior to the study. As food is known to increase absorption of
hydralazine3>-39, subjects were asked to fast for at least 5 hours prior to study dose
administration on the day of the PK study, and for another hour post-dosing to minimize
food interaction effects. Participants were encouraged to drink clear liquids during the
fasting period.

Sample Collection and Analysis.

Serial blood samples were collected from an indwelling venous catheter over one dosing
interval (pre-dose, then 0.5, 1, 1.5, 2, 3, 4 and 6 hours after dosing) to determine hydralazine
and MTP steady-state concentrations. Five subjects completed mid- (22—-26 weeks gestation)
and 8 subjects completed late-pregnancy (30-38 weeks gestation) study days. Of these
participants, one subject completed both mid- and late-pregnancy studies. Concomitant
medications were also recorded. One subject’s samples had to be collected over three dosing
intervals due to the subject’s clinical situation, but maintained every 6 hour dosing
throughout the study period.

Semple et al. previously reported an HPLC-UV assay for hydralazine in blood as its stable
p-nitrobenzaldehyde hydrazone with the distinct advantages of avoiding hydrolysis of acid-
labile hydrazone metabolites by achieving rapid and quantitative derivatization at
physiological pH, and having a stable hydrazine derivative that allowed derivatized blood
samples to be stored at =80 °C for long periods of time pending further processing and
analysis®. We improved the specificity and sensitivity of the assay by deploying mass
spectrometric detection. Furthermore, all blood samples were derivatized immediately upon
their collection to minimize instability of hydralazine in blood. The A-acetylated metabolite
MTP in plasma was analyzed by adapting the procedure described by Reece et al. to an LC-
MS/MS method. Handling, processing and analysis of blood and plasma samples for the
respective measurement of hydralazine and MTP are briefly described below*L.

Whole blood was collected in EDTA vacutainer tubes, which stabilizes the chemical
integrity of hydralazine, and placed into wet ice. Immediately after collection, 1 mL of the
whole blood was added to a 15 mL polypropylene centrifuge tube containing 1 mL of 0.1 M
sodium citrate (pH 6) and 75 L of 0.1 mg/mL p-nitrobenzaldehyde in dioxane®C. Duplicate
tubes were prepared. Internal standard (40 ng 1-hydrazino-4-methyl phthalazine in acidified
methanol) was added to each tube. The samples were then vortexed vigorously, placed on a
horizontal rocker-shaker and mixed gently at room temperature for 45 min. The samples
were then immediately frozen on dry ice. Samples were stored at —80° C for 4-14 months
for 9 subjects and 2.5-3 years for 4 subjects until extraction and analysis. Stability testing
over two years showed minimal to no degradation. Remaining whole blood was centrifuged
at 1500 x g for 5 min at 4° C. Calibration and quality assurance samples were prepared by
spiking plasma with MTP (5 — 250 ng/mL) and treating in the same fashion as a subject
sample.

Buccal swab samples were collected from each subject and frozen at —80° C for 2—6 years
until DNA extraction and analysis.
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Sample Extraction.

For hydralazine, 5 mL of 98.5:1.5 heptane:isoamyl alcohol was added to each calibration,
quality assurance and subject sample. They were placed on a reciprocating shaker set at 250
cycles per minute for 20 minutes at room temperature, and centrifuged at 2000 x g for 5
minutes. Tubes were then frozen on dry ice, and organic layer decanted to 12 x 75 mm
culture tubes. Another 3 mL of 98.5:1.5 heptane:isoamy! alcohol was added to the frozen
aqueous layer, allowed to thaw either at room temperature or in a tepid water bath, and the
extraction procedure was repeated. Combined heptane:isoamyl alcohol extracts were
evaporated under a gentle stream of air at 35-40° C, and reconstituted in 100 L acetonitrile.
Reconstituted extracts were transferred to 96-well plate, and 2 L was injected onto the
high-performance liquid chromatography (LC) system with mass spectrometry (MS)
detection.

For MTP, internal standard (40 ng 3-trifluoromethyl-s-triazolo[3,4a ]phthalazine or MTP-F3)
in 0.25 mL of 0.1 M borate buffer (pH 8.9) and 3 mL ethyl acetate was added to calibration,
quality assurance, and subject samples. Samples were extracted in a similar manner as with
hydralazine, but the residue reconstituted in 125 uL of 50:50 0.1% formic acid in
water:methanol. The extract was transferred to a 0.5 mL micro-centrifuge tube and
centrifuged at 14,000 x g for 10 minutes at 4° C. The extract was then transferred to 96-well
plate, and 2 UL was injected onto the LC-MS/MS.

Whole Blood Hydralazine and Plasma MTP LC-MS Analysis.

Hydralazine concentrations and internal standards were detected and quantified as p-
nitrobenzaldehyde hydrazones, and analyzed using an AB Sciex QTRAP 6500 LC-MS/MS
(Concord, ON Canada). HPLC separation was achieved on an Agilent SB-Phenyl column
(150mm x 2.1mm x 5 pm; Agilent Technologies, Santa Clara, CA) maintained at 30° C. The
mobile phase consisted of A) 30% 20 mM ammonium formate (pH 3.3), and B) 70%
methanol delivered isocratically in a proportion of 30:70; flow rate was set at 0.3 mL/min.
Total run time was 6 minutes, and sample tray was kept at 4° C. The mass spectrometer was
operated in positive API-ES mode. Multiple reaction monitoring transitions for hydralazine
and internal standard (1-hydrazino-4-methyl phthalazine) were m/z 294.0 > 145.1 and m/z
308.2 > 158.9, respectively. Mass spectrometer conditions were optimized to the following
conditions: 350° C drying gas temperature, 100° C quadrupole temperature, 10 L/min
nitrogen drying gas flow rate, 35 psi nebulizer pressure, 3200 V capillary voltage.
Fragmentor voltage was 135 V for hydralazine and 125 V for the internal standard. Collision
energy was 20 V for hydralazine and 24 V for the internal standard. Dwell time was 100
msec for both. Retention time for hydralazine was 3.7 min and for internal standard was 4.0
min. The relationship between peak area ratio for hydralazine to 1-hydrazino-4-methyl
phthalazine and hydralazine concentration was analyzed by second order polynomial
regression that included origin and 1/x weighting to determine the respective coefficients of
the calibration curve. The limit of detection was 0.02 ng/mL and limit of quantification was
0.04 ng/mL. The coefficient of variance for both were under 20% at respective signal-to-
noise ratio of 24:1 and 49.2:1.
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For MTP LC-MS/MS analysis, an Agilent Technologies (Santa Clara, CA) 1100 series
HPLC coupled to a model G1946D mass spectrometer was used. Agilent Chemstation
(version B.03.02) was used for instrument control. HPLC was performed on an Advanced
Chromatography Technologies (Aberdeen, Scotland) ACE C8 column (150 mm x 2.1 mm x
3 um) maintained at 3° C. The mobile phase consisted of A) 0.1% formic acid in water and
B) methanol delivered isocratically at a 50:50 proportion. The flow rate was 0.25 mL/min,
and the autosampler tray was kept at 4° C. Total run time was 8.5 min. The mass
spectrometer was operated in positive electrospray mode and selected ion monitoring (SIM)
was used in unit resolution. The transition ions monitored for MTP and its internal standard
(MTP-F3) were m/z185.0 and m/z 239.0, respectively. Mass spectrometer conditions were
identical to that of hydralazine analysis method, except that capillary voltage was 1000 V.
The fragmentor voltage for MTP was 160 V and for internal standard was 60 V. Dwell time
was 289 msec for both. Retention time for MTP was 3.1 min, and for MTP-F3 was 5.1 min.
Quantification of MTP was performed in the same fashion as hydralazine. Limit of detection
and quantification for MTP was 1.5 ng/mL, with coefficient of variance under 5% at
respective signal-to-noise ratio of 6.6:1 and 19.8:1.

NAT2 Genotyping Analysis and Inferred Phenotype.

Buccal cell DNA was isolated using QIAGEN DNeasy Blood & Tissue Kit (Hilden,
Germany) according to manufacturer’s instructions. Single nucleotide polymorphisms (SNP)
in the MATZ coding region and their corresponding haplotypes were determined using four-
SNP assays, i.e., rs181280, ¢.341T>C; rs1799930, ¢.590G>A,; rs1799931, c.857G>A;
rs1801279, ¢.191G>A, with TagMan Assays from Thermo Fisher Scientific (Waltham, MA).
Subjects were classified as slow acetylators (SA) if they had 2 reduced-activity NAT2alleles
(*5, *6, *7, or *14), or rapid acetylators (RA) if they carried 1 reduced-activity allele and 1
fully functional allele (*4), or 2 fully functional alleles*2.

Pharmacokinetic Analysis.

Non-compartmental, steady-state PK parameters were estimated using Phoenix WinNonlin
(Princeton, NJ). Steady-state area under the concentration-time curve (AUC_5) was
calculated using linear trapezoidal method for ascending concentrations and log trapezoidal
method for descending concentrations over one dosing interval (0-6 hours). Apparent oral
clearance was determined by CL/F = dose/AUC_5S and apparent oral volume of distribution
by V,/F= (CL/F)/kg, in which kg was the elimination rate constant estimated using log-
linear regression of terminal decline in concentration and F was bioavailability. The terminal
elimination half-life was determined by ty2 ; = In(2)/Kel. Tmax and Cpax Were determined
directly from the concentration-time profiles. The metabolite to parent area under the
concentration-time curve ratio was calculated using AUC3(MTP)/AUC%(hydralazine).
Actual body weight for each participant was used for weight adjusted parameter estimates.
For comparison purposes, AUC and Cyax Were dose-normalized to 10-mg every 6 hours. For
one subject with a measured concentration just below the limit of quantification, group PK
analyses were performed including and excluding the data point. Because inclusion of the
measured concentration below limit of quantification did not alter group PK means, we
included this data point in the final analysis.

J Clin Pharmacol. Author manuscript; available in PMC 2020 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Han et al.

Page 7

Statistical Analysis.

Results

Mann-Whitney U'tests were performed to compare PK parameter estimates between RAs
and SAs. Linear regression with multiple variables was used to analyze the relationship
between PK estimates and the subjects” NAT2 status, gestational age and dose. Only one
subject had repeat measurements in mid- and late- pregnancy. Her PK estimates were
considered independently for gestational age-dependent PK comparisons. In addition, the
average of both of her mid- and late- pregnancy PK estimates was used for NAT2 genotype-
dependent PK comparison. All data analyses were performed with GraphPad Prism (La
Jolla, CA) and R*3. Results are reported as means + SD unless otherwise stated, and p < .05
was considered significant.

A total of 13 pregnant women consented, but only 12 (7 non-Hispanic White, 3 Asian, and 2
Native Hawaiian/other Pacific Islander) completed at least 1 study day. Among the 12
subjects, 6 were identified as RAs (MATZ genotypes *4/*5in 2, *4/*6in 3, and *4/*7in 1)
and 6 were identified as SAs (MATZ2 genotypes *5/%5in 1, *5/*6in 2, *5/*%7in 1, and *6/*6
in 2). Five subjects were mid-pregnancy at the time of study, and eight were late-pregnancy.
Table 1 presents the demographics for subjects studied in mid- and late-pregnancy. There
were no significant differences in age, height, weight, or wrist circumferences between RAs
and SAs. There was no significant difference between mid-pregnancy and late-pregnancy in
body weight (122 + 41 kg vs 108 + 38 kg) or age (32 = 5.9 yrs vs 35 £ 8.3 yrs). The average
height, weight and wrist circumference of all subjects were 163 £ 6 cm, 113 + 38 kg and 6.3
+ 0.8 inches, respectively. The hydralazine dosage ranged from 5 to 25 mg orally every 6
hours. There was no statistical difference between doses taken by RAs versus SAs (10.7
+6.7mgvs 17.5 + 8.2 mg, p=.1). All subjects were also taking atenolol as a part of their
hypertension management. Similarly, there was no difference in atenolol dosage taken by
RAs compared to SAs, when considered alone or in combination with hydralazine dose (p
=.7and p =1, respectively) (see Table 1 for doses). None of the concomitant medication or
supplements taken by the subjects had known drug interactions with hydralazine PK, and a
list of concomitant medications are included in Supplemental Table 1. No significant
difference was seen based on acetylator status in total peripheral resistance at baseline (RA:
1074 + 192 dyneesececm™ vs SA: 1232 + 253 dyneesececm™, p = .3) or with hydralazine
(RA: 949 + 237 dyneesececm™ vs SA: 1209 + 295 dynessececm™>, p=.1). There was also
no difference in the change in TPR with hydralazine (RA: =125 + 272 dyneesececm™ vs
SA: —23 + 130 dyneesececm™, p=.5). No significant difference was seen based on
acetylator status in mean arterial pressure (MAP) at baseline (RA: 101 + 9 mm Hg vs SA:
100 £ 8 mm Hg, p = .8) or with hydralazine (RA: 92 £ 6 mm Hg vs SA: 99 + 10 mm Hg, p
=.2). There was also no difference in change in MAP with hydralazine (RA: -9 £ 12 mm
Hg vs SA: -1 £ 9 mm Hg, p=.3). No difference was observed based on acetylator status in
heart rate (HR) at baseline (RA: 77 £ 4 BPM vs SA: 73 + 8 BPM, p=.4) or with
hydralazine (RA: 69 = 9 BPM vs SA: 77 + 6 BPM, p=.1). There was also no significant
difference in change in HR with hydralazine (RA: -8 + 10 BPM vs SA: 5+ 13 BPM, p=.
1).
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Mean steady-state, concentration-time profiles for hydralazine comparing RAs and SAs are
depicted in Figure 2, and all PK parameter estimates are summarized in Table 2. In SAs,
mean hydralazine dose-normalized AUC.*® was 408% larger (p < .05), dose-normalized
Cmax 525% higher (p <.05), weight-adjusted CL/F 71% slower (p <.05), and weight-
adjusted V,/F was 68% smaller (o < .05) than in RAs.

Figure 3 depicts the mean, dose-normalized, steady-state plasma MTP concentration-time
profiles for RAs and SAs. In SAs, mean MTP dose-normalized Cmax was 53% lower (p< .
05), and steady-state, dose-normalized AUC was 52% smaller (p < .05) than in RAs. Mean
MTP/hydralazine AUC ratio among the SAs was 10% that of the RAs (p < .05). Terminal
half-life was similar in SAs and RAs (p = .6), and comparable to that of parent hydralazine.

Blood or plasma concentration-time curves for the subject that completed mid- and late-
pregnancy study days are depicted in Figure 4A for hydralazine and in Figure 4B for MTP.
This subject took the same hydralazine dose (10 mg every 6 hours) during both mid- and
late-pregnancy studies. Hydralazine apparent oral clearance adjusted for weight in mid- and
late pregnancy were 85.4 and 81.3 L/h/kg, respectively. Hydralazine area under the
concentration-time curve was 0.6 ngeh/mL for both mid- and late pregnancy. Elimination
half-life was 3.7 and 3.0 h, and metabolite-to-parent ratio was 100 and 76 for mid- and late
pregnancy, respectively.

The influence of NAT2 genotype and gestational age on weight-adjusted apparent oral
clearance (Figure 5A), apparent oral volume of distribution (Figure 5B), and MTP/
hydralazine AUC ratio (Figure 5C) were analyzed by multiple linear regression. There was a
significant effect of NAT2 genotype on weight-adjusted CL/F (B = -50.3, SE = 6.6, p<.
001), weight-adjusted V,/F, (B =-191.2, SE = 52.1, p< .01) and MTP/hydralazine AUC
ratio (B = —67.8, SE = 13, p<.001).

However, gestational age did not affect weight-adjusted CL/F (§ = 1.9, SE = 6.7, p=.8),
weight-adjusted V,/F (B = 26.2, SE = 53.3, p=.6) or MTP/hydralazine AUC ratio ( =
-11.0, SE = 13.3, p=.4). In addition, dose did not significantly affect any of these
parameters (CL/F, p =-0.8, SE = 0.4, p=0.09; V,/F, p =-2.9, SE = 3.6, p= .4; and
AUCMTP/AUChygralzine B = 0.6, SE=0.9, p=.5).

Discussion

Hydralazine is an antihypertensive agent commonly prescribed during pregnancy. However,
its PK and impact of NAT2 genotype during gestation have not been studied. In this study
we characterized for the first time the PK of oral hydralazine and its metabolite MTP during
pregnancy. Similar to previous reports in the non-pregnant population, oral hydralazine PK
during pregnancy exhibited dependence upon NAT2 genotypel3:30.4445 pregnant subjects
with NAT2 RA genotypes exhibited significantly higher apparent oral clearance and
apparent oral volume of distribution of hydralazine compared to women with SA genotypes.
In addition, MTP-to-hydralazine AUC ratio was significantly higher in pregnant subjects
with NAT2 RA genotypes.
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The marked distinction in PK between NAT?2 rapid and slow acetylators is likely in part due
to difference in the oral bioavailability of hydralazine as a result of disparity in rate and
extent of acetylation during first pass. Oral bioavailability (F) of a drug is governed by the
percentage of parent drug that passes from the gut lumen into the mucosa (Fa), through the
gut mucosa into the vasculature (Fg), and finally through the liver (Fh) into systemic
circulation. NAT2 is known to be abundantly expressed in the intestine and liver2®. In non-
pregnant subjects, the bioavailability of hydralazine was reportedly 2.2-fold lower in RA
than SA subjects25. We report a 2.5-fold difference in apparent oral volume of distribution
(V/F), and nearly 3.5-fold difference in apparent oral clearance (CL/F) between RA and SA
pregnant subjects. Small changes in NAT? activity during pregnancy have been described?6.
Furthermore, the ~10-fold difference in MTP/hydralazine AUC ratio in pregnant subjects
matched that of a previous study that found a 10-fold difference in urinary MTP/hydralazine
ratio between RA and SA non-pregnant subjects#’. This result is consistent with the current
knowledge that MTP is primarily formed by Atacetylation via NAT248. While it is possible
that there are compensatory mechanisms that would increase elimination of hydralazine by
other pathways, the effect is expected to be minor as metabolism to MTP is the dominant
pathway for hydralazine elimination®4°.

While there was a marked difference in hydralazine AUC between NAT2 genotypes, we did
not find an association with genotype and hydralazine dosage needed for therapeutic
reasons. In fact, contrary to what we expected, we saw a non-significant but numberically
higher average dosage in the SA group. We explored gestational age, body weights,
demographics, baseline hemodynamics and concomitant medication dosage, but did not find
an explanation for this unexpected finding. A study in healthy non-pregnant volunteers
demonstrated that higher hydralazine dose was needed for NAT2 RASs to achieve comparable
hydralazine AUC as with the SAs®Y. A large study in non-pregnant subjects showed that
RAs did not achieve adequate therapeutic effect with oral hydralazine, suggesting that NAT?2
acetylation status might be important in pharmacodynamic response to oral hydralazine?2.
This too was not observed in our study. The lack of difference in dosage as well as
pharmacodynamic response seen in our study between NAT2 RAs and SAs is likely
multifactorial. First, this study was not adequately powered to assess these outcomes.
Second, the hemodynamic measurements reported in this study were not performed for
research purposes and not controlled for timing relative to dosing. Therefore, the ability to
interpret these outcomes is confounded. Third, the patients participating in this study had
their hydralazine titrated based on clinical response without regard to the study. Physician
discretion on target endpoint for blood pressure control likely contributed to variability in
dosage and pharmacodynamic response. Fourth, hydralazine was administered as part of
combination therapy, which included atenolol for blood pressure management. Therefore,
interpretation of hemodynamic changes were confounded by concomitant treatment. Lastly,
intersubject variability likely contributed to our inability to detect differences.

Nevertheless, the increased exposure of hydralazine among pregnant SAs may still be of
clinical concern. Earlier studies in the non-pregnant population demonstrate that A-
acetylation is a saturable process for hydralazine and other NAT2 drug substrates (e.g.,
procainamide and isoniazid)®51-53. Although we did not see a significant dose-dependent
effect in our study, our sample size was relatively small and dosage range was limited to 5—
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25 mg. Previous hydralazine PK studies reported nonlinearity with single doses higher than
100-150 mg®. Since both pharmacological activity as well as toxicity are attributed to parent
drug exposure, caution is suggested with high-dose hydralazine during pregnancy®4-6.
Adverse effects and complications when parenteral hydralazine is needed during pregnancy
include placental abruption, increased risk of surgical delivery, maternal oliguria, altered
fetal heart rate, and low Apgar scores at one minute®’. NAT2 SAs, especially in female
patients, have been found to have increased risk of developing severe adverse events (e.g.
systemic lupus erythematosus) with high-dose hydralazine (> 200 mg/day)®4. While the
current study did not address the extent of fetal exposure to hydralazine, previous studies
have reported trans-placental passage of hydralazine through measurement of umbilical cord
hydralazine concentrations at the time of delivery32:33, Thus, high inter-individual variability
in maternal hydralazine PK during pregnancy due to NAT2 polymorphism may not only
affect maternal efficacy with low concentrations in RAs, but in SAs there may be increased
maternal and fetal exposure to hydralazine and potential toxicity. Furthermore, NAT2 protein
and activity were detected in term placentas, suggesting potential for placental metabolism
of hydralazine®8. Fetal metabolism of hydralazine has not been shown, but a pediatric study
using isoniazid (another NAT2 substrate) reported lower NAT2 activity in neonates
compared to older children®. While fetal metabolism contribution to overall maternal
hydralazine PK is expected to be small, fetal metabolism can play a role in enhancing
toxicity or minimizing adverse effects of drugs and toxins in the fetus. Although published
data is conflicting®0, Shi et al. reported that following /7 utero exposure to maternal
smoking, there was a decreased risk of orofacial clefts in fetuses that expressed low activity
NAT?2 variants®1. Additional studies are needed to explore hydralazine maternal and fetal
safety in NAT2 SAs.

Since pregnancy results in gestational age dependent effects on numerous drug-metabolizing
enzymes, we explored the effects of gestational age on hydralazine PK while accounting for
NAT2 genotype. Among our subjects, we did not observe any significant difference in
hydralazine PK (apparent oral clearance, apparent volume of distribution and MTP/
hydralazine AUC ratio) between mid- and late pregnancy. In the one subject who completed
both mid- and late-pregnancy study days, the subject’s hydralazine concentration-time
profiles were very similar during both gestational windows. Previous work utilizing caffeine
as a probe for NAT2 activity reported a 13% lower NAT?2 activity in early pregnancy, which
returned to baseline by mid-pregnancy. There was no difference in NAT2 activity between
mid-pregnancy, late-pregnancy, or postpartum?6.

In evaluating previously publish studies on hydralazine PK, there are some key technical
problems. For years, quantification of hydralazine and its acid-labile metabolites has been a
challenge for researchers due to chemical instability of hydralazine and potential
interference from its pyruvate hydrazone metabolite. The present study adapted a previously
developed derivatization technique at pH 6 that avoids release of apparent hydralazine from
the acid-labile hydrazine metabolites (mainly HPH) and minimized hydralazine instability
by performing the derivatization reaction immediately after blood collection??:62, Therefore,
the present study measured the pharmacologically active parent hydralazine concentrations.
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In non-pregnant subjects, the elimination half-life of parent hydralazine was reported in the
literature to be 0.7 £ 0.1 h in SA and 0.3 £ 0.1 h in RA after oral administration of
hydralazine in solution®*; this is rather different from what we found in pregnant RA and SA
subjects (3.0 £ 0.9 vs 4.0 £ 1.1, p=.1). The discrepancy is not surprising because the
previous study by Shepherd et al. only sampled blood for 3 hours after hydralazine
administration. Furthermore, their assay had limited sensitivity (LOQ of 2 ng/mL vs 0.04
ng/mL in our study). IV hydralazine exhibits multi-compartmental pharmacokinetics®3. It is
likely that, with rapid oral absorption from a solution formulation and brief duration of
blood sampling, the short half-life observed by Shepherd et al. reflected the distribution
phase of hydralazine disposition. By comparison, previously reported hydralazine Cmax and
apparent oral clearance in non-pregnant subjects were close to what we found in our study in
pregnant women. In non-pregnant RAS, the dose-normalized (to 10 mg) Cmax range was 4 —
5 ng/mL, and in SAs the range was 7 — 50 ng/mL, compared to the range of 0.3 — 1.8 ng/mL
in pregnant RAs, and 1.4 — 9.4 ng/mL in pregnant SAs that we reported in our study*4:64:65,
Similarly, earlier studies report hydralazine CL/F ranging from 18,750 — 37,500 L/h in RAs
and 3260 — 7500 L/h in SAs in non-pregnant subjects, whereas we report CL/F ranging from
3903 - 16,292 L/h in RAs and 800 — 2849 L/h in SA pregnant subjects#464, It should be
noted these two publications reported plasma hydralazine concentrations instead of whole
blood concentrations; hence, we adjusted reported dose-normalized Cmax and CL/F values
by the known whole blood-to-plasma ratio of 1.6583. Comparison of apparent oral volume of
distribution (V/F) is not meaningful as calculation of VV/F is dependent on an estimate of the
elimination rate constant. As stated previously, earlier studies were not able to capture the
true terminal elimination half-life. Based on aforementioned PK parameter estimates,
hydralazine PK during pregnancy is reasonably comparable to that of non-pregnant subjects
considering differences in study design, study population, assay methodologies, and
hydralazine formulation (tablet vs. solution).

Lastly, we were not able to quantify the many known hydralazine metabolites in urine to
establish a mass-balance recovery of the dose administered. We expect that future studies
will overcome the formidable analytical challenges and allow for a more comprehensive
understanding of hydralazine’s complex metabolic pathways and fraction metabolized by
each metabolic enzyme.

Conclusions

In conclusion, we describe, for the first time, the impact of NAT2 genotype on oral
hydralazine PK during mid- and late pregnancy. We report significantly higher hydralazine
exposure, lower apparent oral clearance, and lower MTP-to-hydralazine ratio in subjects
identified as slow acetylators compared to rapid acetylators. Our results did not show
evidence of significant effect of dose or gestational age on the pharmacokinetics of
hydralazine, possibly due to the small sample size. Clinicians should be mindful of the
substantial variations in oral hydralazine exposure in pregnant women. Larger studies are
needed to assess whether the PK differences leads to differences in safety or efficacy of
hydralazine during pregnancy.
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Figure 1 —.
Hydralazine metabolic pathway.
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Mgean (= SD), dose normalized, steady-state, whole blood oral hydralazine concentration
versus time profiles for A-acetyltransferase 2 rapid (MAT2 genotypes *4/*5, *4/*5, *4/*6,
*4/*6, *4/*6, *4/*7) and slow (MATZ2 genotypes *5/*5, *5/*6, *5/*6, *5/*7, *6/*6, *6/*6)
acetylators in pregnant women. Concentrations were dose normalized to oral hydralazine 10
mg every 6 hours. Closed circles and red line indicate slow acetylators. Open squares and
black line indicate rapid acetylators.
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Mean (£ SD), dose normalized, steady-state, plasma MTP concentration versus time profiles
for N-acetyltransferase 2 rapid (MATZ2 genotypes *4/*5, *4/*5, *4/*6, *4/*6, *4/*6, *4/*T)
and slow (MATZ2 genotypes *5/*5, *5/*6, *5/*6, *5/*7, *6/*6, *6/*6) acetylators in pregnant
women. Concentrations were dose normalized to oral hydralazine 10 mg every 6 hours.
Closed circles and red line indicate slow acetylators. Open squares and black line indicate
rapid acetylators.

J Clin Pharmacol. Author manuscript; available in PMC 2020 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Han et al.

&

Hydralazine (ng/mL)
o

0.01

B) 100-

Figure 4 —.

.
o1

MTP (ng/mL)
S

Page 19

& Mid-pregnancy
-©- Late-pregnancy

Time (h)

T T T

0 2 4 6
Time (h)

Steady-state A) whole blood hydralazine concentration and B) plasma MTP concentration
versus time profile of the subject that completed both mid- (closed squares, blue line) and
late-pregnancy (open circles, green line) study days. Red open circle indicates measured
concentration, which was just below the limit of quantification. A 10 mg dose every 6 hours
was administered during both study days. This subject was identified as a NAT?2 rapid

acetylator.
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Figure 5 —.

The effects of NAT2 status and gestational age on A) apparent oral clearance, B) apparent
volume of distribution, and C) metabolite to parent AUC ratio. Red circle indicates rapid
acetylators and blue squares indicate slow acetylators. Mid-pregnancy was defined as 22 —
26 weeks gestation, and late-pregnancy as 30 — 38 weeks gestation. NAT2 acetylation status
was categorized as rapid (RA, NAT2*4/*5, *4/*6, *4/*7) and slow (SA, NAT2*5/*5,
*5/*6, *5/*7, *6/*6) acetylators based on genotype. No gestational age effects were
observed on these key pharmacokinetic parameters after adjusting for subjects’ NAT2
phenotype.
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