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Introduction

Metronidazole is commonly used to treat intra-abdominal infections in neonates.1,2 The 

parent drug is converted to 5 metabolites, with 2-hydroxy-metronidazole being the most 

clinically significant, as it possesses 30–65% of the antimicrobial activity of the parent 

compound.3,4 In vitro studies have demonstrated that cytochrome P450 2A6 (CYP2A6) is 

the primary catalyst responsible for metronidazole hydroxylation.5 This enzyme is initially 
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expressed at low levels at birth, with expression increasing over the course of the first year 

of life to reach adult levels.6 CYP2A6 is known to be a highly polymorphic gene with more 

than 45 variant alleles that result in inactive to ultra-rapid metabolizer phenotypes. 

Additionally, certain allelic variants such as CYP2A6*17 have amino acid changes that alter 

metabolism for some but not other substrates, resulting in different metabolizing phenotypes 

for the same genotype.7 The role of genetic variation on variable metronidazole metabolism 

in neonates has not been previously described, nor has the effect of CYP2A6*17 on 

metronidazole been characterized. As such, the objective of this study was to evaluate the 

effect of CYP2A6 genetic variation on the pharmacokinetics of metronidazole in a small 

cohort of preterm neonates.

Methods

This multicenter study was approved by the institutional review boards at each center, and 

informed consent was obtained from a parent or guardian of each infant prior to enrollment 

and included permission for genetic analysis. A detailed description of the study design as 

well as the pharmacokinetic (PK) analysis from the study have been published.8 Briefly, 

genetic samples for a cohort of 14 neonates were obtained from the leftover cellular 

components of plasma PK samples from a larger cohort of 24 preterm neonates. Infants were 

≤32 weeks gestational age (GA) at birth and <91 days postnatal age (PNA), and required 

medical treatment with intravenous metronidazole as indicated by microbiological cultures 

or clinical signs concerning for infection. Metronidazole was administered as a median 

(range) loading dose of 15.0 mg/kg (13.6–19.0) over 30 minutes followed by a median 

(range) maintenance dose of 7.5 mg/kg (4.2–15.6) every 12 hours (<14 postnatal days) and 

24 hours (≥14 postnatal days). Samples were collected immediately prior to and following 

the metronidazole infusion, and approximately 1 to 1.5 hours and 3 to 4 hours post-infusion. 

Samples were also collected at 24–25 hours, 48–49 hours, and 72–73 hours for infants <14 

postnatal days and at 12–13 hours, 24–25 hours and 36–37 hours post-infusion for infants 

≥14 postnatal days.

Individual metronidazole clearance estimates were from a previously published population 

PK model that included body weight and postmenstrual age as covariates.8 The metabolic 

ratio was also calculated as described previously by dividing the hydroxyl-metronidazole 

steady-state area under the curve from zero to tau (AUC0-τ) by the metronidazole AUC0-τ.8 

Following multiple dose administration, the AUC was calculated using the trapezoidal rule 

with non-compartmental methods in Phoenix WinNonlin (Certara, Cary, NC). The 

metabolite-to-parent concentration ratio was calculated by dividing the nanomolar 

concentration of hydroxy-metronidazole by that of metronidazole in each sample. The AUC 

and concentration values used to calculate the metabolic ratios and metabolite-to-parent 

concentration ratios were converted to μM*h and μM, respectively, to allow for comparison. 

A set of descriptive statistics including mean, median, and range was generated for each set 

of samples for each infant. The median (range) of medians of the group of infants was then 

determined. Simple linear regression was used to examine expected clearance of 

metronidazole based on postmenstrual age.
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Genomic deoxyribonucleic acid was isolated from these samples and CYP2A6 genotype 

was determined as previously described.9 The assay included the variant alleles CYP2A6*2, 
*4, *7, *9, *12, *17, *20, *23–25, *28, *31, and *35, which are prevalent and known to 

affect the metabolism of nicotine.10

Results

The median (range) gestational age at birth of the cohort was 25.4 weeks (23.1–30.9), 

median birth weight was 1.2 kg (0.57–1.96), and median postmenstrual age was 30.7 weeks 

(23.9–35.3) (Table 1). Of the 14 neonates, 2 were heterozygous for the *17 variant allele 

(CYP2A6*1/*17) and 12 had the wild type genotype, CYP2A6*1/*1. Clearance for 

metronidazole among the two CYP2A6*1/*17 neonates was 0.044 and 0.031 L/h/kg, 

compared to the median (range) value for the CYP2A6*1/*1 neonates of 0.041 L/h/kg 

(0.013–0.101). Body-weight normalized clearance for the CYP2A6*1/*17 subjects did not 

deviate from the expected clearance predicted by postmenstrual age (Figure 1). The 

metabolic ratio of the CYP2A6*1/*17 variant infant fell within the range of the wild type 

CYP2A6*1/*1 infants (Table 2). The median hydroxy-metronidazole-to-metronidazole 

concentration ratio for the two CYP2A6*1/*17 neonates was 0.106 and 0.236. The median 

(range) of hydroxy-metronidazole-to-metronidazole concentration ratios in wild type 

CYP2A6*1/*1 infants was 0.093 (0.008–1.066).

Two CYP2A6*1/*1 infants received phenobarbital, an inducer of CYP2A6, as concomitant 

treatment during the course of the study. The clearance values of these infants were 0.018 

and 0.043 L/h/kg, which were within the range (0.013–0.101 L/h/kg) of infants who were 

not on a CYP2A6 inducer or inhibitor. The two CYP2A6*1/*17 infants did not receive any 

known inhibitors or inducers of CYP2A6. A one-way analysis of variance showed that there 

was no statistically significant effect of sex or race on clearance in the entire cohort (p > 

0.7). Age was found to be a significant covariate in the population PK model previously 

published.8

Discussion

The results observed in this small cohort of premature infants suggest that there were no 

clear trends between CYP2A6*1/*1 and CYP2A6*1/*17 genotype and metronidazole 

clearance during the first month of life. The clearance values for the two infants with 

CYP2A6*17 variants were within the range of clearance of metronidazole by wild type 

infants (*1/*1) of similar postmenstrual age. Additionally, the metabolic ratio and 

metabolite-to-parent concentration ratio of the *17 variants also fell within the range of wild 

type values. It is important to note that early in life, the hydroxy-metronidazole AUC0-τ 
values used in the calculation of the metabolic ratio might not accurately reflect the fraction 

of metronidazole converted to hydroxy-metronidazole. This is due to the fact that the plasma 

disposition profile is dependent on both the formation and elimination of hydroxy-

metronidazole. If elimination is rate limiting, the amount of plasma metabolite can appear 

high even though only a fraction of metronidazole is converted into hydroxy-metronidazole. 

This may be due to the effect of ontogeny and genetic variation on the pathways contributing 

to the clearance of hydroxy-metronidazole. In future studies, the fraction of metronidazole 
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that has been hydroxylated can be assessed by collecting urine over a dosing interval at 

steady state or over 5 half-lives after the first dose. Studies in infants and children examining 

cotinine, the major metabolite of nicotine that is exclusively metabolized by CYP2A6, have 

demonstrated that genotype becomes a predictor of CYP2A6-mediated cotinine metabolism 

only after 2 months of age.11

In vitro studies implicate CYP2A6 as the primary CYP catalyzing metronidazole 2-

hydroxylation with six-fold greater activity than the next most active enzyme. Although 

heterologously expressed CYP3A4, CYP3A5, and CYP3A7 also form 2-hydroxy 

metronidazole, inhibitor studies with human liver microsomes have suggested that CYP3A 

enzymes do not contribute significantly to metronidazole 2-hydroxylation at therapeutic 

concentrations.5 However, based on the ontogeny of these proteins, it is possible that they 

play a more significant role in the metabolism of metronidazole earlier in life due to low 

levels of CYP2A6, particularly in preterm neonates. For example, CYP3A7 is uniquely 

expressed at high levels in the fetal liver, with expression peaking in the first postnatal week 

while CYP3A4 levels increase over the first 6 months of life.12,13 Unlike CYP3A4 and 

CYP3A7, CYP2A6 is expressed at extremely low levels in fetal liver and does not reach 

adult levels until after the first year of life.14,15 Given that the clearance of metronidazole in 

our population of premature infants is lower than values reported in adult populations, it is 

possible that the ontogeny of metabolizing enzymes and lower levels of expression early in 

life may contribute to the lack of effect of allelic variation on drug metabolism.16

Another potential explanation for the lack of effect of CYP2A6 genotype on metronidazole 

PK observed in our cohort is that the protein product of the CYP2A6*1/*17 variant 

(CYP2A6.17) demonstrates substrate specificity. Using nicotine hydroxylation as a 

reference for metabolic activity, the CYP2A6*1/*17 infants are expected to be slow 

metabolizers and the CYP2A6*1/*1 infants normal metabolizers.17,18 However, the 

CYP2A6.17 enzyme catalyzes near normal rates of coumarin 7-hydroxylation.7 If 

metronidazole is similar to coumarin as a substrate, there would be no genotype-phenotype 

discordance in our cohort since the rate of metronidazole clearance would be expected to be 

similar between the two variants. This is not the case for most variants; for example, 

CYP2A6*23 has been shown to impair the enzymatic metabolism of both nicotine and 

coumarin.7 Further studies are needed to determine the activity of CYP2A6 variants as they 

may affect the biotransformation of metronidazole.

Due to a small sample size, only two genetic variants (CYP2A6*1, CYP2A6*17) were 

observed in this study cohort. We did not enroll any children of East Asian descent. Some 

variants such as CYP2A6*4 have a frequency ranging from 0–4% in Caucasian and African 

Americans to as high as 15–24% in East Asians.19,20 Certain variants are found at 

substantially higher frequencies in certain populations, such as the polymorphism 

CYP2A6*17 in African Americans and CYP2A6*7 in East Asians.18, 21 While the results 

from our study may not be generalizable, they do illustrate the importance of considering the 

roles of CYP2A6 allelic variants and ontogeny in the biotransformation of medically 

important substrates such as metronidazole.
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Future directions include characterizing the activity of CYP2A6*17 and other variants for 

metronidazole 2-hydroxylase activity in vitro. Additionally, the effect of ontogeny on 

metronidazole biotransformation could be further examined in groups of older infants to 

determine if any genotype-phenotype discordance exists in these populations and, if so, 

when it might resolve. These studies will be required to further understand the mechanisms 

and timing of any underlying genotype-phenotype discordance.

Conclusions

In summary, genotype-phenotype relationships for various polymorphic CYP450 enzymes 

can be obscured early in life by the interplay between ontogeny and genetic variation. While 

genotype-phenotype concordance has been demonstrated as early as 2 weeks after birth for 

enzymes such as CYP2D6, other polymorphic enzymes such as CYP2C19 display genotype-

phenotype discordance persisting into the first few months of life.22,23 While genotype-

phenotype discordance for CYP2A6 would be expected at 1 month of postnatal life, our 

observation in two infants suggests the possibility of an allele specific pattern of 

metronidazole metabolism by infants possessing the CYP2A6*17 variant such that this 

allele does not have impaired activity toward metronidazole.
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Figure 1. 
Plasma clearance of metronidazole (L/h/kg) versus postmenstrual age (weeks). Individuals 

with variant genotype (CYP2A6*1/*17) are shown as triangles and wild type genotype 

(CYP2A6*1/*1) as circles.
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Table 1

Demographics Stratified by CYP2A6 Genotype

CYP2A6 *1/*1
n=12

CYP2A6 *1/*17
n=2

Gestational age, weeks 25.7 (23.1–30.9) 25.2 (25.1–25.3)

Postnatal age, days 30 (1–66) 20 (11–29)

Postmenstrual age, weeks 31.6 (23.9–35.3) 28.1 (26.7–29.4)

Birth weight, kg 1.33 (0.57–1.96) 0.83 (0.69–0.96)

Race 6 (50) White/Caucasian
4 (33) Black/African American

2 (17) other

2 (100) Black/African American

Sex 8 (67) female 2 (100) female

Median (range) is provided for continuous data and n (%) for categorical data.
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