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Abstract

Introduction: The N-acetylation polymorphism has been the subject of comprehensive reviews
describing the role of arylamine N-acetyltransferase 2 (NAT2) in the metabolism of numerous
aromatic amine and hydrazine drugs.

Areas Covered: We describe and review data that more clearly defines the effects of NAT2
haplotypes and genotypes on the expression of acetylator phenotype towards selected drugs within
human hepatocytes in vitro, within human hepatocyte cultures in situ, and clinical measures such
as bioavailability, plasma metabolic ratios of parent to N-acetyl metabolite, elimination rate
constants and plasma half-life, and/or clearance determinations in human subjects. We review
several drugs (isoniazid, hydralazine, sulfamethazine, amifampridine, procainamide, sulfasalazine,
amonafide and metamizole) for which MA72 phenotype-guided therapy may be important. The
value of pharmacogenomics-guided isoniazid therapy for the prevention and treatment of
tuberculosis is presented as a paradigm for AAT2 phenotype-dependent dosing strategies.

Expert opinion: Studies in human subjects and cryopreserved human hepatocytes show
evidence for rapid, intermediate and slow acetylator phenotypes, with further data suggesting
genetic heterogeneity within the slow acetylator phenotype. Incorporation of more robust NAT2
genotype/phenotypes relationships, including genetic heterogeneity within the slow acetylator
phenotype should lead to further advancements in both health outcomes and cost benefit for
prevention and treatment of tuberculosis.
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1. Introduction

Arylamine N-acetyltransferase 1 and N-acetyltransferase 2 (NAT2) are both subject to
genetic polymorphisms in humans [1]. NAT2 is expressed primarily in liver and the Gl tract
[2] and is responsible for the N-acetylation polymorphism described in human populations
[3-6]. Since NAT1 is widely expressed in extrahepatic tissues [7], differences between
NAT?2 rapid and slow acetylator phenotypes in the metabolism, efficacy, and/or toxicity of
arylamine and hydrazine drugs are most likely observed after oral rather than parenteral
administration. Early studies showed excellent correlations between NAT2 genotype and
phenotype assessed with probe substrate caffeine [8,9]. With respect to drugs used clinically,
studies assessing isoniazid [10], dapsone [11], procainamide [12], sulfamethazine, also
known as sulfadimidine [13,14], sulfapyridine (byproduct of sulfasalazine) [14] and
hydralazine [15,16] metabolism in human subjects exhibited bimodal distributions described
as rapid (sometimes termed fast) and slow acetylators. Subsequent reviews provide more
detailed listing of therapeutic agents subject to the N-acetylation polymorphism resulting
from NAT2 metabolism [3-6, 17, 18].

Numerous single nucleotide polymorphisms (SNPs) in the coding exon of the MA72 gene,
inherited as NATZ haplotypes and genotypes, confer rapid, intermediate, and slow acetylator
phenotypes that modify the metabolism of drugs and carcinogens [4,19,20]. An updated
listing of NATZalleles, signature allele clusters, SNPs and corresponding phenotypes is
shown in Table 1, modified from information published previously [4, 21]. The frequency of
the NATZ2 SNPs, haplotypes, and genotypes associated with slow acetylator phenotype vary
significantly across various racial and ethnic groups [24,25]. The frequencies of NATZ
haplotypes NAT2#*5, NAT2#*6, NAT2*10, NAT2*12, NAT2*14, NAT2*17 and NAT2*18
among individuals from African individuals, America, East Asia, Europe, and South Asia
are clearly illustrated in a recent review [5] using data available at http://
www.internationalgenome.org. A few noteworthy slow acetylator haplotypes that vary
substantially include the NA727%5 cluster which is present in nearly 50% of Europeans but
less than 5% of East Asia individuals, the NA72*7 cluster present in nearly 20% of East
Asia individuals but less than 5% of European or African individuals and the NAT2*14
cluster present in nearly 10% of African and American populations, but negligible in East
and South Asia and Europe.

Although numerous studies report relationships between NA72 genotype with drug toxicity
or disease risk, problems and misinterpretations that can result from investigations that
assess these associations between NMATZ2 genotype and drug toxicity or disease risk in the
absence of an assessment of A/A72 phenotype was recently reviewed [5]. A subsequent
review [6] covering many of the same drugs concluded that although slow NAT2 acetylators
seem to be more at risk from certain side-effect of drugs that undergo N-acetylation, many
studies are tentative and equivocal associations which await confirmatory evidence of the
effects of the AlA72 polymorphism at the phenotypic level that measures the effects of NAT2
polymorphism on substrate turnover and metabolic transformation. Questions concerning the
strength and importance of observed associations of adverse events related to the phenotype/
genotype remain somewhat ambiguous and inconsistent due in part to inference of
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phenotype based on NAT2 genotype. The optimum number and identity of NAT2 SNPs
necessary for accurate inference of NAT2 phenotype clearly differs with ethnicity and race
of the population investigated [21, 26, 27]. This is one of the most relevant factors that
hamper the use of NAT2 genotyping in clinical practice despite the fact that more than 50
years have elapsed since the first identification of rapid and slow acetylator phenotypes.
Current methods of assessing NAT2 phenotype require administration of a probe substrate or
drug, and the development of more rapid and less invasive methods for determination of
NAT2 phenotype would be quite valuable, a topic we discuss later in this review.

A prior review published in this journal [20] focused on the effects of individual single
nucleotide polymorphisms on NAT?2 expression and activity. In this focused review, data is
presented and reviewed that more clearly defines the effects of MlA72haplotypes and
genotypes on the expression of acetylator phenotype towards selected drugs within human
hepatocytes in vitro, within human hepatocyte cultures in situ, and clinical measures such as
bioavailability (area under the plasma versus time curve), plasma metabolic ratios of parent
to N-acetyl metabolite, plasma half-life, and/or clearance determinations in human subjects.
As these relationships are better defined and understood, we include drugs for which NAT2
phenotype-guided therapy has been proposed. We conclude with a more detailed discussion
of the value of pharmacogenomics-guided isoniazid therapy for the prevention and treatment
of tuberculosis (TB) as a paradigm for MAT2 phenotype-dependent dosing strategies to
reduce risk of adverse reactions, increase therapeutic efficacy, reduce costs and improve
patient care and disease prevention.

2. Isoniazid (INH)

The role of NAT2 and its genetic polymorphism in the metabolism and pharmacokinetic
profile of INH has been reviewed [4, 28]. INH N-acetylation in human subjects clearly
differs with respect to rapid, intermediate and slow acetylator M/AT2 genotypes with respect
to plasma half-life, bioavailability (area under the curve), plasma metabolic ratio of INH to
N-acetyl-INH and clearance (Figure 1). The MAT2 genotype dependent pharmacokinetic
parameters measured in human subjects have been confirmed by measurement of INH N-
acetylation both in vitro [32] and in situ (Figure 1) in cryopreserved human hepatocytes. The
extensive use of INH for the treatment and prevention of TB is compromised by INH-
induced hepatotoxicity and liver failure. A study conducted in Brazil found that the
incidence of INH-induced hepatotoxicity differed among rapid (2.9%), intermediate (9.8%),
and slow (22%) NAT?2 acetylators [33]. Meta-analysis studies report slow acetylators were
significantly more likely to experience hepatotoxicity from INH treatment for tuberculosis
than rapid acetylators [34, 35].

Other studies have shown an effect of MA72 genotype on INH efficacy [36, 37]. One
randomized trial of pharmacogenomics-guided INH therapy found a significant reduction in
hepatotoxicity in slow acetylators who were randomized to a lower dose of INH, as well as a
reduction in 2-month culture positivity in MATZrapid acetylators who received a higher dose
[38]. Meta-analyses found that rapid acetylators are at increased risk of treatment failure,
relapse, and drug resistance [39]. Several studies have proposed pharmacogenomics-guided
INH therapy for TB [33, 39-44].
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3. Hydralazine (HYD)

HYD has been used for decades in the treatment of hypertension and is indicated in the
long-term therapy of essential hypertension, in the short-term therapy of pregnancy-induced
hypertension and eclampsia, and in the therapy of hypertensive crisis [45, 46]. As recently
reviewed [47], adverse effects of HYD include headache, reflex tachycardia, and/or angina
pectoris. Another far less common adverse effect is a systemic lupus erythematosus (SLE)-
like syndrome which although infrequent, has potential serious and long-term consequences.
There is substantial evidence supporting the correlation between NAT2 acetylator phenotype
or genotype and urine and plasma hydralazine concentrations (reviewed in [47]). HYD
treatment for hypertension and resistant hypertension is modified by acetylator phenotype
following oral administration [15, 16, and 48]. In early studies in patients with hypertension
[49], HYD plasma concentrations varied as much as 15-fold among individuals reflecting an
“acetylator index” in the N-acetylation of SMZ. Differences in HYD metabolism in the rapid
and slow acetylators varied with dose, the greatest difference being after a 200-mg (100 mg
twice daily) dose and became less clearly bimodal at lower doses, with overlap between
phenotypes occurring at doses of 100 mg (50 mg twice daily) or less [48]. DNA samples
from 169 patients with resistant hypertension treated with hydralazine were identified as
rapid (12.4%), intermediate (38.5%) and slow (35.5%) acetylators (13.6% indeterminate)
and only slow acetylators had significant blood pressure reductions although they also had a
higher incidence of adverse effects [50]. Recommendations for NAT2 acetylator phenotype-
guided HYD treatment for hypertension and resistant hypertension have been proposed [47].
Rapid and intermediate acetylators with resistant hypertension are recommended a 50-100%
higher initial dose of HDZ with a total daily dose limit of 300 mg. In contrast, slow
acetylators are expected to experience increased hydralazine levels on standard dosing
protocols and thus increased efficacy and/or adverse effects, and clinicians should exhibit
caution with HYD daily doses of 200 mg or higher.

HYD is currently in clinical trials in combination with valproate for epigenetic cancer
therapy [reviewed in 51]. In a 2011 study, HYD plasma levels were evaluated in 26 healthy
volunteers after a single oral dose of 182 mg of a controlled-release HYD tablet [52]. HYD
area under the curve plasma levels were 2.2-fold higher in slow than in rapid acetylators,
which subsequently has been used as rationale for prescribing hydralazine doses 2.2-fold
lower in slow (83 mg) than rapid (182 mg) acetylators. This dose adjustment yielded similar
plasma levels of HYD in rapid and slow acetylators in several studies [52-54]. They appear
to be the experimental basis for clinical trials using a HYD dosing strategy of 83 mg in slow
and 183 mg in rapid acetylators (either alone or in combination with other drugs such as
valproic acid) for cancer treatment.

NATZ genotype-dependent N-acetylation of HYD has been documented in human
hepatocytes both in vitro and in situ at multiple doses (Figure 2). Confirming the earlier
findings in patients [48], the effect of AAT2 genotype on N-acetylation of HDZ was more
pronounced at higher concentrations. Data in cryopreserved human hepatocytes further
support that hydralazine efficacy and safety could be improved by ANA72 genotype-
dependent dosing strategies. More specific dosing strategies such as those described above,
could facilitate maximal therapeutic benefit from hydralazine.
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4. Sulfamethazine (sulfadimidine)

Sulfamethazine (SMZ), also identified as sulfadimidine, is a sulfonamide antibiotic that has
historically been effectively used as a probe drug for assessment of A/A72 acetylator
phenotype [13,14]. Although it is primarily used for veterinary indications at present, we
include it here because of fairly extensive data obtained in human hepatocytes as well as in
human subjects. Although early studies in human subjects provided metabolism data in
serum and urine that appeared bimodal [14], more recent studies provide clear evidence for
acetylator genotype-dependent N-acetylation of sulfamethazine. As illustrated in Figure 3,
SMZ N-acetyltransferase activities and N-acetylation in situ in cultures of cryopreserved
human hepatocytes clearly differ with rapid, intermediate or slow acetylator genotype. This
finding is also confirmed when measuring SMZ/N-acetyl-SMZ metabolic ratios in plasma of
human subjects from two populations which differ markedly in the frequency of rapid and
slow NMATZ2 acetylator phenotype. Thus, the frequency of slow NA72 phenotype is much
more frequent in Mexico [59] and the frequency of rapid NA72 phenotype is much more
frequent in China [58]. Nevertheless, the metabolic ratios of SMZ to N-acetyl-SMZ in
plasma of subjects from Mexico (both healthy and those with cancer) as well as in China
(healthy) are nearly identical in rapid, intermediate, and slow acetylator phenotypes (Figure
4D).

5. Amifampridine

Amifampyridine is marketed for the symptomatic treatment of Lambert-Eaton myasthenic
syndrome in adults [61]. Amifampridine is metabolized by NAT2 to 3-N-acetyl-
amifampridine, which is considered as an inactive metabolite. Although investigations to
assess three phenotypes (rapid, intermediate, and slow) have not to our knowledge been
explored, significant differences between rapid and slow acetylators have been reported in
numerous pharmacokinetic parameters for both amifampridine and 3-N-acetyl-
amifampridine (Table 2). In addition, treatment-emergent adverse events from
amifampridine were more frequent in slow acetylators [62]. The United States of America
Food and Drug Administration presently lists an NAT2 acetylator phenotype dosing strategy
for amifampridine (https://www.fda.gov/medical-devices/precision-medicine/table-
pharmacogenetic-associations). In slow acetylators, the lowest recommended dose of 15
mg/day should be used with monitoring for adverse effects.

6. Procainamide

Procainamide has been used in the treatment of cardiovascular disorders including
arrythmias. An adverse effect of procainamide is the production of antinuclear antibodies
described as a drug-induced lupus like syndrome.. The duration of therapy required to
induce antibodies in 50 percent of slow (11) and rapid (9) acetylators was 2.9 and 7.3
months and the median total dose that produced antibodies was 1.5 g per kilogram and 6.1 ¢
per kilogram in slow and rapid NAT2 acetylators, respectively [63]. Retrospective studies of
patients in whom procainamide lupus had developed revealed that the duration of therapy
required for induction in 14 slow and seven rapid acetylators was 12 + 5 and 48 + 22 months
respectively (P < 0.002). The N-acetylprocainamide/procainamide ratio in urinary excretion
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was 0.60 £ 0.17 (mean + SD) for those with NAT2*4/*4, 0.37 + 0.06 for NAT2*4/*6A, 0.40
+ 0.03 for NAT2*4/*7B, and 0.17 for NATZ2*6A/*7B [64].

7. Sulfasalazine

Sulfasalazine is used to treat rheumatoid arthritis and other autoimmune diseases, such as
ankylosing spondylitis, Crohn’s disease, and ulcerative colitis [4]. It is a combination of 5-
aminosalicyclic acid and sulfapyridine linked together by an azo bond. Sulfasalazine
consists of two components, 5-aminosalicylate and sulfapyridine (SP). SP is one of the first
drugs or metabolites shown to be subject to the N-acetylation polymorphism [65] and NATZ
genotype-related differences in sulfasalazine pharmacokinetic parameters, efficacy, and/or
adverse effects are thought to be mediated via SP.

NATZ2 genotype modified the pharmacokinetics, efficacy, and incidence of adverse reactions
of sulfasalazine in patients treated for rheumatoid arthritis. MMA7.2 genotypes were
determined and the plasma concentration ratios of sulfapyridine (SP) to N-acetyl-
sulfapyridine (SP/AcSP) and the efficacy of sulfasalazine (p < 0.05) were significantly
different among rapid, intermediate and slow acetylator phenotypes [66]. Subsequent studies
reported a gene dose response in AcSP/SP AUC ratios (mean + SD) of 3.1 + 0.6, 1.9 £ 0.5,
and 0.5 + 0.4 in rapid, intermediate, and slow acetylators, respectively which differed
significantly (p<0.0001) among the three phenotypes [67]. AcSP Cmax also exhibits a gene
dose-response with levels of 12.67 + 3.32, 9.07 + 2.29 and 4.22 + 0.93 mg/l, in rapid,
intermediate, and slow acetylator genotypes, respectively [68]. Although variable results
have been reported in small individual studies regarding the role of adverse effects in
sulfasalazine adverse effects, nine cohort studies involving 1,077 patients were recently
reviewed for an effect of MMA72phenotype [69]. This analysis [69] reported a 3-fold increase
in overall adverse drug reactions (OR 3.37, 95% ClI: 1.43 to 7.93; p=0.005), nearly a 3-fold
discontinuation due to overall adverse drug reactions (OR 2.89, 95% ClI: 1.72 to 4.86; p <
0.0001), and a five-fold increase in dose-related adverse drug reactions (OR 5.20, 95% CI:
2.44 t0 11.08; p< 0.0001) in slow compared with rapid and intermediate acetylators
suggesting that MATZ2 genotyping may be useful to predict the occurrence of adverse drug
reactions during sulfasalazine treatment.

8. Amonafide

Amonafide is marketed in the treatment of various cancers. It is N-acetylated by NAT2 and
the N-acetylated metabolite is active and causes myelosuppression. Plasma N-acetyl-
amonafide levels were measured 45 min and 24 hr after administration of amonafide at a
dose of 300 mg/m2 over 60 min. Plasma levels of N-acetyl-amonafide were substantially
higher in slow than rapid acetylators both 45 min (585 vs 130 ng/ml) and 24 hr (112 vs 11
ng/ml) after amonafide administration [70]. At standard dosing schedules, rapid acetylators
experienced higher incidence of myelosuppression suggesting it is mediated by N-acetyl-
amonafide [70, 71]. In subsequent studies, amonafide has minimized toxicity in rapid
acetylators when adopting acetylator phenotype-dependent dosing [72, 73].
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9. Metamizole

As described in a comprehensive review [74], metamizole is a non-steroidal
antinflammatory in use for nearly a century for its analgesic, antipyretic, and spasmolytic
properties. Metamizole was extensively applied worldwide until incidences of
hypersensitivity leading to agranulocytosis led to its ban in a number of countries including
the USA. Nevertheless, metamizole is still available in many countries worldwide either by
prescription or over the counter for indications such as pain due to cancer, colic
postoperative, headache, or acute injuries. A recent review found it as efficacious as 60 mg
oral morphine/day in the treatment of cancer pain [75]. In countries where metamizole is
sold over the counter, the drug is used as a common self-medication and is commonly used
for chronic pain. Metamizole also is widely used by immigrants, even in countries where the
substance is banned such as among Latino families in the United States. A single-site
analysis in a US urban pediatric hospital revealed that over one-third of all Spanish-speaking
Latino families had used metamizole [75, 76]. In addition, metamizole is increasingly used
as an adulterant in illicit drugs [74].

Metamizole is a prodrug. After oral administration, it is rapidly hydrolyzed in the gastric
juice first to 4-methyl-amino-antipyrine, and then to multiple metabolites including 4-
amino-antipyrine, which is further metabolized to 4-acetyl-amino-antipyrine catalyzed by
NAT2. An acetylation ratio (4-acetyl-amino-anipyrine/4-amino-antipyrine) was reported as
(mean £ SD) 16.0 £ 10.1 in homozygous rapid NAT2*4/*4 acetylators, 10.7 + 8.6 and 11.1
+ 7.1 in heterozygous intermediate NA72*4/*5and NAT2*4/*6 acetylators, and 6.83 = 3.91
and 5.19 + 3.68 in homozygous slow NATZ2*5/*5and NAT2*6/%6 acetylators [77]. In a
subsequent study [78], slow acetylator A/AT2 phenotype was associated with an increased
risk of developing selective hypersensitivity to metamizole [odds ratio = 2.17 (95% CI 1.44—
3.27); p=0.00016], particularly anaphylaxis [odds ratio = 4.77 (95% CI 2.28-9.98);
p=0.000006]. In contrast, agranulocytosis from metamizole is rare with no data suggesting
that it is related to NAT2 phenotype. Thus both metamizole metabolism [77] and toxicity
[78] were NAT2 genotype-dependent. Slow NAT2acetylator phenotype also has been
associated with the incidence of infant leukemia in mothers exposed to metamizole during
pregnancy particularly when both mother and child were slow NMA72acetylators [79].

10. Aliphatic amine drugs subject to the NAT2 acetylation polymorphism

Most if not all of the drugs identified as subject to MlA72 genetic polymorphism are aromatic
amine or hydrazine drugs. Some of them (such as clonazepam) are metabolized to an
aromatic amine metabolite which is then subject to NAT2 genetic polymorphism [80]. A
recent new study [81] provides data suggesting that NAT2 substrate specificity may also
extend to drugs with aliphatic amine functional groups. Using cell-based and in vitro assays
they report acetylation of several endogenous metabolites and major drugs that have not
previously been described as substrates for NAT2. The study [81] investigated eight
representative drugs possessing aliphatic amines to determine whether they are acetylated by
NAT2. The calcium channel blocker amlodipine, the serotonin-norepinephrine inhibitor
duloxetine, the beta blockers nebivolol and carvedilol were found to be N-acetylated by
NAT2. These drugs are used to treat and prevent prevalent conditions such as hypertension,

Expert Opin Drug Metab Toxicol. Author manuscript; available in PMC 2022 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hein and Millner Page 8

stroke, fibromyalgia, anxiety, and depression and over 20% of the 200 most prescribed drugs
in the USA contain aliphatic amines, representing almost 900 million prescriptions [81].
This is a new and unconfirmed report which did not assess the effects of acetylator
phenotype on metabolism, efficacy, or toxicity. Nevertheless, the finding may substantially
expand utilization of M/A72 acetylator phenotype assessments in pharmacogenomics-guided
therapy.

11. Genetic heterogeneity within the slow acetylator phenotype

Early [8, 9] and more recent [82, 83] studies investigating the metabolism of an acetylator
phenotype probe (caffeine) provided data consistent with the existence of a very slow
acetylator phenotype. HYD (Figure 2E) and SMZ (Figure 3E) N-acetylation rates within the
slow acetylator phenotype follow the rank order of NAT2*5B/*5B > NAT2*5B/*6A >
NAT2*6A/NAT2*6A in cryopreserved human hepatocytes. A recent review and meta-
analysis [40] included 18 studies with 822 cases of anti-tuberculosis drug-induced liver
injury and 4630 controls. A more robust association was noted with liver injury in ultra-slow
NATZ2 acetylators (OR: 3.60; 95% CI: 2.30-5.63 compared to all MNA7Zslow acetylators
(OR: 2.80; 95% ClI: 2.20-3.57). Following administration of metamizole, homozygous
NATZ2#*6 slow acetylators displayed significantly lower 4-acetyl-amino-antipyrene recovery
and lower acetylation ratio than homozygous NA72*5slow acetylators [77]. NAT2*7B also
has been linked to very slow acetylator phenotype, but this phenotype is likely substrate-
dependent [23].

12. Pharmacogenomic-guided isoniazid therapy for treatment of TB

Tuberculosis (TB) is a communicable disease that is a major cause of ill health in about 10
million people [84]. The current COVID-19 pandemic is exacerbating the effect of TB on
certain populations. In China, India, and Indonesia, national TB case detection dropped by
20%, 75%, and 68%, respectively, following dates of strict national lockdown
implementation that is predicted to cause an increase in 2020 TB related deaths — up to
380,000 deaths [85]. Prevalence of TB is heaviest in less developed countries with limited
access to laboratory testing. It is no coincidence that the areas of the world predicted to be
most affected by the social and economic consequences of COVID-19 are also the areas with
the highest TB burden [86]

Isoniazid is widely used for treatment and prevention of TB [4, 87]. Pharmacogenomic-
guided INH therapy for TB is proposed [88] due to differences in metabolism summarized in
this article. Due to the lack of laboratory testing availability in areas with heaviest use of
isoniazid for TB, having access to a simple, cost effect point of care (POC) test in the clinic
would provide the patient immediate access to the correct dose, avoiding adverse effects
while maximizing treatment efficacy. Knowing the correct dose of isoniazid at the first visit
could also reduce frequency of in-office visits, which are being limited during the current
coronavirus pandemic. The ability to prescribe the correct dose may also allow this
affordable medication to be used more widely for prevention in at risk populations by
mitigating risk of adverse events. Saunders et al [86] suggests national tuberculosis
programs could use locally derived, simple risk stratification tools to focus interventions
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such as active case finding to provide preventive treatment to highest risk households.
Knowing the correct preventative dose would again reduce frequency of in-office visits
during this current pandemic. This strategy would help reduce mortality rates of COVID
exacerbated TB.

Fortunately, timely diagnosis and treatment with first-line antibiotics, including INH can be
effective in the treatment and prevention of TB disease. Nevertheless, INH toxicity and
treatment failure in some patients leads to additional healthcare costs, morbidity and
mortality. As shown in Figure 4, standard weight-based INH therapy for TB results in over
40% of patients experiencing treatment toxicity and over 30% of patients experiencing
treatment failure in populations across the world. Using a robust analysis model of TB
treatment costs, Rens and coworkers [89] document that pharmacogenomics-guided therapy
is highly cost-effective even with conservative estimates of its impact on INH-induced liver
injury and response to therapy.

13. Expert opinion

The adoption of clinical pharmacogenomic testing in general has been slow for many
reasons including ambiguous or conflicting study results, lack of consensus guidelines, lack
of insurance coverage, and reports with unclear interpretations. However, the field is gaining
momentum with large academic medical centers generating real-world data. The Clinical
Pharmacogenetics Implementation Consortium of the National Institutes of Health’s
Pharmacogenomics Research Network (http://www.pgrn.org) and the Pharmacogenomics
Knowledge Base (PharmGKB, http://www.pharmgkb.org) provides peer-reviewed, updated,
evidence-based, freely accessible guidelines for gene/drug pairs to facilitate the translation
of pharmacogenomic knowledge from bench to bedside [90]. As evidence continues to
demonstrate benefits of genetic testing, more insurance companies and other payers are
covering costs.

Haga has summarized the challenges of development and implementation of POCTs related
to pharmacogenetic testing [91]. One of the major issues is provider training. Providers need
to be knowledgeable of pharmacogenomics in general and have the skill to perform the test.
Several reports have described providers’ limited knowledge and/or experience with
pharmacogenetic testing and interpretation. In some regions, another potential roadblock to
routine use is the need to connect results from POCT to a patient’s electronic medical
record. Another potential roadblock is cost. Many POCTs have a higher per test cost
compared to traditional lab tests in addition to the cost and time associated with submission
to the FDA for clearance. POCTS are required to obtain FDA clearance while many
molecular tests performed in a laboratory are considered laboratory developed tests and are
not required to have FDA clearance [91]. Despite these potential roadblocks, there is a lot of
effort being put forth in developing these types of tests. Combining interest in
pharmacogenomic tests with continuous technology development will likely drive
development of these tests in the near future.

The United States Food and Drug Administration (FDA) publishes tables identifying
Pharmacogenetic Associations (https://www.fda.gov/medical-devices/precision-medicine/
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table-pharmacogenetic-associations) that it has evaluated and believes there is sufficient
scientific evidence to suggest that subgroups of patients with certain genetic variants, or
genetic variant-inferred phenotypes are likely to have altered drug metabolism, and in
certain cases, differential therapeutic effects, including differences in risks of adverse events.
Amifampridine is listed in the first table for which the data support therapeutic management
recommendations while isoniazid and sulfasalazine are listed in a second table of for which
the data indicate a potential impact on safety or response. HDZ is included in a third table
for which the data demonstrate a potential impact on pharmacokinetic properties only. It is
likely that studies such as those reviewed here will expand the listing including updated
classifications, particularly for isoniazid treatment of TB.

The body of evidence surrounding the relationship between NA72 genotype and the effect
on patient outcomes is compelling and should drive development for everyday clinical use.
The accumulated data on NA7Z2clinical significance substantiates the need to replace
standard weight-based therapy practices with pharmacogenomics-guided therapies. It has
demonstrated economic benefit, reduced adverse effects, and increased efficacy. Before this
can go into practice, however, standardization is needed with clear guidelines for treatment.

In the future, it should be the standard of care for physicians and other members of the
health care team to use pharmacogenomic information to guide treatment for improved
success and decreased adverse effects. MlA72 genotyping should be among those soon
widely used pharmacogenomic tools. Incorporation of more robust AA72 genotype/
phenotypes relationships, including genetic heterogeneity within the slow acetylator
phenotype should lead to further advancements in both health outcomes and cost benefit of
TB treatment. The ultimate goal would be to simultaneously offer MA72 genotyping as a
companion diagnostic. One area of particular need is a point of care test used in conjunction
with INH and TB treatment. TB is a major global healthcare concern - it is one of the top 10
causes of death and the leading cause of death from a single infectious agent. The current
COVID-19 pandemic is also exacerbating the effect of TB on certain populations.
Prevalence of TB is heaviest in less developed countries with limited access to laboratory
testing. Of greatest benefit would be point of care testing to enable the patient immediate
access to the correct dose to avoid adverse effects while maximizing treatment efficacy. The
major needs for this to be adopted are development of a cost-effective point of care and clear
guidelines for treatment.
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Article highlights

. The effects of the N-acetylation polymorphism on metabolism, efficacy,
and/or toxicity of numerous drugs is described, including:

- isoniazid

- hydralazine

- sulfamethazine
- amifampridine
- procainamide
- sulfasalazine

- amonafide

- metamizole

. Studies in human subjects and cryopreserved human hepatocytes show
evidence for rapid, intermediate and slow acetylator phenotypes, with further
data suggesting genetic heterogeneity within the slow acetylator phenotype.

. The current COVID-19 pandemic is exacerbating effects of tuberculosis in
many countries.

. Point of care testing for NAT2 phenotype/genotype and providing dose
guidance could improve safety and efficacy of isoniazid for tuberculosis
prevention and treatment.

. More robust methods for assessing N-acetylation genotype and/or phenotype
should lead to further advancements in health outcomes and cost benefits.
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genotype. Each bar represents mean £ SEM for the INH plasma half-life (A) or the area
under the concentration—time curve (B) following a single oral dose of 5 or 10 mg/kg INH in

individuals with homozygous rapid acetylator genotype (black), heterozygous acetylator
genotype (gray) or homozygous slow acetylator genotype (white). Differences among the

NATZ2 genotypes were highly significant (p<0.0001). Modified from [14,29]. (C): INH
clearance values subjects with rapid, intermediate, or slow acetylator MA72 genotypes. Each

bar represents Mean + SD. Adapted from [30]. (D): INH N-acetylation metabolic ratios in
subjects with defined MATZ2 acetylator genotypes. Bars illustrate mean and range of ratios
obtained in 70 total patients. Modified from [31]. (E): INH N-acetylation in cryopreserved
human hepatocytes from individuals with rapid, intermediate, and slow NATZ acetylator

genotype. Bars illustrate mean + SEM acetyl-INH levels in five rapid, intermediate and slow
acetylators incubated with 12.5 or 100 uM INH. The levels of acetyl-INH differed
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significantly between the acetylator genotypes following incubation with 12.5 pM
(p=0.0023) or 100 uM (p=0.0002) INH. Modified from [32].
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Figure 2.
HYD N-acetyltransferase activities /n vitroin cryopreserved human hepatocytes from rapid,

intermediate and slow NATZ2 acetylators. Bars illustrate Mean £ SEM for HYD N-
acetyltransferase activities from rapid (n=6), intermediate (n=5), and slow (n=5) NAT2
acetylators at 100 (A) or 10 (B) uM. HYD N-acetyltransferase activities differed
significantly with respect to NAT2 phenotype at each concentration tested: 100 uM
(p=0.002); and 10 uM hydralazine (p=0.0029). HYD N-Acetylation /n situ in cryopreserved
human hepatocytes from rapid, intermediate and slow acetylators. Bars illustrate Mean +
SEM HYD N-acetylation rates in rapid (solid bar; n=5), intermediate (gray bar; n=5) and
slow (white bar; n=5) acetylators following incubation with 100 (C) or 10 (D) uM HYD. N-
acetylation rates differed significantly among the rapid, intermediate and slow acetylators at
10 uM (p=0.002) and 100 uM (p=0.0015) HYD. (E): HYD N-acetylation /n situin
cryopreserved human hepatocytes among slow NAT?2 acetylator genotypes. Bars illustrate
Mean + SEM HYD N-acetylation rates in NAT2*5B/*5B (n=5), NAT2*5B/*6A (n=6), and
NAT2*6A/*6A (n=5) genotypes. Hydralazine N-acetyltransferase activities differed
significantly with respect to slow acetylator NAT2 genotype (p<0.001). Modified from [55].
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Figure 3.
(A): SMZ N-acetyltransferase catalytic activities in cryopreserved human hepatocyte

samples. Bars illustrate mean + SEM in rapid acetylator genotypes (black; n=18),
intermediate acetylator genotypes (gray; n= 114) and slow acetylator genotypes (white;
n=124). SMZ N-acetyltransferase activities differed significantly (p<0.0001) with respect to
NATZ2 acetylator genotype. Modified from [56]. (B): SMZ N-acetyltransferase catalytic
activities (mean + SEM) in cryopreserved human hepatocytes are plotted on the ordinate
versus NATZ genotype(s) on the abscissa. The black bar illustrates rapid acetylator
genotypes, gray bars illustrate intermediate acetylator genotypes and white bars illustrate
slow acetylator genotypes. Modified from [21]. (C): SMZ N-acetylation in cryopreserved
human hepatocytes. Each bar illustrates mean £ SEM from rapid (n=6) intermediate (n=6)
and slow (n=9) acetylators. Modified from [57]. (D): Percent acetyl-SMZ to SMZ ratios in
plasma of healthy subjects from China [58] and from healthy and cancer patients from
Mexico [59]. Each bar represents Mean £ SEM for individuals with rapid (n=53 or 18),
intermediate (n=47 or 47) or slow (n=20 or 57) NATZ2 acetylator genotypes. (E) SMZ N-
acetylation in human cryopreserved human hepatocytes from subjects with NAT2*5B8/*58
(black), NAT2*5B/*6A (gray) or NAT2*6A/*6A (white) acetylator genotypes. Each bar
illustrates mean + SEM for NAT2*5B8/%58 (n=10), NAT2*5B8/*6A (n=9), and
NAT2*6A/*6A (n=7) individual human hepatocyte samples. Differences in N-acetylation
differed significantly at both 10 and 200 uM (p=0.0144 and p= 0.0024) respectively.
Modified from [60].
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Figure 4.

Estimated frequency of treatment failure and toxicity of INH treatment for tuberculosis in
populations across the world. Adapted from [89].

Expert Opin Drug Metab Toxicol. Author manuscript; available in PMC 2022 January 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Hein and Millner

Table 1.

NATZ2 SNPs and their corresponding aIIeIes/hapIotypesa.

Page 27

?“'?;32'6?;';5 Nucleotide Change(s) and rs Identifiersb Amino Acid Change(s) PhenotypeC
NAT2*4 Reference Reference Rapid
NAT2*5A 341T>C (rs1801280) 481C>T (rs1799929) 1114T Slow
L161L (synonymous)
NATZ*5B 341T>C (rs1801280) 481C>T (rs1799929) 803A>G 1114T L161L (synonymous) Slow
(rleOS)d
K268R
NATZ75C 341T>C (rs1801280) 803A>G (1s1208)” 1114T K268R Slow
NATZ2*5D 341T>C (rs1801280) 1114T Slow
NATZ2*5E 341T>C (rs1801280) 590G>A (rs1799930) 1114T R197Q Slow
NAT2*5G 282C>T (rs1041983) 341T>C (rs1801280) 481C>T Y94Y (synonymous) Slow
(rs1799929) 803A>G (rs1208)”
1114T L161L (synonymous)
K268R
NAT2*5] 341T>C (rs1801280) 411A>C (rs4986977) 481C>T 1114T L137F L161 (synonymous) Slow
(rs1799929) 803A>G (rleOB)d K268R
NATZ2*5] 282C>T (rs1041983) 341T>C (rs1801280) Y94Y (synonymous) Slow
590G>A (rs1799930) 1114T R197Q
NATZ*5K 282C>T (rs1041983) 341T>C (rs1801280) Y94Y (synonymous) Slow
1114T
NATZ2*6A 282C>T (rs1041983) 590G>A (rs1799930) Y94Y (synonymous) Slow
R197Q
NAT2*6B 590G>A (rs1799930) R197Q Slow
NAT2*6C 282C>T (rs1041983) 590G>A (rs1799930) 803A>G Y94Y (synonymous)
(r51208)d
R197Q K268R
NATZ*6E 481C>T (rs1799929) 590G>A (rs1799930) L161L (synonymous)
R197Q
NAT2*6F 590G>A (rs1799930) R197Q K268R
803A>G (rs1208) d
NAT2*6J 282C>T (rs1041983) Y94Y (synonymous)
590G>A (rs1799930) R197Q
857G>A (rs1799931) G286E
NAT2*6N 282C>T (rs1041983) Y94Y (synonymous)
481C>T (rs1799929) L161L (synonymous)
590G>A (rs1799930) R197Q
NATZ2*7A 857G>A (rs1799931) G286E Slow
NATZ*7B 282C>T (rs1041983) 857G>A (rs1799931) Y94Y (synonymous) Slow

G286E
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[\:_'?;JZIQ)I/ISS Nucleotide Change(s) and rs Identifiersb Amino Acid Change(s) PhenotypeC
NATZ*7C 282C>T (1s1041983) 803A>G (rs1208) ¢ Y94Y (synonymous)

857G>A (rs1799931) K268R
G286E
NAT2*7D 191G>A (rs1801279) 282C>T (rs1041983) 857G>A R64Q
(rs1799931)
Y94Y (synonymous)
G286E
NAT2*7E 282C>T (rs1041983) Y94Y (synonymous)
481C>T (rs1799929) L161L (synonymous)
857G>A (rs1799931) G286E
NAT2*10 499G>A (rs72554617) E167K
NAT2*11A 481C>T (rs1799929) L161L (synonymous) Rapid
NAT2*12A 803A>G (rs1208) a K268R Rapid
NATZ*12B 282C>T (151041983) 803A>G (rs1208) ¢ Y94Y (synonymous) Rapid
K268R
NATZt12C 481C>T (1s1799929) 803A>G (rs1208) ¢ L161L (synonymous) Rapid
K268R
NATZ2*12D 364G>A (1s4986996) 803G>A (rs1208)” D122N K268R Rapid
NAT2*13A 282C>T (rs1041983) Y94Y (synonymous) Rapid
NATZ2*14A 191G>A (rs1801279) R64Q Slow
NAT2*14B 191G>A (rs1801279) 282C>T (rs1041983) R64Q Slow
Y94Y (synonymous)
NAT2*14C 191G>A (rs1801279) 341T>C (rs1801280) 481C>T R64Q 1114T L161L (synonymous) Slow
(rs1799929) 803A>G (rs1208) ¢
K268R
NATZ2*14D 191G>A (rs1801279) 282C>T (rs1041983) 590G>A R64Q Y94Y (synonymous) Slow
(rs1799930)
R197Q
NATZ*14E 191G>A (rs1801279) 803A>G (rs1208) ¢ R64Q K268R Slow
NAT2*14F 191G>A (rs1801279) 341T>C (rs1801280) 803A>G R64Q 1114T K268R Slow
(rs1208) a
NATZ2*14G 191G>A (rs1801279) 282C>T (rs1041983) 803A>G R64Q Y94Y (synonymous) Slow
(rs1208) a
K268R
NATZ2*14] 191G>A (rs1801279) 481C>T (rs1799929) R64Q L161L (synonymous)
803A>G (rs1208) d K268R
NATZ2*17 434A>C (rs72554616) Q145P Slow
NAT2*18 845A>C (rs56054745) K282T Rapid
NATZ2*19 190C>T (rs1805158) R64W Slow

aA complete up to date listing as well as further information is maintained at the Consensus Human Arylamine N-Acetyltransferase Gene
Nomenclature website at http://nat.mbg.duth.gr/ (accessed October 2020). Modified from [21,24].
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bSignature SNP for each haplotype cluster indicated in bold font. All positions use NATZ2 reference sequences: NM_000015.2:c, NP_000006.2:p,
and NC_000008.10, unless otherwise stated. Some SNP position information also added from dbSNP: (http://www.ncbi.nlm.nih.gov/
projects/SNP/).

DMuItipIe studies provide evidence that NAT2*68B and NAT2*7B represent ‘very’ slow alleles indicative of genetic heterogeneity in the slow
acetylator phenotype. The phenotype of alleles possessing 857G>A (G286E) as well as nAT2*18 have been shown to be dependent on substrate
[24,83].

d8036>A Arg268Lys on dbSNP; however the NlATZ2*4 reference allele has allele A at position 803.
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Table 2.

Amifampridine pharmacokinetic parameters in rapid and slow NAT2 acetylators

Page 30

Dose (mg)

Amofampridine Rapid
AUCy.(ng:h/mL)  2.89 (0.66)
AUCy. (ng-h/mL)  3.57 (0.59)
Cax (ng/mL) 3.98 (1.71)
iy (h) 0.60 (0.30)
CL/F (L/h) 1431 (234)
Vi AF (L) 1254 (622)
Vs F (L) 1763 (780)

3-N-acetyl-amifampridine

AUC_;(ng-h/mL) 286 (33.9)
AUCy. (ng-h/mL) 295 (33.0)
Ciax (ng/mL) 82.3 (21.8)
ti (h) 3.06 (0.57)

Slo

30.1(7.25)
32.1(7.34)
17.9 (4.43)
2.22 (0.86)
163 (37.4)
509 (199)

434 (142)

205 (37.4)
212 (35.6)
432 (14.5)
3.72 (1.11)

Rapid

9.55 (1.77)
11.1 (1.90)
9.91 (5.28)
1.21 (0.28)
920 (155)

1575 (343)
1577 (516)

609 (82.6)
619 (83.5)
162 (56.2)
3.78 (1.25)

Slow

66.3 (12.8)
68.9 (12.8)
34.4 (21.6)
2.60 (0.69)
150 (32.1)
577 (252)

459 (175)

422 (81.2)
434 (79.6)
80.6 (12.7)
4.29 (1.21)

Rapid

24.7 (2.47)
26.2 (2.62)
16.2 (4.56)
1.23(0.31)
770 (67.5)
1363 (337)
1682 (365)

1199 (120)
1213 (119)
268 (57.5)
3.63 (1.01)

Slow

142 (32.1)
146 (31.4)
56.7 (16.1)
2.93 (0.59)
143 (32.3)
607 (211)

481 (181)

801 (128)
818 (130)
138 (21.1)
4.31(0.63)

Rapid

435 (6.39)
45.2 (6.44)
255 (7.17)
1.65 (0.63)
675 (98.5)
1621 (703)
1590 (374)

1687 (190)
1706 (190)
350 (40.5)
3.63 (0.64)

Slo

230 (44.9)
234 (44.7)
89.6 (9.05)
3.11(0.57)
132 (20.5)
592 (146)

430 (79.9)

1115 (185)
1140 (185)
189 (31.8)
4.35 (0.50)

Pharmacokinetic parameters for amifampridine and 3-N-acetyl-amifampridine in rapid and slow NAT2 acetylators following doses of 5 to 30 mg
amifampridine. The mean caffeine acetylator ratio for these 12 subjects receiving four escalating doses were 0.408 and 0.172 for rapid and slow
acetylators respectively. Pharmacokinetic values represent the mean + SD for six healthy volunteers. Differences in the PK parameters Cmax, AUC,
CL/F, and t¥ were significantly higher p < 0.001 in slow acetylators for all tested doses. In contrast to amifampridine, 3-N-acetyl amifampridine

plasma concentrations were consistently higher among rapid acetylators. Modified from [62].
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