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Abstract

Tunisia continues to experience tuberculosis at an intermediate level of endemicity. Isoniazid (INH) is a critical element
in TB therapy. INH metabolism involves, mainly, the arylamine N-acetyltransferase 2 (NAT2) enzyme which is subject to
genetic polymorphism.

The determination of NAT2 acetylation profiles is highly recommended for dose adjustment and predicting side effects
in tuberculosis patients. Traditionally, acetylator status has been assessed through phenotyping tests. Recently, faster
and simpler genetic methods have been proposed as an alternative for use in clinical practice.

This work provides a comprehensive review of main NAT2 phenotyping and genotyping results based on Tunisian
experiences. In Tunisia, several studies have demonstrated the predominance of slow acetylator (SA) genotypes and
phenotypes with the NAT2*5, being the most prelevant. When comparing acetylation phenotype with NAT2 genotype,
a concordance value of 75% was observed.

The choice of method for determining NAT2 acetylation profile primarily depends on the laboratory's technical capa-
bilities and expertise. Prospective clinical trials are essential to further evaluate the benefits of NAT2 genotyping specifi-
cally within the Tunisian population.
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uberculosis (TB) caused by Mycobacterium tuberculo-
Tsis, is a highly contagious airborne disease that primar-
ily targets the lungs but has the potential to disseminate
to other.™ TB continues to pose a substantial global health
threat, ranking as the second deadliest infectious disease
following COVID-19.

As per the World Health Organization's data, in 2022, tuber-
culosis affected 10.6 million people globally, resulting in 1.3

million deaths.”

Tunisia continues to experience tuberculosis at an interme-
diate level of endemicity. In 2021, there were 2647 newly
reported TB cases, resulting in an incidence rate of 22.46
new cases per 100,000 people.?!

Isoniazid (INH) is a critical element in TB therapy for a long
time, thanks to its strong bactericidal activity and minimal
side effects.*”!
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INH is metabolized in the liver by the N-acetyltransferase2
(NAT2).16!

This enzyme is subject to genetic polymorphism, and its ac-
tivity is determined by a 2-allele autosomal gene located on
chromosome 8.

Based on NAT2 variability, individuals are categorized into
three groups: rapid acetylators (RA), intermediate acetyl-
ators (IA), and slow acetylators (SA).

In fact, individuals who possess one or two high-activity al-
leles are classified as IA and RA respectively while SA carry
two low-activity variants.”’

To discern the acetylation profile, two distinct approaches
emerge: genotyping and phenotyping, providing two com-
plementary perspectives to characterize this enzymatic
variability.

Significant inter-individual pharmacokinetic variability for
INH has been observed, influenced by factors such as drug
interactions, comorbidities, gastrointestinal abnormalities
and genetic polymorphism. Therapeutic drug monitoring
(TDM) is a method used to ensure adequate INH exposure
by adjusting drug dose.'®

INH treatment can lead to dose-dependent hepatotoxicity
in SA and inadequate therapeutic response in RA.1%!

The determination of NAT2 acetylation profile has been
highly recommended as a way to adjust doses and antici-
pate side effects in tuberculosis patients, ensuring maxi-
mum effectiveness and safety.”*'?

Historically, distinguishing acetylator status relied on phe-
notyping tests which required administering a probe drug
(caffeine, dapsone, and isoniazid).!'"

In more recent times, genetic techniques have emerged,
allowing for the identification of distinct NAT2 alleles. Pres-
ent choices for NAT2 genotyping encompass sequencing,
multiple PCR assays, PCR along with hybridization probes
and PCR coupled with restriction fragment length polymor-
phism analysis."

The individualized therapeutic prescription based on ge-

netic factors seems to be becoming a reality today, given

the progress in understanding the functional consequenc-

es of NAT2 polymorphisms.

The choice between NAT2 phenotyping and genotyping

methods has always sparked discussion.

This literature review aimed to achieve the following objectives:

+  Provide an overview of the primary phenotyping and
genotyping results related to NAT2 in Tunisia, drawing
comparisons with findings from other populations.

« Determine the role of both phenotyping and genotyp-
ing approaches, exploring their interplay based on the
Tunisian experience.
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+ Finally, recommend the preferred approach for applica-
tion in both developing and developed countries.

Methods

We performed a comprehensive search across ScienceDi-
rect, Google Scholar, PubMed and Cochrane Library utiliz-
ing the terms: "Acetylation profile, isoniazid, genotyping,
phenotyping, N-acetyltransferase 2 enzyme, NAT2 gene,
pharmacogenomics, correlation, Tunisian population." The
search covered all publications available from the inception
of each database up until February 29, 2024. Due to the lim-
ited number of relevant studies, we included all research
that analyzed NAT2 variability in Tunisia for our review. Our
review is designed to be narrative, providing a summary
of the existing literature. The search process was carried
out by two authors (YSM and MD), who also examined the
references of the selected articles to identify additional rel-
evant studies.

Results and Discussion

In total, we have identified 11 studies investigating NAT2
polymorphisms in Tunisia, comprising 4 studies focusing
on phenotyping and 8 studies concentrating on geno-
typing.

Ragrading NAT2 phenotyping, in Tunisia, several investiga-
tions have explored the INH acetylation patterns within the
adult population.

Almost all studies have demonstrated the predominance
of a slow acetylation profile.

According to the study by Ben Rhouma M, conducted on
620 adult patients with pulmonary tuberculosis in 2009,
63.1% were slow acetylators (SA) and 36.9% were rapid
acetylators (RA).12 These findings have been confirmed in
2021 by the study of Alshaikheid M that showed that SA
was prevalent in around 58% of cases, with RA comprising
the remaining 42%.1"3

However, Ben Tkhayat et al, revealed in a study involving 80
adult patients, a high frequency of RA phenotype found in
52.5% of cases (Table 1).1'

The prevalence of the SA phenotype in Tunisia aligns with
findings from previous studies in African and Asian Arab
populations that reported an increased frequency of SA
profilest’™® as well as in Europe.'”! In contrast, sub-Saha-
ran African 18and Asian19 populations appear to exhibit a
higher frequency of RA phenotypes (Table 1).

In clinical practice, the interest of identification of acetyla-
tion phenotype post-isoniazid administration is crucial for
calculating the therapeutic range and determining the rec-
ommended dose.’6™
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Table 1. Distribution of NAT2 acetylator status in Tunisian and other populations

Method Year Author Geographical Origin Slow Intermediate Rapid

Phenotyping 2021 ALsheikheid M et al Middle coast of Tunisia 58 NS 42
2017 Ben Tkhayat North of Tunisia 47.5 NS 525
2011 Jebabli et al North of Tunisia 75 NS 25
2009 Ben Rhouma et al North of Tunisia 63.1 NS 36.9
2004 Matar et al Saudi Arabia 94.4 NS 5.6
2002 Moussa et al Morocco 61.8 NS 38.2
2016 Toure et al Senegal 443 NS 55.7
1996 Kohno et al Japan 13.1 NS 86.9
1994 Carillo et al Spain 65.4 NS 34.6

Genotyping 2017 Ben Fredj et al Middle coast of Tunisia 59 38 3
2016 Ouerhani et al North of Tunisia 233 45 31.7
2012 Ben Mahmoud et al South of Tunisia 50 40.9 6.1
2011 Ouerhani et al North of Tunisia 31.1 45 239
2009 Rouissi et al North of Tunisia 28.8 39.2 32
2009 Ouerhani et al North of Tunisia 30.9 39.09 30
2008 Khedhaier et al Middle coast of Tunisia 49.7 443 5.9
2019 Yuliwulandari et al Indonesia 42 40 18
2020 Mthiyane et al South Africa 525 35.8 1.7
2023 Sileshi et al Ethiopia 74.2 224 33

NS: Not specified.

This approach is instrumental in tailoring the medication
regimen to individual patient characteristics, thereby opti-
mizing treatment outcomes.

In fact, the primary metabolic pathways of INH involve NAT2-
catalyzed acetylation, forming acetylisoniazid (AcINH), and
hydrolysis, which produces hydrazine (Hz) and isonicotinic
acid (INA). AcINH can further hydrolyze to yield INA and
acetylhydrazine (AcHz). It has been proposed that AcHz and
Hz are responsible for INH hepatotoxicity.?”

Clinical studies have consistently revealed a heightened
risk of liver injury induced by INH, marked by increased
plasma concentrations of INH and AcHz in slow acetylators
compared to rapid acetylators. Additionally, NAT2 status in-
fluences hepatotoxicity in combination tuberculosis thera-
pies involving INH and rifampicin. Rifampicin induces isoni-
azid hydrolases, intensifying Hz production, particularly in
slow acetylators. Adjusting the INH dose in slow acetylators
can reduce the incidence of hepatotoxicity.?'?2

Having discussed the distribution of NAT2 phenotypes in Tu-
nisia and underscored the significance of determining acety-
lation profiles for dose adjustments in clinical practice, now
our focus turns to the emerging genotyping techniques.

The distribution of NAT2 polymorphism has been well
studied in Tunisia and wordwide because variation in NAT2
activity has been not only linked to INH toxicity but also to
the risk of variuos diseases and cancers due to its role in the

metabolism of xenobiotics (Table 2).

This association has prompted an increased interest in un-
derstanding NAT2 genotypes, contributing to the elevated
number of NAT2 genotyping-focused studies among our
findings.

In Tunisia, NAT2 genotyping facilitated the identification
of two rapid NAT2 allelic variants (NAT2*4 and NAT2%*12)
and four slow allelic variants (NAT2*5, NAT2*6, NAT2*7, and
NAT2*14).123)

Ouerhani et al have reported that the prevalence of NAT2
genotypes linked to slow, intermediate, and rapid pheni-
types was approximated at 23.3%, 45%, and 31.7%, respec-
tively, in the Tunisian.’24

The incidence of SA phenotype in this study (North of Tuni-
sia) was close to another study from the same geographi-
cal region 25 but appears to be less common compared to
findings from similar research conducted elsewhere (on
the middle coast26 and South 1 of Tunisia) (Table 2).

They have also found in the same study that the estimat-
ed frequencies of NAT2 alleles associated with SA, namely
NAT2*5, NAT2*7, and NAT2*14, were approximately 50%,
3.75%, and 0.39%, respectively.2¥

The allelic frequencies of NAT2 variants were similar to thoses
previously reported by Rouissi and Ben Fredj studies. Howev-
er, the NAT2*14 was absent in these two latter studies.



Table 2. Distribution of NAT2 alleles in Tunisian and other populations
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Year Author Geographical Origin Slow Rapid
NAT2*5 NAT2*7 NAT2*14 NAT2*6 NAT2*4 NAT2*12

2017 Ben Fredjetal  Midddle coast of Tunisia 444 35 0 303 16.2 5.6
2016 Ouerhani et al North of tunisia 50 3.75 0.39 - - -
2011 Jebabli et al North of Tunisia 34 1 3 20 245 13.5
2009 Rouissi et al North of Tunisia 43.6 2.8 0 2 51.6 -
2023 Sileshi et al Ethiopia 47.1 54 1.7 31.3 14.6 0
2023 Lopes et al Brazil 36 - - 18.2 204 -
2020 Thuli Mthiyane et al South Africa 70.4 0.4 17.9
2019  Yuliwulandari et al Indonesia 5 15 0 42 33 3
2014 Guaoua et al Morroco 53 2 4 25 - =
2011 Djordjevic et al Serbia 38.2 - - 26 244 -

Upon analyzing the distribution of NAT2 variants based
on geographical regions, notable discrepancies in the
frequency of SA emerged among the North, Central, and
Southern parts of Tunisia. The highest prevalence was not-
ed in populations residing in the North of Tunisia, reaching
60.1%.

Ethnic origin examination revealed no significant variation
in the distribution of NAT2 phenotypes between Arab, Cos-
mopolitan, and Berber populations.4

When combining both factors, studies have shown that dif-
ferent ethnic origins from the same geographical origin ap-
pears to be genetically similar which indicates that genetic
frequency is primarily influenced by geographical origin.?*

Regarding the comparison of the distribution of NAT2 vari-
ants among the different geographical origins in Tunisia,
almost all genotyping studies have been conducted in the
northern part of the country, except for a single study by
Ben Fredj et al. that was carried out in the middle coast of
Tunisia. This particular study have shown a similar distribu-
tion of slow acetylator variants between the middle coast
and the northern regions. In contrast, the NAT2*4 allele, as-
sociated with rapid acetylation, is more predominant in the
North (51.6%) than in the middle coast (16.2%).12>

This distribution of NAT2 alleles in our tunisian popula-
tion are close to those reported in Morrocon,?”! African,28
European® and American populations.2? Contrastingly,
NAT2*6 emerges as the predominant allele among Asian
populations while NAT2*5 exhibits lower representation.’*"

In 2021, a Tunisian study have investigated the function
of acetylator phenotype in adjusting INH dosage and pro-
posed a population pharmacokinetic model. This method
enabled the calculation of an individualized INH dose
linked to achieving ideal therapeutic concentration 3 hours
post-drug intake (C3). The study findings indicated that a

daily dose of 450 mg in the RA/IA group and 225 mg in the
SA group led to attaining a C3 of 1.5 mg/mL.”!

These findings were close to a study in Germany which in-
dicated that the INH dosage could be tailored to 150, 300
and 450mg/day, for SA, IA and RA groups, respectively to
achieve comparable INH levels, assuming an average body
weight (approximately 60 kg). (INH pharmacokinetics were
not influenced by weight among Tunisian patients).2?

However, these doses were found to be lower than those
recommended by a Chinese study; dosages of around 300
500 and 800mg/day might be more suitable for slow, inter-
mediate and rapid acetylators, respectively.3!

Another study conducted in Mexico revealed that adminis-
tering 225 mg of INH to patients weighing up to 50 kg and
300 mg to those weighing over 50 kg resulted in achiev-
ing a median 2 hours post-dose concentration (C2) of 6.78
mg/L in slow acetylators and 2.55 mg/L in rapid acetylators.
(the recommended optimal C2 is 4.2+2.0 pug/ml).34331

In 2012, a team of researchers from southern Tunisia con-
ducted a study investigating the correlation between NAT2
gene variants and the occurrence of liver injury associated
with INH, revealing a clear association between NAT2 geno-
type and the development of INH-induced hepatotoxicity.

Specifically, patients with SA genotype exhibited a high
incidence of serum aminotransferase elevation (78.60%)
while RA genotype showed no abnormalities in liver func-
tion tests. Additionally, SA patients had threefold increase
risk to experience liver enzyme elevation compared to 1A
patients.

In line with these findings, a Japanese study indicated that
SA genotype patients were more prone to isoniazid in-
duced hepatitis (83.3%), low incidence of aminotransferase
elevations among IA genotype individuals (2.4%), and no
instances in the RA genotype group.®®
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Finally, researchers from Northern Tunisia conducted a
comparison between acetylation phenotype and NAT2
genotype.

The distribution of phenotypes within each genotype was
examined in three patient groups classified based on their
genotypes. The findings indicate that in group A, consist-
ing of patients with genotypic slow acetylation, only one
exhibited a phenotypically fast acetylation. In group B,
encompassing heterozygotes with one wild-type and
one substituted allele, 51.28% displayed a phenotypically
fast acetylation, while 48.72% exhibited slow acetylation.
Lastly, group Cincluded five patients native allele (NAT2*4),
with only one showing a phenotypically fast acetylation.
The overall genotype-phenotype concordance rate for all
NAT2 variations was 75%."

In literature, there have been varied reports on the align-
ment of NAT2 genotype with acetylation phenotype.

While some studies have strongly correlated the NAT2 phe-
notype with the genotype beneath it, as demonstrated in
several instances,?”3% others have shown a lack of correla-
tion or poor alignment between the NAT2 genotype and
INH phenotype.[284%

Possible hypothesis have been suggested to justify the
variability in the results of concordance between different
populations.

Using NAT2 gene sequencing alongside caffeine and dap-
sone to determine acetylation phenotype, studies revealed
discordance rates of 86% and 18% between the acetylator
genotype and phenotype, respectively.”!

In the Tunisian study by Jebabli et al, the acetylation phe-
notype was ascertained by calculating the acetylation in-
dex three hours after isoniazid administration, following
the Vivien method. NAT2 genotyping was conducted using
PCR amplification, leading to a moderate agreement be-
tween genotype and phenotype. The findings of this study
indicate that the acetylation test has a high sensitivity of
98.2% in identifying slow acetylators. Moreover, a robust
negative predictive value of 96% was noted.!'"

To conclude, the activity of an individual's NAT2 can be
determined through phenotyping methods or predicted
through genotyping methods.

Phenotyping and/or genotyping NAT2 could be useful ei-
ther to alert to the need for close monitoring of liver func-
tion in slow acetylators or to recommend standard dosages
for each acetylator type. However, broader clinical studies
are still required to validate this approach.

Phenotypic determination of NAT2, on one hand, has draw-
backs related to the technique itself, as its implementation
is delicate. On the other hand, NAT2 activity can vary based

on factors such as ethnic origin or concurrent medications.

These limitations justify the use of genotyping as multiple
studies confirm that NAT2 activity polymorphism results
from gene mutations with variable frequencies among
ethnicities.*"

However, lack of concordance between NAT2 phenotype
and genotype is not uncommon, reflecting the respective
limitations of both techniques and the still incomplete un-
derstanding of NAT2 enzyme.

The choice of the method used to determine the NAT2
acetylation status is mainly based on the technical capabili-
ties available in the laboratory and its expertise in the field.

Research in pharmacogenetics not only holds medical sig-
nificance but also economic value. Prospective knowledge
of patients at risk of developing adverse effects should help
better manage healthcare costs by avoiding the prescrip-
tion of lengthy, costly, or potentially unnecessary treat-
ments for a certain population.

While our understanding of the genetic mechanisms in-
fluencing inter-individual variations in NAT2 activity has
significantly advanced over the past two decades, the
practical application of this knowledge in clinical settings
remains restricted. Worldwide, NAT2 genotyping is not yet
routinely conducted.

In developed countries with low TB endemicity and a limit-
ed number of tuberculosis patients, there is minimal inter-
est in widespread NAT2 genotyping across the population.

Conversely, in developing nations where tuberculosis is ei-
ther moderately or highly prevalent, large-scale NAT2 ge-
notyping could prove valuable for predicting rapid acetyl-
ators at risk of developing drug resistance and subsequent
treatment failure and mimizing toxicity in slow acetylators.

However, the implementation of this approach is likely
challenged by its feasibility in resource-limited countries.

Conclusion

In summary, our study revealed several key findings in the
Tunisian population. Firstly, we found a significant predom-
inance of the SA phenotypes. Secondly, we noted a moder-
ate agreement between NAT2 phenotype and genotype.
Lastly, across various regions of Tunisia, there were notable
differences in NAT2 acetylation phenotypes, but similar
genotype frequencies.

This study underscores the significance of striking a bal-
ance between phenotyping and genotyping approaches
in investigating the NAT2 gene polymorphism in Tunisia.
By integrating both methodologies, valuable insights into
individual acetylator profile can be obtained, thereby facili-
tating the optimization of INH therapy.



Furthermore, prospective clinical trials are imperative to
further assess the benefits of NAT2 genotyping specifically
within the Tunisian population. This holistic approach not
only enhances our understanding of NAT2 variability but
also paves the way for tailored therapeutic interventions,
ultimately improving patient outcomes.
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