
Research Article

For reprint orders, please contact: reprints@futuremedicine.com

Effects of genetic variability on rifampicin
and isoniazid pharmacokinetics in South
African patients with recurrent tuberculosis
Anushka Naidoo*,1, Maxwell Chirehwa2, Veron Ramsuran1,3, Helen McIlleron2, Kogieleum
Naidoo1,4, Nonhlanhla Yende-Zuma1, Ravesh Singh5, Sinaye Ncgapu1, John Adamson6,
Katya Govender6, Paolo Denti‡ ,2 & Nesri Padayatchi‡ ,1,4

1Centre for the AIDS Programme of Research in South Africa (CAPRISA), University of KwaZulu-Natal, Durban, South Africa
2Division of Clinical Pharmacology, Department of Medicine, University of Cape Town, Cape Town, South Africa
3KwaZulu-Natal Research Innovation & Sequencing Platform (KRISP), School of Laboratory Medicine & Medical Sciences, University
of KwaZulu-Natal, Durban, South Africa
4MRC-CAPRISA HIV-TB Pathogenesis & Treatment Research Unit, Doris Duke Medical Research Institute, University of
KwaZulu-Natal, Durban, South Africa
5Department of Microbiology, National Health Laboratory Services, KZN Academic Complex, Inkosi Albert Luthuli Central Hospital,
Durban, South Africa
6Pharmacology Core, Africa Health Research Institute (AHRI), Durban, South Africa
*Author for correspondence: anushka.naidoo@caprisa.org
‡Authors contributed equally

Aim: We report the prevalence and effect of genetic variability on pharmacokinetic parameters of isoni-
azid and rifampicin. Materials & methods: Genotypes for SLCO1B1, NAT2, PXR, ABCB1 and UGT1A genes
were determined using a TaqMan R© Genotyping OpenArray™. Nonlinear mixed-effects models were used
to describe drug pharmacokinetics. Results: Among 172 patients, 18, 43 and 34% were classified as rapid,
intermediate and slow NAT2 acetylators, respectively. Of the 58 patients contributing drug concentrations,
rapid and intermediate acetylators had 2.3- and 1.6-times faster isoniazid clearance than slow acetylators.
No association was observed between rifampicin pharmacokinetics and SLCO1B1, ABCB1, UGT1A or PXR
genotypes. Conclusion: Clinical relevance of the effects of genetic variation on isoniazid concentrations
and low first-line tuberculosis drug exposures observed require further investigation.

First draft submitted: 6 October 2018; Accepted for publication: 23 November 2018; Published online:
15 February 2019

Keywords: isoniazid • pharmacogenetics • pharmacokinetics • pyrazinamide • rifampicin • tuberculosis

Tuberculosis ranks alongside HIV as a leading cause of death globally, affecting more than 10.4 million people in
2016 [1]. Despite efforts to introduce new drugs and shorter drug regimens for drug-susceptible tuberculosis, the
standard first-line treatment for drug-susceptible tuberculosis has not changed over 50 years [2]. Rifampicin, isoniazid
and pyrazinamide are critical components of the current standard tuberculosis treatment regimens. Several studies
are being conducted to optimize current drug regimens using appropriate dosing strategies and dose optimization of
drugs such as rifampicin [3–5]. Studies using the hollow fiber model of tuberculosis suggest that microbiologic failure
and acquired drug resistance are primarily driven by low drug concentrations that result from pharmacokinetic
variability independent of adherence to treatment [6]. Rifampicin in particular exhibits concentration dependant
activity [4], and low isoniazid and pyrazinamide drug levels have been linked to poor treatment outcomes [7–10].
High between-subject pharmacokinetic variability for rifampicin, isoniazid and pyrazinamide has been reported in
prior studies [11–15]. Several possible reasons could explain the variability, some of these include drug formulation,
quality of tablets, patient weight, age, sex, treatment adherence patterns and comorbidities such as HIV [13–16].
Furthermore, pharmacogenetic variability in genes coding for drug-metabolizing and transporter enzymes has been
associated with variable drug concentrations and pharmacokinetics (PK) [12,17–19].

Rifampicin is metabolized by hepatic esterases and biliary excretion of rifampicin occurs after hepatocellular
uptake, which is mediated primarily by organic anion-transporting polypeptide 1B1, coded by the SLCO1B1
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gene [20,21]. Rifampicin metabolism may be mediated by Phase I and II pathways [22]. Rifampicin is also a substrate
of the drug efflux pump P-glycoprotein, coded by the ABCB1 gene, and it activates the Pregnane X receptor
(PXR/NRI12), which regulates the expression of multiple metabolic enzymes and drug transporters including
UGT enzymes coded by the UGT1A genes [22]. These genes are reported as highly polymorphic, which suggests
that genetic variability may affect the PK of rifampicin and other drugs [12,23–26].

Isoniazid is metabolized by the N-acetyltransferases coded for by the NAT2 genes, which determine individual
acetylator status [27]. The rate of elimination of isoniazid has been shown to be trimodally distributed in accordance
with NAT2 metabolic activity [28].

Previous studies in African populations report changes to rifampicin PK and reduced drug concentrations due to
genetic variability in the SLCO1B1 gene, which includes rs4149032, rs4149056 and rs11045819 [12,17,29]. Variable
isoniazid plasma concentrations due to NAT2 genotype and acetylator status affecting therapeutic outcomes and
adverse events have been well documented [28,30]. No data is currently available on the effect of genetic variation
on pyrazinamide PK [19].

Rifampicin, isoniazid and pyrazinamide concentrations are reported as low in African patients, resulting in worse
treatment outcomes [12,16,17,29,31,32]. African populations have high levels of host genetic diversity resulting in
differences in tuberculosis disease susceptibility [33]. Furthermore, genetic diversity in drug-metabolizing and trans-
port enzymes are shown to result in lower tuberculosis drug concentrations and variations in response to standard
first-line tuberculosis drugs [12,17,34]. However, data on the pharmacogenetic determinants of antituberculosis drug
exposure among tuberculosis-endemic African populations remain limited.

We describe here the pharmacokinetic profiles of rifampicin, isoniazid and pyrazinamide in South African
patients with drug-susceptible tuberculosis and determine the prevalence and effect of pharmacogenetic variability
in genes coding for relevant drug-metabolizing enzymes on pharmacokinetic parameters of rifampicin and isoniazid.
Moxifloxacin PK and pharmacogenetic associations in the study has been described previously [18,35].

Materials & methods
A prospective pharmacokinetic substudy was conducted within the ongoing Improving Retreatment Success open-
label randomized controlled trial (NCT02114684) from October 2013 to June 2017, in KwaZulu-Natal, Durban,
South Africa. Details on study objectives, design and inclusion or exclusion criteria are available at ClinicalTrials.gov
(https://clinicaltrials.gov/ct2/show/NCT02114684).

Patients in the intervention arm of the study that provided informed consent to be included in the pharma-
cokinetic substudy had blood samples collected for pharmacokinetic analysis at predefined time points. Baseline
whole blood samples were collected in all patients consenting to storage of samples for later genetic testing. All
participants recruited to the study were >18 years of age, had a confirmed history of tuberculosis within the last
3 years and had been diagnosed with sputum smear positive, rifampicin sensitive, mycobacterium tuberculosis based
on microscopy and GeneXpert technology. Only those with no predefined laboratory or clinical abnormalities were
included, regardless of HIV status.

Drug regimens
Patients randomized to the intervention arm of the study received daily moxifloxacin 400 mg (Avelox R©, Bayer
Healthcare, Leverkusen, Germany), and weight-adjusted rifampicin, isoniazid, and, only during the 2-month
intensive phase, pyrazinamide. Patients below 55 kg received 450 mg of rifampicin, 225 mg of isoniazid and
1500 mg of pyrazinamide, while those above 55 kg received 1/3 more of each drug. Drugs were not administered
as fixed-drug combinations except rifampicin/isoniazid (Rifinah R©).

Follow-up
Patients were followed-up for 24 months, and clinical and safety monitoring was done bimonthly for the first 6
months, or as clinically indicated. Adherence to tuberculosis treatment was measured using pill count data. The HIV
coinfected patients received standard first-line antiretroviral therapy (ART) containing efavirenz, emtricitabine, and
tenofovir. Treatment and prophylaxis for opportunistic infections and concomitant treatment used was recorded
on case report forms.
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Pharmacokinetic sampling
Blood samples were collected prior to drug dose and at 2.5, 6 and 24 h postobserved dose at 1 and/or 2 months (dur-
ing the intensive phase of tuberculosis treatment) and at 6 months (during the continuation phase of tuberculosis
treatment). The month, at which PK sampling was conducted before and after an observed dose, was defined
as an occasion. Blood, collected in EDTA tubes, was centrifuged at 3000 rpm, placed on ice, sent within 1 h of
collection to the CAPRISA laboratory to be stored at -80◦C. Drug concentrations were quantified in clinical plasma
samples at the KwaZulu-Natal Research Institute for Tuberculosis and HIV (KRITH) pharmacology laboratory
using validated HPLC–MS/MS. The bioanalytical method was developed and validated according to US FDA
guidelines (2011) [22]. Plasma sample preparation included a protein precipitation with acetonitrile and subsequent
dilution with water. Analytes were chromatographically separated using a Zorbax C18, 3.5 μm, 50 × 2.1 mm
column and detected using the ABI Sciex 5500 QTrap mass spectrometer operated in positive mode. The follow-
ing transitions were used; precursor ion → product ion (all in units of m/z): rifampicin: 823.3 → 791.4 and
823.3 → 95; pyrazinamide: 124.1 → 54 and 124.1→79; isoniazid: 137.9 → 120.8 and 137.9 → 93. The two
internal standards used were ciprofloxacin: 331.6 → 231.0 and 331.6 → 288.1 for isoniazid and pyrazinamide and
rifaximin: 786.2 → 754.3 and 786.2 → 95.0 for rifampicin. Isoniazid, pyrazinamide and rifampicin were analyzed
isocratically with acetonitrile/water/0.1% formic acid mobile phase (at 22% acetronile for pyrazinamide and iso-
niazid and 55% acetronile for rifampicin). The injection volume was 2 μl and a total analytical run time of 5 min.
The method was validated over the concentration range of 20–10,000 ng/ml for isoniazid, 150–75,000 ng/ml for
pyrazinamide and 40–20,000 ng/ml for rifampicin. Overall precision, based on quality control samples evaluated
at a low, medium and high concentrations, during the validation and analysis of samples ranged from ranged from
4.3 to 6.7%, 5.4 to 10.1% and 5.5 to 6.5%, and accuracy ranged from 103.9 to 109.5%, 96 to 98.5% and 92.9
to 96.4% for isoniazid, pyrazinamide and rifampicin, respectively. Calculated carry over at the LLOQ was 2.8,
1.8 and 2.3% for isoniazid, pyrazinamide and rifampicin, respectively. The LC–MS/MS system was interfaced
with a DELL R© Windows R©7 computer running Analyst R© software version 1.6.2, used for chromatographic data
acquisition, peak integration and quantification of analytes.

Pharmacogenetic sampling
A total of 25 SNPs, four within NAT2, four within SLCO1B1, three in the PXR/NRI, six within ABCB1 and eight
within UGT1A were selected for analysis in this study based on previous evidence of functional significance on drug
response using the PharmGKB database and relevant literature [12,17,23,25,29,36,37]. The SNPs selected included;
rs2306283, rs4149032, rs4149056, rs4149015 for SLCO1B1, rs1799931, rs1801280, rs1801279 and rs1799930
for NAT2, rs2307424, rs2472677, rs1523130 for PXR or NR1, rs10276036, rs1128503, rs2032582, rs1045642,
rs2235033 and rs2235013 for ABCB1; and rs4148323, rs2003569, rs3755319, rs11692021, rs2070959,
rs28900377, rs1983023 and rs8175347 for UGT1A.

Genotypes were determined for each of the SNPs using a TaqMan R© Genotyping OpenArray™ (Thermo Fisher
Scientific, MA, USA). For rs8175347, due to the limited ability of TaqMan R© probes to reliably distinguish
all genotypes, a high resolution melt analysis was used to determine genotype [38]. The TaqMan R© Genotyping
OpenArray™ was performed as follows: genomic DNA was extracted from whole blood for each sample using the
Qiagen QIAamp MiniKit (Germany, Cat. No. 51306), according to manufacturer instructions. Approximately
50 μg/ml of DNA and 2 X TaqMan Genotyping OpenArray Master Mix were used for the assay. Plates were
loaded using the Accufill liquid handling robot and run on the Applied Biosystems™ QuantStudio™ 12K Flex Real-
Time PCR instrument according to Applied Biosystems™ user guide. Analysis was performed using the TaqMan R©

Genotyper Software version 3.1. The genotypes for UGT1A1*28 (rs8175347) were determined using genomic
DNA as previously described [38] with minor modifications. The real-time PCR conditions were changed as follows:
95◦C for 5 min, followed by 45 cycles of 95◦C for 10 s, 67◦C for 10 s and 76◦C for 10 s, and finally 76◦C for
1 min.

Acetylator status based on NAT2 genotypes were determined using a four-SNP genotyping panel including
rs1799931, rs1801280, rs1801279 and rs1799930 [39]. Samples homozygous common for all SNPs were classified
as rapid acetylator phenotype, samples heterozygous for any one of the SNPs were classified as intermediate
acetylator phenotype and samples homozygous variant for one or more SNPs or heterozygous for two or more
SNPs were classified as slow acetylator phenotype.
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Pharmacokinetic modeling
Nonlinear mixed-effects modeling was employed to interpret the concentration-time data using the software NON-
MEM 7.3 [40], and the algorithm First-Order Conditional Estimation with eta-epsilon interaction (FOCE-I). Pirana,
Perl-speaks-NONMEM, and Xpose4 were used to aid the modeling process and prepare model diagnostics [41].
The modeling approach is summarized below. Several structural models were tested: one- and two-compartment
disposition kinetics with first-order elimination and several approaches for absorption: first-order, with or with-
out a lag time or a chain transit compartments [42]. Since very little information was available in the absorption
phase, we used literature values as priors (with 30% uncertainty) to improve parameter estimation and stabilize
the model [43]. Parameter estimates reported by Wilkins et al., Denti et al. and Chirehwa et al. were used as priors
for the pharmacokinetic model for isoniazid, rifampicin and pyrazinamide, respectively [13,44,45]. The statistical
model assumed log-normal distribution for the between-subject and -occasion random effects, and a combined
additive and proportional structure for the residual unexplained variability, with the additive component of the
error bound to be at least 20% of the LLOQ. Concentrations below the formal LLOQ of the assay were available
for analysis, while the values below the limit of detection were imputed to LLOQ/10 and handled with the M6
method suggested in Beal [46]. Rifampicin, isoniazid and pyrazinamide concentrations were below LLOQ in 43,
27 and 3% of the samples, and below the limit of detection in 18, 11 and 1%. Most of these values were observed
in the predose concentrations.

Allometric scaling with either total bodyweight (WT) or fat-free mass (FFM) was applied to all clearance (CL
and Q) and volume of distribution (Vc and Vp) parameters, as advocated by Anderson and Holford [47]. Equations
1 and 2 describes how body size is related to oral clearance and volume of distribution, respectively.
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The SIZEi denotes individual values of the two size descriptors (WT or FFM). The SIZEmedian is the median body
size in the cohort. The (CL/F)POP is the typical oral clearance for an individual whose body size is equal to the
median body size. The (V/F)POP is the typical volume of distribution for an individual whose body size is equal to
the median body size in the cohort.

The effect of covariates on pharmacokinetic parameters was tested and included in the model based on significant
decreases (p < 0.05) in the objective function value (OFV) and physiological plausibility. The effect of the following
covariates was evaluated: antiretroviral therapy, treatment phase, genetic polymorphisms on rifampicin and isoniazid,
and serum creatinine.

Results
We included 172 South African tuberculosis patients: 119 (69.2%) male, 170 (98.8%) of Black African ethnicity
and 127 (73.8%) HIV coinfected (Table 1). Rifampicin, isoniazid and pyrazinamide concentration-time data were
available for 58 of 172 patients. Of these: median weight, fat-free mass and age were 56.9 kg (interquartile range
[IQR]: 51.1–65.2), 46.8 kg (IQR: 42.5–50.3) and 37 years (IQR: 31–42), respectively. Total of 41 (70.7%) patients
were male, 42 (72.4%) HIV coinfected, with 40/42 (95%) on efavirenz-based ART (Table 1).

Genotype & allele frequency of UGT1A, ABCB1, SLCO1B1, NAT2, NR1I
The genotypic frequencies for variants within UGT1A and ABCB1, SLCO1B1, NAT2, NR1I are presented in
Table 2 for all patients (n = 172) included in the study and the subset of 58 patients with rifampicin, isoniazid and
pyrazinamide drug level data. Allelic frequencies for all SNPs examined are presented in Table 3. Total of 18% of
patients were classified as rapid acetylators, and 34 and 43% as slow and intermediate acetylators, respectively.

Linkage disequilibrium (LD) was tested using LDlink 2.0. online software [49]. The SNPs from UGT1A
(rs11692021 and rs2070959) were found to be in perfect LD (D’ = 1, r2 = 1). In addition, ABCB1 SNPs
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Table 1. Baseline data.
Variable N = 172 (all participants) N = 58 (participants in PK substudy with drug

concentrations)

Age (years), median (IQR) 35 (30–41) 37 (31–42)

Male, n (%) 119 (69.2) 41 (70.7)

Race, n (%) – Black African ethnicity/

Caucasian/colored‡
170 (98.8)/1 (0.6)/1 (0.6) 56 (96.6)/1 (1.7)/1 (1.7)

Weight (kg), median (IQR) 55.7 (50.3–62.1) 56.9 (51.1–65.2)

Fat-free mass (kg) – 46.8 (42.5–50.3)

BMI(kg/m2), median (IQR) 19.7 (18.3–22.5) 19.6 (18.0–23.3)

HIV status, n (%) – positive/negative 127 (73.8)/45 (26.2) 42 (72.4)/16 (27.6)

ART, n (%)† :

– Efavirenz + emtricitabine + tenofovir 117 (95.1) 40 (95.2)

– Lopinavir/ritonavir + lamivudine + tenofovir 2 (1.6) 2 (4.8)

– Lopinavir/ritonavir + lamivudine + zidovudine 2 (1.6) –

– Lopinavir/ritonavir + emtricitabine + tenofovir 1 (0.8) –

– Efavirenz/lamivudine/zidovudine 1 (0.8) –

– CD4+ count (cells/mm3), median (IQR)†,§ 241.0 (129.0–407.0) 277.0 (139.0–384.0)

– Viral load (log10 copies/ml)† ,¶ 3.7 (1.3–5.0) 3.3 (1.3–4.2)

†Only for HIV + patients.
‡Mixed race.
§10/172, 4/58 missing data.
¶12/172, 5/58 missing data.
IQR: Interquartile range; PK: Pharmacokinetics.

(rs2235033 and rs2235013) were found to be in perfect LD (D’ = 1, r2 = 1). We also observed a set of SNPs within
the SLCO1B1 gene (rs2306283 and rs4149032) that were found in strong linkage (D’ = 0.91, r2 = 0.51).

PK of first-line tuberculosis drugs
Concentration data were available for a total of 574, 573 and 328 sampling points for rifampicin, isoniazid and
pyrazinamide, respectively.

The final pharmacokinetic model for rifampicin was a one-compartment disposition model with first-order
elimination and a chain of transit compartments describing the delayed onset of absorption. The final parameter
estimates together with 95% empirical CI based on a nonparametric bootstrap are shown in Table 4 and a visual
predictive check shown in Figure 1, shows that the models suitably fits the data. Parameter estimates from a
previous study [44] were used as priors for absorption rate constant and mean transit time. The FFM was a better
size descriptor for allometric scaling compared with total bodyweight. Between subject variability (BSV) was
supported on clearance, and between occasion variability (BOV) was supported on clearance and bioavailability.
The model did not detect the effect of any of the genetic polymorphisms tested for SLCO1B1, UGT, ABCB1 and
NR1I, or weight adjusted daily dose on rifampicin pharmacokinetic parameters.

For isoniazid, the concentration time data were best described by a two-compartment disposition with first-order
elimination and first-order absorption process with a lag time. Priors were included on the absorption rate constant
and lag time using previously reported parameter estimates [13]. Compared with total bodyweight, FFM was best
size descriptor for allometric scaling of all clearance and volume parameters. Clearance of isoniazid was dependent
on NAT2 acetylator status: (�OFV = 41, 2 degrees of freedom, p-value < 0.001) among fast and intermediate
acetylators clearance was 2.3- and 1.6-times that of slow acetylators, respectively. The final parameter estimates
together with 95% CIs are shown in Table 4 and a visual predictive check is displayed in Figure 1, showing how
the model suitably describes the difference in concentrations among the acetylator groups.

Pyrazinamide concentrations were best described by using a one-compartment model with first-order absorption
and elimination. Priors were introduced on absorption parameters (rate constant ka and absorption lag) based on
parameter estimates of a previous pharmacokinetic model [45] as there was insufficient data to characterize the
process. Parameter estimates from the final model are presented in Table 4, and a visual predictive check showing
good fit of the model to the data is provided in Figure 1. Between-subject variability was retained in the final
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Table 4. Population parameter estimates of rifampicin, isoniazid and pyrazinamide pharmacokinetics.
Parameter description Typical value (95% CI)† Random variability (95% CI)

Rifampicin

Clearance (l/h)‡ 22.8 (20.5–25.1) BSV: 5.5% (0.1–12.3)
BOV: 21.3% (11.6–27.9)

Volume of central compartment (l)‡ 77.4 (68.5–85.8)

Bioavailability 1 FIXED BOV: 43.4% (33.5–51.1)

Ka – absorption rate (1/h)§ 1.57 (1.25–1.96)
PRIOR: 1.04

Mean transit time (h)§ 0.53 (0.46–0.59)
PRIOR: 0.62

Number of transit compartments§ 34.6 (33.3–35.8)
PRIOR: 34.5

Proportional error (%) 37.4% (32.4–41.1)

Additive error (mg/l) 0.008 FIXED

Isoniazid

Clearance (l/h):

– Fast‡ 40.5 (35.5; 45.4) BSV: 26.3% (14.2–33.8)
BOV: 13% (3.8–18.8)

– Intermediate‡ 28.4 (24.6–33.1)

– Slow‡ 17.4 (15.2–20.9)

Volume of central compartment (l)‡ 73.4 (66.7–83.9)

Inter-compartmental clearance (l/h)‡ 1.1 (0.7; 1.5)

Volume of peripheral compartment (l)‡ 19.8 (15.0–27.9)

Bioavailability 1 FIXED BOV: 27.4% (19.3–40.3)

Absorption lag time (h), prior§ 0.13 (0.12–0.15)
PRIOR: 0.18

Ka – absorption rate (1/h), prior§ 3.9 (3.1– 4.3)
PRIOR: 1.85

BOV: 23.5% (0.9–97.5)

Scaling factor for variability in bioavailability for
unobserved doses (-fold)¶

3.9 (2.7– 5.0)

Proportional error (%) 27.8 (20.8– 31.9)

Additive error (mg/l) 0.004 FIXED

Pyrazinamide

Clearance (l/h)‡ 5.41 (4.91– 5.81) BSV: 19.1% (16.4– 26.0)

Volume of central compartment (l)‡ 62.8 (57.6– 66.3) BSV: 12.3% (0.1–14.9)

Bioavailability 1 FIXED BSV: 30.6% (20.8–34.6)
BOV: 14.4% (7.8–19.3)

Absorption lag Time (h), prior§ 0.47 (0.42–0.74)
PRIOR: 0.49

BOV: 74.6 (49.3–84.7)

Ka - Absorption rate (1/h), prior§ 1.26 (1.15–1.83)
PRIOR: 3.51

BOV: 13.9% (0.1–14.0)

Scaling factor for BOV in bioavailability for
unobserved doses (-fold)¶

2.93 (2.13–5.61)

Proportional Error (%) 7.78 (6.0–10.9)

Additive error (mg/l) 1.17 (0.68–1.45)

†Obtained with a non-parametric bootstrap (n = 300).
‡All clearance and volume parameters have been allometrically scaled with fat-free mass, and the typical values reported here refer to the typical patient, with fat-free mass of 47 kg.
§These parameters were estimated using a prior.
¶These scaling factors modulate the size of the between-occasion variability in bioavailability for the unobserved doses.
BOV: Between occasion variability; BSV: Between subject variability.

model on clearance, volume and bioavailability, and between-occasion variability was supported on absorption lag,
absorption rate constant and bioavailability.

For both isoniazid and pyrazinamide, the between-occasion variability for bioavailability was found to be 3.9-
and 2.9-times higher for the data following dose administration not supervised at the clinic, in other words,
the predose concentrations on the pharmacokinetic visit day. This was included in the model to account for the
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Figure 1. Visual predictive check for rifampicin, pyrazinamide and isoniazid. Visual predictive check for
pharmacokinetics of rifampicin (A), pyrazinamide (B) and isoniazid stratified by NAT2 acetylator status (C). The
dashed and solid lines are the 5th percentile, median and 95th percentile of the observed concentrations, while the
shaded regions represent the corresponding 95% CIs for the same percentiles. The subplot in each panel or stratum
shows the same VPC with a logarithmic transformation applied to the y-axis.
VPC: Visual predictive check.

uncertainty around the precise information about dose intake and other factors that may affect the absorption,
such as food intake with the dose. The effect of scaling the between-occasion variability for bioavailability on data
following unsupervised dose was not supported by the model describing the PK of rifampicin. The additive error
for rifampicin and isoniazid was fixed to 20% of the limit of detection because the estimate from the model was very
close to 0 and poorly determined. This conservative choice had little effect on the model fit, but it was included to
ensure that the model does not treat the lower concentrations as more precise than they realistically are.

Model derived individual values of exposure area under the curve (AUC and Cmax) for rifampicin isoniazid,
and pyrazinamide are presented in Figure 2. The median (IQR) AUC and Cmax for rifampicin, isoniazid and
pyrazinamide were 24.1 h·mg/l (19.2–34.8) and 4.70 mg/l (3.93–5.98), 10.0 h·mg/l (7.07–17.8) and 2.89 mg/l
(2.43–3.29), 350 h·mg/l (279–450) and 28.0 mg/l (22.0–34.1), respectively.
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Figure 2. Model-predicted individual exposures (AUC0–24 and Cmax). Model-predicted individual exposures (AUC0–24 and Cmax) of
rifampicin (A), pyrazinamide (B) and isoniazid (C). For isoniazid, the values are stratified by NAT2 acetylator status. Each point represents
the average AUC or Cmax per individual.
AUC: Area under the curve.

Discussion
We determined the prevalence of genetic variability in selected SLCO1B1, NAT2, PXR, UGT1A and ABCB1 SNPs
in a cohort of South African tuberculosis patients, the majority being of Black African ethnicity. Our data add to
the current evidence of genetic variants having pharmacogenetic relevance among Africans. We describe the PK
of first-line tuberculosis drugs and the effects of genetic variation on rifampicin and isoniazid pharmacokinetic
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parameters. As hypothesized, NAT2 acetylator status was significantly associated with isoniazid clearance, resulting
in higher clearance and lower drug exposures in rapid and intermediate acetylators. None of the genotypes tested
showed an effect on rifampicin pharmacokinetic parameters. Model derived typical concentrations of first-line
tuberculosis drugs included in the drug regimens were low overall, when compared with the commonly cited
therapeutic ranges [50,51] but in keeping with drug levels reported in some other African cohorts [10,12,17,32].

There have been several conflicting reports from studies investigating the effects of genetic variation in the
SLCO1B1 gene on rifampicin PK. Studies from South Africa and Uganda [12,17,29] found significant effects of the
SLCO1B1 rs4149032 and rs11045819 SNP, while studies in another African population and a study in South
India [52,53] found no effects of these SNPs on rifampicin pharmacokinetic parameters. The frequency of the
rs4149032 SNP in our study was similar to reports from previous African studies. The frequency of the rs4149032
CC genotype was 10% in our study, similar to other African cohorts (12–14%) [12,53] and lower than a study in
India reporting 23% frequency [52]. There may be several plausible reasons for the differences in effects of the SNPs
studied on rifampicin PK; such as disparities in prevalence of the SNP variation, use of tag SNPs that may not have
the same LD patterns within different populations, the complexity of competing metabolic processes and small
sample sizes studied. Furthermore, South Africa has a highly diverse population and race or ethnic mixture may
contribute to the differences in genetic effects.

The significant effects of isoniazid acetylator status on clearance of isoniazid are in keeping with several studies
investigating the impact on isoniazid efficacy based on adequate drug concentrations or risk of toxicity. Similar to
findings from other studies in Africa and Asia, the majority of our patients were slow or intermediate acetylators
(>80%) based on NAT2 genotype with less than 10–20% of population tested having a rapid acetylator status.
Isoniazid concentrations were low overall in our patients with >60% of the patients having intermediate or rapid
acetylator status resulting in higher clearance with no significant toxicity requiring drug discontinuation reported.
Some studies suggest that isoniazid dose adjustment based on acetylator status improves treatment outcomes and
lowers risk of serious adverse events and need for drug discontinuation [28,30].

The clinical relevance of the low drug concentrations reported in our study are unclear and require further
investigation. There have been conflicting results from studies investigating the effects of the low drug concentrations
on clinical outcomes, with some studies showing a significant association between drug concentrations and sputum
culture conversion rates or other clinical outcomes, while others did not [51]. Lack of association could be due to the
limitations of these studies using retrospective design, small sample size, single 2-h concentrations as a proxy for drug
exposure and differing treatment outcome measures (sputum culture conversion definitions or culture methods).
One study using a classification and regression tree analysis found new AUC and Cmax cutoffs that predict >91%
of the treatment outcomes [9]. The Cmax cutoffs were higher than currently used cutoffs for isoniazid (8.8 vs
3 mg/l) and pyrazinamide (58.3 vs 20 mg/l) but lower for rifampicin (6.6 vs 8 mg/l) and found an association
between Cmax of pyrazinamide and 2-month sputum conversion. Other studies found, for patients with isoniazid
Cmax >4.6 mg/l higher isoniazid exposures were associated with improved rates of culture conversion [10] and
rifampicin Cmax >8.2 mg/l associated with improved treatment outcomes [54]. Although these and other currently
cited reference ranges and targets need further validation and clinically validated targets need to be better defined,
it is clear that adequate concentrations of drugs in plasma and sites of action are needed for improved outcomes
and to prevent emergent resistance to existing antituberculosis drugs.

We acknowledge the limitations of our study. This includes a relatively small sample of patients with drug
concentration data and the relatively sparse sampling schedule. However, nonlinear mixed-effects modeling used
in this study has been shown to analyze sparse data well. The lack of significant associations observed between
SNPs studied and pharmacokinetic parameters for rifampicin may be due to inadequate numbers of patients in the
groups for each of the genotypes studied. We included a limited number of SNPs in our study based on previous
literature that showed association between these SNPs and drug response, toxicity or disease susceptibility. Other
relevant SNPs or rare variants that were not included in this study may significantly impact rifampicin or isoniazid
pharmacokinetic parameters. Genotype frequencies in our population may differ from other populations, and our
findings may therefore be limited to similar African populations.

In conclusion, we found a high prevalence of genetic variation in our population. We found no significant
association between SNPs tested and rifampicin pharmacokinetic parameters. Drug concentrations were low overall
and isoniazid fast and intermediate acetylator genotype resulted in higher clearance and lower concentrations of
isoniazid in the majority of patients. Clinical relevance of the effects of genetic variation on first-line tuberculosis
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drug concentrations, low drug concentrations and the need for isoniazid dose adjustment based on acetylator status
requires further investigation.

Summary points

• We report the prevalence and effect of genetic polymorphisms in relevant drug-metabolizing and transporter
enzymes on pharmacokinetic parameters of isoniazid and rifampicin, in a cohort of South African tuberculosis
patients.

• We found a high prevalence of genetic variation in our population.

• Among 172 patients (∼70% HIV coinfected), 18, 43 and 34% were classified as rapid, intermediate and slow NAT2
acetylators, respectively.

• Among the 58 patients contributing drug concentrations, rapid and intermediate acetylators had 2.3- and
1.6-times faster isoniazid clearance than slow acetylators.

• No association was observed between rifampicin pharmacokinetics and SLCO1B1, ABCB1, UGT1A or PXR
genotypes.

• The median (interquartile range) area under the concentration–time curve for rifampicin, isoniazid and
pyrazinamide was 24.1 h·mg/l (19.2–34.8), 10.0 h·mg/l (7.07–17.8), 350 h·mg/l (279–450), respectively.

• Drug concentrations were low overall compared with cited reference ranges.

• The NAT2 genotype was significantly associated with isoniazid clearance.

• In contrast to previous studies in African subjects, but in keeping with more recent reports, we did not detect any
effect of SLCO1B1 on rifampicin pharmacokinetic parameters.

• Clinical relevance of the effects of genetic variation on first-line tuberculosis drug concentrations, low drug
concentrations, and the need for isoniazid dose adjustment based on acetylator status requires further
investigation.
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