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Introduction
Efavirenz, a non-nucleoside reverse transcriptase inhibitor, is predominantly metabolised via the 
cytochrome P450 enzyme CYP2B6, with minor contributions from CYP2A6. Loss-of-function 
genetic polymorphisms in CYP2B6 confer slower metabolism of efavirenz, resulting in increased 
concentrations and increased risk of efavirenz-related toxicity.1,2,3 People with CYP2B6 slow 
metaboliser genotypes have a five fold increased risk of discontinuing efavirenz due to 
neuropsychiatric symptoms.4 Increased risk of drug-induced liver injury, hypercholesterolaemia 
and dysglycaemia in CYP2B6 slow metabolisers has also been reported.2,3,5 The minor metabolic 
pathway of efavirenz, CYP2A6, is of increased importance in CYP2B6 slow metabolisers, to 
prevent accumulation of efavirenz. Isoniazid, which is widely used in the treatment and prevention 
of tuberculosis, inactivates CYP2A6 via irreversible suicide inhibition.6 When co-administered, 
efavirenz concentrations in CYP2B6 slow metabolisers are further increased by isoniazid’s 
inhibition of CYP2A6.7,8,9 Polymorphisms in the NAT2 gene that confer slow NAT2 acetylator 
genotypes and increase isoniazid exposure, further increase efavirenz concentrations.10,11,12

Background: CYP2B6 slow metabolisers have higher efavirenz concentrations, which are 
further increased by isoniazid inhibiting efavirenz’s accessory metabolic pathway. 

Objectives: We investigated the association between CYP2B6 genotype and toxicity in people 
living with HIV (PLWH) on isoniazid and efavirenz.

Method: We enrolled participants from the efavirenz arm of the ADVANCE trial (reference 
no.: NCT03122262), who received isoniazid and consented to genotyping. We compared 
efavirenz concentrations on and off isoniazid, stratified by CYP2B6 genotype. We explored 
associations between the CYP2B6 genotype and efavirenz concentrations on isoniazid; and 
changes over 24 weeks in lipids, alanine aminotransferase (ALT), fasting plasma glucose 
(FPG), sleep quality, and Modified Mini Screen (MMS) scores.

Results: A total of 168 participants, median age 31 years, 57% female, had classifiable CYP2B6 
genotypes. Efavirenz concentrations on isoniazid were higher (pseudo-median difference 
0.49 µg/mL (95% confidence interval [CI] [0.19–0.91]) and associated with increases in total 
and high-density lipoprotein (HDL)-cholesterol. CYP2B6 slow metabolisers had higher 
efavirenz concentrations on isoniazid than extensive metabolisers (β = 1.66 [95% CI 0.98–2.34]). 
CYP2B6 slow metabolisers had greater increases in total (β = 0.44 mmol/L [95% CI 0.01–0.86]) 
and HDL-cholesterol (β = 0.39 mmol/L [95% CI 0.21–0.57]) than extensive metabolisers. There 
were no associations between efavirenz concentrations or CYP2B6 genotype, and change in 
ALT, FPG, low-density lipoprotein (LDL)-cholesterol, triglycerides, sleep quality, or MMS 
scores.

Conclusion: CYP2B6 slow metabolisers on isoniazid and efavirenz had greater efavirenz 
concentrations and increases in total and HDL-cholesterol. We found no association between 
CYP2B6 genotype or efavirenz concentrations and sleep or psychiatric symptoms.
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What this study adds: CYP2B6 slow metabolisers on efavirenz and isoniazid experienced 
greater increases in total cholesterol and HDL-cholesterol, likely driven by higher efavirenz 
concentrations. There was no association between CYP2B6 genotype or efavirenz concentrations 
and worsening sleep quality or neuropsychiatric symptoms during 24 weeks of treatment.

Note: Additional supporting information may be found in the online version of this article as Online Appendix 1.
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Initiation of antiretroviral therapy (ART) and isoniazid 
preventive therapy (IPT) is currently recommended by the 
WHO for all people living with HIV (PLWH).13 However, the 
clinical significance of the interaction between isoniazid and 
efavirenz has not been fully characterised. A small descriptive 
cohort study reported that patients who are both CYP2B6 slow 
metabolisers and NAT2 slow acetylators are at increased risk 
of severe neurotoxicity when isoniazid and efavirenz are co-
administered.14 Prospective data on the risk of neurotoxicity, 
hepatotoxicity, dyslipidaemia, and dysglycaemia associated 
with this pharmacokinetic and pharmacogenetic interaction 
are limited. We investigated the association between CYP2B6 
metaboliser genotype and toxicity in PLWH on isoniazid and 
efavirenz-based ART. We hypothesised that CYP2B6 slow 
metabolisers treated with efavirenz and isoniazid will have 
increased efavirenz concentrations with an increased risk of 
efavirenz-related neurotoxicity, hepatotoxicity, dyslipidaemia, 
and dysglycaemia.

Research methods and design
Study design and participants
We conducted a sub-study nested in the ADVANCE study 
(NCT03122262), a 96-week phase 3, open-label, randomised 
clinical trial conducted in South Africa.15 In ADVANCE, 
ART-naïve participants were randomised to three different 
ART regimens, and participants who screened negative for 
tuberculosis symptoms received 12 months of IPT. Our sub-
study included adult participants randomised to the 
efavirenz arm, who consented to genetic testing, and received 
isoniazid during the first 24 weeks of the study.

Clinical and biochemical evaluations
Neuropsychiatric symptoms were screened for at baseline, 
weeks 4, 12, and 24, using the Modified Mini Screen (MMS), 
and the change in score was calculated. The MMS consists of 
22 questions designed to identify symptoms related to 
psychiatric disorders.16 A higher MMS score predicts a 
greater likelihood of mental illness. Two questions in the 
MMS related to post-traumatic stress disorder (PTSD) were 
removed from the calculation of the total score in our study, 
as PTSD is not considered drug related but rather related to 
exposure to a traumatic event.17 Sleep quality was assessed 
at baseline, weeks 4, 12, and 24, using a Likert scale, with 
higher scores indicating better quality, and changes in sleep 
quality were calculated.18 Fasting lipid profiles at baseline 
and week 24 were used to calculate the change in total 
cholesterol, low-density lipoprotein (LDL-cholesterol), high-
density lipoprotein (HDL-cholesterol), and triglycerides. 
Alanine aminotransferase (ALT) measured at baseline, week 
12, and week 24 was used to calculate the change in ALT. 
Fasting plasma glucose (FPG) measured at weeks 4, 12, and 
24 was used to calculate the change in fasting glucose. 
Participants who did not initiate, or who discontinued 
isoniazid in the first 24 weeks of the study, and women who 
were pregnant during the first 24 weeks of the study, were 
excluded from these analyses. 

Pharmacokinetic analysis
Efavirenz mid-dosing interval concentrations (10  h to 20  h 
post dose) were measured at week 24, week 48, week 60, and 
week 72. Pharmacokinetic samples were centrifuged, with 
plasma stored at –80  °C until batch analysis. Efavirenz 
concentrations were determined by means of a validated 
assay at the pharmacology laboratory of the University of 
Cape Town.19 For each participant, one efavirenz concentration 
on isoniazid and one efavirenz concentration off isoniazid 
was selected. Efavirenz concentrations on isoniazid were 
preferentially determined from week 24 samples, but when 
missing or below the level of quantification, week 48 samples 
were used. Efavirenz concentrations off isoniazid were 
preferentially determined from week 72 samples, but when 
missing or below the level of quantification, week 60 
concentrations were used. We excluded efavirenz 
concentrations for participants not on isoniazid at week 24 or 
48, or not off isoniazid at week 60 or 72, or who were pregnant 
or within 6 weeks postpartum at the time of sampling.

Determination and characterisation of genetic 
polymorphisms
Genomic sampling was performed at week 36 in consenting 
participants. Whole blood was stored at –80 °C at the Sydney 
Brenner Institute for Molecular Biosciences, University of the 
Witwatersrand, for batch DNA extraction at the end of the 
ADVANCE trial. The salting out method was used to extract 
DNA from whole blood samples. Genotyping was performed 
using the MassARRAY® single nucleotide polymorphism 
(SNP) genotyping system (Agena Bioscience, San Diego, 
California, United States) at Inqaba Biotechnical Industries, 
Pretoria, South Africa. Missing SNP data were not imputed.

The following SNPs were genotyped: CYP2B6 516G>T 
(rs3745274); CYP2B6 983T>C (rs28399499); CYP2B6 15582C>T 
(rs4803419); CYP2A6 47A>C (rs28399433); NAT2 191 G>A 
(rs1801279); NAT2 341 T>C (rs1801280) and NAT2 590 G>A 
(rs1799930). CYP2B6 metaboliser genotype was assigned as: 
extensive metaboliser (CYP2B6 516GG-983TT-15582CC or 
CYP2B6 516GG-983TT-15582CT), intermediate metaboliser 
(CYP2B6 516GG-983TT-15582TT, CYP2B6 516GT-983TT-
15582CC, CYP2B6 516GG-983CT-15582CC, CYP2B6 516GT-
983TT-15582CT, or CYP2B6 516GG-983CT-15582CT), or  
slow metaboliser (CYP2B6 516TT-983TT-15582CC, CYP2B6  
516GT-983CT-15582CC, or CYP2B6 516GG-983CC-15582CC).20 
CYP2A6 metaboliser genotype was assigned as: slow metaboliser 
(CYP2A6 47CC), intermediate metaboliser (CYP2A6 47AC)  
and extensive metaboliser (CYP2A6 47AA).21 NAT2 acetylator 
status was assigned as: slow acetylator (homozygous for the 
variant allele at any locus, or heterozygous at 2 or more loci); 
intermediate acetylator (heterozygous at a single locus); or 
rapid acetylator (no variant allele at any locus).22

Statistical analyses
We summarised categorical data using proportions or 
percentages, and continuous data by mean (standard deviation 
[s.d.]) or median (interquartile range [IQR]) as appropriate. 
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Genotyped SNPs were tested for Hardy-Weinberg equilibrium 
using the Chi-square test, or exact tests, as appropriate. We 
compared absolute change in total cholesterol, HDL-
cholesterol, LDL-cholesterol, triglycerides, FPG, ALT, MMS 
score, and sleep quality over 24 weeks between CYP2B6 
metaboliser genotypes using the Kruskal-Wallis test. Where 
Kruskal-Wallis test P-values were significant, we performed 
post-hoc Dunn’s pairwise comparisons with Bonferroni 
correction for multiple testing. We compared paired efavirenz 
concentrations on and off isoniazid for the cohort overall, 
and  stratified by CYP2B6 metaboliser genotype, using the 
Wilcoxon signed-rank test. We investigated the association 
between CYP2B6 genotype and log-transformed efavirenz 
concentrations on isoniazid using multivariable linear 
regression. Efavirenz concentration data was log-transformed 
using the natural logarithm to improve model fit and correct 
for skewness. The covariates age, weight, CD4, HIV viral load, 
CYP2A6 genotype, and NAT2 genotype were included in the 
model. We used multivariable linear regression to analyse 
associations between CYP2B6 metaboliser genotypes, and 
absolute change in ALT, total cholesterol, HDL-cholesterol, 
LDL-cholesterol, triglycerides, FPG, MMS score, and sleep 
quality at various time points during the first 24 weeks of the 
study. Multivariable linear regression analyses between 
natural log-transformed efavirenz concentrations on isoniazid 
and the same variables listed above were performed. A priori 
selected covariates adjusted for in the multivariable models 
were age, sex, weight, CD4 count, HIV viral load, CYP2A6 
genotype, NAT2 genotype, and the baseline value of the 
dependent variable. Robust standard errors were obtained for 
all linear regression models. All data manipulation, statistical 
analyses, and generation of figures was performed using R 
software (Version 4.2.2, R Foundation for Statistical 
Computing, Vienna, Austria).23

Ethical considerations
Ethical approval for this sub-study was obtained from the 
Human Research Ethics Committee of the University of Cape 
Town (HREC REF: 801/2022). The study was conducted in 
accordance with the ethical standards of the institutional 
research committee and the 1964 Declaration of Helsinki and 
its later amendments. Participants included in the sub-study 
provided written informed consent for participation in the 
main study and genetic testing. All data sets were password 
protected, and all analyses conducted on a password-protected 
computer. Participants were referred to by study identification 
number only, and the master list linking study identification 
number to personal identifying information was not provided 
to the sub-study investigators conducting the analyses.

Results
The participant flow is shown in Figure 1 and Online 
Appendix 1: Figure 1-A1. Of the 176 participants who 
consented to genetic testing, 168 had classifiable CYP2B6 
genotypes. The baseline characteristics of all participants, 
categorised by CYP2B6 metaboliser genotype, are shown in 
Table 1. Baseline characteristics were similar across CYP2B6 

metaboliser genotypes, except weight, which was lower in 
CYP2B6 extensive metabolisers (P = 0.02). Of the 148 
participants included in the toxicity and metabolic analyses 
conducted in the first 24 weeks, all were co-prescribed 
isoniazid for tuberculosis prevention (Figure 1). Of the 77 
participants with efavirenz concentrations on isoniazid, 2 
participants had been switched from IPT to isoniazid-
containing tuberculosis treatment by the time their week 48 
efavirenz concentrations were measured (Online Appendix 1: 
Figure 1-A1 ).

Genotyping
All genotyped SNPs were in Hardy-Weinberg equilibrium, 
except CYP2A6 47 A>C (rs28399433) (P = 0.03). Minor allele 
frequencies are reported in the Online Appendix 1: Table 
1-A1. The CYP2B6 metaboliser genotype frequencies were: 
28% extensive, 45% intermediate, and 27% slow. The 
CYP2A6 metaboliser genotype frequencies were: 
88%  extensive, 10% intermediate, and 2% slow. The NAT2 
acetylator genotype frequencies were: 46% rapid, 
18% intermediate, 34% slow, and 2% unclassifiable. In three 
participants, NAT2 acetylator status could not be classified 
because of genotyping failure.

Pharmacokinetic analysis
In 77 participants on isoniazid, the median plasma mid-dose 
efavirenz concentration was 2.74 μg/mL (IQR 1.76–5.40 μg/

TDF, tenofovir disoproxil fumarate; FTC, emtricitabine; EFV, efavirenz; ALT, alanine 
transaminase; MMS, modified mini screen; HDL, high-density lipoprotein, LDL, low-density 
lipoprotein.

FIGURE 1: Flow diagram of ADVANCE trial participants enrolled in toxicity and 
metabolic analyses.

Unsuccessful CYP2B6 genotyping
(n = 8)

Not on isoniazid�isoniazid stopped
during the first 24 weeks of the

study (n = 12)

Pregnant during the first 24 weeks
of the study (n = 8)

ADVANCE trial
(n = 1053)

Participants randomised to
other treatment arms (n = 702)

Participants that did not consent
to pharmacogenetic testing

(n = 175)

Participants randomised
to TDF�FTC�EFV (n = 351)

Participants consenting
to pharmacogenetic

testing (n = 176)

Analysis of ALT, fasting plasma
glucose, MMS score, sleep quality,

total cholesterol, triglycerides,
HDL-cholesterol, and

LDL-cholesterol (n = 148)

Participants with classifiable
CYP2B6 genotypes (n = 168)
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mL). Off isoniazid, in 146 participants, the median plasma 
mid-dose efavirenz concentration was 2.33 μg/mL (IQR 1.67–
5.12 μg/mL). Efavirenz concentrations were greater while on 
isoniazid, compared to off isoniazid, for the cohort overall 
(Wilcoxon signed-rank test for paired samples: pseudo-
median difference 0.49 µg/mL (95% CI [confidence interval] 
0.19–0.91) (Figure 2a). When stratified by genotype, this 
difference was largest in CYP2B6 slow metabolisers (Wilcoxon 
signed-rank test for paired samples: pseudo-median difference 
2.13  µg/mL [95% CI 0.02–8.77]) (Figure 2b). A significant 
difference was also found in CYP2B6 intermediate 
metabolisers (Wilcoxon signed-rank test for paired samples: 
pseudo-median difference 0.52  µg/mL [95% CI 0.16–0.89]), 
but not CYP2B6 extensive metabolisers (Wilcoxon signed-
rank test for paired samples: pseudo-median difference 
0.07  µg/mL [95% CI –0.25–0.39]) (Figure 2c and d). In 
multivariable linear regression, only CYP2B6 slow 
metabolisers and body weight were associated with efavirenz 
concentrations on isoniazid (Online Appendix 1: Table 2-A1). 
CYP2B6 slow metabolisers on isoniazid had higher efavirenz 
concentrations than extensive metabolisers (β = 1.66 [95% CI 
0.98–2.34], P  <  0.001) (Online Appendix 1: Table 2-A1). We 
found no association between NAT2 acetylator or CYP2A6 
metaboliser genotype and efavirenz concentrations, both 
while on isoniazid in univariable analyses, and after adjusting 
for CYP2B6 genotype. Of the 46 CYP2B6 slow metabolisers in 
our cohort, one was a CYP2A6 slow metaboliser and six were 
CYP2A6 intermediate metabolisers. The participant who was 
both a CYP2B6 and CYP2A6 slow metaboliser did not have a 

measured efavirenz concentration while on isoniazid. Three 
of six CYP2B6 slow and CYP2A6  intermediate metabolisers 
had measured efavirenz concentrations on isoniazid. These 
concentrations ranged from 26–35.20  µg/mL. In contrast, 
efavirenz concentrations in CYP2B6 slow and CYP2A6 
extensive metabolisers ranged from 0.69–19.8 µg/mL (Online 
Appendix 1: Figure 2-A1). In CYP2B6 slow metabolisers, there 
was no difference in efavirenz concentrations on isoniazid 
by NAT2 acetylator genotype (Online Appendix 1: 
Figure 3-A1).

Alanine aminotransferase
There were 103 adverse events of elevated ALT reported in 68 
participants from our cohort during 96 weeks of the 
ADVANCE trial (Online Appendix 1: Table 3-A1). According 
to the division of AIDS (DAIDS) table for grading the severity 
of adult adverse events: 69 events were of grade 1 severity, 24 
events of grade 2 severity, 9 events of grade 3 severity, and 1 
event was of grade 4 severity.24 Significantly more elevated 
ALT adverse events occurred in CYP2B6 intermediate (38.8%) 
and slow metabolisers (38.8%), than in extensive metabolisers 
(22.3%, P = 0.02). There was an association between CYP2B6 
metaboliser genotype and severity of ALT elevation (P = 0.03) 
(Online Appendix 1: Table 3-A1). Grade 2 ALT elevations 
occurred more frequently in CYP2B6 slow metabolisers than 
in intermediate or extensive metabolisers (P = 0.003 and 
P < 0.001, respectively). ALT increased from baseline to weeks 
12  and 24 (Figure 3a), but there was no difference in the 

40
P-value = 0.001

Ef
av

ire
nz

 co
nc

en
tr

at
io

ns
 (μ

g�
m

L)

a

c

b

d

2.74 (median) 2.33 (median)

30

20

All participants

On isoniazid Off isoniazid

CYP2B6 slow metabolisers

On isoniazid Off isoniazid

10

0

Ef
av

ire
nz

 co
nc

en
tr

at
io

ns
 (μ

g�
m

L)

P-value = 0.047

7.78 (median) 6.98 (median)

40

30

20

10

0

Ef
av

ire
nz

 co
nc

en
tr

at
io

ns
 (μ

g�
m

L) P-value = 0.006

2.51 (median) 2.11 (median)

20

15

10

5

0

CYP2B6 intermediate metabolisers

On isoniazid Off isoniazid

CYP2B6 extensive metabolisers

On isoniazid Off isoniazid

Ef
av

ire
nz

 co
nc

en
tr

at
io

ns
 (μ

g�
m

L) P-value = 0.615

1.76 (median) 1.71 (median)

10

8

6

4

2

0

IQR, interquartile range.

FIGURE 2: Median (IQR) efavirenz concentrations on and off isoniazid in: (a) All participants, (b) CYP2B6 slow metabolisers, (c) CYP2B6 intermediate metabolisers, and (d) 
CYP2B6 extensive metabolisers. Concentrations compared using the Wilcoxon signed-rank test for paired samples.
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magnitude of increase by CYP2B6 metaboliser genotype 
(Figures 3b and c). In multivariable linear regression, there 
was no association between CYP2B6 slow metabolisers and 
change in ALT from baseline to week 12 or 24 (Online 
Appendix 1: Table 4-A1 and Table 5-A1). There was no 
association between efavirenz concentrations on isoniazid 
and change in ALT from baseline to week 12 or 24 (Online 
Appendix 1: Table 6-A1).

Fasting plasma glucose
In our cohort, one participant developed diabetes, and four 
developed impaired glucose tolerance during 96 weeks of 
the ADVANCE trial. FPG increased from baseline to weeks 4, 
12, and 24. There was no difference in the magnitude of 
increase in FPG from baseline to these study time points 
between CYP2B6 slow, intermediate, and extensive 
metabolisers. In multivariable linear regression, the CYP2A6 
slow metaboliser genotype was associated with a decrease in 
FPG from baseline to week 12 (β = –0.72 mmol/L [95% CI 
–1.40 to –0.03], P = 0.04) (Online Appendix 1: Table 7-A1). We 
found no association between efavirenz concentrations on 

isoniazid, and change in FPG from baseline to weeks 4, 12, 
and 24 (Online Appendix 1: Table 8-A1).

Lipids
Thirty-six adverse events relating to hypercholesterolemia, 
17 adverse events relating to elevated LDL-cholesterol, and 19 
adverse events relating to hypertriglyceridaemia, were 
reported  in our cohort for the 96-week duration of the 
ADVANCE trial. There was no association between CYP2B6 
metaboliser genotype and the number or severity of these 
adverse events (Online Appendix 1: Table 9-A1, Table 10-A1, 
Table 11-A1). Total cholesterol and HDL-cholesterol increased 
from baseline to week 24. The magnitude of these increases was 
greatest in CYP2B6 slow metabolisers (Figure 4a and Figure 
4d). CYP2B6 slow metabolisers experienced 0.44  mmol/L 
greater increase in total cholesterol, and 0.39 mmol/L greater 
increase in HDL-cholesterol, as compared to extensive 
metabolisers (Table 2). Similarly, each log increase in efavirenz 
concentration on isoniazid was associated with a 0.18 mmol/L 
increase in both total (β = 0.18 mmol/L [95% CI 0.03–0.33]) and 
HDL-cholesterol (β = 0.18 mmol/L [95% CI 0.06–0.30]) (Online 
Appendix 1: Table 12-A1). There was no increase in LDL-
cholesterol from baseline to week 24 (Wilcoxon signed-rank 
test for paired samples: pseudo-median difference 0.08 mmol/L 
[95% CI –0.01–0.16], P = 0.08) for the cohort overall. However, 
when stratified by genotype, in CYP2B6 slow metabolisers 
there was a trend toward a significant increase in LDL-
cholesterol over 24 weeks (Figure 4b). In multivariable 
regression, the CYP2B6 slow metaboliser genotype was 
associated with a greater increase in LDL-cholesterol, but this 
was not statistically significant (β  =  0.27  mmol/L [95% CI 
–0.05–0.59], P = 0.09) (Table 2). We found no association 
between efavirenz concentrations on isoniazid and change in 
LDL-cholesterol over 24 weeks (β = 0.002 mmol/L [95% CI 
–0.11–0.12]) (Online Appendix 1: Table  12-A1). Triglycerides 
decreased from baseline to week 24 (Wilcoxon signed-rank test 
for paired samples: pseudo-median difference –0.09 mmol/L 
[95% CI –0.16 to –0.02], P = 0.01). There was no difference in the 
change in triglycerides over 24 weeks by metaboliser genotype 
(Figure 4c). There was no association between CYP2B6 slow 
metabolisers and change in triglycerides in multivariable linear 
regression (Table 2). There was also no association between 
efavirenz concentrations on isoniazid and change in 
triglycerides (Online Appendix 1: Table 12-A1).

Modified mini screen
Twenty-five psychiatric adverse events were reported in 22 
participants from our cohort during the 96-week ADVANCE 
trial. All were of grade 1 (mild) or grade 2 (moderate) 
severity. There was no association between CYP2B6 
metaboliser genotype and the number of psychiatric 
adverse events. At baseline, the median MMS score of 
participants was 0. MMS score improved over 24 weeks 
(Wilcoxon signed-rank test for paired samples: pseudo-
median difference –1.00 [95% CI –1.50 to –0.999] P < 0.001). 
There was no association between CYP2B6 genotype or 
efavirenz concentrations on isoniazid and change in MMS 
score from baseline to week 4, 12, or 24 in multivariable 
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(c) change in ALT from baseline to week 24 by genotype.
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linear regression models (Online Appendix 1: Table 13-A1 
and Table 14-A1).

Sleep score
At baseline, the median sleep quality score was 8. There was 
an improvement in sleep quality over 24 weeks to a median 
score of 9 (Wilcoxon signed-rank test for paired samples: 
pseudo-median difference 1.50 [95% CI 1.00–1.5], P < 0.001). 
When stratified, there was no significant difference by 
CYP2B6 genotype, in the improvement in sleep quality from 
baseline to week 4, 12, or 24. There was no association 
between CYP2B6 slow metabolisers and change in sleep 
score from baseline to week 4, 12, or 24 in multivariable linear 
regression models (Online Appendix 1: Table 15-A1). There 
was also no association between efavirenz concentrations 
on  isoniazid and change in sleep score from baseline to 
week 4,12, or 24 (Online Appendix 1: Table 16-A1).

Discussion
In this sub-study of a randomised controlled trial, we found 
that CYP2B6 slow metabolisers had higher efavirenz 
concentrations and increased total and HDL-cholesterol during 
the first 24 weeks of treatment with efavirenz and isoniazid. 
We found no association between CYP2B6 slow metabolisers 
and increases in ALT, FPG, LDL-cholesterol, or triglycerides. 
We also found no association between CYP2B6 slow 
metabolisers or efavirenz concentrations when on isoniazid, 
and worsening sleep quality or neuropsychiatric symptoms.

We found that efavirenz concentrations were increased when co-
administered with isoniazid. The increase in efavirenz 

concentrations is most marked in CYP2B6 slow metabolisers, but 
also significant in CYP2B6 intermediate metabolisers, consistent 
with previous studies.7,9,11,25 We found no association between 
NAT2 slow acetylators and increased efavirenz concentrations 
while on isoniazid in all participants, nor in CYP2B6 slow 
metabolisers specifically, contrasting with other studies.10,11,12, 

25,26,27 This may be because our ability to classify NAT2 acetylator 
status accurately was limited by the inclusion of only three SNPs, 
rather than all SNPs associated with slow acetylation.22,28 Our 
study also had limited power to detect smaller effects of NAT2 
slow acetylators on efavirenz concentrations.

We found no association between CYP2A6 slow metabolisers 
and increased efavirenz concentrations overall, and after 
adjusting for CYP2B6 genotype. However, CYP2B6 slow 
metabolisers with concomitant CYP2A6 intermediate 
metaboliser genotypes had greater efavirenz concentrations 
on isoniazid, than CYP2B6 slow metabolisers with CYP2A6 
extensive metaboliser genotypes. Earlier studies that failed to 
show any association between CYP2A6 47A>C (rs28399433) 
and increased efavirenz concentrations in CYP2B6 slow 
metabolisers were limited by too few participants homozygous 
for the variant allele, or too few CYP2B6 slow metabolisers.29,30 
Our results highlight the crucial role of the accessory metabolic 
pathway, CYP2A6, in preventing efavirenz accumulation in 
CYP2B6 slow metabolisers previously suggested.27 

The association between CYP2B6 slow metabolisers and 
increases in total cholesterol and HDL-cholesterol we report 
is consistent with the known adverse effect profile of 
efavirenz.31,32 It has been suggested that the increase in HDL-
cholesterol after starting efavirenz-based ART is a ‘return to 
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health’ phenomenon, since low HDL-cholesterol is the most 
common lipid abnormality associated with untreated HIV.33 
In our cohort overall, HDL-cholesterol increased over 24 
weeks. This increase was most marked in CYP2B6 slow 
metabolisers, and our analyses of the association between 
efavirenz concentrations and total and HDL-cholesterol 
confirm a concentration-dependent effect of efavirenz.34 
Efavirenz-mediated induction of pregnane X receptor (PXR) 
transcriptional activity stimulates fatty acid uptake and 
cholesterol biosynthesis in hepatocytes, while simultaneously 
suppressing the expression of a major receptor for HDL-
cholesterol uptake in the liver, leading to increases in total 
cholesterol, LDL-cholesterol, and HDL-cholesterol.34 These 
effects are not unique to efavirenz, as activation of PXR has 
been shown to mediate hypercholesterolaemia associated 
with various other drugs.35 Associations between efavirenz 
concentrations and increasing total cholesterol, LDL-
cholesterol, HDL-cholesterol, and triglycerides have been 
reported in a South African cohort.2 Our current study 
supports these previous findings with respect to total and 
HDL-cholesterol. Increases in HDL-cholesterol are 
considered protective against cardiovascular disease and 
mortality, and are therefore not necessarily a drug-related 
‘toxicity’.36 However, pharmacological treatments aimed at 
increasing HDL-cholesterol specifically have not been 
associated with reduction in mortality, and observational 
data provide evidence that very high HDL-cholesterol 
concentrations may paradoxically increase mortality.36,37,38 
These increases in HDL-cholesterol can therefore not be 
considered completely benign, especially in those with 
normal or elevated HDL-cholesterol at baseline.

There was no association between CYP2B6 slow metabolisers 
and increased FPG in our study, which contrasts with a case-
control study reporting a four-fold increase in the risk of 
diabetes associated with the CYP2B6 516G>T SNP.5 Our 
previous work also found no association between CYP2B6 
metaboliser genotypes and FPG, despite reporting an 
association between efavirenz concentrations and FPG which 
was also not reproduced in this current study.2 The association 
between CYP2A6 slow metabolisers and a decrease in FPG 
over 12 weeks in our present study is unexpected and 
unexplained, and may be due to chance.

We found no association between CYP2B6 slow metabolisers 
or efavirenz concentrations and ALT in PLWH on isoniazid 
and efavirenz, suggesting that efavirenz-related hepatotoxicity 
is not concentration-dependent. Previous studies have 
reported associations between increasing efavirenz 
concentrations or CYP2B6 slow metabolisers, and hepatic 
adverse events or liver enzyme elevations when considered 
as a binary outcome.3,39 Although we found no significant 
association between CYP2B6 slow metabolisers and change in 
ALT over 12 and 24 weeks, we did find that the largest 
proportion of ALT-related adverse events in our cohort 
occurred in slow and intermediate CYP2B6 metabolisers. 
Most of these events were mild and occurred during the first 
48 weeks of the study when participants would have been co-

prescribed isoniazid and efavirenz. Retrospective data 
suggest that efavirenz drug-induced liver injury presents 
after a median duration of 6 months of treatment.40,41 By only 
investigating changes in ALT from baseline to week 12 and 
week 24, our study may have missed increases in ALT 
occurring outside these time points.

Despite the known pharmacokinetic interaction of efavirenz 
and isoniazid, we found no association between CYP2B6 
metaboliser genotype or efavirenz concentrations and 
neuropsychiatric symptoms in PLWH co-prescribed both 
drugs. An AIDS Clinical Trials Group study reported an 
association between CYP2B6 516G>T SNP and 
neuropsychiatric symptoms within 1 week of efavirenz 
treatment, but not later, suggesting the development of 
tolerance to these adverse effects. Similarly, a South African 
study reported resolution of the early neuropsychiatric 
adverse effects of efavirenz within 1 month of treatment – by 
only screening for symptoms from week 4 onward, we may 
have missed any early associations.42 Alternatively, 
neuropsychiatric effects of the interaction between efavirenz 
and isoniazid may be the result of chronic exposure to or the 
accumulation of toxic metabolites. In a study of 15 participants 
with late-onset efavirenz neurotoxicity (LENS), all were 
CYP2B6 slow metabolisers, and either NAT2 slow or 
intermediate acetylators.14 The median duration of efavirenz-
based ART prior to admission for LENS was 2.2 years. Most 
of this cohort also received isoniazid (87%), with the median 
duration of isoniazid therapy prior to presentation of 13 
months.14 In another South African cohort of patients with 
LENS, the median duration of ART prior to presentation was 
2.8 years, and for IPT was 6 months.43 As we only studied 
changes in neuropsychiatric symptom scores up to week 24, 
we cannot exclude an association beyond this period.

A key strength of our study is the ability to examine the 
pharmacokinetic, pharmacogenetic, and pharmacodynamic 
components of the efavirenz-isoniazid interaction within the 
same cohort, utilising data collected prospectively as part of a 
randomised controlled trial. However, our study has some 
limitations. Our small sample size may have limited power to 
detect significant associations between efavirenz concentrations 
or CYP2B6 slow metabolisers and smaller changes in metabolic, 
hepatic, and neuropsychiatric effects. Our analyses of the 
association between efavirenz concentrations on isoniazid, 
and change in ALT, FPG, lipids, MMS score, and sleep score 
were further limited by missing concentration data. Finally, 
since we only compared changes in variables during the first 
24 weeks, while all metaboliser genotypes were co-prescribed 
efavirenz and isoniazid, we were unable to fully characterise 
the impact of the addition of isoniazid on toxicity alone.

Conclusion
In conclusion, among South African PLWH on efavirenz-
based ART and isoniazid, CYP2B6 slow metabolisers 
experienced greater increases in total cholesterol and HDL-
cholesterol as compared to extensive metabolisers, driven by 
higher plasma efavirenz concentrations. Despite these elevated 
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efavirenz concentrations while on treatment with isoniazid 
and efavirenz, we found no association between CYP2B6 slow 
metabolisers or efavirenz concentrations on isoniazid and 
worsening sleep quality or neuropsychiatric symptoms. We 
found no association between CYP2B6 genotype or efavirenz 
concentrations on isoniazid, and dysglycaemia, or elevations 
in ALT, triglycerides or LDL-cholesterol.

Acknowledgements
The authors would like to thank all those involved in the 
study for their contribution, including the ADVANCE study 
participants.

Competing interests
The authors declare that they have no financial or personal 
relationships that may have inappropriately influenced them 
in writing this article. The authors, G.M., N.C.. F.V, and P.S., 
serve as editorial board members of this journal. The peer 
review process for this submission was handled 
independently, and the authors had no involvement in the 
editorial decision-making process for this manuscript. The 
authors have no other competing interests to declare.

Authors’ contributions
S.S., N.C., and F.V. were responsible for conducting the 
ADVANCE trial. G.A. was responsible for data management 
during the ADVANCE trial. P.S. and G.M. conceptualised 
and designed this sub-study and were involved in 
interpretation of the data and revision of the article. J.T. was 
responsible for data curation, data analysis, interpretation 
and presentation of results, and drafting of the article. J.T., 
G.M., S.S., N.C., G.A., F.V., and P.S. reviewed the final 
article. 

Funding information
The ADVANCE study received funding from Unitaid and 
ViiV Healthcare, with investigational product provided by 
ViiV Healthcare and Gilead Sciences. P.S. was supported in 
part by the South African Medical Research Council (SAMRC) 
under a self-initiated research grant and the National 
Research Foundation (Thuthuka UID113983 and the Black 
Academic Advancement Programme UID120647). The views 
and opinions expressed are those of the authors and do not 
necessarily represent the official views of the SAMRC.

Data availability
Raw data were generated by the parent study, ADVANCE. 
Derived data supporting the findings of this study are 
available from the corresponding author, P.S., on reasonable 
request.

Disclaimer
The views and opinions expressed in this article are those of 
the authors and are the product of professional research. 

The article does not necessarily reflect the official policy or 
position of any affiliated institution, funder, agency, or that of 
the publisher. The authors are responsible for this article’s 
results, findings, and content.

References
1.	 Haas DW, Ribaudo HJ, Kim RB, et al. Pharmacogenetics of efavirenz and central 

nervous system side effects: An Adult AIDS Clinical Trials Group study. AIDS. 
2004;18(18):2391–2400.

2.	 Sinxadi PZ, McIlleron HM, Dave JA, et al. Plasma efavirenz concentrations are 
associated with lipid and glucose concentrations. Medicine (Baltimore). 
2016;95(2):e2385. https://doi.org/10.1097/MD.0000000000002385

3.	 Yimer G, Amogne W, Habtewold A, et al. High plasma efavirenz level and CYP2B6*6 
are associated with efavirenz-based HAART-induced liver injury in the treatment 
of naïve HIV patients from Ethiopia: A prospective cohort study. Pharmacogenomics 
J. 2012;12(6):499–506. https://doi.org/10.1038/tpj.2011.34

4.	 Leger P, Chirwa S, Turner M, et al. Pharmacogenetics of efavirenz discontinuation for 
reported central nervous system symptoms appears to differ by race. Pharmacogenet 
Genomics. 2016;26(10):473–480. https://doi.org/10.1097/FPC.0000000000000238

5.	 Tadesse WT, Mlugu EM, Shibeshi W, et al. CYP3A and CYP2B6 genotype predicts 
glucose metabolism disorder among HIV patients on long-term efavirenz-based 
ART: A case-control study. J Pers Med. 2022;12(7):1087. https://doi.org/10.3390/
jpm12071087

6.	 Augustynowicz-Kopec E, Zwolska Z. Bioavailability factors of isoniazid in fast and 
slow acetylators, healthy volunteers. Acta Pol Pharm. 2002;59(6):452–457.

7.	 Gausi K, Wiesner L, Norman J, et al. Pharmacokinetics and drug-drug interactions 
of isoniazid and efavirenz in pregnant women living with HIV in high TB incidence 
settings: Importance of genotyping. Clin Pharmacol Ther. 2021;109(4):1034–1044. 
https://doi.org/10.1002/cpt.2044

8.	 Court MH, Almutairi FE, Greenblatt DJ, et al. Isoniazid mediates the CYP2B6*6 
genotype-dependent interaction between efavirenz and antituberculosis drug 
therapy through mechanism-based inactivation of CYP2A6. Antimicrob Agents 
Chemother. 2014;58(7):4145–4152. https://doi.org/10.1128/AAC.02532-14

9.	 McIlleron HM, Schomaker M, Ren Y, et al. Effects of rifampin-based antituberculosis 
therapy on plasma efavirenz concentrations in children vary by CYP2B6 genotype. 
AIDS. 2013;27(12):1933–1940. https://doi.org/10.1097/QAD.0b013e328360dbb4

10.	 Haas DW, Podany AT, Bao Y, et al. Pharmacogenetic interactions of rifapentine plus 
isoniazid with efavirenz or nevirapine. Pharmacogenet Genom. 2021;31(1):17–27. 
https://doi.org/10.1097/FPC.0000000000000417

11.	 Luetkemeyer AF, Rosenkranz SL, Lu D, et al. Combined effect of CYP2B6 and NAT2 
genotype on plasma efavirenz exposure during rifampin-based antituberculosis 
therapy in the STRIDE study. Clin Infect Dis. 2015;60(12):1860–1863. https://doi.
org/10.1093/cid/civ155

12.	 Bertrand J, Verstuyft C, Chou M, et al. Dependence of efavirenz- and rifampicin-
isoniazid–based antituberculosis treatment drug-drug interaction on CYP2B6 and 
NAT2 genetic polymorphisms: ANRS 12154 study in Cambodia. J Infect Dis. 
2013;209(3):399–408. https://doi.org/10.1093/infdis/jit466

13.	 World Health Organization. WHO consolidated guidelines on tuberculosis 
[homepage on the Internet]. 2020 [cited 2024 May 13]. Available from: https://
www.who.int/publications/i/item/9789240001503

14.	 Van Rensburg R, Nightingale S, Brey N, et al. Pharmacogenetics of the Late-Onset 
Efavirenz Neurotoxicity Syndrome (LENS). Clin Infect Dis. 2021;75(3):399–405. 
https://doi.org/10.1093/cid/ciab961

15.	 Venter WDF, Moorhouse M, Sokhela S, et al. Dolutegravir plus two different 
prodrugs of tenofovir to treat HIV. NEJM. 2019;381(9):803–815. https://doi.
org/10.1056/NEJMoa1902824

16.	 Alexander MJ, Haugland G, Lin SP, Bertollo DN, McCorry FA. Mental health screening 
in addiction, corrections and social service settings: Validating the MMS. Int J Ment 
Health Addict. 2007;6:105–119. https://doi.org/10.1007/s11469-007-9100-x

17.	 Pai A, Suris AM, North CS. Posttraumatic stress disorder in the DSM-5: Controversy, 
change, and conceptual considerations. Behav Sci. 2017;7(1):7. https://doi.
org/10.3390/bs7010007

18.	 Griesel R, Sinxadi P, Kawuma A, et al. Pharmacokinetic and pharmacogenetic associations 
with dolutegravir neuropsychiatric adverse events in an African population. J Antimicrob 
Chemother. 2022;77(11):3110–3117. https://doi.org/10.1093/jac/dkac290

19.	 Bienczak A, Cook A, Wiesner L, et al. The impact of genetic polymorphisms on the 
pharmacokinetics of efavirenz in African children. Br J Clin Pharmacol. 
2016;82(1):185–198. https://doi.org/10.1111/bcp.12934

20.	 Holzinger ER, Grady B, Ritchie MD, et al. Genome-wide association study of 
plasma efavirenz pharmacokinetics in AIDS Clinical Trials Group protocols 
implicates several CYP2B6 variants. Pharmacogenet Genom. 2012;22(12):858–867. 
https://doi.org/10.1097/FPC.0b013e32835a450b

21.	 Pitarque M, Von Richter O, Oke B, et al. Identification of a single nucleotide 
polymorphism in the TATA box of the CYP2A6 gene: Impairment of its promoter 
activity. Biochem Biophys Res Commun. 2001;284(2):455–460. https://doi.
org/10.1006/bbrc.2001.4990

22.	 Boukouvala S. Database of arylamine N-acetyltransferases (NATs) [homepage on 
the Internet]. n.d. [cited 2024 May 13]. Available from: http://nat.mbg.duth.gr/

23.	 R Core Team. R: A language and environment for statistical computing. Vienna, 
Austria: R Foundation for Statistical Computing; 2022.

http://www.sajhivmed.org.za�
https://doi.org/10.1097/MD.0000000000002385
https://doi.org/10.1038/tpj.2011.34
https://doi.org/10.1097/FPC.0000000000000238
https://doi.org/10.3390/jpm12071087
https://doi.org/10.3390/jpm12071087
https://doi.org/10.1002/cpt.2044
https://doi.org/10.1128/AAC.02532-14
https://doi.org/10.1097/QAD.0b013e328360dbb4
https://doi.org/10.1097/FPC.0000000000000417
https://doi.org/10.1093/cid/civ155
https://doi.org/10.1093/cid/civ155
https://doi.org/10.1093/infdis/jit466
https://www.who.int/publications/i/item/9789240001503
https://www.who.int/publications/i/item/9789240001503
https://doi.org/10.1093/cid/ciab961
https://doi.org/10.1056/NEJMoa1902824
https://doi.org/10.1056/NEJMoa1902824
https://doi.org/10.1007/s11469-007-9100-x
https://doi.org/10.3390/bs7010007
https://doi.org/10.3390/bs7010007
https://doi.org/10.1093/jac/dkac290
https://doi.org/10.1111/bcp.12934
https://doi.org/10.1097/FPC.0b013e32835a450b
https://doi.org/10.1006/bbrc.2001.4990
https://doi.org/10.1006/bbrc.2001.4990
http://nat.mbg.duth.gr/


Page 11 of 11 Original Research

http://www.sajhivmed.org.za Open Access

24.	 U.S. Department of Health and Human Services. National Institute of Allergy and 
Infectious Diseases. Division of AIDS. Division of AIDS (DAIDS) Table for Grading 
the Severity of Adult and Pediatric Adverse Events [homepage on the Internet]. 
Corrected Version 2.1. 2017 [cited 2024 May 13]. Available from: https://rsc.niaid.
nih.gov/sites/default/files/daidsgradingcorrectedv21.pdf

25.	 Dooley KE, Denti P, Martinson N, et al. Pharmacokinetics of efavirenz and treatment 
of HIV-1 among pregnant women with and without tuberculosis coinfection. J Infect 
Dis. 2015;211(2):197–205. https://doi.org/10.1093/infdis/jiu429

26.	 Sarfo FS, Zhang Y, Egan D, et al. Pharmacogenetic associations with plasma 
efavirenz concentrations and clinical correlates in a retrospective cohort of 
Ghanaian HIV-infected patients. J Antimicrob Chemother. 2014;69(2):491–499. 
https://doi.org/10.1093/jac/dkt372

27.	 Di Iulio J, Fayet A, Arab-Alameddine M, et al. In vivo analysis of efavirenz 
metabolism in individuals with impaired CYP2A6 function. Pharmacogenet 
Genom. 2009;19(4):300–309. https://doi.org/10.1097/FPC.0b013e328328d577

28.	 Hein DW, Doll MA. Accuracy of various human NAT2 SNP genotyping panels to 
infer rapid, intermediate and slow acetylator phenotypes. Pharmacogenomics. 
2012;13(1):31–41. https://doi.org/10.2217/pgs.11.122

29.	 Sinxadi PZ, Leger PD, McIlleron HM, et al. Pharmacogenetics of plasma efavirenz 
exposure in HIV-infected adults and children in South Africa. Br J Clin Pharmacol. 
2015;80(1):146–156. https://doi.org/10.1111/bcp.12590

30.	 Leger P, Dillingham R, Beauharnais CA, et al. CYP2B6 variants and plasma efavirenz 
concentrations during antiretroviral therapy in Port-au-Prince, Haiti. J Infect Dis. 
2009;200(6):955–964. https://doi.org/10.1086/605126

31.	 van Leth F, Phanuphak P, Stroes E, et al. Nevirapine and efavirenz elicit different 
changes in lipid profiles in antiretroviral-therapy-naive patients infected with HIV-
1. PLoS Med. 2004;1(1):e19. https://doi.org/10.1371/journal.pmed.0010019

32.	 Tashima KT, Bausserman L, Alt E, Aznar E, Flanigan TP. Lipid changes in patients 
initiating efavirenz-and indinavir-based antiretroviral regimens. HIV Clin trials. 
2003;4(1):29–36. https://doi.org/10.1310/F2V7-3R46-VX6J-241R

33.	 Dave JA, Levitt NS, Ross IL, et al. Anti-retroviral therapy increases the prevalence 
of dyslipidemia in South African HIV-infected patients. PLoS One. 
2016;11(3):e0151911. https://doi.org/10.1371/journal.pone.0151911

34.	 Gwag T, Meng Z, Sui Y, et al. Non-nucleoside reverse transcriptase inhibitor 
efavirenz activates PXR to induce hypercholesterolemia and hepatic steatosis. J 
Hepatol. 2019;70(5):930–940. https://doi.org/10.1016/j.jhep.2018.12.038

35.	 Karpale M, Hukkanen J, Hakkola J. Nuclear receptor PXR in drug-induced 
hypercholesterolemia. Cells. 2022;11(3):313. https://doi.org/10.3390/cells​
11030313

36.	 Madsen CM, Varbo A, Nordestgaard BG. Extreme high high-density lipoprotein 
cholesterol is paradoxically associated with high mortality in men and women: 
Two prospective cohort studies. Eur Heart J. 2017;38(32):2478–2486. https://doi.
org/10.1093/eurheartj/ehx163

37.	 Liu C, Dhindsa D, Almuwaqqat Z, et al. Association between high-density 
lipoprotein cholesterol levels and adverse cardiovascular outcomes in high-risk 
populations. JAMA Cardiol. 2022;7(7):672–680. https://doi.org/10.1001/
jamacardio.2022.0912

38.	 Keene D, Price C, Shun-Shin MJ, Francis DP. Effect on cardiovascular risk of high 
density lipoprotein targeted drug treatments niacin, fibrates, and CETP inhibitors: 
Meta-analysis of randomised controlled trials including 117,411 patients. BMJ. 
2014;349:g4379. https://doi.org/10.1136/bmj.g4379

39.	 Kappelhoff BS, van Leth F, Robinson PA, et al. Are adverse events of nevirapine and 
efavirenz related to plasma concentrations? Antivir Ther. 2005;10(4):489–498. 
https://doi.org/10.1177/135965350501000404

40.	 Arnab P, Croxford R, Scott J, et al. Severe efavirenz associated neurotoxicity: A 
retrospective cohort study. S Afr J Infect Dis. 2023;38(1):522. https://doi.
org/10.4102/sajid.v38i1.522

41.	 Maughan D, Sonderup M, Gogela N, et al. A natural history of efavirenz drug-
induced liver injury. S Afr Med J. 2021;111(12):1190–1116. https://doi.org/10.7196/​
SAMJ.2021.v111i12.14584

42.	 Gounden V, van Niekerk C, Snyman T, George JA. Presence of the CYP2B6 516G> T 
polymorphism, increased plasma efavirenz concentrations and early 
neuropsychiatric side effects in South African HIV-infected patients. AIDS Res Ther. 
2010;7:32. https://doi.org/10.1186/1742-6405-7-32

43.	 Cross HM, Chetty S, Asukile MT, et al. A proposed management algorithm for late-
onset efavirenz neurotoxicity. S Afr Med J. 2018;108(4):271–274. https://doi.
org/10.7196/SAMJ.2018.v108i4.12914

http://www.sajhivmed.org.za�
https://rsc.niaid.nih.gov/sites/default/files/daidsgradingcorrectedv21.pdf
https://rsc.niaid.nih.gov/sites/default/files/daidsgradingcorrectedv21.pdf
https://doi.org/10.1093/infdis/jiu429
https://doi.org/10.1093/jac/dkt372
https://doi.org/10.1097/FPC.0b013e328328d577
https://doi.org/10.2217/pgs.11.122
https://doi.org/10.1111/bcp.12590
https://doi.org/10.1086/605126
https://doi.org/10.1371/journal.pmed.0010019
https://doi.org/10.1310/F2V7-3R46-VX6J-241R
https://doi.org/10.1371/journal.pone.0151911
https://doi.org/10.1016/j.jhep.2018.12.038
https://doi.org/10.3390/cells​11030313
https://doi.org/10.3390/cells​11030313
https://doi.org/10.1093/eurheartj/ehx163
https://doi.org/10.1093/eurheartj/ehx163
https://doi.org/10.1001/jamacardio.2022.0912
https://doi.org/10.1001/jamacardio.2022.0912
https://doi.org/10.1136/bmj.g4379
https://doi.org/10.1177/135965350501000404
https://doi.org/10.4102/sajid.v38i1.522
https://doi.org/10.4102/sajid.v38i1.522
https://doi.org/10.7196/​SAMJ.2021.v111i12.14584
https://doi.org/10.7196/​SAMJ.2021.v111i12.14584
https://doi.org/10.1186/1742-6405-7-32
https://doi.org/10.7196/SAMJ.2018.v108i4.12914
https://doi.org/10.7196/SAMJ.2018.v108i4.12914

	Pharmacokinetics, pharmacogenetics, and toxicity of co-administered efavirenz and isoniazid 
	Introduction
	Research methods and design
	Study design and participants
	Clinical and biochemical evaluations
	Pharmacokinetic analysis
	Determination and characterisation of genetic polymorphisms
	Statistical analyses
	Ethical considerations

	Results
	Genotyping
	Pharmacokinetic analysis
	Alanine aminotransferase
	Fasting plasma glucose
	Lipids
	Modified mini screen
	Sleep score

	Discussion
	Conclusion
	Acknowledgements
	Competing interests
	Authors’ contributions
	Funding information
	Data availability
	Disclaimer

	References
	Figures
	FIGURE 1: Flow diagram of ADVANCE trial participants enrolled in toxicity and metabolic analyses.
	FIGURE 2: Median (IQR) efavirenz concentrations on and off isoniazid in: (a) All participants, (b) CYP2B6 slow metabolisers, (c) CYP2B6 intermediate metabolisers, and (d) CYP2B6 extensive metabolisers. Concentrations compared using the Wilcoxon signed-rank test for paired samples. 
	FIGURE 3: (a) Alanine aminotransferase (ALT) at baseline, week 12 and week 24 of the study for cohort; (b) change in ALT from baseline to week 12 by genotype; (c) change in ALT from baseline to week 24 by genotype. 
	FIGURE 4: Change in (a) total cholesterol, (b) LDL-cholesterol, (c) triglycerides, and (d) HDL-cholesterol from baseline to week 24 by CYP2B6 genotype. Where Kruskal-Wallis test P-values were significant, post-hoc Dunn’s pairwise comparisons with Bonferroni correction for multiple testing were performed. 

	Tables
	TABLE 1: Baseline characteristics of enrolled participants.
	TABLE 2: Multivariable linear regression models for change in total cholesterol, LDL-cholesterol, HDL-cholesterol and triglycerides from baseline to week 24.



