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Abstract——Efavirenz is a highly effective HIV-1
antiretroviral; however, it is also frequently associated
with neuropsychiatric adverse events (NPAE) that
include abnormal dreams, sleep disturbances, nervousness,
anxiety, depression, and dizziness. The incidence of
NPAEs upon initiation of treatment with efavirenz-
containingmedications is high, exceeding 50% inmost
studies. Although the NPAEs tend to decrease after
the first month in many patients, they persist for long
periods of time in others. Efavirenz-based treatment
is generally well-tolerated in children, although some
experience persistent concentration problems, as
well as sleep disturbances, psychotic reactions, and
seizures. In an effort to link basic with clinical
research, parameters associated with efavirenz brain
exposure are discussed, and factors that increase
efavirenz levels are explored in depth as they are
expected to contribute to NPAE risk. These include

the role of modifiable and nonmodifiable risk factors
such as diet, weight, and drug-drug interactions and
sex, age, and ethnicity/pharmacogenetics. In addition
to NPAEs, this review explores what is known about
antiretroviral (ARV) drugs being used for recreational
purposes. Although multiple ARV drugs are covered,
special attention is devoted to efavirenz given that the
majority of reports of NPAEs and illicit use of ARV drugs
concern efavirenz. The evolving molecular mechanistic
basis of NPAEs and abuse of efavirenz point to a complex
and polymodal receptor pharmacology. Animal studies
to date primarily point to a serotonergic mechanism
of action. Recently emerging associations between
HIV-associated neurocognitive disorder and efavirenz
use, and possible contributions of the mitochondrial-
immune-inflammatory-redox cascade are explored in
the context of the signaling mechanisms that appear to
be involved.

I. Historical Perspective of Antiretroviral Drugs
and Highly Active Antiretroviral Therapy

Since the first clinical observation of AIDS in 1981,
HIV/AIDS has become a global pandemic affecting almost
1 in 200 people worldwide (https://www.avert.org/global-
hiv-and-aids-statistics). To date there is no cure forHIV, but
withmodern treatment regimens,HIV infectionhasbecome
amatter ofmorbidity formanyrather thanmortality (https://
www.avert.org/global-hiv-and-aids-statistics; Palella et al.,
1998; Panos et al., 2008). In the absence of therapy, the
average time leading to the development of AIDS is
approximately 8–10 years, followed soon by death (Porter
et al., 1999). The first effective medicine for HIV was the
nucleoside reverse transcriptase inhibitor (NRTI) zidovudine
(AZT), whichwas FDA approved in 1987 (Brook, 1987). AZT
treatment resulted in higher CD4+ cell counts but did not
significantly reduceviral plasma load (Kinloch-DeLoes et al.,
1995; Niu et al., 1998). Furthermore, a long-term outcome

study revealed thatAZTmonotherapydidnot improve the
prognosis in HIV patients (Lindback et al., 1999). Sub-
sequently several more NRTIs were developed, but none
were able to suppress the virus for long periods of time.
Due to poor prognosis and lack of viable treatment
options, in 1993 the FDA implemented an accelerated
approval pathway for thedevelopment ofHIV/AIDSdrugs
(Wilson et al., 2013). In 1995, efavirenz [(4S)-6-chloro-4-(2-
cyclopropylethynyl)-4-(trifluoromethyl)-2,4-dihydro-1H-
3,1-benzoxazin-2-one] emerged as one of a new class of
non-nucleoside reverse transcriptase inhibitors (NNRTI)
(Young et al., 1995). Not only did efavirenz prove to be a
potent inhibitor of the wild-type HIV-1 reverse transcrip-
tase, but it was also able to inhibit a panel of otherwise
NNRTI-resistant HIV-1 reverse transcriptase mutants
(Young et al., 1995). Beingmore potent than otherNNRTI
monotherapies available at that time (e.g., nevirapine and
delavirdine) (Richman et al., 1991; Dueweke et al., 1993;
Young et al., 1995), efavirenz underwent accelerated

ABBREVIATIONS: ABC, ATP binding cassette; ACTG, AIDS Clinical Trials Group; ART, antiretroviral treatment; ARV, antiretroviral;
AZT, zidovudine; BMI, body mass index; CAR, constitutive androstane receptor; CNS, central nervous system; CPE, cerebral penetration
effectiveness; CSF, cerebrospinal fluid; CYP, cytochrome P450; DAT, dopamine transporter; DHHS, US Department of Health and Human
Services; DOI, 2,5-Dimethoxy-4-iodoamphetamine; EFV, efavirenz; FDA, Food and Drug Administration; HAART, highly active antiretroviral
therapy; HAND, human immunodeficiency virus-associated neurocognitive disorder; HIV, human immunodeficiency virus; 5-HT, serotonin;
IDO, indoleamine 2,3-dioxygenase; iNOS, inducible nitric oxide synthase; LSD, lysergic acid diethylamide; MDR, multidrug resistant
transporter; NAA/Cr, N-acetylaspartate/creatine; NNRTI, non-nucleoside reverse transcriptase inhibitor; NO, nitric oxide; NPAE,
neuropsychiatric adverse events; NRTI, nucleoside reverse transcriptase inhibitor; OATP, organic anion transporting polypeptide; 7-OH-
EFV, 7-hydroxyefavirenz; 8-OH-EFV, 8-hydroxyefavirenz; PI, protease inhibitor; PXR, pregnane X receptors; SNP, single nucleotide
polymorphism; TB, tuberculosis; TDF, tenofovir disoproxil fumarate; WHO, World Health Organization.
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evaluation and in 1998 was approved for the treatment of
HIV-1 infection based on a controlled 24-week study
analyzing plasma HIV RNA levels and CD4+ cell counts
(http://www.fda.gov/ForPatients/Illness/HIVAIDS/History/
ucm151079.htm). However, in the 2 years prior to its
approval, the approach for treating HIV had changed
drastically from monotherapies to drug combinations, a
movement first alluded to in a 1995 editorial published by
David Ho in The New England Journal of Medicine (Ho,
1995). In 1996, at the 11th International Conference on
AIDS held in Vancouver, British Columbia, three crucial
studies were presented that changed the course of HIV
treatments: 1) nevirapine-based triple drug therapy, 2)
indinavir-based triple drug therapy, and 3) boosting
saquinavir with ritonavir. Subsequently, two independent
studies demonstrated the effectiveness of three-drug com-
bination therapies (Gulick et al., 1997; Hammer et al.,
1997). These studies demonstrated that a combination of
the protease inhibitor (PI) indinavir and two NRTIs
lamivudine and zidovudine significantly slowed the progres-
sion of HIV-1 compared with zidovudine and lamivudine
monotherapies (Gulick et al., 1997; Hammer et al., 1997).
This ushered in the era of highly active antiretroviral
therapy (HAART), a triple drug combination therapy
approach used to suppress HIV viral replication and
progression of HIV disease.
At the inception of HAART, the triple combination

regimen often involved two NRTIs and either a PI or a
NNRTI; however, HAART has evolved since to also
include integrase strand transfer inhibitors, boosted
PIs, or entry inhibitors as third or fourth components
for both treatment-naive and treatment-experienced
adult patients to optimize background therapy, mean-
ing that a new ARV regimen is being applied as
resistance has developed to the original ARV regimen
(Flexner, 2011). In the latter case, one PI is used as a
pharmacokinetic boosting agent to prolong the meta-
bolic half-life of the other PI (Flexner, 2000). In a
number of HAART studies, the inclusion of efavirenz in
the combination resulted in better outcomes. Until early
2015, the DHHS guidelines recommended efavirenz-
based HAART as the preferred first line regimen for
treatment-naive patients. However, the April 2015 and
subsequent DHHS guidelines no longer recommends
efavirenz for treatment-naive patients, although the
latest WHO and South African guidelines for adults
continue to recommend efavirenz as the preferred
NNRTI for HAART (National Department of Health,
2015; WHO, 2016).
Because of its superior virologic efficacy, soon after its

approval, efavirenz became the preferred third drug in
HAART (Staszewski et al., 1999). In a 48-week randomized,
open-label HAART trial consisting of 1216 patients com-
paring stavudine and lamivudine with either efavirenz,
nevirapine, or nevirapine plus efavirenz, virologic failure
occurred in 43.7%, 37.8%, and 53.1% of patients, respec-
tively, indicating the NNRTIs efavirenz and nevirapine

have similar efficacy (vanLeth et al., 2004). However, the
nevirapine-based regimen was associated with signifi-
cant hepatotoxicity, and, of the 25 deaths that occurred
during the study two were attributed to nevirapine and
the remaining were due to infection or unrelated to the
study medication (van Leth et al., 2004). In a 96-week
randomized, double-blind study of 1147 HIV-1-infected
patients, a triple nucleoside regimen lacking efavirenz
was comparedwith one including efavirenz (Gulick et al.,
2004). Specifically, treatment groups were zidovudine-
lamivudine-abacavir, zidovudine-lamivudine-efavirenz, or
zidovudine-lamivudine-abacavir-efavirenz. After 32 weeks,
virologic failure occurred in 21% of patients in the triple
nucleoside group compared with 11% of patients in the
combined efavirenz group, P , 0.001, indicating that two
NRTIs plus the NNRTI efavirenz was the superior treat-
ment option compared with three NRTIs (Gulick et al.,
2004). In addition, virologic failure was more rapid in the
treatment group that lacked efavirenz, P , 0.001 (Gulick
et al., 2004). Consequently, within a short period of time,
the three NRTI combination of zidovudine-lamivudine-
abacavir was removed from the preferred drug list from
virtually every HIV treatment guideline (https://www.
medscape.org/viewarticle/523119). Replacing it was the
NNRTI plus two NRTI-based HAART regimen that
became the mainstay of HIV treatment, and efavirenz-
based HAART became the preferred first line ARV
regimen for treatment-naive patients (Riddler et al.,
2008). On the one hand, efavirenz-based regimens have
many advantages that include well-established efficacy,
potency, convenience (once daily dosing), superior patient
compliance, and lower risk of long-term metabolic toxic-
ities compared with PI-based regimens (Staszewski et al.,
1999; Gulick et al., 2004). On the other hand, disadvan-
tages include a low genetic barrier to phenotypic resistance
(Joly and Yeni, 2000) and high incidences of neuropsychi-
atric adverse events (NPAEs). The risk of NPAEs in
particular prompted efavirenz-based HAART to be moved
to the alternative regimens category in the latest update of
DHHSguidelines (DHHS, 2017), although the latestWHO
and South African guidelines for adults continue to recom-
mend efavirenz as the preferred NNRTI for HAART
(National Department of Health, 2015; WHO, 2016).

II. Neuropsychiatric Adverse Event Associated
with Antiretroviral Drugs

Although less common, NPAEs have also been reported
for ARV drugs other than efavirenz. These include the
protease inhibitor (PI) ritonavir; the NRTIs zidovudine,
abacavir, tenofovir, and emtricitabine, and the NNRTI
nevirapine (Fischl et al., 1990;McLeodandHammer, 1992;
Morlese et al., 2002; Wise et al., 2002). The spectrum of
reported neuropsychiatric complications includes confu-
sion, anxiety, depression, insomnia, dizziness, agitation,
abnormal dreams, hallucinations and delusional, psy-
chotic, paranoid, and manic behaviors (Fischl et al., 1990;
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McLeod and Hammer, 1992; Morlese et al., 2002; Wise
et al., 2002). Like efavirenz, all of these ARV drugs
penetrate the central nervous system (CNS) to varying
degrees (Letendre et al., 2008; Tozzi et al., 2009) and are
recommended for preventing or treating HIV-associated
neurocognitive disorder (HAND), which is caused byHIV
viral invasion into the CNS (Letendre et al., 2008; Tozzi
et al., 2009). Letendre et al. (2008) characterized cerebral
penetration of ARV drugs based on molecular and
pharmacologic properties, cerebrospinal fluid (CSF) con-
centration measurements, and effectiveness in reducing
CSF viral loads or improving HIV-associated cognitive
dysfunction. Results revealed that drugs with higher
cerebral penetration-effectiveness (CPE) ranks were
associated with lower CSF viral loads of HIV (Letendre
et al., 2008). Another study showed that HAND patients
treatedwithARVshavinghigherCPEranks and those that
achieved virological suppression also showed improvement
in their neurocognitive capabilities (Tozzi et al., 2009).
According to Tozzi et al. (2009), ARVs with good CPE
include zidovudine, stavudine, abacavir, indinavir, efavir-
enz, nevirapine, and lamivudine, whereas those considered
to have low penetration are tenofovir, didanosine, zalcita-
bine, nelfinavir and saquinavir, ritonavir, tipranavir-
ritonavir, and enfuvirtide.

A. Zidovudine

Zidovudine is another potent NRTI often used in
combination with lamivudine, but it is no longer rec-
ommended for use in the United States (DHHS, 2017).
Guidelines for ARV use report that zidovudine alone
may be used in pregnant women who wish to reduce
exposure of ARV drugs to the fetus while still reducing
risk of HIV transmission (DHHS, 2017). In a year-long
clinical study, up to 5% of the patients taking zidovu-
dine experienced agitation, confusion, and insomnia
(Rachlis and Fanning, 1993). A number of cases have
been published describing the onset of dose-related and
reversible adverse psychiatric events associated with
zidovudine for the treatment of HIV, including depres-
sive and manic syndromes usually accompanied by
auditory hallucinations and paranoid delusions (Maxwell
et al., 1988; O’Dowd and McKegney, 1988; Schaerf et al.,
1988; Wright et al., 1989) and others concerning the
recurrence of posttraumatic stress disorder (Moreno
et al., 2003).

B. Abacavir

Abacavir is another NRTI and is a component of the
preferred initial combination regimen for treatment-
naive patients that are HLA-B*5701 negative
(Department of Health and Human Services, 2017),
because hypersensitivity reactions to abacavir have
been linked to this major histocompatibility complex
class I allele (Mallal et al., 2008). There are several case
reports of the induction of neuropsychiatric complica-
tions, including depression with suicidal thoughts,

anxiety, nightmares, and auditory hallucinations, when
patients switch from an ARV regimen lacking abacavir to
one containing it (Foster et al., 2003, 2004; Soler Palacin
et al., 2006). Furthermore, when abacavir is removed,
these side effects subside, and they return upon reinstate-
ment (Colebunders et al., 2002; Foster et al., 2003).

C. Ritonavir

A ritonavir-boosted protease inhibitor (PI) plus two
NRTIs is the recommended PI-based ARV drug treat-
ment option (DHHS, 2017). Ritonavir potently inhibits
cytochrome P450 3A4, thereby “boosting” the effects of
other PI drugs that are metabolized by this isoenzyme
(Koudriakova et al., 1998). In a comparative study with
tipranavir-ritonavir in healthy volunteers, the inci-
dents of nervous system and psychiatric side effects
were 32.4% and 8.8% and increased to 61.3% and 25.8%
upon addition of efavirenz (la Porte et al., 2009).
Abnormal dreaming was also prominent (14.7%) (la
Porte et al., 2009). Other studies reported high incident
rates of adverse CNS side effects for ritonavir alone; this
included insomnia (;70%) and psychologic alterations
(24%–30%) (Merry et al., 1996; Nadal et al., 2000). In
the RELAX study of 129 HIV patients who had achieved
viral suppression and were experiencing CNS side ef-
fects severe enough to warrant switching to a different
antiretroviral drug, 7% of the patients had been taking
ritonavir in combinationwitheitherdarunavir, atazanavir,
or lopinavir (Pedrol et al., 2015).

D. Nevirapine

Nevirapine is an NNRTI and was a component of one
of the alternative treatment regimens, but is no longer
part of any alternative regimen options (DHHS, 2017).
Use of nevirapine is somewhat limited by frequent
incidents (30%) of life-threatening adverse side effects
such as neutropenia (20.7%), anemia (5.9%), rash
(5.2%), hepatotoxicity (3.4%), and headache and neu-
ropathy (0.3%) (Coffie et al., 2010). A number of case
reports include hallucinations, vivid dreaming, or psy-
chosis in conjunction with depression and delusions
that appear soon after initiating nevirapine in patients
with no previous history of psychiatric illness or substance
use (Morlese et al., 2002; Wise et al., 2002). These CNS
disturbances subsided after withdrawal of nevirapine. A
5-year retrospective analysis concluded high incidents of
various neuropsychiatric side effects (16%–31%), includ-
ing depression, affective disorders, sleep disorders, and
cognitive disorders, with no significant differences be-
tween nevirapine and efavirenz (von Giesen et al., 2003).
However, the RELAX study suggests that nevirapine is
better tolerated with respect to NPAEs than efavirenz
(Pedrol et al., 2015).

E. Tenofovir

The WHO and South African guidelines recommend
the use of tenofovir disoproxil fumarate (TDF) in fixed
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dose combinations with emtricitabine and efavirenz as a
first line treatment (National Department of Health, 2015;
WHO, 2016). The latest DHHS (2017) guidelines recom-
mend either TDF or the prodrug tenofovir alafenamide
(TAF) if there are concerns of renal or bone toxicity in
combinationwith emtricitabine as the twoNRTI backbone
components. As discussed above, efavirenz is frequently
associated with neuropsychiatric effects, but tenofovir and
emtricitabine also appear to elicit some of these effects. For
instance, severe NPAEs consisting of nightmares, insom-
nia, and dizziness developed when tenofovir was added to
an efavirenz-containing regimen (Allavena et al., 2006). All
these patients had been on an efavirenz-containing treat-
ment regimen for severalmonthswith no neuropsychiatric
disturbancesprior to theaddition of tenofovir. In66%of the
patients, the treatment regimen was changed to remove
either TDF or efavirenz, and in all these cases the
neuropsychiatric disturbances subsided. The combination
of TDF and efavirenz has not been associated with any
known pharmacokinetic interaction (Allavena et al., 2006).
In other studies of TAF associated with NPAEs, only
headaches were reported, which occurred in 7%–14% or
patients receiving the drug (Buti et al., 2016; Chan et al.,
2016). No studies were found where efavirenz was admin-
istered with TAF, hence it is not known whether TAF
would trigger NPAE in patients on efavirenz. It is worth
noting thatTDF is a component of the efavirnez-containing
ATRIPLA.

F. Raltegravir

Raltegravir is a first in class HIV integrase inhibitor
that was approved by the FDA in 2007. Early case
studies reported incidences of sleep disturbances and
depression in patients taking raltegravir, which sub-
sided upon switching to a different antiretroviral drug
(Harris et al., 2008; Gray and Young, 2009; Eiden et al.,
2011; Lafay-Chebassier et al., 2015). More recently, in
the RELAX study of 129 HIV patients experiencing
CNS side effects (e.g., sleep disturbances, anxiety,
depression, attention disturbances) severe enough to
warrant switching to a different antiretroviral drug,
four patients (3.1%) had been taking raltegravir (Pedrol
et al., 2015). Similarly in a study investigating NPAEs
associated with dolutegravir, another HIV integrase
inhibitor approved in 2013, the frequency of NPAEswas
3%–17%, which resulted in approximately 0.6% of the
patients discontinuing the drug (Fettiplace et al., 2017).
In the SWITCH-ER study of 57 participants in which
raltegravir was compared with efavirenz, 51% of pa-
tients preferred the switch from efavirenz to raltegravir
(Nguyen et al., 2011). Although the SWITCH-ER study
indicates that raltegravir is better tolerated thanefavirenz,
there is evidence demonstrating that raltegravir is also
associated with NPAEs (23%), albeit at a lower rate than
efavirenz (38%) (Nguyen et al., 2011). Collectively, all these
clinical studies suggest that several ARV drugs, other
than efavirenz, appear to carry a risk for neuropsychiatric

complications; however, the risk of NPAEs appears to be
much less common than for efavirenz.

G. Efavirenz

Although efavirenz is highly effective in reducing
viral load and can conveniently be taken once daily, it is
frequently associated with neuropsychiatric complica-
tions (Sustiva, 1998; Munoz-Moreno et al., 2009). In the
original study involving a standard oral dose of 600 mg
daily, treatment with efavirenz for a mean time of 2.1
years was associated with a greater frequency of severe
psychiatric symptoms over the control group (Sustiva,
1998). The spectrum of neuropsychiatric complications
includes confusion, anxiety, depression, insomnia, diz-
ziness, agitation, bad dreams, hallucinations, and delu-
sional, psychotic, paranoid, and manic behaviors
(Sustiva, 1998). The nervous system side effects and
their incidents included dizziness (28%), depression
(19%), insomnia (16%), anxiety (9%), impaired concen-
tration (8%), somnolence (7%), nervousness (7%), ab-
normal dreams (6%), and hallucinations (1.2%). Over a
2-year period, approximately 6% of patients reported
severe psychiatric symptoms, including severe depres-
sion, aggressive behavior, paranoia, and manic reac-
tions. Delusions and psychosis may also occur (Sustiva,
1998; Foster et al., 2003; Hasse et al., 2005; Lowenhaupt
et al., 2007; Cabrera Figueroa et al., 2010). The sleep
disorder aspects (Nunez et al., 2001) and especially
reports of abnormal dreams (Sustiva, 1998; Clifford
et al., 2005) may be related to the recommendation that
efavirenz be taken at night before going to bed (DHHS,
2017). In a prospective study of HIV patients designed
to evaluate improvement in NPAEs attributed to an ARV
drug after that drug was substituted with nevirapine, in
the vast majority (90%) of the 129 cases, efavirenz was the
ARVdrug responsible for theNPAEs,which included sleep
disturbances (75.2%), anxiety (65.1%), depression (38.7%),
and attention disturbances (31%) (Pedrol et al., 2015).

The experience of suicidal tendencies while exposed to
efavirenz treatment was only reported in a small number
of patients with no causal relationship (Lochet et al., 2003;
Gutierrez et al., 2005; Catalan et al., 2011). More recently,
a twofold increase in risk of suicidalitywas reported in four
studies from the AIDS Clinical Trials Group (ACTG) in
patients on efavirenz-containing regimens (n = 3241)
compared with antiretroviral treatment (ART) regimens
without (n = 2091) efavirenz (Mollan et al., 2014). A poster
presentation from the Strategic Timing of AntiRetroviral
Treatment (START) study suggested that there was an
increased risk of suicidal behavior, especially in patients
with prior psychiatric history (Arenas-Pinto et al., 2016).
In contrast, two other large scale studies in which data
were mined from The Food and Drug Administra-
tion Adverse Drug Reporting System (FAERS) from
1968 to 2012 (Napoli et al., 2014) and the United States
administrative claims database for commercially and
medicaid-insured patients (.12 years) from 2006 to 2013
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(Nkhoma et al., 2016) showed no evidence of an association
between efavirenz use and suicidality among patients. A
largemeta-analysis of four random controlled studies in the
Data collection ofAdverse events of anti-HIVDrugs (D:A:D)
study also indicated no higher death rates from suicide in
patients receiving an efavirenz-based treatment compared
with those on regimens without efavirenz (Smith et al.,
2014).
Overall, although efavirenz is not the only class of

HIV medication associated with NPAEs, it does appear
to be associated with the highest incidences. Moreover,
a present reality is that efavirenz is increasingly being
exploited as a drug of abuse by HIV and non-HIV
infected individuals alike, as will be discussed in
Recreational Use of Efavirenz. Given that efavirenz is
now off patent and available in inexpensive generic
forms, such abuse is likely to be even more of a concern
in the future.
1. Correlation between Efavirenz Plasma Concen-

trations and Neuropsychiatric Adverse Events.
In numerous studies, an association has been reported
between CNS side effects and higher efavirenz plasma
concentrations in adults and children (Marzolini et al.,
2001; Foster et al., 2003; Clifford et al., 2005; Gutierrez
et al., 2005; Hasse et al., 2005; Gatanaga et al., 2007;
Lowenhaupt et al., 2007; Cohen et al., 2009; Puthanakit
et al., 2009a,b; Cabrera Figueroa et al., 2010; Gounden
et al., 2010). In some of these studies, higher efavirenz
plasma concentrations were attributed to the slower
metabolizing CYP2B6 G516T genotype providing a
mechanistic explanation linking higher plasma concen-
trations to susceptibility to NPAEs. However, other
studies were unable to establish an association between
efavirenz plasma concentrations and NPAEs or other
side effects in adults (Kappelhoff et al., 2005; Rotger
et al., 2005; Takahashi et al., 2007; Ramachandran
et al., 2009a,b; Read et al., 2009) or children cohorts
(Saitoh et al., 2007; Viljoen et al., 2012). Haas and
co-workers (2004) found an association between
CYP2B6 G516T genotype and CNS symptoms after
1 week (P = 0.036) of treatment, but not at week 24 (P =
0.76) in adults from different ethnic groups (n = 202,
randomized to receive efavirenz 600 mg before bed-
time). The suggestion offered for the low frequency of
side effects after 6 month follow up was the possible
development of drug tolerance, which is the reduced
responsiveness to a drug following chronic stimulation
due to persistently high plasma efavirenz levels.
2. Efavirenz Therapeutic Index and Brain Exposure.

Efavirenz has a very narrow therapeutic window. Plasma
levels of efavirenz need to be maintained between 1 and
4 mg/ml to keep the HIV-1 virus suppressed to clinically
meaningful levels while minimizing the risk for NPAEs
(Marzolini et al., 2001). Based upon efavirenz plasma
levels in 130 patients with HIV receiving efavirenz-based
HAART, no NPAEs were observed at efavirenz plasma
concentrations of ,1 mg/ml, although virologic failure

occurred in 50% of patients. In contrast, at levels of
1–4 mg/ml efavirenz, virologic failure occurred in 22% of
patients while NPAEs occurred in only 9%. However,
virologic failure was similar (18%) at efavirenz plasma
levels .4 mg/ml, although the reported NPAEs jumped
to 24%. In another study, patients with plasma
efavirenz .2.74 mg/ml were 5.7 times more likely to
experience NPAEs than those patients with plasma
efavirenz below those levels (Fig. 1A) (Gutierrez et al.,
2005).

Efavirenz is considered to have good CNS penetration
(Tozzi et al., 2009), which is in line with it having a low
total polar surface area (29.5 Å) and being relatively
lipophilic (clogP ;4.6–4.8). However, efavirenz is pre-
sent in CSF at low levels (Tashima et al., 1999; Best
et al., 2011; Yilmaz et al., 2012) with a mean CSF
concentration across studies of approximately 44 nM,
which corresponds to an estimated CSF penetration of
0.52% of that of plasma (Tashima et al., 1999; Best et al.,
2011; Yilmaz et al., 2012). However, efavirenz has high
protein binding (;99.8% in plasma) (Tanaka et al.,
2008; Avery et al., 2013). Thus, it follows that CSF levels
of efavirenz might be low, because it tends to bind
proteins and healthy CSF contains very little protein
content compared with blood plasma (,1%). Because
the concentration of free efavirenz in the aqueous
fraction is expected to be low, what is the fate of the
remaining efavirenz once it penetrates the brain? If it
binds to protein-rich brain tissue, then onewould expect
that 44 nM in CSF, which would account for approxi-
mately 0.2% (100%–99.8%) of the efavirenz dose, would
correspond to an estimated 22 mM (44 nM/0.002) in the
brain. Studies in rats suggest that efavirenz readily
accumulates in the brain to levels that exceed 4.6 times
the plasma levels within 1 hour of an intraperitoneal
dose of 15 mg/kg (Fig. 1B) (Dirson et al., 2006). By
assuming that a similar level of brain accumulation
occurs in humans, then efavirenz plasma levels .2.74
mg/ml would correspond to a brain concentration
of .37.3 mM. The rapid accumulation of efavirenz in
the brain and its very high propensity for protein
binding in combination with its narrow therapeutic
window seem to be key contributing factors responsible
for its CNS-related adverse events. These projected
levels of brain efavirenz are well within the range in
which physiologic effects were noted for efavirenz in
both acute and chronic animal studies, 10–30 mg/kg,
depending upon the behavioral measure examined
(Romao et al., 2011; Gatch et al., 2013). Clearly, these
physicochemical attributes afford efavirenz with dis-
tinct advantages over other antiretroviral drugs when
treating cerebral HIV infection, but at the same time
carries with it a greater risk of inducing NPAEs.

3. Longer-Term Neuropsychiatric Adverse Events.
Although it was initially reported that NPAEs were
common and usually occurred soon after initiation of
therapy with efavirenz (1st or 2nd day), they were
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reported to generally resolve after 2–4 weeks of contin-
uous treatment, although some continued effects of at
least moderate severity were noted beyond 4 weeks in
5%–9% of the patients (Sustiva, 1998). Across studies,
the incidents of neuropsychiatric side effects for efavirenz
are high (range 10%–73%) exceeding 50% in most cases
(Sustiva, 1998; Molina et al., 2000; Fumaz et al., 2002),
Although neuropsychiatric complications tend to decrease
after the 1st month, a significant number of cases persist
(range 10%–59%), as demonstrated by longer term stud-
ies, some 2 years in duration (Lochet et al., 2003; Fumaz
et al., 2005; Gutierrez et al., 2005; Munoz-Moreno et al.,
2009). Furthermore, several recent large clinical studies
specifically focusing on tracking NPAEs over long time
frames (48–96 weeks) indicated that efavirenz-mediated
NPAEs can persist for years (Mills et al., 2013; Nelson
et al., 2013; Cohen et al., 2014). In a 48-week, 1368 patient,
double-blind international trial of treatment-naive adults
(682 patients treated with efavirenz and 386 controls
treated instead with rilpivirine), classifying and grading
adverse events according to the Medical Dictionary for
Regulatory Activities and Division of Acquired Immuno-
deficiency Syndrome (DAIDS) scales found that the
efavirenz-treated group had significantly greater incidents
of treatment-related psychiatric (23% vs. 15%, P = 0.0002)
and neurologic (38% vs. 17%, P , 0.0001) adverse events,
with more discontinuations due to adverse events in the
efavirenz group (8% vs. 3%, P = 0.0005) (Mills et al., 2013).
Both dizziness and abnormal dreams/nightmares possibly
related to treatment occurred more frequently in the
efavirenz group (13% vs. 8%, P , 0.01). After 96 weeks,
with a pool of 1096 treatment-naive patients remaining
(546 patients treated with efavirenz and 550 controls
treated instead with rilpivirine), more patients in the
efavirenz group than in the rilpivirine (control) group
discontinued treatment due to adverse events (8.1% vs.
3.6%, P = 0.001), with three quarters due to specifically

neurologic or psychiatric adverse events (Nelson et al.,
2013). Significantly more grade 2–4 treatment-related
psychiatric (27% vs. 16%, P , 0.0001) and neurologic
(37% vs. 17% P , 0.0001) symptoms occurred in the
efavirenz group, including significantly more dizziness
(26%), abnormaldream/nightmares (15%), andsomnolence
(6%) of any grade. An open-label, international study of
786 treatment-naive patients (392 patients were treated
with efavirenz and 394 controls treated instead with
rilpivirine) found significantly more discontinuations in
the efavirenz group (8.7% vs. 2.5%, P , 0.001) due to
adverse events, with three quarters due to specifically
neurologic or psychiatric adverse events. The efavirenz
group had greater frequencies of psychiatric (37.5% vs.
15.7%, P , 0.001) and neurologic symptoms (50.5% vs.
29.7%, P , 0.001) (Cohen et al., 2014). In the efavirenz
group, common psychiatric symptoms included abnormal
dreams (24.5%), depression (8.9%), and anxiety (8.4%),
whereas common neurologic symptoms included dizziness
(22.2%), insomnia (14%), headache (13.5%), and som-
nolence (6.9%). A small double-blind clinical trial of 38
efavirenz-treated patients experiencing physician
assessed ongoing CNS adverse events after 3 months
[graded according to the AIDS Clinical Trials Group
(ACTG) Division of AIDS scale], demonstrated that
switching from efavirenz to etravirine for 3 months
significantly reduced the percentage of patients experi-
encing grade 2–4 adverse events for any CNS symptom
(89% vs. 60%, P = 0.009) as well as insomnia (63% vs.
37%, P = 0.016), abnormal dreaming (57% vs. 20%, P =
0.001), and nervousness (29% vs. 9%; P = 0.046) (Waters
et al., 2011). In a case-control study of 32 matched pairs
of patients over 6 months, the efavirenz-treated group
showed significantly higher total stress scores (P ,
0.008) (Rihs et al., 2006), as reported in Depression,
Anxiety and Stress Scales (DASS) questionnaires.
Additionally, significantly higher levels of severe stress

Fig. 1. Brain exposure to efavirenz is high following a single peripherally administered dose; it rapidly accumulates in the CNS. Data adapted and
replotted from studies in humans (Gutierrez et al., 2005) and in rats (Dirson et al., 2006). Data are plotted as means 6 S.D. (A) Patients that take a
standard dose (600 mg) of efavirenz for a long period (average 18 months) and experience CNS adverse events have significantly higher plasma levels of
efavirenz. Furthermore, patients having efavirenz plasma concentrations .2.74 mg/ml are over five and half times more likely to experience CNS
adverse events (Gutierrez et al., 2005). Mean values and statistics are those reported in the original paper (Gutierrez et al., 2005). (B) Efavirenz at a
dose within the range that has behavioral effects in rats (Gatch et al., 2013), rapidly accumulated in rat brain to levels that exceed four and half times
the plasma levels (Dirson et al., 2006). The brain tissue exposure data are from a study assessing efavirenz uptake into rat brain tissue in the presence
of ABCB1 transport blockers or vehicle (designated placebo in the original report) (Dirson et al., 2006). Replotted here is the efavirenz plus vehicle data
(a combination of data for both types of vehicles designated Placebo V and Placebo S/Q). Note that similar high levels of brain accumulation (not shown
here) occurs in mice [brain]/[plasma] = 2.9 6 0.56 as well (Dirson et al., 2006).
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(19% vs. 0%, P, 0.014) and severe anxiety (19% vs. 3%,
P , 0.059) were reported in the efavirenz treatment
group, and a significantly higher proportion of patients
in the efavirenz group reported unusual dreaming (58%
vs. 32%, P , 0.049). In a systematic review among
treatment-naive HIV-infected adults (n = 26,446) and
children (n = 3975) from eight randomized studies and
26 prospective cohorts taking nevirapine or efavirenz, it
was concluded that adult patients taking efavirenz are
3.4 (OR 95%, CI 2.1–5.4) timesmore likely to experience
severe CNS events than when taking nevirapine
(Shubber et al., 2013). Taken together it seems clear
that CNS adverse events associated with long-term
efavirenz treatment significantly impairs quality of life
for some and persists in a significant proportion of
patients. This is particularly relevant given that life
expectancy among individuals infected with HIV has
increased dramatically with the implementation of
HAART, so much so that according to the Centers for
Disease Control, approximately 45% of all individuals
infected with HIV in the United States are over the age
of 50 years. Similarly, in most parts of the world, the
number of individuals who areHIV positive over the age
of 50 years has continually increased since around
2000 (Mahy et al., 2014). This is attributed to HAART
therapies allowing people to live longer with HIV, but
also leading to increased incidents of HIV-associated
NPAEs, especially in the elderly.
4. Neuropsychiatric Adverse Events Associated with

Efavirenz in Children. Although initial studies using
efavirenz-based treatments in children with HIV infec-
tion suggested that NPAEs were not an issue for
children, later studies reported that children do expe-
rience NPAEs. In the Pediatric AIDS Clinical Trial
Group (PACTG) 382 study, efavirenz-based regimens
were found to be generally well-tolerated by children
infected with HIV (3.8–16.8 years; n = 57; non-Hispanic
white, non-Hispanic black; Hispanic) with the few side
effects consisting mostly of rash and, less frequently,
fever andNPAEs (Starr et al., 1999). This was one of the
first studies to test the safety and efficacy of a then novel
combination of efavirenz, nelfinavir, and one or more
NRTIs in 57 children of different races. The most
common moderate and severe side effects associated
with the treatment were rash (30%), diarrhea (18%),
neutropenia (12%), and abnormalities in blood biochem-
istry (12%). Central nervous system (CNS) side effects
were uncommon, but dizziness or light-headedness was
reported (14%), which subsided once the efavirenz was
administered at bedtimeandnot in themorning as per the
original study protocol. Treatment was discontinued in
25% of the children due to various reasons, such as
moderate (7%) or severe (2%) rash, virological failure
(11%), inability to take capsules (2%), and noncompliance
(2%) (Starr et al., 1999). One child (2%) was determined to
have been on a NNRTI-based regimen previously (Starr
et al., 1999). Persistent side effects such as concentration

problems, sleep disorders, psychotic reactions, and sei-
zureswere reported in 24% of children in aGerman cohort
(n = 33) consisting of Caucasians (24), Africans (7), and
Asians (2), with median (range) treatment duration of
50 (2–81) months (Wintergerst et al., 2008). A study in
Thai children (n = 63, median age 12.3 (3.1–18.7) years,
cross sectional, middose sampling) reported rash (16%),
CNS disturbances (22%), and psychiatric problems (8%)
during the first few weeks post-HAART initiation
(Puthanakit et al., 2009b). In a longitudinal study in
black South African children (3–14 years, n = 59), none of
the patients stopped their efavirenz-based ART during
the first 6months post-ART initiation due to reported side
effects. A few side effects, such as nightmares (7%),
insomnia (2%), rash, and abdominal cramps were report-
ed during the 1st month post-ART initiation and no
association between side effects and efavirenz plasma
concentrations atmiddose samplingwas reported (Viljoen
et al., 2010, 2012). Importantly, Saitoh and coworkers
(2007) pointed out the difficulty in quantifying and
assessingneuropsychological side effects inyoung children,
thus the occurrence of NPAEs might be underreported in
the very young (Saitoh et al., 2007).

III. Recreational Use of Efavirenz

In addition to NPAEs, there are reports of the recrea-
tional use of efavirenz. As early as 1999, the People with
AIDS Health Group of New York City reported that some
users recovering from drug abuse experienced flashbacks,
some for prolonged periods of time (more than 2 months),
while taking efavirenz (Vazquez, 1999). The nature of the
flashbacks corresponded to memories of the high on their
previous drug of choice, such as heroin, cocaine, or crack
cocaine. There are also a number of survey/focus group
reports concerning the recreational use of efavirenz. A
2005 survey of Miami street and club drug users revealed
that efavirenz was sought by HIV-negative people for its
intoxicating properties (Inciardi et al., 2007). A focus group
report with community health workers in South Africa’s
Western Cape Province concerning the off-label usage of
efavirenz documents a firsthand account of theft of ARV
drugs from a doctor’s office and the recreational use of
efavirenz by crushing the pills and smoking them (Larkan
et al., 2010). However, most reports of the recreational use
of efavirenz have surfaced in the popular news media,
where efavirenz was being smoked to achieve a high
(http://www.iol.co.za/news/south-africa/thugs-get-high-on-
stolen-aids-drugs-1.352686#.VgWQSGBdHct; http://news.
bbc.co.uk/2/hi/africa/7768059.stm; https://www.youtube.com/
watch?v=wyuFBmlQS_s; http://www.iol.co.za/news/
south-africa/children-smoking-arvs—report-401139#.
VVz3IKwo670; http://abcnews.go.com/Health/MindMoodNews/
story?id=7227982&page=1). In these reports, the common
practice seemed to be to sprinkle powdered efavirenz
onto dagga (marijuana) and smoking it or mixing it
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with heroin or other substances and smoking the
concoction.
Although the origin of the practice of smoking

efavirenz is unknown, one might speculate that reports
of abnormal dreaming (night terrors) in those taking
efavirenz as prescribed, including perhaps experienced
intravenous drug users who are at high risk for trans-
mission of HIV, might have led to experimentation.
Smoking would be a logical mode of experimentation,
given that it is well known that inhalation of volatilized
drugs can lead to rapid and high levels of drug exposure.
South African substance abuse epidemiologists had
at one time monitored reports involving recreational
antiretroviral use (C. Parry, personal communication).
However, these reports were often difficult to indepen-
dently verify or interpret given that concoctions go by a
number of common street terms, such as nyaope,
whoonga (or wunga), plazana, kwape, ungah, sugars,
pinch, H, Thai, and BoMkon, yet these various concoc-
tions may or may not contain efavirenz and/or other
ARV drugs, and if they do the amounts may vary widely
(Grelotti et al., 2013; https://www.npr.org/sections/
health-shots/2012/12/18/167523601/dangers-of-whoonga-
abuse-of-aids-drugs-stokes-resistance; https://www.
liveleak.com/view?i=9e2_1363861329&comments=1https://
citizen.co.za/news/south-africa/350213/kzn-youth-fall-
under-whoonga-spell/; https://www.youtube.com/
watch?v=wyuFBmlQS_; Phungula, 2013).
The true origin of these concoctions varies according

to where their use has been reported, e.g., the townships
of Tswane during 2000–2006, Durban and surrounding
areas in 2010, and subsequently in other urban cities
around South Africa, all with detrimental consequences
to lives and families (http://www.health24.com/Lifestyle/
Street-drugs/News/Street-drug-nyaope-classified-as-
illegal-20140403; http://globalhealth.org/whoonga-the-
cruelest-drug-of-south-african-slums/). Depending on
where it is sourced, these concoctions can contain low
grade heroin, strychnine, dagga/marijuana, tobacco, rat
poison, pool acid, certain household detergents, and
other bulking ingredients such as milk powder and
bicarbonate of soda, although it may or may not contain
antiretroviral agents such as efavirenz (http://www.iol.co.za/
news/crime-courts/nigerian-man-bust-with-nyaope-1.1913335;
http://www.health24.com/Lifestyle/Street-drugs/News/
Street-drug-nyaope-classified-as-illegal-20140403). On
March 28, 2014, the Drugs and Drug Trafficking Act
140 of 1992 was amended to classify nyaope (street drug)
as illicit in South Africa (http://www.health24.com/Lifestyle/
Street-drugs/News/Street-drug-nyaope-classified-as-illegal-
20140403).
In an account of an experimental first time ingestion of

only efavirenz (initially 300 mg stepped up to a full 600 mg
dose orally) by an HIV-negative person, efavirenz was
reported to have classic psychedelic qualities that are
LSD-like, with the acute effects somewhat comparable to
mescaline (https://www.youtube.com/watch?v=wyuFBmlQS_s),

thus consistent with a potential attractiveness for its
recreational use. Efavirenz also has been reported to
synergize with the intoxicating effects of ethanol as ratings
of drowsiness significantly increased in human test subjects
when efavirenz and alcohol were used together, even in the
presence of lower blood alcohol levels (McCance-Katz et al.,
2013).Taken together, it seems that relatively recentlyARV
drugs, including efavirenz, have begun to be more widely
appreciated as an emerging category of prescription drugs
with illicit uses (Davis et al., 2014a).

There are understandable medical concerns over diver-
sionof efavirenzbeyondanewtypeof drugabuse.Diversion
of ARV drugs undermines the treatment of HIV patients
whose viral levelswill not be effectively suppressedwithout
proper dosing. Suboptimal dosing in patients or improper
dosing inHIV-negative individuals at risk forbeingexposed
to HIV may encourage the development of ARV drug
resistant strains of HIV. A major concern is that the
development of ARV drug-resistant HIV strains, espe-
cially in treatment-naive patients, could create a serious
public health problem that could negatively impact the
global response to the HIV/AIDS pandemic (Gatch et al.,
2013; Grelotti et al., 2013; http://abcnews.go.com/Health/
MindMoodNews/story?id=7227982&page=1).

IV. Factors Increasing Efavirenz Plasma Levels

The complex interplay between efavirenz pharmaco-
kinetic variability, adherence, and resistance to viro-
logic suppression has been extensively investigated
(Pham, 2009). Marzolini and coworkers (2001) were
the first to report that virologic failure was observed in
50% of patients when efavirenz plasma levels fall below
1 mg/ml and that a reversible CNS toxicity was approx-
imately three times more prevalent in patients with
efavirenz levels of .4 mg/ml (Marzolini et al., 2001).
Given that efavirenz has a narrow therapeutic window
related to NPAEs in the context of virologic efficacy (see
Efavirenz Therapeutic Index and Brain Exposure), it is
important to appreciate factors that regulate efavirenz
plasma levels. These factors fall into two categories:
modifiable and nonmodifiable.

A. Modifiable Factors

Plasma levels of efavirenz are influenced by a number
of circumstances leading to substantial interpatient and
intrapatient variability. Those that can lead to in-
creases in efavirenz levels include taking efavirenz with
a meal, specific dietary features, and low body mass
index. Each of these may be modified to maintain
optimal efavirenz plasma levels (i.e., between 1 and
4 mg/ml) to reduce the incidences of CNS toxicity and
virologic failure.

1. Influence of a Meal. Taking efavirenz with ameal
increases oral absorption (Sustiva, 1998). This en-
hanced oral absorption is greatest for those taking
efavirenz (600 mg) tablets after a high-fat/high-caloric
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meal (1000 kcal with 50%–60% from fat) resulting in
increases in plasma area under the curve (AUC‘) by
28% andmaximal concentration (Cmax) by 79% (Sustiva,
1998; DHHS, 2017). To minimize the adverse effects
associated with elevated efavirenz plasma levels, phy-
sicians instruct patients to take the medication on an
empty stomach. However, when mixed with small (i.e.,
2 teaspoons) amounts of different types of food the
bioavailability of efavirenz is no different than under
fasting conditions (Kaul et al., 2010). Daily ingestion of
the African potato for 2 weeks and then again on the day
of a 600 mg dose of efavirenz did not change efavirenz
pharmacokinetics (Mogatle et al., 2008). In a study of
15 adult Ugandan patients with HIV-1, a significant
47% increase in efavirenzCmax was observed along with
an 11% reduction in clearancewhen efavirenzwas taken
in a fixed-dose combination with other ARV drugs (i.e.,
tenofovir disoproxil fumarate/emtricitabine/efavirenz) and
with food containing 19 g of fat versus fasting conditions
(Lamorde et al., 2012).
2. Oranges, Grapefruits, and Their Juices.

Although the exact mechanisms are still a topic of some
debate, ingesting orange or grapefruit juice can elevate
efavirenz plasma levels. In two US trials involving
female patients with HIV on a standard 600 mg efavirenz
dose enrolled in the Women’s Interagency HIV Study,
eating oranges or drinking orange juice for 5 days led to a
26%–31% increase in efavirenz plasma levels (Gandhi
et al., 2009, 2012). Although the type of oranges used
in this study were not specified, it is unlikely that they
were the bitter and tart Seville oranges used to make
marmalade. This distinction can be critical to a potential
mechanistic interpretation since Seville oranges contain
different causative ingredients than sweet oranges lead-
ing to different interactions with cytochrome P450 3A4
(CYP3A4), P-glycoprotein (Pgp)/multidrug resistant trans-
porter (MDR1), and organic anion transporting polypep-
tide (OATP) (Saito et al., 2005). Sweet orange juice potently
inhibits OATP (Dresser et al., 2002), but this cannot
explain increased plasma efavirenz because even if
efavirenz was a substrate for OATP, this transporter
increases movement of substrates from the intestinal
lumen to blood and thus its inhibition would not increase
efavirenz levels. Sweet oranges lack causative agents
that potently inhibit intestinal CYP3A4 (Takanaga
et al., 2000; Honda et al., 2004), although they weakly
inhibit both Pgp and MRP2/ABCC2 in a substrate-
specific manner (Honda et al., 2004). Pgp cannot account
for changes in efavirenz concentration because efavirenz
is not a substrate for this transporter (Stormer et al.,
2002; Dirson et al., 2006; Janneh et al., 2009). Although
inhibition of MPR2 by orange juice is relatively weak, it
might be germane when one considers that efavirenz has
been reported to induce MRP2 expression in colon LS180
cells (Weiss et al., 2009). A 2-day dosing study in rats
indicated that orange juice, and the orange juice compo-
nent hesperidin, reducedmRNAandprotein expression of

MRP2 in small intestine and liver (Watanabe et al., 2011).
This could be relevant because efavirenz may be a
substrate for MRP1/2 (Janneh et al., 2009). More likely
though is that the tangertin and nobiletin components of
orange juice are strong inhibitors of ABCG2/BCRP
(Fleisher et al., 2015). Not only is efavirenz a substrate
for this transporter (Peroni et al., 2011), but ABCG2 is
located in the intestine wall where, like Pgp, it acts as an
efflux transporter pumping substrates back into the in-
testinal lumen. Potent inhibition of ABCG2 by orange juice
may be significant considering that efavirenz also induces
the expression of ABCG2 (Weiss et al., 2009).

Although published data are lacking and at least one
source lists that no clinically significant interactions are
expected (University of Liverpool, HIV Drug Interac-
tions, https://www.hiv-druginteractions.org/checker), a
number of other sources indicate possible interactions
between grapefruit juice and efavirenz with the end
result being possible elevations of plasma levels. These
sources include numerous online references when search-
ing grapefruit and efavirenz or Sustiva as key words,
including some product information listing efavirenz-
containing formulations (www.medicines.org.uk/emc/
medicine/11284) and a book on adverse drug interac-
tions (Karalliedde et al., 2010). Though clinical trials
with citrus fruit containing carbonated beverages (e.g.,
Sun Drop and Fresca) do not produce a measurable
effect like grapefruit juice (Schwarz et al., 2006), it is
well established that components in grapefruit juice
irreversibly inhibit intestinal CYP3A4 thus reducing
first pass intestinal metabolism of orally-administered
drugs metabolized by this enzyme (Schmiedlin-Ren
et al., 1997; Saito et al., 2005), such as efavirenz.However,
a number of its components, including bergamottin, also
inactivate CYP3A5 and CYP2B6 and their inhibitory
potency for CYP2B6 is greater than for the CYP3A4/5
(Lin et al., 2005). While CYP3A4/5 enzymes are more
abundant in intestine and liver thanCYP2B6, efavirenz
is primarily metabolized by CYP2B6 and thus inhibi-
tion of CYP2B6 might be expected to have a significant
impact. Recently, a number of ingredients in grapefruit
juice, including bergamottin, have been shown to be
potent inhibitors of ABCG2 (Fleisher et al., 2015) and as
mentioned above in the context of orange juice, efavirenz
is a substrate for the ABCG2 transporter (Peroni et al.,
2011). In light of these findings, clinical investigation on
the effects of grapefruit juice on efavirenz pharmacoki-
netics seems warranted.

3. Influence of Body Weight/Body Mass Index.
Bodyweight and bodymass index (BMI) have been shown
significantly to affect efavirenz plasma levels. In a pro-
spective study of 41 Brazilian patients infected with HIV,
and treated with efavirenz (600 mg/daily) as part of their
antiretroviral therapy and had an undetectable viral load
for at least 1 year and no other comorbid disease, body
weight (rs =20.373, P = 0.015) and BMI (P = 0.001) were
inversely correlated with efavirenz plasma levels,
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meaning that as body weight increases, efavirenz
plasma levels decrease (Poeta et al., 2011). This sug-
gests that individuals with low BMI are at higher risk of
CNS toxicity due to higher efavirenz plasma levels,
whereas people with high BMI are at higher risk of
virologic failure due to suboptimal plasma levels. Other
studies seem to corroborate the inverse relationship
between efavirenz and body weight, although the pres-
ence of comorbid tuberculosis (TB) in some (17%) or all
of the study population (Stohr et al., 2008; Manosuthi
et al., 2009; Poeta et al., 2011) may have been a
confounder as rifampicin was being coadministered to
treat comorbid TB and this anti-TB drug has been
reported to reduce peak efavirenz plasma concentra-
tions (Benedek et al., 1998; Lopez-Cortes et al., 2002;
Kwara et al., 2011). In healthy volunteers, rifampicin
reduced efavirenz’s plasma AUC by 26% and its peak
concentration by 20% (Benedek et al., 1998) and AUC by
18% and Cmax by 16% (Kwara et al., 2011), whereas in a
patient infectedwithHIV taking rifampicin, themedian
peak efavirenz concentration decreased by 24% and
trough concentration by 18%. However, other studies
have not found a significant influence of rifampicin
coadministration on mean efavirenz plasma levels
(Friedland et al., 2006; Orrell et al., 2011), although in
one of these studies rifampicin almost tripled the
intersubject variability in efavirenz plasma concentra-
tions (Friedland et al., 2006).

B. Nonmodifiable Factors

In addition to modifiable factors, a number of non-
modifiable factors also influence efavirenz plasma levels,
including sex, age, pregnancy, renal/hepatic function,
race, and genotype (Lang et al., 2001; Burger et al., 2006;
Cressey and Lallemant, 2007; Lindfelt et al., 2010;
Nemaura et al., 2012).
1. Sex. Several studies have shown that sex is an

important determinant of efavirenz plasma concentra-
tion and that women consistently have higher plasma
efavirenz concentrations than men; this might be
attributed to lower BMI of women compared with men
(Burger et al., 2006; Nyakutira et al., 2008; Manosuthi
et al., 2009; Mukonzo et al., 2009; Poeta et al., 2011).
However, other studies have not found efavirenz phar-
macokinetics to be affected by sex (Csajka et al., 2003;
Pfister et al., 2003; Kappelhoff et al., 2005).
Efavirenz use in pregnant women was not investi-

gated during the early years of its introduction as it was
contraindicated and labeled as Category D, meaning
positive evidence of human fetal risk (Sustiva, 1998).
More recently this view has changed as conflicting
safety data are now available indicating that there is
no increase in the risk of birth defects among women
exposed to efavirenz during the first trimester of
pregnancy (Ford et al., 2010). Furthermore, the South
African National Department of Health guidelines rec-
ommend efavirenz as part of the first line regimen in

pregnant women; it is only contraindicated if active
psychiatric illness is present (National Department of
Health, 2015). A summary of five studies in which
235 women were treated with efavirenz during preg-
nancy concluded that efavirenz plasma levels were
not significantly affected (Cohen et al., 2014), whereas
the TSHEPISO study in pregnant women with and
without tuberculosis coinfection showed that pregnancy
did increase the risk of low efavirenz plasma levels (Dooley
et al., 2015). The current first line treatment of pregnant
andbreastfeedingwomen inSouthAfrica include efavirenz
as part of the fixed dose combination (tenofovir and
lamivudine or emtricitabine) with the standard 600 mg
dose if the women weighed more than 40 kg and 400 mg
if ,40 kg (National Department of Health, 2015).

2. Age. Age can affect efavirenz pharmacokinetics.
For instance, efavirenz is cleared faster and has a shorter
half-life in children (von Hentig et al., 2006; Hirt et al.,
2009; Viljoen et al., 2012). Mean efavirenz clearance
values (Tables 1 and 2) in children are reported to vary
between 0.19 and 0.30 (l/h)/kg (Fletcher et al., 2008; ter
Heine et al., 2008; Wintergerst et al., 2008; Hirt et al.,
2009) compared with 0.13–0.17 (l/h)/kg in adults (Csajka
et al., 2003; Pfister et al., 2003; Kappelhoff et al., 2005;
Ribaudo et al., 2006; Cabrera et al., 2009). The calculated
half-life for efavirenz was 14.7, 12.9, and 13.4 hours in
Burkino Faso (n = 48), German (n = 11), and black South
African (n = 60) children, respectively (von Hentig et al.,
2006; Hirt et al., 2009; Viljoen et al., 2012) compared with
19 hours in adults (n = 235) (Csajka et al., 2003). Data for
efavirenz in very young children and infants is still
extremely limited since it was only FDA approved for
infants and children as young as 3 months in May
2013. This initial approval was reaffirmed in 2015, but
with caveats such as CYP2B6 genotyping and measur-
ing efavirenz plasma levels at 2 weeks (http://www.
pipelinereport.org/2013/pediatric-ARV; Larru et al., 2014).

It is well known that hepatic function is reduced in
the elderly (Woodhouse and Wynne, 1988), and he-
patic impairment, for example due to liver disease,
has been reported to alter the pharmacokinetics of
efavirenz, which undergoes extensive hepatic metab-
olism (Wyles and Gerber, 2005; Cressey and Lallem-
ant, 2007). Furthermore, higher efavirenz plasma
levels are observed at higher transaminase levels, a
biomarker for liver dysfunction, yet impaired hepatic
function as a result of age or hepatitis status appar-
ently has no significant effect on efavirenz plasma
levels (Gandhi et al., 2009; Winston et al., 2013).
These finding suggest that rather severe but not more
modest changes in hepatic function, will affect efavir-
enz metabolism. Although renal function is also
affected by the aging process (Nitta et al., 2013), the
functional status of the kidney is likely to play little if
any role in clearance, given that less than 1% of
efavirenz is renally cleared (Sustiva, 1998). This is
borne out experimentally, where renal insufficiency
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has been found to have no significant effect on
efavirenz plasma levels (Gandhi et al., 2009).
3. Ethnicity/Genetics. Ethnicity is another factor

that influences efavirenz plasma levels, with Cauca-
sians having the overall lowest plasma levels per
standard dose as an ethnic population and Africans
having the highest (Burger et al., 2006; Lindfelt et al.,
2010). These differences in plasma levels correlate with
ethnic differences in the clearance and metabolism of
efavirenz which can have clinical consequences. Efavir-
enz levels that are too low (,1 mg/ml) put patients at
risk of virologic failure, whereas those that are too high
(.4 mg/ml) put patients are risk for NPAEs. Hepatic
metabolism is the principalmode of efavirenz clearance,
with predominantly the 8-hydroxy efavirenz (78%–92%)
and to a lesser extent 7-hydroxyefavirenz (8%–22%)
being the primary metabolites in human plasma and
urine (Mutlib et al., 1999; Ward et al., 2003; Ogburn
et al., 2010). The 8-hydroxy metabolite of efavirenz is
formed mainly by the action of the phase I metabolic
enzyme CYP2B6 and to a lesser extent by CYP3A4,
CYP3A5 CYP2A6, CYP1A2, and CYP2C9 (Ward et al.,
2003; Desta et al., 2007; Arab-Alameddine et al., 2009;
di Iulio et al., 2009; Kwara et al., 2009) and direct phase
II N-glucuronidation by UDP-glucuronosyltransferase
(UGT)2B7 (Belanger et al., 2009).
More than 50 different alleles for the CYP2B6 gene are

known (https://www.pharmvar.org/gene/CYP2B6). The
CYP2B6 gene is also highly polymorphic with numerous
single nucleotide polymorphisms (SNP) associated with
functional consequences, resulting in interindividual var-
iability in different populations. Some of these SNPs are
associated with elevated efavirenz plasma levels (Lang
et al., 2001; Rodriguez-Novoa et al., 2005; Wyen et al.,
2008), placing these individuals at an increased risk of
experiencing NPAEs (Rotger et al., 2005; Zanger et al.,
2007; Sarfo et al., 2014). A genome-wide association
analysis of 856 HIV patients taking efavirenz-based
medications found that only three CYP2B6 polymor-
phisms (i.e., G516T, T983C, C15582T) were indepen-
dently associated with elevated efavirenz plasma
concentrations (Holzinger et al., 2012). In a focused study
of 113 patients consisting of only black South African
children and adults, significant associations with efavirenz
plasma concentrations were found for these same three
polymorphisms (G516T, T983C, C15582T), with the com-
posite of the three best describing efavirenz plasma
exposure (Sinxadi et al., 2015).
NPAEs are the primary reason for discontinuation of

efavirenz-based regimens (Scourfield et al., 2012;
Leutscher et al., 2013; Walmsley et al., 2013). Although
it has been reported that efavirenz plasma levels are not
correlated with discontinuation (Read et al., 2009; van
Luin et al., 2009b), a significant risk for discontinuing
efavirenz-based treatments is only evident for cumulative
SNP genotypes involving slow metabolizing mutations in
CYP2B6, CYP2A6, and CYP3A4 (Powers et al., 2009;

Lubomirov et al., 2011; Cummins et al., 2015). This seems
to suggest that only extremely high levels of efavirenz
exposure would be associated with discontinuation.

a. CYP2B6 G516T polymorphism. The CYP2B6
G516T polymorphism is nonsynonymous, meaning that
it occurs in a coding region (exon 4) and results in a
change in the amino acid sequence (Q172H). The
CYP2B6 G516T SNP has impaired functionality com-
paredwith wild-type CYP2B6 due primarily to aberrant
splicing, leading to decreased levels of mRNA, protein,
and activity, either alone (i.e., CYP2B6*9 allele) or in
combination with another mutation (i.e., CYP2B6*6
allele, G516T+A785G) (Hofmann et al., 2008). In the
context of the CYP2B6*6 haplotype, meaning a group of
genes inherited together, the interactions with efavirenz
in human liver microsomes are complex, having an
increased affinity (Km) for this substrate but a lower
maximal activity (Vmax) compared with the wild-type
CYP2B6, leading to an overall sixfold reduction in intrin-
sic clearance (Vmax/Km) (Xu et al., 2012). Anumber of other
groups also found decreased intrinsic clearance relative to
the wild type (CYP2B6*1) using purified enzymes gener-
ated with different types of nonmammalian overexpres-
sion systems (Ariyoshi et al., 2011; Zhang et al., 2011; Xu
et al., 2012), whereas others have instead reported in-
creased intrinsic clearancewhenoverexpressingCYP2B6*6
in mammalian cells (Radloff et al., 2013) (Table 2).
CYP2B6*6 also has a .2.5-fold increased potency of in-
hibition of efavirenz metabolism by voriconazole and
clopidogrel compared with the wild type (Xu et al., 2012).

The CYP2B6 G516T polymorphism is the single best
predictor of elevated efavirenz plasma concentrations
(Holzinger et al., 2012; Swart et al., 2013; Sinxadi et al.,
2015). The CYP2B6 G516T genotype is quite common
among all ethnic populations studied (24%–38%), al-
though on average the CYP2B6 G516T allele frequency
varies between ethnicities and tends to be more prev-
alent in African andHispanic compared with Caucasian
and Asian populations (Fig. 2B; Table 1). GT heterozy-
gotes, and in particular the TT homozygotes, metabolize
efavirenz more slowly than GG homozygotes, and as a
result, their efavirenz plasma levels are elevated (Fig.
2A) (Lang et al., 2001; Gatanaga et al., 2007; Xu et al.,
2007; Nemaura et al., 2012; Manosuthi et al., 2013).
Slower metabolizers thus have a greater risk of
efavirenz-induced psychosis, including hallucinations,
while these NPAEs dissipate when lower doses of
efavirenz are administered in these patients (Foster
et al., 2003; Hasse et al., 2005; Lowenhaupt et al., 2007;
Cabrera Figueroa et al., 2010). Collectively, these studies
suggest that a significant portion of different ethnic
populations are pharmacogenetically predisposed to neu-
ropsychiatric complications due to higher than expected
plasma levels of efavirenz under standard dosing condi-
tions (i.e., 600mg efavirenz daily). This also suggests that
there is a relationship between efavirenz dose and the
incidents and severity of NPAEs. Although CYP2B6
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G516T is themost studiedSNPconcerning efavirenz, there
are other SNPs, discussed below, that affect efavirenz
plasma levels (Rotger et al., 2007; Manosuthi et al., 2013).
b. CYP2B6 T983C polymorphism. The CYP2B6

T983C is a nonsynonymous SNP occurring in exon 7 that
results in a change in the amino acid sequence (I328T)
(Table 1). TheCYP2B6T983C is reported to have impaired
functionality compared with wild-type CYP2B6. In one
study, impaired functionality of the human gene was
attributed to both reduced expression and activity (as
measured by bupropion hydroxylase activity) in insect cells
but no detectable expression in mammalian cells (Klein
et al., 2005). In another study using bupropion as the
substrate to access activity, the primary effect was reduced
protein expression in mammalian cells with little or no
change in mRNA levels or enzyme properties (Wang et al.,
2006). The T983C variant was initially reported as a
relatively low frequency SNP in African Americans and
Ghanaians (4.4%–6.6%), but is not detected in Japanese,
Taiwanese, Korean, and Caucasian populations (Klein
et al., 2005). The finding that this SNP is generally absent
fromCaucasian andAsian populations has been replicated
by others (Table 1) (Mehlotra et al., 2007; Rotger et al.,
2007). TheT983CSNP is also present at a low frequency in
Hispanics (1.1%) and Turks (4.1%), but is absent in
populations from Papua New Guinea or Sweden (Wang
et al., 2006; Mehlotra et al., 2007).
In a study of patients whose plasma efavirenz levels

were an average of threefold higher than expected, four
of the five carried both an allele for G516T and T983C
SNPs and the fifth was heterozygous for G516T (Wang
et al., 2006). The remaining 16 G516T heterozygotes
had 1.6-fold elevated plasma levels compared with 1.8-
fold for the four G516T homozygotes. The one patient
heterozygous for T983C and lacking the G516T mutant
had normal efavirenz plasma levels. In a study of
174 people living in Germany, none of the Caucasians

and 14% of blacks were carriers of the T983C SNP
(Wyen et al., 2008). All of these patients were on a stable
HAART regimen for at least 3 months, and large
(.11-fold) and significant differences in efavirenz
plasma concentrations were observed in the 983 CC
homozygotes, who eventually discontinued their efavir-
enz based therapy due to CNS toxicity. Other studies
have confirmed the gene effect of the T983C SNP to
elevate plasma efavirenz levels (Ribaudo et al., 2010;
Swart et al., 2013; Dhoro et al., 2015).

c. CYP2B6 C15582T polymorphism. The CYP2B6
C15582T is a SNP occurring in intron 3 within a branch
site, and when combined with the exon 4 SNP G15631T
located in an exonic splicing enhancer region, there are
a greater proportion of transcripts skipping exons 4–6
(Lamba et al., 2003). In human female livermicrosomes,
C15582T heterozygotes had 1.5-fold and TT homozy-
gotes had 1.9-fold lower levels of CYP2B6 protein
(Lamba et al., 2003). Although the C15582T variant
occurs frequently in most ethnic populations (32%–44%),
it is much less common in Africans (8%) (1000 genomes
release 17). The lower prevalence of the C15582T allele
in Africans has been a consistent finding across studies
(6%–9%) (Evans et al., 2015; Sinxadi et al., 2015).However,
in African Americans the frequency of this SNP was
reported to be much higher (35%) (Lamba et al., 2003).

In a clinical study of 856 individuals across a range of
ethnicities (50% white, 33% black, and 18% Hispanic)
efavirenz plasma levels were 1.7-fold higher in individ-
uals that are TT homozygotes for the C15582T poly-
morphism and lacked any polymorphic influence from
G516T and T983C SNPs (Holzinger et al., 2012). By
comparison, TT homozygotes for theG516T SNP and that
lack the influence of T983C and C15582T had 5.4-fold
elevated efavirenz plasma levels. A study of 113 black
South Africans also found an independent association
between elevated efavirenz plasma concentrations and

Fig. 2. Higher plasma concentrations are associated with slow metabolizing CYP2B6 516G→T allelic load. (A) Individuals homozygous for the slow
metabolizing TT genotype have four times higher mean plasma concentrations of efavirenz than those homozygous for the fast metabolizing GG
genotypes, and GT haplotypes have intermediate levels closer to the faster metabolizing GG genotype. *P , 0.05 for the TT vs. GT and GG genotypes
by one-way ANOVA and Bonferroni post hoc. The dashed orange line represents the 2.7 mg/ml cut-off above which there is increased risk for NPAE (see
Fig. 1). The mean6 S.E.M. plasma levels for efavirenz were calculated from values reported by Gatanga et al. (2007), Nemaura et al. (2012), Manosuthi
et al. (2013). (B) CYP2B6 516G→T allele frequency varies as much as 1.6-fold as a function of major ethnic groups with Africans having the highest
frequency and Caucasians the lowest. The Asian, Caucasian, African, and Hispanic ethnicity data (mean 6 S.E.M.) were compiled from reports in the
literature (Gatanaga et al., 2007; Xu et al., 2007; Matimba et al., 2008; Nyakutira et al., 2008; Manosuthi et al., 2013). The numbers in parentheses
over the bars represent the number of different studies for each ethnic group.
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the C15582T genotype (Sinxadi et al., 2015). Only one
patientwas a TThomozygote for theC15582TSNPwith a
wild-type haplotype for both G516T and T983C allowing
the C15582T variant to be assessed without the influence
of these other two SNPs. In this one case, the plasma level
of efavirenz was elevated 1.9-fold.
d. Other CYP2B6 polymorphisms. In a Caucasian

study population, nonsynonymous CYP2B6 SNPs result-
ing in alleles expressing low levels of protein and having
very low or null activity have been reported to occur at low
frequency (# 1%, Table 1) (Lang et al., 2004). These SNPs
reside in exons 1, 2, 3, or 8 with the following coding
sequences and amino acid changes in parentheses: A136G
(M46V), G296A (G99E), G415A (K139E), and T1172A
(I391N). An additional nonsynonymous SNP, G419A
(R140Q), had only a modest 18% reduction in expression
compared with wild-type (CYP2B6*1) but an 88% reduc-
tion in intrinsic clearance (Vmax/Km) activity. In the case of
the K139E variant, the loss of catalytic activity has been
shown to impair the formation of a functional P450-
reductase complex (Zhang et al., 2011).
In a clinical case study, a Mauritanian male AA

homozygous for the T1172A polymorphism (part of
CYP2B6*15 allele) had high plasma levels of efavirenz
(7.1–10.6 mg/ml) when given at a dose of 600 mg or even
400 mg (5.8 mg/ml) (van Luin et al., 2009a). Moreover,
concomitant NPAEs required further downward dose
adjustment to 200 mg (2.2 mg/ml) to alleviate NPAEs
(van Luin et al., 2009a). Although not yet confirmed by
clinical studies, the seriously compromised or null
phenotype of the other three missense mutations would
lead to the prediction that homozygotes for these SNPs
would also result in very high levels of efavirenz
requiring dosage adjustment to avoid NPAEs.
The CYP2B6*6 haplotype, consisting of the combined

G516T+A785G SNP in linkage disequilibrium, occurs
frequently across ethnic populations (range 10%–64%),
being lowest in Finnish and South China Han Chinese
and highest in Papua New Guineans (Li et al., 2012).
Across many clinical studies, the CYP2B6*6 haplotype
has been associated with increases in efavirenz plasma
concentration (Wang et al., 2006; Manosuthi et al., 2013;

Sukasem et al., 2013; Swart et al., 2013). However, it has
also been reported that no independent associations
between A785G and efavirenz plasma levels are apparent
(Ribaudo et al., 2010) and no clinical studies of the
CYP2B6*4 haplotype that consists of A785G alone have
been reported to date. Although there is considerable
variance between studies that likely represents the
complexities of different expression systems and condi-
tions (Zanger and Klein, 2013), studies of the intrinsic
clearance properties comparing wild type (CYP2B6*1)
with CYP2B6*4 and CYP2B*6 indicate that on average
CYP2B6*4 SNP appears to have increased clearance
(36%) while the CYP2B6*6 SNP appears to have de-
creased clearance (35%) (Table 2). These differences in
activity are relatively modest, and thus it seems likely
that drastically decreased expression of the CYP2B6*6
and CYP2B6*9 (.75%), but not CYP2B6*4 (Hofmann
et al., 2008), might account for the differences in clearance
reported in clinical studies of CYP2B6*6 haplotypes. The
constructing of haplotypes using CYP2B6 (G516T +
A785G + T983C) in a longitudinal black pediatric cohort
in South Africa provided evidence that the presence of the
haplotype T-G-T predisposes a risk of efavirenz plasma
levels.4mg/ml and thus also an increased risk for toxicity
to develop (Reay et al., 2017).

e. Other polymorphisms leading to elevations in
efavirenz levels. In the previous section, the focus was
onCYP2B6,which is the enzymeprimarily responsible for
the phase I metabolism of efavirenz (Ward et al., 2003).
SNPs in genes other than CYP2B6 have been reported
also to contribute to the interindividual variations in
efavirenz pharmacokinetics. These include CYP2A6,
UGT2B7, CYP3A4, CYP3A5, and CAR, but their associ-
ations have yet to be replicated in vivo to strengthen their
clinical impact (Holzinger et al., 2012). In this section, the
focus will be on other enzymes and proteins playing a
more minor role in the metabolism of efavirenz. These
include otherCYPP450enzymes, efflux transporters such
as adenosine triphosphate (ATP)-binding cassette (ABC)
andmultidrug resistance protein 1 (ABCD1/MDR1), nuclear
receptors (NR) that functionas ligand-activatedtranscription
factors via orphan nuclear receptors, pregnane X receptors

TABLE 2
Comparison of the relative reported intrinsic clearance (CLint, Vmax/Km) for CYP2B6*4 vs. CYP2B6*6

Haplotype System CLint (% wild type) Reference Comments

2B6*4 E. coli 170 Bumpus et al. (2006) N-terminally truncated transcripts
2B6*4 E. coli 96 Zhang et al. (2011) N-terminally truncated transcripts
2B6*4 Sf9 cells 142 Ariyoshi et al. (2011)
Avg 6 S.E.M. 136 6 22
2B6*6 HLM 17 Xu et al. (2012)
2B6*6 UES 53 Xu et al. (2012) No significant differences were observed in the presence

or absence of cyt b and thus the CLint value is an
average of the two measurements

2B6*6 E. coli 20 Zhang et al. (2011) N-terminally truncated transcripts
2B6*6 Sf9 50 Ariyoshi et al. (2011)
2B6*6 COS-1 183 Radloff et al. (2013)
Avg 6 S.E.M. 65 6 31

HLM, human liver microsomes from the specified haplotype; UES, unspecified expression system.
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(PXR, NR1I2), and constitutive androstane receptors (CAR,
NR1I3) (Telenti and Zanger, 2008).

i. CYP1A2 Polymorphisms. CYP1A2 metabolizes
efavirenz to 8-hydroxyefavirenz (8-OH-EFV), although
its overall role is minor (Ward et al., 2003; McDonagh
et al., 2015).More than 40SNPs forCYP1A2are currently
known (https://www.pharmvar.org/gene/CYP1A2), some
of the most common ones are C163A, C729T, and T739G.
No association was found between CYP1A2 and steady-
state efavirenz plasma levels in 464 HIV-infected Bantu-
speakingSouthAfricans (Swart et al., 2013). InaRawandan
adult cohort, T739G heterozygotes were associated with
1.6-fold and GG homozygotes with 4.7-fold higher efavirenz
plasma concentrations only when efavirenz was coadminis-
tered with rifampicin for the treatment of concomitant
tuberculosis (Bienvenu et al., 2014). It would seem then
that the clinical significance of the CYP1A2 polymorphisms
on efavirenz plasma levels would be minimal, except under
certain circumstances such as coadministration with
rifampicin.
ii. CYP2A6 Polymorphisms. CYP2A6 is capable of

biotransforming efavirenz to 8-OH-EFV and to
7-hydroxyefavirenz (7-OH-EFV) (Ogburn et al., 2010;
McDonagh et al., 2015). It is a highly polymorphic gene
with more than 70 SNPs presently known (https://www.
pharmvar.org/gene/CYP2A6). Although CYP2A6 gener-
ally contributes less to the formation of the two primary
metabolites (8-OH-EFV and 7-OH-EFV) compared with
CYP2B6, the activity of CYP2A6 becomes relevant in
individuals that have slow metabolizing variants of
CYP2B6 (di Iulio et al., 2009). For example, elevated
efavirenz levels have been found to occur in the presence
of a slow metabolizing CYP2B6 variant co-occurring
with the CYP2A6-T48G genotype (Haas et al., 2014) as
well as other CYP2A6 genotypes (i.e., A745G, T6558C,
G5065A) and each have half the activity of the wild-type
enzyme (di Iulio et al., 2009). In the case of CYP2A6-
T48G, which defines the CYP2A6*9 haplotype, the
polymorphism disrupts the cis-regulatory element
TATA box promoter region, resulting in lower levels of
expression (Pitarque et al., 2001; Yoshida et al., 2003).
In another study in a Ghanaian population (n = 65),
the carriers of CYP2A6*9B (CYP2A6 G1836T) and
CYP2A6*17 (CYP2A6 G1093A), which also have the
slow metabolism G516T variant of CYP2B6, had a 1.8
times higher median efavirenz plasma levels compared
with noncarriers (Kwara et al., 2009). In the presence of
rifampicin-based TB treatment in a Rwandan cohort
(n = 35), the CYP2A6 G1093A genotype was predictive
of higher efavirenz plasma concentrations (Bienvenu et al.,
2014). Furthermore, in 84 adult subjects from different
races (52.4% black, 28.6% white, and 19.1% Hispanic), the
CYP2A6 T48G genotype in all races was associated with
significantly elevated efavirenz plasma levels (Haas et al.,
2014). However, other studies have reported no clear
association of CYP2A6 with efavirenz plasma levels. This
includes one study of 464 Bantu-speaking South Africans

with HIV infection (Swart et al., 2013) and another study
with 143 individuals with HIV infection receiving either
efavirenz or nevirapine (Heil et al., 2012).

iii. CYP3A4 and CYP3A5 Polymorphisms. The
CYP3A subfamily is the predominant form in the
human liver and encodes for four isoforms: CYP3A4,
CYP3A5, CYP3A7, and CYP3A43 (Ward et al., 2003;
Haas et al., 2004; Telenti and Zanger, 2008). CYP3A4 is
the most abundant hepatic drug metabolizing enzyme,
accounting for approximately 30%–40% of the total CYP
content (Watkins et al., 1987), and participates in the
metabolism of over 50% of all commercially available
drugs (Wrighton et al., 2000; Telenti and Zanger, 2008),
including efavirenz (Ward et al., 2003). Although both
CYPs 3A4 and 3A5 are capable of metabolizing efavirenz
to 8-OH-EFA, their efavirenz-metabolizing ability ismuch
less than that of CYP2B6 (Ward et al., 2003; McDonagh
et al., 2015). Several studies have reported on the
pharmacogenetics of CYP3A4 and CYP3A5 activity on
efavirenz exposure with contradictory outcomes. In
169 subjects with 393 plasma samples, the population
pharmacokinetics for efavirenzwas analyzedas a function
of CYP2B6, CYP2A6, and CYP3A4/5 alleles. Both
CYP2A6 and CYP3A4 prominently affected the clearance
of efavirenz (Arab-Alameddine et al., 2009). However,
retrospective analysis from theAdult AIDSClinical Trials
Group (ACTG) A5095/5097 by Haas and coworkers (2004,
2005) in subjects from different ethnic origins (genetic
data on 157 study subjects) indicated no apparent statis-
tically significant associations with CYP3A4 A392G and
CYP3A5 G713A and a weak association with CYP3A5
A6986G and efavirenz plasma levels. Similarly, in a study
of 159 Chinese individuals with HIV infection, the
CYP3A4 A392G and CYP3A5 A6986G genotypes were
found to have no significant effect on efavirenz plasma
levels (Chen et al., 2010). Other studies involving
464 Bantu-speaking South Africans with HIV infection
(Swart et al., 2013) or 143 individuals with HIV infection
(Heil et al., 2012) also found no association between
efavirenz levels and CYP3A4 and CYP3A5 genotypes,
respectively.

iv. Efflux Transporter Polymorphisms. The solute
carrier and ATP binding cassette (ABC) efflux trans-
porters encompass two major gene superfamilies respon-
sible for the transport of drugs across membrane barriers
present in intestine, liver, kidney, and brain. The role of
these efflux transporters is to export xenobiotics from the
intracellular to the extracellular milieu. Efavirenz was
shown to be a substrate for the multidrug resistance
protein 1 (ABCB1/MDR1), but subsequent studies failed
to reproduce the finding (Telenti and Zanger, 2008).

v. ATP Binding Cassette Subfamily B Member
1/Multidrug Resistance Protein 1 Polymorphisms.
P-glycoprotein 1 (PgP), also known as ATP binding
cassette subfamily B member 1 (ABCB1) or multidrug
resistance protein 1 (MDR1), is an energy-dependent
efflux transporter located at the intestinal wall, the
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blood-brain barrier, and on the plasma membranes
of lymphocytes where they function to pump foreign
substances out of the cellular lumen into the extracel-
lular milieu. Although efavirenz is not a substrate for or
inhibitor of MDR1 in vitro or in vivo (Stormer et al.,
2002; Dirson et al., 2006), initial studies found an
association between MDR1-C3435T polymorphisms
and efavirenz plasma levels (Fellay et al., 2002;
Csajka et al., 2003), as well as a greater rise in CD4-
cell counts at 6 months post-ART initiation (Fellay
et al., 2002) and decreased virologic failure and de-
creased emergence of efavirenz-resistance (Haas et al.,
2005). Responses to efavirenz-based ARV treatments in
patients as a function of this polymorphism have been a
fairly consistent finding across many studies [for a
review, see Table 6 summary in McDonagh et al.
(2015)]. However, the effects of this polymorphism on
efavirenz plasma levels has not been a consistent
finding (Cressey and Lallemant, 2007), including sev-
eral studies with patients from different genetic back-
grounds found no association with efavirenz exposure
and several different ABCB1 variants (Heil et al., 2012),
MDR1 G2677T/A, MDR1 C3435T (Winzer et al., 2003;
Haas et al., 2004, 2005; Uttayamakul et al., 2012; Salem
et al., 2014), ABCB1 C1236T, C3435T, G2677T/A
(Ribaudo et al., 2010), ABCB1 G2677T/A, C3435T
(Chen et al., 2010), and ABCB1 C1236T (Dhoro et al.,
2013). Taken together, it would seem that ABCB1/
MDR1 SNPs, in particular the MDR1 C3435T SNP,
plays no direct role in modifying efavirenz plasma
levels.
Curiously, the MDR1-3435 CC homozygotes have

higher, the C/T heterozygotes intermediate, and the
TT homozygotes the lowest levels of expression of
duodenal MDR1 with a 4-fold difference in expression
of CC versus TT homozygotes (Csajka et al., 2003).
Functionally, the TT homozygote has reduced efflux
activity for a rhodamine 123 substrate and lower MDR1
mRNA expression compared with the CC homozygotes
(Hitzl et al., 2001). These factors may be relevant in the
context of efavirenz, albeit indirectly, as there is
precedent from MDR1 knockout studies that other
transporters may be upregulated to compensate for
reducedMDR1 activity (Smit et al., 1998; Schuetz et al.,
2000). Although these other transporters have not been
identified specifically, for this paradigm to work it
would be presumed that one of them would be an efflux
transporter for efavirenz.
vi. UDP-Glucuronosyltransferase Isoform 2B7

Polymorphisms. The 8-OH-EFV and 7-OH-EFV metabo-
lites of efavirenzare glucuronidatedby thephase II enzyme
UDP-glucuronosyltransferase isoform 2B7 (UGT2B7)
(Mutlib et al., 1999; Ward et al., 2003), and efavirenz can
also be directly converted to N-glucuronide-efavirenz (N-
gln-EFV) by this same enzyme (Mutlib et al., 1999;
Ward et al., 2003; Belanger et al., 2009). The strongest
in vivo evidence of the independent effects of UGT2B7

(UGT2B7*1a carrier) on elevated efavirenz plasma levels
was in a Ghanaian population (n = 94), in which the
carriers had 36% higher efavirenz plasma levels compared
with noncarriers (Kwara et al., 2009). Most other studies
investigating several SNPs within UGT2B7 reported no
significant association (McDonagh et al., 2015). However,
in a study of 84 mixed race subjects that focused only on
individuals with a slow metabolizing genotype (CYP2B6
516TT, 516T/983C, or 983CC), the median efavirenz levels
were nearly double in the UGT2B7-735GG homozygotes
compared with the 735AA homozygotes and AG heterozy-
gotes (Haas et al., 2014). Thus, although homozygosity for
UGT2B7-735GG alone appears to have no effect on
efavirenz plasma levels, it can have a pronounced effect
when co-occurring with other CYP2B6 SNPs that by
themselves significantly affect efavirenz levels.

vii. Nuclear Receptor Polymorphisms. Both the
pregnaneX receptor (PXR) and the constitutive androstane
receptor (CAR) belong to the orphan nuclear receptor (NR)
superfamily and are encoded by the genes NR1I2 and
NR1I3, respectively. When activated by xenobiotics, they
regulate a variety of overlapping sets of genes that encode
for phase I and II drug metabolizing enzymes and
transporters for xenobiotic detoxification and elimination.
PXR and CAR are predominantly expressed in the liver
where they induce the expression of CYP3A4, CYP2B6,
CYP2C9, and CYP2C19 (Wang et al., 2012).

Several SNPs forNR1I2 andNR1I3 have been reported
(Swart et al., 2012). Two studies reported no associa-
tion between three different NR1I2 SNPs in relation
to efavirenz plasma concentration, earlier switching from
efavirenz to a different ARV drug or discontinuation of
efavirenz treatment (Wyen et al., 2011; Swart et al., 2012).
Five studies have quantified the effect of CAR (NR1I3) on
efavirenz exposure. A German study (225 Caucasian and
146 black adult patients withHIV infection) reported that
NR1I3 rs2307424 (540CC) wild-type homozygotes con-
tributed to early discontinuation of efavirenz treatment
due to self-reported CNS-related side effects [72 of
131 (55%) in the early discontinuation group] (Wyen
et al., 2011). A Chilean study (n = 208 patients with
HIV) observed a significant association between efavirenz
plasma levels and exon 5 NR1I3-C540T, where TT
homozygotes had significantly lower efavirenz plasma
levels compared with the CC and CT genotype (Cortes
et al., 2013).However, in aGhanaian population (n = 521),
no significant association between efavirenz plasma levels
and NR1I3-C540 to T variants was observed, indicating
that NR1I3 is not an important determinant for efavirenz
plasma levels in this subpopulation (Sarfo et al., 2014). In
a Bantu-speaking South African population (n = 163),
intron 4 NR1I3-C8784 (rs3003596) CC and TC genotypes
have been associated with reduced plasma efavirenz
levels, with 48% of individuals with the TT genotype
having efavirenz plasma levels above 4 mg/ml (Swart
et al., 2012). In this same study, it was observed that
NR1I3-C540T heterozygotes were associated with more
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patients switching from efavirenz-based treatment over a
12-month period. However, in a mixed race population
study (n = 84), the reported associations of efavirenz
exposure with either NR1I3-C540T or NR1I3-T8784C
could not be replicated (Haas et al., 2014). On balance
then, it appears that no consensus has been reached
concerning the clinical relevance of NR1I3 on efavirenz
exposure, necessitating further research.

C. Dose Adjustment Algorithm

Given the important role that sex, weight, and the
CYP2B6-G516T SNP genotype plays in efavirenz’s me-
tabolism, an efavirenz dose-adjustment algorithm has
been proposed (Nemaura et al., 2012). According to this
algorithm, if the patient is homozygous for G516T (TT
genotype), then the efavirenz dose is reduced to 200 mg,
as opposed to a standard dose of 600mg. If the patient is
heterozygous (GT), then one should consider the pa-
tient’s weight: If $62 kg, then a dose of 600 mg would
suffice. However, for patients ,62 kg, consider the sex.
Men should be given a 600-mg dose and women a
400-mg dose. Earlier studies have suggested an even
more tailor-made therapy by reducing efavirenz dose
from the standard 600 to 400 mg and even to 200 mg in
Japanese patients suffering from CNS side effects or in
whom the CYP2B6-G51GT SNP was present (Tsuchiya
et al., 2004; Gatanaga et al., 2007). Tailor-made thera-
pies may be the future of HIV treatment in developed
countries when such testing becomes the norm of HIV
treatment. However, in developing countries, it is not a
viable option due to cost, inadequate manpower, and a
lack of availability of genotype testing facilities. Dose
reduction strategies supported by therapeutic drug
monitoring, meaning measurement of drug blood con-
centrations, appear to be beneficial for reducing
toxicity-induced discontinuation and thus NPAEs asso-
ciated with efavirenz (van Luin et al., 2009b).

D. Efavirenz Drug-Drug Interactions Leading to
Elevated Efavirenz Levels

As discussed in sections above, efavirenz is primarily
metabolized by CYP2B6 and to a lesser extent by
CYP3A4 and other CYPs. On the one hand, efavirenz’s
autoinduction of CYP2B6 and CYP3A4 metabolic en-
zymes (Mouly et al., 2002; Faucette et al., 2004) serves
to accelerate its own metabolism. On the other hand,
inhibition of these enzymes by efavirenz (Xu and Desta,
2013) slows down its metabolism. Notably, the effect of
autoinduction on efavirenz levels over long time periods
is substantial for CYP2B6 fast metabolizers, but not
those possessing the slower metabolizing CYP2B6
isotypes (Ngaimisi et al., 2010).
In addition to CYP genotype, weight, and sex, there are

noteworthy drug-drug interactions that result in eleva-
tions in plasma efavirenz levels. Of clinical relevance are
interactionswith drugs that significantly inhibit CYP3A4,
the most abundant CYP isoform in human liver. These

include the HIV-1 protease inhibitor ritonavir used in
booster therapy (Fiske et al., 1998) and the antifungal
agents ketoconazole (Saadeddin and Peris, 2009) and
voriconazole (Damle et al., 2008; Liu et al., 2008). Since
efavirenz is mainly metabolized by CYP2B6 and second-
arily byCYP3A4, it stands to reason that the sensitivity to
CYP3A4 inhibiting drugs would be most prominent in
those individuals with slower metabolizing CYP2B6
genotypes. Indeed, CYP3A4-mediated metabolism of
efavirenz is pronounced in those with impaired CYP2B6
activity (Arab-Alameddine et al., 2009). Yet complex
interactions may occur simultaneously, including that
CYP3A4 induction in CYP2B6 slow metabolizers is more
pronounced given the higher levels of efavirenz plasma
exposure (Habtewold et al., 2013).

1. Protease Inhibitors. In the case of coadministra-
tion of ritonavir (500 mg), a 21% increase in the plasma
AUC for efavirenz (600 mg) and a 14% increase in Cmax

has been reported (Fiske et al., 1998; Sustiva, 1998).
This level of increase was associated with an increase in
NPAEs (Sustiva, 1998). However, it is unclear whether
lower boosting doses of ritonavir (e.g., 100–200 mg)
would produce as pronounced an effect. It is important
to keep in mind that ritonavir is a very potent inhibitor
of CYP3A4 (Kumar et al., 1996; vonMoltke et al., 1998),
much more than other HIV protease inhibitors (Decker
et al., 1998). This likely explains why in clinical studies
efavirenz clearance is reported to be unaffected by
CYP3A4-inhibiting protease inhibitor cocktails lacking
ritonavir (Pfister et al., 2003; Ma et al., 2008).

2. Antifungals. Typically, drug-drug interactions
involving ketoconazole and efavirenz focus on reduc-
tions in ketoconazole levels. Like efavirenz, ketocona-
zole is metabolized by CYP3A4 (Fitch et al., 2009). In
patients with HIV, efavirenz lowers levels of ketoconazole
by inducing the expression of CYP3A4 (Sriwiriyajan et al.,
2007). Less appreciated is that ketoconazole can also
elevate efavirenz plasma levels. Although it has yet to be
confirmed in humans, coadministration of efavirenz and
ketoconazole in rats results in a 45% increase in plasma
AUC for efavirenz along with a 26% increase in the Cmax

(Saadeddin and Peris, 2009). This can be attributed to
ketoconazole’s ability to potently inhibit CYP3A4 (Stresser
et al., 2004). Thus, at least initially, inhibition of CYP3A4
by ketoconazole appears to supercede efavirenz’s CYP3A4-
inducing effect, although it isunclearwhetherunder chronic
dosing conditions elevations in CYP3A4 levels would lower
levels of ketoconazole sufficiently to prevent increases in
efavirenz plasma exposure.

Voriconazole has similarly strong CYP3A4 inhibiting
potency as ketoconazole (Ohno et al., 2007). In patients
being treated with 400 mg efavirenz, the addition of
voriconazole resulted in a 43% increase in plasma
AUC for efavirenz as well as a 37% increase inCmax (Liu
et al., 2008). Furthermore, the coadministration of
voriconazole (400 mg) plus efavirenz (300 mg) produces
an efavirenz level and Cmax similar to 600 mg efavirenz
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alone (Damle et al., 2008). These studies indicate that
voriconazole is capable of increasing efavirenz levels in
humans. Although both voriconazole and fluconazole
have been demonstrated to increase the blood/plasma
concentrations of CYP3A4/5 substrates in vivo (Niwa
et al., 2014) and fluconazole (200 mg) has been reported
to increase efavirenz (400 mg) plasma by 16% (Sustiva,
1998), voriconazole is a much more potent CYP3A4
inhibitor than fluconazole, being only slightly less potent
than ketoconazole (Ohno et al., 2007). This difference in
inhibitor potencies for ketoconazole and voriconazole
versus fluconazole parallels the magnitude of the in-
creases in efavirenz plasma exposure observed upon
coadministration. However, no significant increase was
observed with itraconazole (200 mg/day for 6 days) pre-
treatment, which is likely due to its significantly lower
inhibitory potency (Jiang et al., 2013) that is approxi-
mately 10-fold lower than ketoconazole’s (Kajita et al.,
2000). Thus, it seems likely that only the antifungals that
potently inhibit CYP3A4, such as ketoconazole and
voriconazole, would elevate efavirenz levels to a degree
that might result in elevations in efavirenz plasma levels
sufficient to increase the incidence of NPAEs.
3. Antiplatelet Agents. The antiplatelet agent clopi-

dogrel is a potent inhibitor of CYP2B6 derived from
human liver microsomes, with a .10-fold higher potency
than the next three most potent inhibitors: clotrimazole,
itraconazole, and ticlopidine (Walsky et al., 2006). In a
study with 17 healthy Korean males of mixed CYP2B6*1
and CYP2B6*6 genotypes, clopidogrel pretreatment
(75 mg/day for 4 days) was found to significantly increase
efavirenz (200 mg) plasma AUC by 17% and Cmax by 29%
(Jiang et al., 2013). However, no significant increase was
observed with itraconzaole (200 mg/day for 6 days) pre-
treatment, which is likely due to its significantly lower
inhibitory potency. By comparison, in the exclusively slow
metabolizing CYP2B6*6 (G516T+A785G) homozygotes,
the plasma AUC and Cmax for efavirenz (200 mg) was
increased by 26% and 38%, respectively, when pretreated
with clopidogrel (Jiang et al., 2013). This is in contrast to
much larger increases in plasma efavirenz concentrations
(estimated as a 2.9-fold increase) reported in CYP2B6*6
homozygotes given only 600 mg efavirenz (Rotger et al.,
2007), and likely reflects the higher dose of efavirenz.

V. Molecular Mechanisms and Receptor
Pharmacology of Efavirenz

There are many challenges associated with adequately
treating the HIV pandemic, including the relative lack of
readily accessible, effective, and affordable pharmacother-
apies and adverse events associated with existing medi-
cations. The latter is especially problematic with regard to
compliance. There is thus a dedicated effort to move away
from a cytopathic viral model of HIV pathogenesis toward
addressing its immunopathogenic features, i.e., general-
ized immune activation, and hence to more specifically

investigate neutralizing and nonneutralizing antibodies
as part of a therapeutic vaccine option (Cadogan and
Dalgleish, 2008). At this time, however, anti-HIV strate-
gies remain very much centralized around HAART with
antiretroviral agents. As discussed in Historical Perspec-
tive of Antiretroviral Drugs and Highly Active Antiretroviral
Therapy, efavirenz has been a mainstay of HAART,
because it effectively suppresses HIV. Although efavir-
enz was recently downgraded by DHHS from a first line
to an alternative treatment of treatment-naive patients
due to NPAEs, both WHO and South African guidelines
continue to recommend efavirenz as the preferred NNRTI
for HAART in adults. Furthermore, its popularity as a
component of first line HAART therapy is likely to
continue now that generic forms are becoming available.
Consequently, a better understanding of the molecular
basis of NPAEs is essential.

Although a comprehensive understanding of the
mechanisms responsible for efavirenz-mediated NPAEs
and for its attractiveness as a recreational drug remain
elusive, its narrow therapeutic window and ability to
rapidly accumulate in brain are likely key contributing
factors (for further details, see Efavirenz Therapeutic
Index and Brain Exposure). Recent studies have begun
investigating the receptor neuropharmacology under-
pinning NPAEs and the recreational use of efavirenz
(Gatch et al., 2013; Dalwadi et al., 2016) (Fig. 3). By
using a rationalizedmechanistic approach and selection
of targets known to interact with other drugs of abuse to
narrow the receptor profiling effort, a number of CNS
receptors were identified as possible targets for efavirenz.
Specifically, efavirenz was discovered to interact with the
5-HT2A, 5-HT2C, 5-HT3, 5-HT6, M1, M3, and GABAA

receptors, as well as with the dopamine transporter
(DAT), the serotonin transporter, the vesicular mono-
amine transporter 2, and monoamine oxidase A (Gatch
et al., 2013; Dalwadi et al., 2016;Huang et al., 2017).More
precisely and within approximately the same concentra-
tion range, efavirenz functions as a Gq-signaling antago-
nist at the 5-HT2A, 5-HT2C, and M1 receptors. It also
functions as a Gs-signaling inverse agonist at the 5-HT6

receptor, Gq-signaling allosteric modulator of the M3

receptor, dual dose-dependent potentiator and inhibitor
of theGABAA receptor, pore blocker at the 5-HT3 receptor,
and an inhibitor of DAT, serotonin transporter, and
monoamine oxidaseA. In vivo, efavirenz dose dependently
suppresses novel open field locomotor activity in Swiss-
Webster mice as does LSD (Gatch et al., 2013). Efavirenz
can be trained as a discriminative stimulus in rats, and
LSD partially substitutes for efavirenz in these efavirenz-
trained rats. Furthermore, in rats trained to discriminate
LSD from saline, efavirenz partially substitutes for LSD,
and this substitution is blocked by pretreatment with
the 5-HT2A receptor selective antagonist MDL100,907,
thus delineating a role for serotonergic signaling in
the psychoactive properties of efavirenz (Gatch et al.,
2013). In a rodent head twitch assay, which is a proxy for
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hallucinogenic activity in humans (Halberstadt and
Geyer, 2011), efavirenz produced head twitch responses
in wild-type but not in the 5-HT2A-knockout mice; how-
ever, the response was far weaker than for LSD and
initiated and dissipated much more quickly (Gatch et al.,
2013). Overall, the predominate behavioral profile of
efavirenz in rodents seems to be most consistent with an
LSD-like effect mediated by the 5-HT2A receptor (Gatch
et al., 2013), and molecular mechanistic studies suggest
that efavirenz competes for the same binding site on the
5-HT2A receptor as the hallucinogens LSD and 2,5-
Dimethoxy-4-iodoamphetamine (DOI) (Dalwadi et al.,
2016). Furthermore, support for involvement of the
5-HT2A receptor in some of the neuropsychiatric manifes-
tations of efavirenz, including hallucinations, come from
studies in patients who are HIV positive, where the
nonselective 5-HT2A receptor antagonist cyproheptadine
has been shown to reverse the aforementioned effects
(Dabaghzadeh et al., 2012, 2013).What remains puzzling,
however, is that classic hallucinogens that act on the
5-HT2A receptor [e.g., LSD, DOI,a-methyl-5-HT, (4-Bromo-
3,6-dimethoxybenzocyclobuten-1-yl)methylamine hydro-
bromide (TCB-2)] behave as agonists or partial agonists
of Gq signaling, whereas efavirenz behaves as an antago-
nist of this signaling pathway (Dalwadi et al., 2016). This
would seem to suggest that Gq signaling may not be the
only or most critical pathway responsible for 5-HT2A-
mediated effects of hallucinogens, an idea supported in
part by the finding that Gq-knockout mice have dimin-
ished but not abolished head twitch responses to DOI
(Garcia et al., 2007).
Scopolamine is a centrally acting muscarinic receptor

antagonist with hallucinogenic and delirium-inducing
properties (Seo et al., 2009; Lin et al., 2011; Jalali et al.,
2014). Notably, efavirenz also has scopolamine-like
inhibitory effects on M1 and M3 muscarinic receptors
(Dalwadi et al., 2016) that may contribute to its ability
to precipitate hallucinations or vivid dreaming in some
individuals. Central muscarinic systems appear to play
a role in mood disorders (Barak, 2009; Carruthers et al.,
2015; Delport et al., 2017). The cholinergic neurocircui-
try responsible for antimuscarinic-induced psychosis
may involve the action of acetylcholine on subcortical
glutamate and striatal dopamine release, leading
to attention and executive function difficulties, memory
loss, multisensory hallucinations, and delusions (Barak,
2009). These effects are observed when antimuscarinics
are administered acutely to healthy subjects, and a
reduction in cortical M1 receptor expression may repre-
sent a defining feature of the pathophysiology of psychotic
disorders such as schizophrenia (Carruthers et al., 2015).
Consequently, a disruption of central monoaminergic
systems in general and cholinergic systems specifically
might contribute to NPAEs induced by efavirenz as well
as its attractiveness for recreational use.A caveat though
is that cyproheptadine, mentioned in the clinical studies
above, is also a high affinity antagonist of all five

muscarinic receptors (Stanton et al., 1993), so unless it
acted as a more potent allosteric antagonist of efavirenz
at muscarinic receptor binding sites, it would likely not
prevent any behavioral scopolamine-like effect of efavirenz
as cyproheptadine itself has been reported to induce
hallucinations, albeit generally at higher doses (von
Mühlendahl and Krienke, 1978; Watemberg et al., 1999).

Recent opinion has emphasized a potential contribu-
tory role of the mitochondrial-immune-inflammatory-
redox cascade to the NPAEs associated with efavirenz,
with oxidative stress and neuronal toxicity proposed as
playing variable roles in the nature and severity of
neuropsychiatric symptoms (Cavalcante et al., 2010;
Decloedt and Maartens, 2013; Purnell and Fox, 2014;
Apostolova et al., 2015; Funes et al., 2015). Mitochondrial
and redox dysfunction set in motion by proinflammatory
cytokines and disordered kynurenine metabolism appar-
ently can directly alter monoaminergic transmission
(Garcia-Cazorla et al., 2008; Möller et al., 2013a,b). In
particular, disturbances in glutamate signaling leading to
imbalances in cortical and subcortical dopamine signaling
may be of particular relevance here when considering the
neurobiology of depressive, anxiety, psychotic, and cogni-
tive phenotypes (Brand et al., 2015; Möller et al., 2015).
The kynurenine pathway metabolizes tryptophan via
indoleamine 2,3-dioxygenase (IDO) and/or tryptophan
2,3-dioxygenase (TDO) to either kynurenic acid, a gly-
cine site N-methyl-D-aspartate receptor antagonist with
neuroprotective properties, or quinolinic acid, anN-methyl-
D-aspartate receptor agonist with pro-oxidant and neurode-
generative properties (Möller et al., 2015). The resulting
oxidative stress of the latter modifies dopamine release
(Möller et al., 2013b), whereas the redirecting of tryptophan
away from serotonin synthesis depletes neuronal stores of
serotonin. Pro- and anti-inflammatory cytokines activate or
inhibit IDO, respectively, thereby altering serotonin and
dopamine levels in various limbic brain regions, leading to
psychotic, mood, cognitive, and anxiety manifestations
(Brand et al., 2015; Möller et al., 2015) (Fig. 3). However,
efavirenzhasbeen found to enhance serotonin levels in rats,
an effect produced in parallel to a reduced activity of TDO
(Cavalcante et al., 2010). While the reported reduction in
5-HT2A receptor density upon repeated exposure to
efavirenz (Dalwadi et al., 2016) may better explain
depressive-like symptoms than the reported elevation
of serotonin in the shorter term, the resulting distur-
bance in tryptophan-serotonin metabolism may have
longer term consequences. Disturbances in kynurenine
metabolism have been reported in patients with schizo-
phrenia and depression (Möller et al., 2015) and disrup-
tion of the kynurenic acid/quinolinic acid balance may
contribute to neurotoxicity in patientswithHIV infection
(Harvey et al., 2002).

Clinical evidence has linked oxidative stress to
patients treated with efavirenz (Hulgan et al., 2003),
and there is evidence thatmitochondrial dysfunction is the
primary source of such redox imbalance following efavirenz
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challenge (Apostolova et al., 2017). Both efavirenz and its
8-hydroxy metabolite provoke similar deleterious actions
on mitochondrial respiration (Apostolova et al., 2017),
while neurotoxicity associated with 8-hydroxyefavirenz
has been reported to involve L-type calcium channels and
a disruption of calcium homeostasis (Tovar-y-Romo et al.,
2012) (Fig. 3). Although further work is needed, it ap-
pears that efavirenz and/or 8-OH efavirenz-mediated
mitochondrial-redox disturbancesmaymobilize the kynur-
enine pathway via a proinflammatory action on IDO.
Because altered redox and immune-inflammatory condi-
tions are associated with altered regional brain mono-
amines (Möller et al., 2013a,b), such changes may
contribute to themood altering, psychogenic, and cognitive
disruptive properties of efavirenz (Fig. 3).
Another component of the immune system, nitric

oxide (NO), also plays a pathologic role in HIV infection
where immunologic cell-derived NO is implicated in
mediating HIV-associated neurotoxicity via increased
expression of inducible NO synthase (iNOS) (Harvey
et al., 2002) (Fig. 3). Moreover, NO is a mediator of
mitochondrial dysfunction associated with the CNS
symptoms of HIV and efavirenz has been found
to promote iNOS expression in cultured glial cells
(Apostolova et al., 2015). The efavirenz-induced iNOS
activation has been shown to interfere withmitochondrial
function and bioenergetics in neurons and glia, an effect
that was reversed by inhibiting NOS (Apostolova et al.,
2015). NO is also recognized as a modulator of dopa-
minergic, serotonergic, noradrenergic, GABA-glutamate,
and muscarinic pathways (Prast and Philippu, 2001),

and as such is implicated in the neurobiology of mood,
anxiety, and psychotic disorders (Brand et al., 2015).
With both psychosis and depression associated with
mitochondrial-immune-inflammatory-redox disturbances
as well as altered NO homeostasis (Maes et al., 2011;
Davis et al., 2014b; Brand et al., 2015), any disruption
of these processes may contribute to neurotoxicity
and NPAEs associated with efavirenz (Fig. 3). However,
other factors such as creatine kinase, altered GABA-
glutamate balance and calcium homeostasis may play
a role as well (Cavalcante et al., 2010; Apostolova
et al., 2017).

In summary, it seems likely that alterations in mono-
amine signaling plays a major role in the NPAEs
associated with efavirenz, either via a direct action of
the drug on specific target receptors, ion channels,
transporters, and enzymes (Fig. 3, pathway 1) or indi-
rectly via actions on the immune-inflammatory-redox
cascade (Fig. 3, pathway 2). Direct disruption of seroto-
nergic, GABAergic, and muscarinic pathways (pathway
1), as well as mitochondrial-immune-inflammatory dys-
function and altered bioenergetics and their subsequent
effects on monoamine pathways (pathway 2), may there-
fore represent efavirenz-mediated processes, giving rise to
a host of psychopathological manifestations. With so
many possible CNS targets, future work should be aimed
at understanding the predominant pathways in terms of
efavirenz’sNPAEs and illicit use. This level of insightmay
ultimately allow for the coformulation of efavirenz with
other drugs that might block its major untoward side
effects or its potential for abuse.

Fig. 3. Putative molecular mechanisms involved in the NPAEs and illicit use of efavirenz. Pathway 1 (orange arrow): By directly targeting
5-HT2A, 5-HT2C, 5-HT2B, 5-HT3, 5-HT6, M1, M3, and GABAA receptors, and DAT, serotonin transporter (SERT), and vesicular monoamine
transporter 2 (VMAT2), efavirenz may engender a range of possible psychotropic effects via actions on neurotransmitter systems known to be
involved in regulating sleep, cognition, mood, and psychotic behavior. Pathway 2 (magenta arrows): Efavirenz can apparently upregulate
inducible nitric oxide synthase, leading to mitochondrial-immune-inflammatory-redox dysfunction that indirectly modulates various key
neurotransmitters like serotonin, dopamine, and norepinephrine, as well as GABA and glutamate. Efavirenz-induced mitochondrial dysfunction
and altered bioenergetics leading to disturbances in pro- vs. anti-inflammatory cytokine release, altered kynurenine metabolism and oxidative
stress may drive disturbances in monoamine signaling. Excessive and sustained elevation of nitric oxide may result in neurotoxicity. Metabolism
of efavirenz by CYP450 results in the formation of 8-hydroxyefavirenz which can both induce mitochondrial dysfunction and activate L-type
voltage-dependent calcium channels in dendritic spines, leading to the disruption of calcium homeostasis and subsequent neurotoxicity that may
also contribute to phenotypic outcomes.
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VI. Possible Association of Efavirenz with
Human Immunodeficiency Virus-Associated

Neurocognitive Disorder

HIV-associated neurocognitive disorder (HAND) oc-
curs when the HIV virus penetrates the nervous system
and induces inflammatory and neurotoxic responses
that directly impact the health of neurons and glia. This
ultimately impacts cognitive functions such as lan-
guage, memory, attention, problem-solving, and decision-
making. While HAND is more common during advanced
stages of the disease (i.e., AIDS), it can also occur during
themedically asymptomatic stage of theHIV infection, and
there is evidence that these milder forms of HAND are
increasing likely as a consequence of the success ofHAART
in suppressing HIV and improving immune function
(Heaton et al., 2011).Recently, however, long-termefavirenz
use in HIV patients has been shown to worsen neuro-
cognitive function (Ma et al., 2016). Since efavirenz is
associated with NPAEs, penetrates the brain at concen-
trations relevant to the interaction with a number of
neuroreceptors and immune-inflammatory-redox cas-
cades, and can impact neurocognitive function, it is logical
to speculate that efavirenzmight possibly have synergizing
actions with HAND.
A cross-sectional single cohort study involving

146 asymptomatic HIV patients found that efavirenz use
was associated with a high prevalence of HAND in
asymptomatic HIV patients (Ciccarelli et al., 2011). A
different 48-week randomized controlled study involving
treatment-naive patients with HIV found similar results
(Winston et al., 2010). Thirty patients participated in this
study and initiated HAART, consisting of tenofovir-
emtricitabine plus either efavirenz (group 1), atazanavir-
ritonavir (group 2), or zidovudine-abacavir (group 3). Over
a 48-week period, groups 2 and 3 showed greater improve-
ment from baseline in their executive function and rate of
information processing compared with group 1 (Winston
et al., 2010). In this study, the N-acetylaspartate (NAA)/
creatine (Cr) ratio was a measure of neuronal integrity
with a decreased ratio generally associated with neuronal
loss or dysfunction. Patients receiving efavirenz-based
HAART showed a significant increase in NAA/Cr ratio
compared with the other two groups (Winston et al., 2010).
This finding is of interest because patients taking efavirenz
did not show marked improvement in their cerebral func-
tion, despite exhibiting greater neuronal recovery assessed
byNAA/Cr ratio comparedwith patients in other groups. It
is expected that an increase in neuronal recovery would
correlate with improved CNS function, yet it did not in this
study, suggesting that either NAA/Cr ratio is not a good
measure of neuronal recovery or neuronal integrity per se
does not correlate with neurocognitive function. One could
argue that suboptimal dosing could be responsible for
HAND, but a cross-sectional study in Malawian adults
suggests this is not the case, as asymptomatic HAND was
reported in 55% of patients who had therapeutic plasma

levels of efavirenz (Kelly et al., 2014). Furthermore,
patients with subtherapeutic levels of plasma efavirenz
had a global deficit score ,0.6, which is consistent with
normal neuropsychological function (Kelly et al., 2014).
Overall, it can be inferred from these studies that there is
increased incidence of mild HAND in the HAART era and
that efavirenz may be involved in the worsening of
neurocognitive function.

VII. Summary of Key Points

People are living longer with HIV and neuropsychi-
atric adverse events (NPAE) associated with efavirenz
have been shown to persist in some patients even out to
two years, the longest time point investigated. NPAEs
are more common with efavirenz than with other ARV
drugs and are associated with high efavirenz plasma
levels. CYP2B6-G516T is a common polymorphism
accounting for slow metabolism of efavirenz and result-
ing in elevated efavirenz plasma levels especially when
co-occurring with other fairly common slow-metabolizing
CYP2B6 polymorphisms (T983C and C15582T). SNPs in
other genes that appear to influence efavirenz pharmaco-
kinetics include CYP2A6, UGT2B7, CYP3A4, CYP3A5,
andCAR, though the in vivo data is lacking inmany cases.
Modifiable factors can influence efavirenz plasma levels
with elevated plasma levels being associated with low
BMI, high fat meals that lead to increased absorption,
ingestion of grapefruit or sweet orange juicewhich contain
components that potently inhibit the ABCCG2 trans-
porter, and use of medications that potently inhibit the
efavirenz metabolizing enzymes CYP3A4 (e.g., the prote-
ase inhibitor ritonavir and antifungals ketoconazole,
voriconazole) and CYP2B6 (e.g., the antiplatelet agent
clopidogrel). Nonmodifiable factors that can influence
efavirenz plasma levels include age, with adults having
slower clearance and thus longer half-lives than children,
and ethnicity due to a range of SNPs resulting in
Caucasians and Asians having on average lower plasma
levels than Hispanics which have intermediate levels and
blackswhich have the highest levels. At the receptor level,
efavirenz has been shown to interact directlywith 5-HT2A,
5-HT2C, 5-HT3, 5-HT6, M1, M3, and GABAA receptors, as
well as withDAT, SERT, andVMAT2 transporters, and to
a lesser extent MAO-A and the 5-HT2B receptor, which
may not only account for its propensity to produced
NPAEs but also its attractiveness for recreational use.
The predominate behavioral profile of efavirenz is most
consistent with interactions at the serotonin 5-HT2A

receptor and a hallucinogen-like profile. Efavirenz or its
8-hydroxymetabolite may indirectly modulate monoam-
inergic neurotransmission by alteringmitochondrial func-
tion and inducing immune-inflammatory-redoxdysfunction.
Over the long-term efavirenz appears to worsen neuro-
cognitive function in HIV patients and may be associated
with a high prevalence of HAND in asymptomatic HIV
patients.
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