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BACKGROUND AND PURPOSE
The non-nucleoside analogue reverse transcriptase inhibitor efavirenz is associated with hepatic toxicity and metabolic
disturbances. Although the mechanisms involved are not clear, recent evidence has pinpointed a specific mitochondrial action
of efavirenz accompanied by the induction of an endoplasmic reticulum (ER) stress/unfolded protein response in human
hepatic cells. The aim of this study was to further investigate the involvement of this organelle by evaluating efavirenz’s effects
in cells lacking functional mitochondria (rho°) and comparing them with those of the typical mitotoxic agent rotenone, a
standard complex I inhibitor, and the ER stress inducer thapsigargin.

EXPERIMENTAL APPROACH
Hep3B rho+ and rho° cells were treated with clinically relevant concentrations of efavirenz, then mitochondrial function and
cytotoxicity were studied using standard cell biology techniques.

KEY RESULTS
Efavirenz-treated rho° cells exhibited a substantial reduction in parameters indicative of mitochondrial interference, such as
increased superoxide production, mitochondrial mass/morphology alterations and enhanced expression of LONP, a highly
conserved mitochondrial protease. In line with these results, the cytotoxic effect (cell number, chromatin condensation, cell
cycle alterations and induction of apoptosis) of efavirenz was less pronounced in Hep3B respiration-depleted cells than in
wild-type cells. The effect of efavirenz was both similar and different from those of two distinct mitochondrial stressors,
thapsigargin and rotenone.

CONCLUSIONS AND IMPLICATIONS
Cells lacking normal mitochondria (rho°) are less vulnerable to efavirenz. Our results provide further evidence that the hepatic
damage induced by efavirenz involves acute interference with mitochondria and extend our knowledge of the response of
mitochondria/ER to a stress stimulus.

Abbreviations
2-DG, 2-deoxyglucose; CCCP, carbonyl cyanide m-chlorophenyl hydrazone; ER, endoplasmic reticulum; HIV, human
immunodeficiency virus; ROS, reactive oxygen species; UPR, unfolded protein response; WB, Western blotting; ΔΨm,
mitochondrial membrane potential
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Introduction

The current pharmacological approach for treatment of
human immunodeficiency virus (HIV) infection, known as
combined antiretroviral therapy (cART), has transformed
acquired immune deficiency syndrome (AIDS) into a chronic
illness. Efavirenz, a non-nucleoside analogue reverse tran-
scriptase inhibitor, is among the most widely used drugs in
this therapeutic combination. Although generally considered
safe, there is a concern about the side effects induced by
efavirenz-containing therapies (Tashima et al., 2003;
Gutiérrez et al., 2005; Maggiolo, 2009; Loko et al., 2011). In
particular, there is growing concern whether lifelong treat-
ment with this and other drugs used in cART leads to accu-
mulative hepatotoxicity as liver-related complications are the
second cause of mortality among AIDS patients (Jones and
Núñez, 2012). The mechanisms behind this liver damage are
unclear, but recent evidence has revealed the presence of
acute mitochondrial dysfunction in cultured human hepato-
cytes treated with clinically relevant concentrations of this
drug. The mechanism of such interference is specific and,
unlike that exhibited by other anti-HIV drugs (namely
nucleoside analogue reverse transcriptase inhibitors, NRTI), is
not related to chronic inhibition of the mitochondrial DNA
polymerase (pol-γ) (Apostolova et al., 2011a). Studies with the
human hepatoma cell line Hep3B and primary cultures of
human hepatocytes have revealed that the mitochondrial
effect of efavirenz involves the specific inhibition of complex
I of the electron transport chain (ETC), which leads to
reduced O2 consumption, decreased mitochondrial mem-
brane potential (ΔΨm), bioenergetic changes and elevated
reactive oxygen species (ROS) generation (Apostolova et al.,
2010; 2011b; Blas-García et al., 2010). Parallel to these mani-
festations, efavirenz triggers endoplasmic reticulum (ER)
stress and activates the unfolded protein response (UPR)
observed as altered ER morphology and increased expression
of several UPR genes (Apostolova et al., 2013).

In order to better understand the role of mitochondria in
these effects, we assessed the cellular actions of efavirenz in a
model of hepatic cells that lack functional mitochondria
(rho° cells generated in Hep3B background). The aim was to
analyse the possibility of the existence of a differential mito-
chondrial effect of efavirenz resulting from differences in the
mitochondrial background present in the cells treated with
this drug. The model of rho° cells was employed as a robust
approach to mimic a scenario of non-fully functional mito-
chondria in which we wished to evaluate if the toxic effects of
efavirenz were potentiated or not. Moreover, the action of

efavirenz was compared with that of two different mitotoxic
stimuli: a direct one (rotenone) and an indirect one (thapsi-
gargin) both at sub-lethal concentrations. Rotenone is a
widely used pharmacological inhibitor of mitochondrial
complex I and, like efavirenz, enhances mitochondrial super-
oxide production and induces apoptosis (Ishiguro et al., 2001;
Li et al., 2003). Thapsigargin is a bona fide ER stressor that
provokes a depletion of Ca2+ in the ER lumen (Thastrup et al.,
1990). Several studies have reported a mitotoxic effect of
thapsigargin that may occur independently of or secondary
to its actions on the ER. Studies in hepatic models have
shown specific mitochondrial alterations induced by thapsi-
gargin, such as the biphasic fragmentation of mitochondria
through Ca2+-mediated mitochondrial fission and apoptosis
in rat liver cells (Hom et al., 2007) and triggering of mito-
chondrial permeability transition in isolated rat liver mito-
chondria (Korge and Weiss, 1999).

The results of the present study demonstrate that the
stress response triggered by clinical concentrations of efa-
virenz in hepatic cells is diminished in those lacking func-
tional mitochondria. These findings (i) highlight the
participation of this organelle in the effects induced by efa-
virenz in hepatic cells and (ii) reveal both similarities and
differences when compared with the responses invoked by
two other distinct mitochondrial stressors, pointing out the
specificity and complexity of efavirenz’s actions. The effects
of efavirenz described here may throw light on the hepatic
stress induced by the clinical use of this drug.

Methods

Cell culture
Experiments were performed with the human hepatoblas-
toma cell line Hep3B (ATCC HB-8064), which displays certain
degree of cytochrome P450 activity (specifically CYP2B6)
capable of metabolizing efavirenz (Zhu et al., 2007; Lin et al.,
2012). Some confirmatory experiments were performed in
HepaRG cells, terminally differentiated hepatic cells derived
from a human hepatic progenitor cell line that retains many
characteristics of primary human hepatocytes. Unless other-
wise stated, all the reagents employed in the cell culture were
from GIBCO (Invitrogen, Eugene, OR, USA). Hep3B cells were
cultured in minimal essential medium supplemented with
10% heat-inactivated FBS, 2 mM L-glutamine, 1 mM non-
essential amino acids, 1 mM sodium pyruvate, penicillin
(50 u·mL−1) and streptomycin (50 μg·mL−1). Undifferentiated
HepaRG cells (HPRGC10) purchased from GIBCO were ini-
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tially grown at a density of 2.7 × 104 cells·cm−2 in William’s
medium E (Sigma-Aldrich) supplemented with 10% FBS,
2 mM L-glutamine, 5 μg·mL−1 bovine insulin and 50 μM
hydrocortisone hemisuccinate (Sigma-Aldrich), 100 U·mL−1

penicillin and 100 μg·mL−1 streptomycin. After 2 weeks, cell
differentiation was induced by adding 2% dimethyl sulfoxide
(DMSO) to the medium and cells were further cultured in its
presence for a 2 week period (Anthérieu et al., 2010). There-
after, differentiated hepatocyte-like cells were selectively col-
lected through mild trypsinization (trypsin EDTA 0.125%)
and reseeded at a density of 7–9 × 104 cells·cm−2 in medium
containing 2% DMSO. Treatments were performed in DMSO-
free medium. All cell cultures were maintained in an incuba-
tor (IGO 150, Jouan, Saint-Herblain Cedes, France) at 37°C,
with a humidified atmosphere of 5% CO2/95% air (AirLiquide
Medicinal, Valencia, Spain). Treatments were always per-
formed in complete cell culture medium. In some experi-
ments, treatments were performed on cells exposed to 10 mM
2-deoxyglucose (2-DG), a glucose analogue that inhibits gly-
colysis via its action on hexokinase (Pelicano et al., 2006).

Rho° cells in Hep3B background were obtained after 8
weeks of treatment of the wild-type cells with the chemical
ethidium bromide (EtBr, 500 ng·mL−1) to deplete mtDNA in
medium supplemented with 50 μg·mL−1 uridine. These mito-
chondrial ‘ghosts’ without DNA, which are known as
mitoids, do not produce mitochondrial ATP, and cells har-
bouring them survive and proliferate only in medium sup-
plemented with pyruvate and uridine (King and Attardi,
1989). As expected, rho° cells have a slower proliferation rate
compared with the parental cells. This fact was taken into
account and the two cell types were seeded at different cell
density (in the case of 48-well plates, 50 000 cells per well for
rho° cells and 30 000 cells per well for WT) in order to ensure
the same cell density when the drug was added.

Analysis of cellular morphology through
live-cell imaging
Bright field individual images (40×) were captured with IX81
Olympus microscope (Olympus, Hamburg, Germany) using
‘CellR’ software v.2.8.

Western blotting (WB)
WB was performed using total cell protein extracts as
described elsewhere (Blas-García et al., 2010). Primary anti-
bodies: anti-CV subunit β and anti-CIV subunit II were used
at 1:1000 (both mouse monoclonal antibodies from Molecu-
lar Probes, Invitrogen); anti-porin at 1:1000, anti-LONP at
1:600 and anti-CI subunit ND1 at 1:600 (all three rabbit
polyclonal antibodies from Abcam, Cambridge, UK) and anti-
actin rabbit polyclonal at 1:1000 (Sigma-Aldrich). Secondary
antibodies: peroxidase-labelled anti-mouse (Thermo Scien-
tific, Rockford, IL, USA; 1:2000) and anti-rabbit IgG (Vector
laboratories, Burlingame, CA, USA; 1:5000).

Determination of mtDNA copy number
The mtDNA copy number was determined by using total
cellular DNA as described elsewhere (Apostolova et al., 2010).
PCR reactions of mtDNA and nDNA were performed using
100 ng of total DNA mixed with LightCycler® FastStart DNA
MasterPLUS SYBR Green I master mix (Roche Applied

Science, Penzberg, Germany) following the instructions in
the manual. Forward and reverse primers (0.2 μM) were
added in a final reaction volume of 10 μL. To quantify the
amounts of the template, a standard curve for the analysed
gene was included in each run. The specificity of the ampli-
fied products was verified by melting curve analysis. Data
were calculated as number of DNA copies. The results shown
are a summary of four independent experiments (in dupli-
cate) and are expressed as a ratio of mtDNA/nDNA copy.

Fluorescence microscopy and static cytometry
In order to avoid trypsinization and further manipulation of
the cells, which often provokes artefacts in flow cytometry,
we employed a life cell imaging method to detect fluorescent
markers in which cells remain adherent and vital during the
whole procedure. Fluorescence was detected with an IX81
Olympus fluorescence microscope and CellR software v.2.8
(Olympus) was employed to capture individual images. The
fluorescent signal was quantified individually (per cell) by
static cytometry software ‘ScanR’ version 2.03.2 (Olympus).
All treatments – efavirenz, vehicle, thapsigargin and rotenone
(24 h) – were performed in duplicate in 48-well plates. Treated
cells were then washed in HBSS and 16–30 images per well
were immediately recorded. Nuclei were stained with the
fluorochrome Hoechst 33342 (2.5 μM) for the last 30 min of
the treatment.

Mitochondrial function assessment: membrane potential, superox-
ide production and mitochondrial mass. Fluorochromes: 5 μM
TMRM, 2.5 μM MitoSOX (both from Molecular Probes, Inv-
itrogen) and 1 μM NAO (Sigma-Aldrich) were added for the
last 30 min of treatment to assess ΔΨm, superoxide produc-
tion and mitochondrial mass respectively. Carbonyl cyanide
m-chloro phenyl hydrazone (CCCP 10 μM; uncoupler of oxi-
dative phosphorylation) was used as a control for assessment
of ΔΨm (Lou et al., 2007).

Cell proliferation/survival and cell cycle analysis. Cells were
treated, allowed to proliferate exponentially (24 h) and then
counted according to mean Hoechst fluorescence (2.5 μM
Hoechst 33342, 25 images per well). Hoechst area and total
intensity of its fluorescence were also recorded for analysis of
nuclear area (nuclear size) and cell cycle.

Apoptosis. Apoptosis was studied as bivariate Annexin
V/Propidium iodide (PI) analysis (apoptosis detection kit,
Abcam). After 24 h of treatment, the medium was replaced
with HBSS containing 0.9 μL per well of Annexin V fluores-
cein (to detect phosphatidyl serine exteriorization) and
2.5 μM Hoechst 33342 (to mark nuclei). Following incuba-
tion (20 min), 0.3 μL per well of the chromatin-detecting dye
PI was added (10 min) to label dead or damaged cells. Stau-
rosporine (STS, 1 μM), a widely used protein kinase inhibitor,
was employed as a positive pro-apoptotic control (Lakhani
et al., 2006).

Analysis of mitochondrial morphology
through confocal fluorescence microscopy
Cells were stained with 2.5 μM Hoechst 33342 (to mark
nuclei) and 1 μM NAO (to mark mitochondria) for the last

BJPEfavirenz’s effects in respiration-depleted hepatic cells

British Journal of Pharmacology (2015) 172 1713–1727 1715



30 min of treatment. After washing with HBSS, life cell
images were acquired with a Leica TCS-SP2 confocal laser
scanning unit (Leica Microsystems, Wetzlar, Germany) with
argon and helium-neon laser beams and attached to a Leica
DMIRBE inverted microscope. Images were captured at (63×)
magnification with HCX PL APO 40.0 (Leica Microsystems) ×
1.32 oil UV objective.

Determination of intracellular
ATP concentration
ATP concentration (pmol·μg−1 protein) inside cells incubated
for 24 h with efavirenz, vehicle, thapsigargin or rotenone (or
a combination of these with 10 mM 2-DG) was determined
using an ATP Bioluminescence Assay Kit HSII (Roche Applied
Science) and a Fluoroskan microplate reader (Thermo Labsys-
tems, Thermo Scientific). Protein concentrations were deter-
mined with the BCA protein assay kit (Pierce Chemicals,
Thermo Scientific).

Electrochemical measurement of oxygen
(O2) consumption
O2 consumption was evaluated with a Clark-type O2 electrode
(Oxytherm, Hansatech Instruments, Norfolk, UK) and
Custom Windows® software was used for instrument control
and data analysis. Cells (4 × 106) were placed in gas-tight
chambers containing 1 mL respiration buffer (HBSS) and agi-
tated at 37°C.

Presentation of data and statistical analysis
Data were analysed using GraphPad Prism v.3 software
(GraphPad Software, La Jolla, CA, USA) with Student’s t-test.
In most cases, data are presented as % of control, the negative
control (untreated cells) being considered to be 100%. All
values are expressed as a mean ± SEM (statistical significance
in the case of efavirenz treatment was analysed vs. vehicle
and represented as *P < 0.05, **P < 0.01 and ***P < 0.001,
whereas thapsigargin, rotenone, CCCP and STS were analysed
separately and their significance was shown as: #P < 0.05, ##P
< 0.01 and ###P < 0.001.

Reagents and drugs
Unless otherwise stated, chemical reagents were purchased
from Sigma-Aldrich (Steinheim, Germany). Efavirenz
(Sequoia Research Products, Pangbourne, UK) was dissolved
in methanol (3 mg·mL−1). The efavirenz concentrations
employed (10, 25 and 50 μM) are clinically relevant and were
chosen by considering the important interindividual variabil-
ity in its pharmacokinetics (Burger et al., 2006; Carr et al.,
2010; Gounden et al., 2010).

Results

Mitochondrial function in Hep3B rho° cells
and the effects of efavirenz
After generation of rho° cells, we assessed several markers of
this phenotype, which is characterized by the presence of not
fully functional mitochondria. Electrochemical measure-
ments of O2 consumption in intact cells using a Clark-type
oxygen electrode revealed a major drop in the respiration of

rho° cells, which maintained only 15% of the basal levels
recorded in WT cells (Figure 1A). Depletion of mtDNA and
hence the rho° state of cells was controlled by quantitative
genomic PCR analysis of mtDNA versus the amount of nuclear
DNA. This experiment revealed that rho° cells possess roughly
30% of the mtDNA compared with WT cells (Figure 1B),
indicating a major depletion but meaning that they are not
completely devoid of mtDNA or not fully ‘rho°’ cells. WB
analysis using whole-cell protein extracts demonstrated the
complete absence of subunit II of the mitochondrial complex
IV and a major reduction (80%) in expression of ND1, a
complex I subunit, both mtDNA-encoded proteins, while no
alterations were observed in the expression of porin and CV-β,
mitochondrial proteins encoded by nuclear genes (Figure 1C).

The effect of efavirenz (24 h treatment) on mitochondria
in WT and mtDNA-depleted cells was evaluated through
three parameters indicative of mitochondrial function: super-
oxide production, ΔΨm and mitochondrial morphology/mass.
Rho° cells under basal conditions display a slightly higher
mitochondrial superoxide production (MitoSOX fluores-
cence) than WT cells. All three stimuli – efavirenz, thapsigar-
gin and rotenone – induced an increase in mitochondrial
superoxide production in Hep3B WT cells that was signifi-
cantly lower (with thapsigargin or rotenone) or even absent
(with efavirenz) in cells lacking normal mitochondria
(Figure 2A). Assessment of ΔΨm revealed a decrease in this
parameter in untreated rho° cells compared with rho+

(Figure 2B) under basal conditions. Cells exposed to efavirenz
or rotenone exhibited a similar drop in ΔΨm to that observed
with 10 μM of the uncoupler CCCP, which was employed as
a control. Importantly, this effect was present in rho° cells
and was even more pronounced with efavirenz 50 μM and
rotenone. Unlike efavirenz and rotenone, thapsigargin pro-
voked an increase in TMRM fluorescence in WT cells, an
effect that was absent in rho° cells.

Many cell types have the ability to maintain ΔΨm under
conditions of diminished mitochondrial respiration or
OXPHOS uncoupling through the reverse (ATP spending)
activity of ATP synthase (complex V of ETC) (Faccenda and
Campanella, 2012). Taking this into account, we also assessed
the effect of efavirenz on cells where glycolysis has been
inhibited (by addition of 10 mM 2-DG). All three stimuli –
efavirenz, thapsigargin and rotenone – provoked a similar
response although slightly more pronounced in cells treated
with 2-DG compared with WT. Moreover, while rho° cells
under basal conditions displayed only a slightly lower ΔΨm in
comparison with WT cells, this difference was greater (about
50% reduction) when both cell populations cells were
exposed to 2-DG. Both efavirenz and rotenone, as well as the
uncoupler CCCP employed as a positive control, were able to
induce a similar ΔΨm decrease in 2-DG-exposed rho° cells
compared with the WT counterpart, whereas interestingly, in
2-DG-exposed rho° cells the increase triggered by thapsigar-
gin was absent (Figure 2B). In parallel to these experiments,
we evaluated the intracellular ATP levels after 24 h of treat-
ment and this assessment revealed several interesting results.
Firstly, in rho+ all three stimuli led to an increase in the ATP
level and clearly this effect was due to activation of glycolysis
as it was abolished when cells were co-treated with 2-DG
(Figure 2C). In the case of efavirenz, we observed a
concentration-dependent decrease in ATP in 2-DG-exposed
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WT cells. Rotenone provoked an even greater drop in the ATP
level in these cells, whereas ATP levels were preserved in
thapsigargin-treated cells. Secondly, the changes in intracel-
lular ATP were generally less pronounced in rho° cells com-
pared with WT. Both efavirenz and rotenone did not seem to
induce an increase in ATP in cells with active glycolysis and
the reduction in ATP levels previously described in 2-DG-
exposed cells was much smaller (or even absent).
Thapsigargin-treated cells seem to be less affected by the rho°
phenotype in accordance to the action of this drug being
primarily on ER and not mitochondria.

In accordance with its potential to produce lactic acidosis
in human toxicology, methanol (the vehicle of efavirenz) by

itself led to an increase in intracellular ATP, an effect that
seem to be due to glycolysis as it was absent when cells were
co-treated with 2-DG.

In order to evaluate mitochondrial mass and morphology,
cells were stained with the mitochondria-specific fluoro-
chrome NAO. An increase in NAO fluorescence has been
associated with mitochondrial damage in this model
(Apostolova et al., 2010), and in the present study, we
observed an increase in NAO fluorescence in WT cells
exposed for 24 h to efavirenz (25 and 50 μM, but not 10 μM),
thapsigargin and rotenone (Figure 2D). All three stimuli
induced clear changes in the mitochondrial network, as
shown in Figure 2E. Although mitochondria in untreated
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Figure 1
Determination of the Hep3B rho° phenotype. (A) Electrochemical measurement of O2 consumption. Representative trace showing O2 consumption
in rho+ and rho° cells detected in intact cells using Clark-type O2 electrode (4 × 106 cells were employed in each run). (B) Quantitative genomic PCR
used to quantify the relative ratio of mtDNA/nDNA in rho+ and rho° cells. (C) Representative WB image and histogram expressing quantification of
complex IV subunit II, complex I subunit ND1, complex V subunit β and porin expression in total cell extracts of rho+ and rho° cells; β-actin was used
as a housekeeping control. Data represent mean ± SEM, n = 4, and were analysed by Student’s t-test (**P < 0.01, ***P < 0.001 vs. WT cells).
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Figure 2
Mitochondrial effect of efavirenz (EVF) on respiration-deficient hepatic cells. (A) Superoxide production (MitoSOX fluorescence), (B) mitochondrial
membrane potential (TMRM fluorescence) with or without 2-DG 10 mM, (C) intracellular ATP levels with or without 2-DG 10 mM and (D)
mitochondrial mass (10-N-nonyl-acridine orange chloride, NAO, fluorescence) in WT and rho° cells treated for 24 h with increasing concentrations
of efavirenz, vehicle, rotenone (Rot)10 or 25 μM or thapsigargin (TG) 2 μM. CCCP 10 μM was used as a positive control. Data (mean ± SEM, n
= 4–6) were calculated as % of control WT value (untreated cells) and analysed by Student’s t-test (*P < 0.05, **P < 0.01, ***P < 0.001 vs. vehicle).
Data for rotenone, thapsigargin and CCCP were analysed separately (#P < 0.05, ##P < 0.01, ###P < 0.001 vs. untreated cells). (E) Representative
confocal microscopy images (63×) of WT and rho° cells treated for 24 h with efavirenz 25 μM, thapsigargin 2 μM or rotenone 25 μM and stained
with Hoechst 33342 and NAO.
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Figure 2
Continued
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cells were dispersed, efavirenz- and thapsigargin-treated cells
emitted a more compact mitochondrial signal. Rotenone-
exposed cells exhibited a granulated mitochondrial network
with an intense signal around the nucleus. Importantly, the
alterations in NAO fluorescence were less prominent in rho°
cells. In sharp contrast to WT cells, Hep3B cells lacking
normal mitochondria showed either no increase or a lower
increase in mean NAO fluorescence intensity when exposed
to rotenone and thapsigargin respectively. In the case of efa-
virenz, NAO fluorescence revealed a major variance between
the different concentrations of the drug evaluated. Both efa-
virenz 25 and 50 μM increased NAO fluorescence in WT cells,
whereas such an increase was detected in rho° cells only with
efavirenz 50 μM, which points to a more severe level of mito-
chondrial damage that exceeded a certain threshold.

In order to confirm that despite its cancerous nature, the
Hep3B model was appropriate, several experiments were also
performed in WT HepaRG, a terminally differentiated hepatic

cell line derived from human hepatic progenitor cells. Impor-
tantly, the responses observed in parental Hep3B and WT
HepaRG cells were similar in the parameters studied. As
shown in Figure 3A and B, 24 h of treatment with efavirenz
led to a concentration-dependent increase in mitochondrial
ROS production (mitoSOX fluorescence) paralleled by a
decrease in cell number (nuclei stained with Hoechst 33342),
although the effect was less pronounced in HepaRG than in
Hep3B cells. Also, HepaRG cells seem to be particularly sus-
ceptible to rotenone and less susceptible to thapsigargin in
comparison with Hep3B.

Activation of efavirenz-induced adaptive
mechanisms linking mitochondria and ER in
rho° cells
Previous studies have shown that efavirenz not only disrupts
mitochondrial function in hepatic cells but also induces ER
stress with the consequent activation of UPR. Notably, the

Figure 3
Effect of efavirenz (EVF) treatment on HepaRG cells. (A) Mitochondrial superoxide production (MitoSOX fluorescence) in cells treated for 24 h with
increasing concentrations of efavirenz, rotenone (Rot) 25 μM and thapsigargin (TG) 2 μM. (B) Cell viability expressed as cell number (nuclei
according to Hoechst fluorescence) after treatment for 24 h with increasing concentrations of efavirenz, rotenone 25 μM and thapsigargin 2 μM.
Data (mean ± SEM, n = 4–6) were calculated as % of control value (untreated cells) and analysed by Student’s t-test (*P < 0.05, **P < 0.01, ***P
< 0.001 vs. vehicle). Data for rotenone and thapsigargin were analysed separately (##P < 0.01, ###P < 0.001 vs. untreated cells). (C) Representative
WB image and histogram showing quantification of LONP expression in total cell extracts after 24 h of treatment with increasing concentrations
of efavirenz. Quantification was performed by densitometry and the results are expressed as relative protein expression in relation to expression
in untreated cells, which was considered to be 100%. Data (mean ± SEM, n = 4) were analysed by Student’s t-test, **P < 0.01.
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effect of efavirenz on ER has been shown to involve mito-
chondria as it is radically reduced in cells with respiration-
deficient mitochondria (Apostolova et al., 2013). In the
present work, we have analysed the expression of Lon pro-
tease (LONP), a highly conserved mitochondrial ATP-
dependent protease demonstrated to protect cells during
both oxidative and ER stress (Hori et al., 2002). As shown in
Figure 4, in Hep3B WT cells, 24 h of treatment with efavirenz
led to a modest but consistent and concentration-dependent
increase in LONP expression. The ER stressor thapsigargin
and rotenone also increased LONP expression but to a much
lesser extent than efavirenz. The basal expression of LONP in
rho° cells was slightly higher than in rho+ cells. Importantly,
in cells lacking functional mitochondria the level of LONP
was not enhanced by any of the stressors –efavirenz, thapsi-
gargin or rotenone. The efavirenz-induced concentration-
dependent increase in LONP protein levels detected in wild-
type Hep3B cells was confirmed in HepaRG cells (Figure 3C).

The cytotoxic effect of efavirenz is
ameliorated in rho° cells
Light microscopy images of WT cells after 24 h of treatment
with efavirenz 25 μM, efavirenz 50 μM, thapsigargin 2 μM or

rotenone 25 μM revealed alterations in cell size and morphol-
ogy with all three stressors, with major differences between
the treatments (Figure 5A). Efavirenz 25 μM-treated cells were
thinner than controls; this ‘spider net’ appearance was par-
ticularly evident in cells treated with thapsigargin, whereas
rotenone-treated cells were bigger, had a rounder shape and
exhibited a high amount of aggregates (lipofuscin golden
brown finely granular pigment granules). Moreover, cell
numbers were markedly reduced in rotenone- and
thapsigargin-treated samples.

Previous studies by our group have shown that efavirenz
exerts a cytotoxic effect on Hep3B cells. When a range of
clinically relevant concentrations was evaluated (10–50 μM),
the highest concentration (50 μM) was clearly associated with
a major drop in cell viability, expressed as a radical decrease in
cell number, altered cell cycle and induction of apoptosis.
Very importantly, the present study revealed that all these
effects are less pronounced in rho° cells; 24 h of treatment of
Hep3B WT cells with efavirenz 50 μM led to a marked drop in
cell number (a reduction of 60% with respect to vehicle-
treated cells), whereas only a slight decrease (approximately
20%) was observed in rho° cells undergoing the same treat-
ment (Figure 5B). A similar phenomenon was observed when
chromatin condensation was assessed (namely, mean nuclear
fluorescence intensity and nuclear area through Hoechst
33342 fluorescence; Figure 5C and D). WT cells exposed to
efavirenz displayed increased Hoechst fluorescence and
decreased nuclear area, modifications that were less evident
or absent, respectively, in cells lacking functional mitochon-
dria. A similar behaviour regarding both cell number and
nuclear size/morphology was recorded with thapsigargin. In
the case of exposure to rotenone 25 μM, the increase in
Hoechst fluorescence was absent in rho° cells and the reduc-
tion in cell number was lower than that of WT cells. Unlike
efavirenz and thapsigargin, rotenone produced an increase in
the nuclear area, a phenomenon also present in rho° cells
(Figure 5C). These results were supported by cell cycle analy-
sis (Figure 5E). Firstly, Hep3B WT and rho° cells displayed
slight differences in their cell cycle pattern, expressed as
decreased S and G2M populations with an increase in both
subG1 and G1. All three stimuli – efavirenz (only 50 μM),
thapsigargin and rotenone – induced a change in the cell
cycle of WT cells. Efavirenz- and thapsigargin-exposed WT
cells manifested an increase in their G2M cellular population
and a decrease in the S phase, modifications that were absent
in rho° cells. On the other hand, the effect of rotenone was
present in both rho° cells and rho+ cells. In order to delve
more deeply in the effect of efavirenz on cell viability, we
assessed the presence of apoptotic and necrotic cells, in both
parental cells and cells lacking functional mitochondria, after
24 h of treatment. As expected, these experiments revealed
that under basal conditions, rho° cells have a higher percent-
age of all three cell death sub-populations: early or typically
apoptotic (Ann+/PI−), late apoptotic and/or necrotic (Ann+/
PI+) and typically necrotic or damaged (Ann−/PI+). As previ-
ously published, in Hep3B WT cells, efavirenz (particularly
the highest concentration, efavirenz 50 μM) induced apopto-
sis and perhaps slightly also necrosis, effects that were shown
in the present work to be largely diminished (apoptosis) or
absent (necrosis) in respiration-deficient cells (Figure 5F).
Interestingly, the effects of rotenone and thapsigargin were

Figure 4
Western blot analysis of LONP expression. (A) Representative WB
image and (B) histogram expressing quantification of protein expres-
sion in total cell extracts in rho+ and rho° cells treated for 24 h with
increasing concentrations of efavirenz (EVF), vehicle, rotenone (Rot)
25 μM and thapsigargin (TG) 2 μM. Quantification was performed
by densitometry and the results (mean ± SEM, n = 8, except for
rotenone n = 4) are expressed as protein expression in relation to
untreated WT cells, which was considered to be 100%. Statistical
analysis was performed by Student’s t-test (*P < 0.05, **P < 0.01, ***P
< 0.001 vs. vehicle). Thapsigargin and rotenone were analysed sepa-
rately (#P < 0.05, ##P < 0.01, ###P < 0.001 vs. untreated cells).
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Figure 5
Effect of efavirenz treatment on the viability of rho° cells. (A) Representative inverted light microscopy images (40×) of cell culture treated for 24 h
with efavirenz (EVF) 25 μM, efavirenz 50 μM, thapsigargin (TG) 2 μM or rotenone (Rot) 25 μM. Hoechst fluorescence data – (B) cell number, (C)
nuclear area and (D) nuclear signal – in Hep3B WT and rho° cells treated for 24 h with increasing concentrations of efavirenz, rotenone 25 μM
and thapsigargin 2 μM. Data (mean ± SEM, n = 3–6) were calculated as % of control WT fluorescence value (untreated cells) and analysed by
Student’s t-test (*P < 0.05, **P < 0.01, ***P < 0.001 vs. vehicle). Data for rotenone and thapsigargin were analysed separately (#P < 0.05, ##P <
0.01, ###P < 0.001 vs. untreated cells). The cell number of untreated cells in either cellular background (rho° and rho+) was considered to be 100%.
(E) Cell cycle analysis by static cytometry (Hoescht fluorescence) in cells treated for 24 h with efavirenz 50 μM, thapsigargin 2 μM or rotenone
25 μM. Statistical analysis was performed by Student’s t-test (*P < 0.05, **P < 0.01, ***P < 0.001 vs. the corresponding value of the cell cycle phase
in control cells). Thapsigargin and rotenone were analysed separately (#P < 0.05, ##P < 0.01, ###P < 0.001 vs. the corresponding value of the cell
cycle phase in control). (F) Cell death analysis. Representative cytograms (bivariate Annexin V/PI analysis) of Hep3B WT and rho° cells treated for
24 h with efavirenz 50 μM, thapsigargin 2 μM, rotenone 25 μM and staurosporine (STS) 1 μM, showing the existence of four cellular populations:
AnnV−/PI−, AnnV+/PI−, AnnV−/PI+ and AnnV+/PI+ (upper panel). Histograms expressing quantification of AnnV+/PI−, AnnV−/PI+ and AnnV+/PI+ cellular
populations in rho+ and rho° cells treated with increasing concentrations of efavirenz, thapsigargin 2 μM, rotenone 25 μM and STS 1 μM (lower
panel). Data (mean ± SEM, n = 3) were calculated as % of total number of nuclei counted and analysed by Student’s t-test (**P < 0.01 vs. vehicle).
Data for rotenone, thapsigargin and STS were analysed separately (#P < 0.05, ###P < 0.001 vs. untreated cells).
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Figure 5
Continued
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somewhat different; they triggered apoptosis in WT cells and
this effect seemed to be diminished rho° cells; however, their
ability to induce necrosis seemed to be enhanced.

Discussion and conclusions

Recent in vitro studies have attributed a hepatotoxic action to
efavirenz that involves (i) interference with mitochondrial
function resembling that induced by the pharmacological
inhibitor of mitochondrial complex I rotenone and (ii) pres-
ence of ER stress with activation of UPR, manifestations trig-
gered by the classic ER stressor thapsigargin (Apostolova et al.,
2013). However, several studies have reported differences in
the actions of the aforementioned compounds that imply
specificity for efavirenz. In this context, thapsigargin not
only affects the ER but also undermines mitochondrial func-
tion, which is confirmed by the present findings. In contrast,
rotenone did not mimic the actions of efavirenz or thapsigar-
gin regarding ER stress/UPR in hepatic cells (data not shown).

Here we have examined the mitochondrial action of efa-
virenz (24 h of treatment) in cells significantly depleted of
functional mitochondria (‘rho°’ throughout the manuscript)
and have compared it with the effect of rotenone and thap-
sigargin in the same model. Rho° cells are respiration-
deficient and display an aberrant mitochondrial phenotype
with distorted cristae. It is evident that rho° cells are an
artificial cellular model of non-respiring mitochondria;
however, despite certain limitations, rho° cells are still used as
a robust approach to generate a respiration-deficient model in
culture, which enables the evaluation of the mitochondrial
dependence or independence in the interference of different
stimuli including drugs. Although an in vitro cellular model,
as the one employed in the present study, cannot fully reflect
the hepatic alterations induced by the drug in a living organ-
ism and particularly those related to systemic effects, cultured
cells can provide relevant knowledge regarding specific drug-
induced subcellular responses and provide a starting point for
in vivo studies or clinical approximations. Of note, quantita-
tive PCR analysis revealed 30% of the mtDNA remained
meaning that the established phenotype was not fully ‘rho°’.
Depletion of mtDNA is a characteristic of the so-called mito-
chondrial diseases, although the amount of remaining
mtDNA and its correlation with the severity of these diseases
present great variations among patients. A minimum critical
proportion of mtDNAs is necessary (a threshold level) before
biochemical defects and tissue dysfunction become apparent
and it varies in the range of 60–90% mutant to wild-type
mtDNA. Although the threshold level can partly explain the
disease phenotypes and clinical severity observed in patients,
an exact correlation is lacking. Mitochondrial diseases with a
major hepatic component (hepatocerebral mtDNA depletion
syndromes or isolated hepatic disease) display a significant
decrease in liver mtDNA content with most cases usually
presenting 20% or less mtDNA compared with age-matched
healthy control individuals (Dimmock et al., 2008;
Müller-Höcker et al., 2011). It is generally assumed that in
mtDNA-depleted cells, the reduced abundance of mtDNA-
encoded proteins mirrors the replicative failure of mtDNA.
However, liver mitochondrial proteins are soon degraded
when they are not properly assembled; therefore, the expres-

sion of mtDNA-encoded proteins may be relatively low com-
pared with the depletion in mtDNA, which seems to be the
case in our model. Moreover, the number of mtDNA copies
relative to nDNA does not always reflect the degree of mito-
chondrial dysfunction; therefore, functional assays such as
measurements of the activity of the specific ETC complexes or
evaluation of the overall respiration deficit are needed. The
depletion of mtDNA-encoded proteins in the present work
was confirmed by studying the protein expression of two
mtDNA-encoded proteins, subunit II of cytochrome c oxidase
and ND1 of CI; rho° cells, however, maintain an intact
nuclear genome, which conferred a comparable protein
expression of the β subunit of complex V, β-actin and porin in
the parental and mitochondrial DNA-depleted cells. The pres-
ence of mitochondria with severely diminished respiration
resulted in a differential cellular response to efavirenz in all
the parameters studied. When exposed to efavirenz, rho° cells
did not display a significant increase in ROS generation, and
the increase in the mitochondrial signal (NAO fluorescence)
was absent in cells treated with 25 μM efavirenz and only
visible in those treated with 50 μM, presumably due to the
crossing of a threshold in the stress response. Such a thresh-
old may also account for the effect observed regarding ΔΨm

where, interestingly, exposure to efavirenz induced a slightly
less evident reduction in rho° cells than in WT, with the
exception of treatment with 50 μM. Importantly, the delete-
rious effect of efavirenz 50 μM on cell number, its triggering
of cell cycle arrest and induction of cell death (via apoptosis)
was, once again, largely ameliorated in rho° cells. Fluores-
cence microscopy experiments confirmed that the cell mor-
phology and specifically mitochondrial appearance were less
modified in cells lacking functional mitochondria.

Thapsigargin induced similar changes as efavirenz in WT
cells with the exception of ΔΨm. We found not a decrease but
an increase in ΔΨm, which is in keeping with the results of
other studies showing a lack of ΔΨm dissipation during ER
stress triggered by thapsigargin. However, to our knowledge
ours is the first study to address the mitochondrial action of
thapsigargin in cells with greatly diminished respiration. As
with efavirenz, the overall effect of thapsigargin on mito-
chondria and cell viability was largely reduced in rho° cells.
However, the effect of thapsigargin on cell survival in
respiration-depleted cells is more complex as these cells
exhibit a higher percentage of necrotic/damaged (but not
apoptotic) cells compared with WT.

The effects of rotenone on WT cells were similar to those
of efavirenz, except for that concerning the nuclear area
(Hoechst fluorescence), which in the case of rotenone was
found to increase. Diminished nuclear area (chromatin con-
densation and nuclear fragmentation) is a hallmark of apop-
tosis, and the precise relevance of this slight increment in
rotenone-treated cells is unknown. Such an increase in
nuclear area after treatment with rotenone was not only
present in rho° cells but actually enhanced as well. Another
singularity of rotenone treatment was observed in the cell
cycle analysis. Unlike efavirenz and thapsigargin, which
altered the cell cycle in rho+ but not rho° cells, rotenone
produced a similar alteration in both populations. These
effects point to the presence of a mitochondria-independent
action of rotenone in this cell line used which may also be
concentration related. Rotenone at concentrations similar to
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those employed in the present work has been shown to
arrest mammalian cells in metaphase by binding directly to
tubulin and preventing microtubule assembly (Meisner and
Sorensen, 1966). Alternatively, the interference with the cell
cycle may be due to the cancerous nature of the cell line in
question, as completion of the cell division in cells with a
high metabolic drive and high proliferation rate, such as
cancer cells, is particularly sensitive to inhibition of mito-
chondrial function. This result is related to the fact that in a
similar manner to thapsigargin, the percentage of Ann−/PI+

cells in the rotenone- treated samples is enhanced in rho°
cells. In summary, the stress response triggered by clinical
concentrations of efavirenz is diminished in cells lacking
functional mitochondria and this effect shows certain differ-
ences when compared with that elicited by other cytotoxic
compounds that compromise mitochondria.

Very importantly, the fact that efavirenz exerts an effect
on both mitochondria and ER creates a new scenario for
understanding liver toxicity. The induction of ER stress and
UPR in efavirenz-treated hepatic cells is dependent on mito-
chondria as several markers of this stress response (increased
expression of protein markers such as GRP78 and CHOP, and
higher content of ER) were found to be diminished in Hep3B
cells lacking functional mitochondria (Apostolova et al.,
2013). In order to further link the two effects of efavirenz
(mitochondria and ER), we analysed the expression of LONP,
whose activation is thought to be an adaptive mechanism in
both oxidative and ER stress. LONP has been shown to both
regulate proteostasis and participate in the control of mtDNA
transcription and replication (Venkatesh et al., 2012). The
present work is the first to describe the up-regulation of this
protein by efavirenz. This is relevant, as an up-regulation of
LONP has been associated with HIV treatment, in particular
with the development of lipodystrophy in patients receiving
cART, but has not been related to efavirenz until now (Pinti
et al., 2010). As expected, in line with that observed for the
rest of the mitochondrial parameters evaluated, efavirenz-
triggered LONP activation was absent in respiration-deficient
cells, which supports the involvement of mitochondria in the
onset of the ER stress associated with efavirenz. Although
LONP is a promising target for the assessment of the com-
bined mitochondria + ER effect of efavirenz, additional
studies are needed to elucidate its effects on this complex and
multi-level drug-induced interference.

Mitochondria play a pivotal role in the development of
drug-induced toxicity. The fact that the deleterious effects of
drugs can be alleviated in cells with diminished mitochon-
drial respiration opens a new horizon for understanding
mitochondria’s involvement in cellular survival. It is tempt-
ing to speculate on the concept of a mtDNA threshold and
the level of drug-induced or mediated injury. This idea is
endorsed by recently published data obtained in a Rho
subline of human hepatoma SK-Hep-1 cells showing resist-
ance to bile acid-induced concentration-dependent activa-
tion of apoptosis (Marin et al., 2013). Similar phenomena
have been described, such as a protective effect of membrane
depolarization of isolated rat liver mitochondria, which was
shown to attenuate permeability transition pore opening and
oxidant production induced by tert-butyl hydroperoxide
(Aronis et al., 2002). Effects such as these, which involve
alterations in basal mitochondrial function, may account for

the idiosyncratic hepatic reactions triggered by anti-HIV
drugs and may also explain the different degrees of suscepti-
bility to liver damage seen in patients undergoing antiretro-
viral therapy. In the case of efavirenz, its mitochondrial
effects in the clinic may be directly affected by several factors.
Firstly, the concomitant administration of other mitochon-
driotropic drugs may have a crucial role in the effects of
efavirenz on mitochondria. Indeed, efavirenz is never admin-
istered individually but as an element within cART together
with two NRTI; importantly, these drugs are known to possess
mitotoxic potential due to their ability to inhibit mitochon-
drial DNA polymerase γ (Pol-γ hypothesis) and therefore their
administration may generate a different type of mitochondria
with a distinct susceptibility to efavirenz. Secondly, the
intrinsic genetic variability such as that induced by the
mtDNA haplogroup may account for the drug-induced mito-
toxicity both under basal or stress conditions. Recently, mito-
chondrial haplogroups and subhaplogroups have been
associated with certain toxicities of NRTI drugs (Kampira
et al., 2013); however, to the best of our knowledge, no such
correlations have been made with efavirenz. In all, a very
intriguing picture is emerging of patient-specific mitochon-
drial function as a factor that influences the mitotoxic poten-
tial of anti-HIV drugs.
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