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The protease inhibitor atazanavir blocks hERG K"
channels expressed in HEK293 cells and obstructs
hERG protein transport to cell membrane
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Aim: Atazanavir (ATV) is a HIV-1 protease inhibitor for the treatment of AIDS patients, which is recently reported to provoke excessive
prolongation of the QT interval and torsades de pointes (TdP). In order to elucidate its arrhythmogenic mechanisms, we investigated
the effects of ATV on the hERG K* channels expressed in HEK293 cells.

Methods: hERG K* currents were detected using whole-cell patch clamp recording in HEK293 cells transfected with EGFP-hERG
plasmids. The expression of hERG protein was measured with Western blotting. Two mutants (Y652A and F656C) were constructed in
the S6 domain within the inner helices of hERG K" channels that were responsible for binding of various drugs. The trafficking of hERG
protein was studied with confocal microscopy.

Results: Application of ATV (0.01-30 umol/L) concentration-dependently decreased hERG K" currents with an ICs, of 5.7+1.8 umol/L.
ATV (10 pmol/L) did not affect the activation and steady-state inactivation of hERG K" currents. Compared with the wild type hERG K*
channels, both Y652A and F656C mutants significantly reduced the inhibition of ATV on hERG K currents. Overnight treatment with
ATV (0.1-30 umol/L) concentration-dependently reduced the amount of fully glycosylated 155 kDa hERG protein without significantly

affecting the core-glycosylated 135 kDa hERG protein in the cells expressing the WT-hERG protein. Confocal microscopy studies
confirmed that overnight treatment with ATV obstructed the trafficking of hERG protein to the cell membrane.
Conclusion: ATV directly blocks hERG K" channels via binding to the residues Y652 and F656 in the S6 domain, and indirectly

obstructs the transport of the hERG protein to the cell membrane.
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Introduction

Atazanavir (ATV) is one of the newer protease inhibitors (Pls)
approved for the treatment of human immunodeficiency virus
(HIV)-1 infected patients”. The benefits encouraging the use
of ATV include a favorable effect on lipid profiles, convenient
once-daily dosing, low capsule burden, and a relatively favor-
able resistance profile compared with other PIs!". Despite the
known benefits of ATV, there are concerns about its potential

adverse effects of inducing cardiac arrhythmia®?. Similar
to other PIs"”!, ATV has previously been reported to be spe-

cifically associated with acquired long-QT syndrome, drug-
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induced QT prolongation, and torsades de pointes (TdP) in
HIV-infected patients[g’m]. However, these results contradict
other recently published studies!" '

Most drugs that affect the QT interval inhibit the rapid
delayed rectifier (Iy,) potassium (K") channels in cardiac
myocytes encoded by the human ether-a-go-go-related gene
(hERG)™!. Recently, it has been reported that four PIs (lopi-
navir, nelfinavir, ritonavir, and saquinavir) can inhibit the
hERG K current in vitro, and monitoring of the QT interval in
patients treated with PIs was recommended,

However, information regarding the effects and mechanisms
of ATV on recombinant hERG channels is lacking. Therefore,
the goal of this study was to investigate the effects of ATV on
cloned hERG K" channels expressed heterologously in human
embryonic kidney (HEK293) cells. This study is geared at



ultimately providing a theoretical basis for guidance in the
individually tailored administration of this drug in a clinical
setting to reduce the incidence of adverse cardiac reactions.

Materials and methods

Cell culture and molecular biology

The pcgi-enhanced green fluorescent protein (EGFP)-hERG
plasmid was provided by Dr Zhao ZHANG (College of Life
Sciences, Nanjing Normal University, China) for electro-
physiological recordings and Western blot analysis, and the
pcDNAB3-hERG plasmid was provided by Dr Gail A ROBERT-
SON (University of Wisconsin, Madison, WI, USA) for confo-
cal microscopy.

HEK293 cells were cultured and transiently transfected as
previously described™. Briefly, HEK293 cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS) and 1% penicillin-
streptomycin, in a humidified 5% CO, incubator at 37°C. The
transfection was performed using Lipofectamine 2000 accord-
ing to the manufacturer’s instructions (Invitrogen, Carlsbad,
CA, USA).

Y652A and F656C mutations were constructed using the
QuickChange site-directed mutagenesis kit (Stratagene, La
Jolla, CA, USA) according to the manufacturer’s instructions
and were verified by sequencing and subsequently subcloned
into the full-length pcgi-EGFP vector.

Electrophysiological recordings

EGFP-positive cells were selected using an epifluorescence
system, and the whole-cell patch-clamp technique was used to
measure the hERG current at room temperature, as previously
described™!. The cells were superfused with bath solution
containing 140 mmol/L NaCl, 5.4 mmol/L KCl, 1.8 mmol/L
CaCl,, 1 mmol/L MgCl,, 10 mmol/L glucose, and 10 mmol/L
HEPES (pH 7.4 with NaOH). For the measurement of the cur-
rent through the F656C mutant™, which showed a compara-
tively low level of expression, a bath solution containing 94
mmol/L KCI was used, and the NaCl concentration was cor-
respondingly reduced. A pipette with a tip resistance of 2-5
mega-ohm (MQ) filled with an internal solution containing 130
mmol/L KCI, 1 mmol/L MgCl,, 5 EGTA, 5 mmol/L Mg-ATP,
and 10 mmol/L HEPES (pH 7.2 with KOH) was used.

A giga-ohm (GQ) seal resistance was achieved in all experi-
ments. After cell membrane rupture, at least 3-5 min was
allowed to elapse to ensure cell dialysis before recording the
current. For potency tests, a baseline control of 3-5 min of
stable recording was obtained prior to the application of ATV.
In the presence of ATV, a steady-state response was achieved
before applying each subsequent concentration.

The current and kinetic characteristics of the hERG channel
were recorded as previously described™ '), using an EPC-10
(HEKA electronic, Lambrecht-Pfalz, Germany) patch-clamp
amplifier with Pulse 8.67 software (HEKA electronic, Lam-
brecht-Pfalz, Germany). Voltage commands and data acquisi-
tion were controlled by Pulsefit (v10.0) software (HEKA elec-
tronic, Lambrecht-Pfalz, Germany).
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Western blot analysis

Western blot analysis of hERG protein was performed as
described previously™ .. Briefly, ATV was diluted in serum-
and antibiotic-free DMEM and added to transfected HEK293
cells for 36-48 h. The cells were then scraped into ice-cold
phosphate-buffered saline (PBS) and lysed in radioimmuno-
precipitation assay (RIPA) buffer (50 mmol/L Tris-HCI at pH
7.5, 150 mmol/L NaCl, 5 mmol/L EDTA, 1% Nonidet P-40
buffer, and 10% glycerol) containing a protease inhibitor cock-
tail (Roche, Mannheim, Germany). For each sample, 10 pg of
protein was electrophoresed on 9% Tris-acetate gels and trans-
ferred onto polyvinylidene difluoride membranes (PVDF).
The membranes were blocked with 5% non-fat dry milk before
incubation with rabbit anti-hiERG antibody (1:400, APC-109;
Alomone Labs, Jerusalem, Israel) overnight. To normalize
the hERG expression levels to the reference protein, the mem-
branes were also probed with a rabbit anti-f3-actin antibody
(1:800, Santa Cruz Biotechnology, CA, USA). The membranes
were then washed and incubated with goat anti-rabbit horse-
radish peroxidase-conjugated secondary antibody (1:10000,
Santa Cruz Biotechnology, CA, USA) for 1 h. After being
washed, the membranes were developed using enhanced che-
miluminescence (ECL). Blots were analyzed and quantified
using Quantity One software (Bio-Rad, Hercules, CA, USA).

Confocal microscopy

A pcDNAB3-hERG plasmid was used and transfected with
HEK293 cells for the immunostaining test to avoid EGFP fluo-
rescent interference. Cells were washed with PBS and fixed
with 4% paraformaldehyde for 10 min after 24-28 h incubation
in normal or ATV-containing medium. Fixed cells were per-
meabilized with 0.1% Triton X-100 for 10 min and preblocked
with 2% bovine serum albumin (BSA) at room temperature.
The cells were then incubated with rabbit polyclonal anti-
hERG antibodies (1:50, Alomone Labs, Jerusalem, Israel) or
chicken polyclonal anti-calreticulin antibodies (1:50, Abcam,
Cambridge, MA, USA) overnight at 4°C, followed by incuba-
tion with Alexa Fluor 488-conjugated donkey anti-rabbit IgG
secondary antibodies (1:100, Invitrogen, Carlsbad, CA, USA)
and Alexa Fluor 594-conjugated goat anti-chicken IgG second-
ary antibodies (1:100, Jackson ImmunoResearch Laboratories
Inc, West Grove, PA, USA) at 37°C for 2 h. Stained cells were
viewed under a confocal laser scanning microscope (FV10,
Olympus, Tokyo, Japan).

Chemicals

ATV (Sigma, Saint Louis, MO, USA) was dissolved in metha-
nol to generate a stock solution of 10 mmol/L, which was
stored at room temperature. The final concentration of metha-
nol used in each experiment was less than 0.1%, which would
have no significant effect on the hERG current recording!®.

Statistical analysis

All data are presented as the mean+SEM. The data were ana-
lyzed, and illustrations were drawn using the statistical pack-
age for the social sciences (SPSS) v12.0 (SPSS Inc, Chicago, IL,
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USA) and Origin 6.0 software (OriginLab Corp, Northamp-
ton, MA, USA). The significant differences between paired
and unpaired samples were evaluated by Student’s t-test or
one-way repeated measures analysis of variance (ANOVA).
P<0.05 was considered statistically significant.

Results

ATV inhibits hERG K* current in a concentration-dependent
manner

The hERG currents were elicited by a 3-s step to +20 mV from
a holding potential of -80 mV, followed by repolarization to
-40 mV for 2 s to produce tail currents. As shown in Figure
1A, ATV (10 pmol/L) reduced the steady-state current ampli-
tude and tail current peak amplitude, and the effect was par-
tially reversible after a 15 min wash-off. Figure 1B shows the
time-course of the blockade of the hERG current for the same
cell with a maximum block occurring after 5 min of ATV expo-
sure. Figure 1C shows the concentration-dependent inhibition
of the hERG current at six different concentrations of ATV,
including 0.01, 0.1, 1, 3, 10, and 30 pumol/L, and their inhibi-
tion ratios for the tail current were 11.9%+2.6%, 22.6%=5.3%,
34.2%+8.5%, 41.3%+9.8%, 55.8%+4.7%, and 73.2%+7.0%,
respectively. The ICs, for the inhibition of hERG tail currents
by ATV was 5.7+1.8 pmol/L, with a Hill coefficient of 0.3+0.1.

Effects of ATV on the activation and inactivation of hERG channel
gating

Representative hERG currents recorded under control condi-
tions and 5 min after the application of ATV in the same cell
are shown in Figure 2A. As shown in Figure 2B and 2C, ATV
(10 pmol/L) strongly reduced the steady-state current ampli-
tude and tail current peak amplitude.

We evaluated the voltage dependence of activation by plot-
ting the normalized tail current as a function of voltage (Fig-
ure 2D). The curve was fitted to a Boltzmann equation:

1/1na=1/ [1+exp(Vi/= Vi) /K],

where V,, is the voltage at which the current is activated to
half the maximum, and k is the slope factor™. The V,,, was
15.5£0.4 mV in the control and 17.8+0.8 mV in the ATV-treated
cells (n=6, P>0.05 compared with the control). The corre-
sponding k values were 13.6+0.6 and 15.0+0.7 for the control
and ATV-treated cells, respectively (P>0.05 compared with the
control). Furthermore, the voltage dependence of the activa-
tion relations in control and ATV overlapped closely with each
another.

To analyze the steady-state inactivation, test potentials
between -130 and +20 mV in 10-mV increments per 20 ms
were applied after a depolarizing pulse of up to +20 mV for
4 s. This step was followed by a test pulse back to +20 mV for
500 ms before a final return of the voltage to the -80 mV hold-
ing potential (Figure 2E, inset). Figure 2E shows the steady-
state inactivation curves of the hERG current in the absence
and presence of 10 pmol/L ATV. This curve was fitted with a
Boltzmann equation to yield the inactivation V;,, and k values.
In the control and ATV-treated cells, the values of V;,, were

Acta Pharmacologica Sinica

. 1
Control =

S

Te]

10 pmol/L ATV

Wash off
+20mV, 3s
J -40mVv, 2s
-80 mvV
B

1.0

0.8 1

0.6 -

0.4 1

0.2 1

Normalized current

0.0 T . T T T u

0001 001 01 1 10
ATV (umol/L)

100 1000

Figure 1. Concentration-dependent inhibition of human ether-a-go-go-
related gene (hERG) potassium (K*) currents by atazanavir (ATV). (A)
Representative currents in the absence, presence (5 min), and following
wash-off (15 min) of 10 umol/L ATV, elicited by the voltage protocol
shown in the inset. (B) Representative currents from the same cell in the
absence of ATV and during ATV exposure. (C) Concentration-response
curve of ATV-induced inhibition of hERG K" currents in HEK293 cells. The
concentration-response relationship shows that the ICsq was 5.7£1.8
umol/L, and the Hill coefficient was 0.3+0.1. Each drug concentration
was evaluated on at least five cells.

-61.1+0.9 mV and -56.3+1.1 mV (n=6, P>0.05 compared with
the control), with corresponding k values of 24.1+0.8 mV and
23.7+1.0 mV (P>0.05 compared with the control), respectively.
Although the half-inactivation voltage was slightly shifted in
the positive direction, the shift was not statistically significant.
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Figure 2. Effects of atazanavir (ATV) on human ether-a-go-go-related gene (hERG) potassium (K*) currents expressed in HEK293 cells.
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(A) Original

traces of hERG K" currents elicited by the pulse protocol shown in the inset under control conditions (left) and 5 min after incubation with 10 ymol/L

ATV (right).

(B and C) I-V relationships for (B) currents measured at the end of depolarizing steps and (C) tail currents in control cells and in cells
exposed to 10 pmol/L ATV (°P<0.05, °P<0.01 vs control, n=6, mean+SD).

(D) Peak tail currents were normalized to their respective maximum

current amplitude (control and drugs) to illustrate changes in half-maximal activation voltages. (E) Representative current traces showing steady-state

inactivation using the pulse protocol (upper panel).

Attenuation of ATV blockade by Y652A and F656C mutations

It has been reported that two aromatic residues, Y652 and
F656, which are located in the S6 domain within the inner
helices of the hERG K* channel, are important components of
the binding site for various drugs“g]. Therefore, the effects

of the Y652A and F656C mutants on the inhibitory action of
ATV were examined. Drug concentrations of 3, 10, and 30
pmol/L were used to attain a profound blockade of the wild
type (WT)-hERG. ATV blocked the Y652A-hERG channel
by 6.3%+5.4%, 20.4%%9.7%, and 30.5%%9.1% at 3, 10, and 30
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pmol/L, respectively (n=5, P<0.05 compared with WT-hERG).
Figure 3A and 3C show that Y652A reduced the inhibitory
effect of ATV on the current flow through the hERG channel.

The F656C mutant was further investigated by measuring
the inward tail currents elicited at -120 mV in the presence of
high level of extracellular K (94 mmol/L). At concentrations
of 3, 10, and 30 pmol/L, ATV blocked current flow through
the WT-hERG channel by 16.5%%4.9%, 28.9%+8.0%, and
40.7%%10.1%, respectively, and through the F656C-hERG chan-
nel by 10.5%+4.5%, 19.5%%8.3%, and 21.9%+8.2%, respectively
(n=5, P<0.05 compared with WT-hERG, Figure 3B and 3D).
These results indicated that Y652A- and F656C-hERG chan-
nels exhibit a reduced blockade compared with the WT-hERG,
suggesting that ATV binds to the pore cavity on the hERG
channel gate.

Disruption of hERG protein trafficking
Previous studies reported that some drugs such as flucon-
2 are able to

reduce hERG surface expression by interrupting protein traf-

azole™, cardiac glycosides™), and pentamidine

ficking to the cell membrane. Therefore, we studied the effect

A
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of ATV on hERG channel protein trafficking. Cells express-
ing the WT-hERG channel protein were incubated with ATV
(0.1, 1, 10, and 30 pmol/L) for 36-48 h, and the lysates were
subjected to Western blot analysis. Figure 4A shows represen-
tative cell lysates probed for hERG. The WT channel protein
bands appeared at 135 kDa (immature, core-glycosylated pro-
tein in the endoplasmic reticulum, ER) and 155 kDa (mature,
complexly glycosylated channel protein in the cell membrane).
Incubation with ATV produced a concentration-dependent
decrease in the amount of mature, fully glycosylated hERG
protein. At the doses of ATV tested, the amount of mature
hERG protein was significantly reduced to 88.9%+3.9% (0.1
pmol/L), 72.6%%6.0% (1 pmol/L), 39.8%+4.3% (10 pmol/L),
and 23.6%2.3% (30 pmol/L) compared with the untreated
conditions (n=5, P<0.05, ANOVA, Figure 4B). Immature,
core-glycosylated hERG protein levels were not significantly
affected by ATV treatment. The protein ratio of 155/135 kDa
was 90.7%+4.4%, 71.6%+5.2%, 39.7%+4.4%, and 25.1%+1.9% at
0.1, 1, 10, and 30 pmol/L ATV, respectively. The results sug-
gested that the mature hERG proteins (155 kDa) in the mem-
brane gradually decreased with increasing concentrations of
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Figure 3. Effects of atazanavir (ATV) on Y652A and F656C human ether-a-go-go-related gene (hERG) potassium (K*) channels. (A) Representative
WT-hERG and Y652A-hERG currents in the absence and presence of 30 umol/L ATV. (B) Representative WT-hERG and F656C-hERG K* currents in
the absence and presence of 30 umol/L ATV. (C) Mean fractional block produced by ATV for WT-hERG and Y652A-hERG. (D) Mean fractional block
produced by ATV for WT-hERG and Y652A-hERG. °P<0.05 vs wild type. n=5 cells per group; WT, wild type.
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(A) Western blot

showing effects of overnight treatment with increasing concentrations of ATV (0.1, 1.0, 10, and 30 ymol/L) on hERG protein transiently expressed in

HEK293 cells.

(B) Image densities of fully glycosylated 155 kDa and core-glycosylated 135 kDa hERG proteins were quantified as a function of ATV

concentrations using a Phosphorlmager. All image densities were normalized to the B-actin protein form measured under control conditions. °P<0.05,

°P<0.01 vs control. n=5.
Figure 2A for pulse protocol).
compared with control. n=8.

ATV.

Next, we recorded hERG currents from the transfected cells
incubated with ATV for 24-48 h to examine the functional con-
sequences of inhibiting hERG protein trafficking in HEK293
cells. Figure 4C shows representative traces of currents elic-
ited by the same voltage protocol described in Figure 2A. The
tail current densities normalized to the value under control
conditions were also decreased in a concentration-dependent
manner (1=8, P<0.05, ANOVA, Figure 4D). Chronic disrup-
tion of hERG expression on the cell surface led to reduced
hERG current amplitudes.

To further confirm these results, double immunofluores-
cence staining with hERG and calreticulin (an ER marker)
proteins was used to evaluate the subcellular localization of
hERG proteins in HEK293 cells. As shown in Figure 5A, hERG
proteins were mainly expressed on the cell membrane and
within the cytoplasm in cells. Figure 5B demonstrated that
WT-hERG channels were mainly expressed in the cytoplasm
when the cells were incubated with ATV. These results further
suggest that ATV inhibited the trafficking of the mature hERG
channels, reducing the number of such channels expressed on
the membrane.

Finally, we tested whether Y652A and F656C mutations
altered the ATV-induced disruption of hERG protein traffick-

(C) Representative current traces under control conditions and after long-term application of ATV at 1 and 30 umol/L (see
(D) Peak tail current densities at each concentration normalized to the value under control conditions.

°P<0.05, °P<0.01

ing. Under control conditions, the two mutations showed
both the 135 and 155 kDa protein bands, similar to the WT
protein. Cells expressing the Y652A and F656C mutant chan-
nel proteins were also treated with ATV for 36-48 h, and the
lysates were compared with the control (untreated) cells using
Western blots. We observed that the normalized image den-
sity of the 155 kDa band was significantly decreased in a con-
centration-dependent manner for both Y652A (Figure 6A and
6C) and F656C (Figure 6B and 6D) mutant channel-expressing
cells. However, there was no significant difference compared
with the WT-hERG-expressing cells. Therefore, common drug-
binding sites (Y652 and F656) are involved in the direct block-
ade of the hERG channel but not in the hERG with the ATV-
induced trafficking defect.

Discussion
This report is the first to describe the effects of the protease
inhibitor drug ATV on cloned hERG K channels expressed
in HEK293 cells. ATV is known to produce QT prolongation
and TdP in clinical use®®'”. In this study, we demonstrated
that ATV directly inhibits both the cellular hkERG K* channel
current and hERG K" channel protein trafficking at similar con-
centrations.

In this study, ATV directly inhibited hERG currents in
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Figure 5. Double immunofluorescence staining of human ether-a-go-go-related gene (hERG) protein and the endoplasmic reticulum (ER) marker protein
calreticulin in HEK293 cells incubated in normal (A) or 30 umol/L ATV-containing medium (B) for 36-48 h.
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Figure 6. Western blot analysis of cells expressing human ether-a-go-go-related gene (hERG) Y652A and F656C mutant channels. Cells expressing
hERG Y652A and F656C mutant channels were analyzed by Western blot under control conditions and after 36-48 h incubation with ATV (1.0, 10, and

30 pmol/L). °P<0.05 compared with control. n=4 per group.

HEK cells at an ICs, of 5.7£1.8 pmol/L. The IC5, value was
similar to other PIs such as lopinavir (8.6 pmol/L), nelfinavir
(11.5 pmol/L), ritonavir (8.2 pmol/L), and saquinavir (15.3
pmol/L) reported previously in studies using HEK293 cells!.
In this study, ATV showed no significant effects on the voltage
dependence of activation or inactivation.

The structural requirements for the drug-binding site in
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hERG K' channels have been previously studied in detail™ **

The Y652 and F656 residues are located in the S6 domain and
within the inner helices of the hERG channel. Here, these resi-
dues have been implicated as critical molecular determinants
of channel blockade by drugs that gain access to the inner
cavity of the channel upon gating of the channel™. However,
not all hERG blocking drugs interact with these residues. For
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example, the blockade of hERG by propafenone™ is substan-
tially reduced by F656 but not by Y652. Our study showed
that Y652A and F656C mutations markedly weakened the
blockade of the hERG current by ATV (3-fold increase in the
ICs for Y652A and F656C) compared with the WT-hERG. It is
possible that in addition to Y652 and F656, other amino-acid
residues may be molecular determinants of drug binding.

Several drugs, including pentamidine™!, fluoxetine®!,

1[26] [27] [27] [28]’

celastrol™, escitalopram'”, citalopram'™”, and desipramine
are known to inhibit ’ERG indirectly. This inhibition, which
occurs by the disruption of h"ERG channel protein trafficking
to the plasma membrane, reduces the cell surface "ERG chan-
nel density. Drugs may cause acute channel blockade or inhi-
bition of forward trafficking or both™™.. To date, however, no
information has been published on the disruption of protein
trafficking by PIs, including ATV. In this study, Western blot
analysis revealed that the reduction in current density caused
by ATV was associated with a decrease in the fully glycosyl-
ated cell surface form (155 kDa) of the protein. The propensity
to disrupt protein trafficking exhibited by ATV was similar to
its blockade of the direct current. The precise mechanism by
which ATV reduces the cell surface expression of the channel
protein remains to be determined.

According to our study, the Y652 and F656 mutations did
not significantly alter the ATV-induced disruption of chan-
nel protein trafficking. This result indicated that the binding
domain in the pore-S6 region mediates direct ATV-induced
current blockade but does not affect protein trafficking. The
trafficking function was virtually intact in the two mutants,
suggesting that different interaction sites on the protein or
different proteins in the secretory pathway may regulate pro-
cessing. Importantly, our study reveals that the PIs can inhibit
channels in in vitro experiments. Therefore, we propose that
this protease inhibitor class has the potential to induce a risk
of QT interval prolongation.

PIs are among the most frequently prescribed drugs for
the treatment of HIV-infected patients. However, PIs have
been associated with a rare but potentially fatal and specific
prolonged QT interval, a cardiotoxicity that leads to TdP™" !,
Over the past four years, the Food and Drug Administration
(FDA) has issued warnings that ritonavir boosted with lopina-
vir or saquinavir may cause prolongation of the QTc and PR
intervals.

The cardiotoxicity of Pls as a class of drugs remains contro-
versial partly because of the lack of supporting data. In 2007,
Ly et al presented the first reported case of TdP in association
with ATV use®. In 2013, Santimaleeworagun et al reported
that ATV induced first-degree atrioventricular block and ven-
tricular tachycardia™. In addition, there has also been a report
of QT interval prolongation or the risk of ventricular tachycar-
dia (VT) with combined treatment using ATV and other drugs
such as methadone”. Recently, it was reported that ATV did
not prolong the QTc interval and did not increase QTc dis-
persion!"l. Charbit et al'" studied the relationship between
PIs and QT interval prolongation in patients with AIDS and
showed that PIs inhibit the hERG current in vitro but are not

determinant or independent factors of QT prolongation in
patients with AIDS. QT prolongation in AIDS patients is
largely dependent on the presence of other risk factors. These
factors include older age, female sex, bradycardia, electrolyte
abnormalities, congestive heart failure, a baseline prolonged
QT interval, and possible drug-drug interactions™>*?. The

results of the study by Soliman et al™

ing.

In HIV-infected patients, the mean maximal total plasma

also supported this find-

concentration of ATV following the once-daily oral adminis-
tration of 400 mg is approximately 1.3-7.6 pmol/L. ATV is
86% bound to human serum proteins, namely alpha-1-acid
glycoprotein and albumin, to a similar extent, leading to an
unbound fraction of <20%!". ATV has a peak free concentra-
tion of 0.18-1.06 pmol/L, which is less than the ICs, value
of 5.7+1.8 pmol/L obtained in our results. This result could
explain the lack of a significant influence of PI on QTc prolon-
gation, which is consistent with the recent data showing that
ATV has no effect on ventricular repolarization with repeated
administration!.

Considering the foregoing, clinicians should bear in mind
that the use of PIs should be closely monitored, particularly
in patients with a high risk for QTc prolongation. In addition,
periodic electrocardiogram monitoring is advisable in patients
treated with ATV. Such monitoring is particularly important
if the activity of ATV is enhanced in the presence of other
drugs that can potentially induce QT interval prolongation.

In conclusion, our findings indicate that ATV inhibits hkERG
K" channels in HEK293 cells via directly inhibiting the flow
of current through the hERG channel and indirectly disrupt-
ing hERG protein trafficking. In addition, the Y652 and F656
residues are critical molecular determinants of the blockade of
hERG channels by ATV.
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