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A recent report identified significant reductions or disappearance of viral load in COVID-19 patients given
a combination of hydroxychloroquine and azithromycin. The present communication discusses some com-
mon pharmacokinetic properties of these two drugs that may be linked to a potential underlying mecha-
nism of action for these antiviral effects. The physicochemical properties of both hydroxychloroquine and
azithromycin are consistent with particularly high affinity for the intracellular lysosomal space, which
has been implicated as a target site for antiviral activity. The properties of both drugs predict dramatic
accumulation in lysosomes, with calculated lysosomal drug concentrations that exceed cytosolic and ex-
tracellular concentrations by more than 50 000-fold. These predictions are consistent with previously
reported experimentally measured cellular and extracellular concentrations of azithromycin. This is also
reflected in the very large volumes of distribution of these drugs, which are among the highest of all
drugs currently in use. The combination of hydroxychloroquine and azithromycin produces very high
local concentrations in lysosomes. The clinical significance of this observation is unclear; however, the
magnitude of this mechanism of drug accumulation via ion-trapping in lysosomes could be an important
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factor for the pharmacodynamic effects of this drug combination.

© 2020 Elsevier B.V. and International Society of Chemotherapy. All rights reserved.

Recent reports identified significant reduction or disappearance
of viral load in COVID-19 patients given a combination of hydroxy-
chloroquine and azithromycin [1,2]. However, other clinical studies
could not confirm these early findings [3] and there are consider-
able concerns about the safety of this drug combination [4]. The
present communication discusses some common pharmacokinetic
properties of these two drugs that may be linked to a potential
underlying mechanism of action for their pharmacological activity.

1. Chemical structures

Fig. 1 shows the chemical structures of hydroxychloroquine and
azithromycin. Although the two compounds are from two chemi-
cally distinct classes, they have a structural similarity that is phar-
macokinetically relevant. Both compounds are multibasic amines
with pKa values that are susceptible to protonation in the phys-
iological pH range. Azithromycin has two nitrogens with pKa val-
ues of 8.1 and 8.8 [5]. Hydroxychloroquine has three nitrogens with
pKa values of 4.0, 8.3 and 9.7 [6]. However, only the two nitrogens
with the higher values (shown in circles in Fig. 1) are protonated
under physiological conditions.
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2. Lysosomal ion-trapping

If the pH of the molecular environment is lower (more acidic),
more nitrogens are protonated, which in turn hinders the now-
charged moieties from crossing membranes. This is particularly rel-
evant for the intracellular distribution of basic drugs crossing be-
tween the cytosol (pH approx. 7.4) and the acidic lysosomal space
(pH approx. 5.0). Fig. 2 shows this distribution conceptually. Basic
compounds are in an equilibrium of a less polar unionized form
(B) that can easily cross membranes, and a polar protonated form
(BH™) that cannot easily cross membranes. As the unionized drug
enters the acidic environment of the lysosome, it will be proto-
nated and ‘trapped’ in the lysosome as the protonated form BH*
cannot easily diffuse back into the cytosol. As a result, high con-
centrations of the compound can accumulate in lysosomes. This
concept of “ion-trapping” has been described and reviewed [7,8].
The magnitude of this accumulation depends on the mathematical
relationship of the pKa of the compound of interest, its permeabil-
ity, and the pH gradient between the two environments (e.g. cy-
tosol [pH 7.4] and lysosome [pH 5.0]). If there is no permeability
limitation, the expected ratio or concentration gradient can be cal-
culated based on the well-known Henderson-Hasselbalch equation
[8]. If the compound of interest has only one basic group, the ratio
between the concentrations will be:

0924-8579/© 2020 Elsevier B.V. and International Society of Chemotherapy. All rights reserved.
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Fig. 1. Chemical structures of hydroxychloroquine and azithromycin. The circles indicate the pH-sensitive basic nitrogens.
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Fig. 2. Concept of lysosomal ion-trapping. Basic compounds are in an equilibrium of a less polar unionized form (B) that can easily cross membranes, and a polar protonated
form (BH*) that cannot easily cross membranes. As the unionized drug enters the acidic environment of a lysosome, it will be protonated and ‘trapped’ in the lysosome as
the protonated form BH* cannot easily diffuse back into the cytosol. As a result, high concentrations of the compound can accumulate in the lysosomes.
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Fig. 3. Magnitude of lysosomal ion-trapping depending on the pKa of the compound of interest. For a monobasic compound (A), up to 250-fold higher concentrations are
possible depending on pKa. For a dibasic compound (B), the accumulation can be over 60 000-fold. These simulations assume a pH gradient of 5.0 (lysosomes) and 7.4

(cytosol).

R=&=H1+I<u (.1)
G  Hy+ K,

where H; and H; are the respective proton concentrations

(=10-PH) of the two environments (pH 5 and 7.4) and K, is the
dissociation constant (=10-PK2), Fig. 3A shows the magnitude of
the resulting accumulation as a function of the pKa value of the
compound. Accumulation of up to 250-fold higher concentrations
in lysosomes can be explained by the described mechanism.
However, in cases where there are two basic centers in the
molecule, this effect is considerably potentiated. There are two dif-
ferent monobasic species that are produced by protonation of the

respective nitrogens, and neither of these can easily diffuse from
the lysosome back into the cytosol. Furthermore, both species are
in equilibrium with the biprotonated species, which is also trapped
in the lysosome. Therefore, there are three different forms of the
molecule (two monoprotonated and one biprotonated) that cannot
easily diffuse back to the cytosol. This tremendously magnifies the
ion-trapping effect. The expected accumulation ratio under these
conditions is calculated as follows:

R_Q_H%+I<a1*Hl+Ka1*I<a2 2)
G H? +Kap #Hy + Ky % Koo
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where H; and H, are the respective proton concentrations
(=10-PH) of the two environments (pH 5 and 7.4) and K,; and K,
are the dissociation constant (=10-PK2), Fig. 3B shows the magni-
tude of the resulting accumulation as a function of the pKa value
of the compound, assuming equal values for pKal and pKa2. Ac-
cumulation of up to 60 000-fold higher concentrations in the lyso-
somes can be explained by the described mechanism.

3. Hydroxychloroquine

When the above described concepts are applied to hydroxy-
chloroquine, the expected accumulation ratio in lysosomes com-
pared with cytosol is calculated as 56 000-fold; therefore, after
drug intake a large fraction of the dose will reside in lysosomes.
This is confirmed by the known pharmacokinetic parameters for
hydroxychloroquine derived from plasma concentrations. After in-
travenous administration to healthy volunteers (average weight
63.5 kg), the volume of distribution of hydroxychloroquine was re-
ported to be over 44 000 L, which is equivalent to approximately
700 L/kg [9]. This means that most of the drug in the body resides
in the tissues, which is consistent with the predicted extraordinar-
ily high lysosomal accumulation ratio. Furthermore, it explains the
very long half-life (approximately 40 days) reported in the same
study. In this study, hydroxychloroquine could still be detected in
blood more than 6 months after a single dose administration of
310 mg.

4. Azithromycin

When the same ion-trapping concepts are applied to
azithromycin, the expected accumulation ratio in lysosomes
compared with cytosol is calculated as 52 000-fold, which is very
similar to that of hydroxychloroquine. After administration of
azithromycin, a large fraction of the dose will reside in lysosomes
where it also binds to acidic phospholipids [10-13]. A clinical
study supports azithromycin lysosomal accumulation [14]. In this
study, the experimentally measured average total azithromycin
concentrations in polymorphonuclear white blood cells (PMLs)
was over 14 000 ng/mL. However, the model-predicted unionized
azithromycin concentration of 6.0 ng/mL in the cytosol of PMLs
was comparable to the measured interstitial concentrations in the
muscle (8.7 ng/mL) and subcutis (4.1 ng/mL). Hence, the measured
concentrations in white blood cells was approximately 2000-fold
higher than the measured unbound concentrations in the intersti-
tial space. Considering the lysosomal volume is estimated to range
between 0.5 to 5% of the cellular volume depending on cell type
[14-17], these concentrations are consistent with the expected
magnitude of lysosomal accumulation and explain these very high
cellular concentrations.

Just as for hydroxychloroquine, the pharmacokinetic parame-
ters of azithromycin confirm these extreme distribution properties.
The volume of distribution of azithromycin was reported to be 31
L/kg and the half-life was 68 h, despite a relatively rapid clear-
ance of 630 mL/min [18]. Furthermore, the pharmacokinetics of
azithromycin have been shown to be affected by the disease state
[19]. In a preclinical investigation, azithromycin was injected into
rats and interstitial concentrations were measured in both thighs
using microdialysis. After 3 h, an infection was induced in only
one leg. Shortly after, the unbound interstitial tissue concentra-
tions increased in the infected leg, without any additional dosing.
The results can be explained by macrophages loaded with lysoso-
mal azithromycin migrating to and releasing drug at the infection
site.

5. Discussion and conclusion

Although the present paper is focused on the pharmacokinetic
properties of hydroxychloroquine and azithromycin, a similar in-
tracellular accumulation in the lysosomal space can be expected
and has been reported for chloroquine as early as 1974 [20,21].
The pharmacokinetics of chloroquine and hydroxychloroquine have
been described to be similar [9]. The very high accumulation of
these drugs in lysosomes produces very high local concentrations
of both compounds. Furthermore, the uptake of these basic drugs
into lysosomes increases the lysosomal pH [22]. However, it is dif-
ficult to estimate the magnitude and time course of this alkaliza-
tion as there is continuous acidification of the lysosomal space by
proton pumps that function to maintain low pH.

The combination of chloroquine and azithromycin is not new,
and synergistic effect against malaria has been reported [23,24].
Hydroxychloroquine and chloroquine have similar efficacy against
malaria. Although hydroxychloroquine has a preferred safety pro-
file, more pharmacodynamic information is available for chloro-
quine [25-27].

Several studies point to mechanisms for the potential antiviral
action of chloroquine and azithromycin.

Chloroquine was shown to impair early stages of virus replica-
tion by interfering with the pH-dependent endosome-mediated vi-
ral entry of several different viruses [28]. Due to the alkalization of
endosomes, chloroquine was an effective in vitro treatment against
Chikungunya virus when added to Vero cells prior to virus expo-
sure. A pH-dependent mechanism of entry of coronavirus into tar-
get cells was also reported for SARS-CoV-1 [29]. The activation step
that occurs in endosomes at acidic pH results in fusion of the vi-
ral and endosomal membranes, leading to the release of the viral
SARS-CoV-1 genome into the cytosol. In the absence of antiviral
drug, the virus is targeted to the lysosomal compartment where
the low pH, along with the action of enzymes, disrupts the viral
particle, thus liberating the infectious nucleic acid and, in several
cases, enzymes necessary for its replication. Hence, the lysosomal
space has been proposed as a major target site to tackle SARS-CoV-
2 [30].

Macrolides such as azithromycin are very commonly used an-
tibacterial agents; however, they have also received considerable
attention for their anti-inflammatory and immunomodulatory ac-
tions. These two properties may ensure some efficacy in a wide
spectrum of respiratory viral infections [31,32]. Both in vitro and
in vivo studies indicate efficacy of macrolides in respiratory vi-
ral infections, including rhinovirus (RV), respiratory syncytial virus
(RSV), and influenza virus. Macrolides also reduced the release of
proinflammatory cytokines, which were induced by RSV infection,
viral titers, RNA of RSV replication, and the susceptibility to RSV
infection. Similar effects of macrolides on influenza virus infection
and augmentation of IL-12 by macrolides, which is essential in re-
ducing virus yield, were reported [32].

As with the use of any drug or drug combination, the poten-
tial benefit has to be weighed against any safety concerns. Pro-
longation of QT interval and cases of torsades de pointes have
been reported for both drugs [18,33]. Hydroxychloroquine pro-
longs the QT interval and, according to its prescribing informa-
tion, should not be administered with other drugs that have the
potential to induce cardiac arrhythmias [33]. There may be an
increased risk of inducing ventricular arrhythmias if the drug is
used concomitantly with other arrhythmogenic drugs [4]. Most rel-
evant interaction data with azithromycin is available for chloro-
quine. QTc interval prolongation was studied in a randomized,
placebo-controlled parallel trial in 116 healthy subjects who re-
ceived either chloroquine (1000 mg) alone or in combination with
oral azithromycin (500 mg, 1000 mg, and 1500 mg once daily)
[18]. Co-administration of azithromycin increased the QTc inter-
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val in a dose- and concentration-dependent manner. Compared
with chloroquine alone, the maximum mean (95% upper confi-
dence bound) increases in QTcF were 5 (10) ms, 7 (12) ms and
9 (14) ms with the co-administration of 500 mg, 1000 mg and
1500 mg azithromycin, respectively. Furthermore, studies in pigs
revealed that azithromycin/chloroquine combinations did not in-
crease cardiac instability [34]. In a clinical interaction study be-
tween azithromycin and chloroquine, no clinically relevant phar-
macokinetic changes were observed [23]. However, increases in
QTc values were noted. Although mean increases were numeri-
cally greater for the azithromycin plus chloroquine group com-
pared with the chloroquine alone group, these differences were not
statistically significant. Administered alone and together, chloro-
quine and azithromycin were well tolerated overall in this study.
More investigations with hydroxychloroquine are needed as well
as finetuning the optimum dosing regimen to get a clearer picture
of the expected risk-benefit assessment in these severe infections.
These dose optimization attempts will have to utilize ways to esti-
mate the respective infection site concentration; this is very chal-
lenging due to the tremendous differences in subcellular concen-
trations. Average tissue concentrations based on lung/blood ratios
obtained from animal studies have been proposed and applied but
may not be appropriate for dose optimization [35].

The unusual pharmacokinetic properties of these two drugs
may make them suitable partners for an ion-trapping-mediated
mechanism of action where lysosomal drug accumulation delivers
local action. These two drugs have very large volumes of distri-
bution. In a widely used long list of pharmacokinetic properties
of the most commonly used drugs, chloroquine and azithromycin
have the largest volumes of distribution (hydroxychloroquine is not
listed) [36].

Short-term use of hydroxychloroquine with azithromycin may
have clinical impact early in the progress of COVID [1,2]. An early
diagnosis combined with a safe and effective treatment before
more serious symptoms occur would be highly desirable. Both of
these low-cost drugs have been widely used for decades with ac-
ceptable safety that could expedite rapid use if a clinical benefit
is established in rigorous safety and efficacy studies. These studies
are currently ongoing and will provide solid guidance.
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