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a b s t r a c t

At the end of last century a prominent biochemist once opened the discussion of a controversial issue in
the field of Bioenergetics with the following statement: “This is a long story, that shouldn’t be long, but it
will take a long time to make it short”. As it happens, such a statement would apply perfectly well to the
story of chloroquine (CQ) and hydroxychloroquine (HCQ) in the COVID-19 infection: it has become a
veritable saga, with conflicting views that have often gone beyond the normal scientific dialectic, and
with conclusions that have frequently been polluted by non scientific opinions: thus, for instance, when
National Agencies have taken positions against CQ and HCQ, the move has been seen as a pro-vaccine
attempt to block low cost therapy means. And it is difficult to avoid the feeling that the opposition to
CQ and HCQ has in large measure been shaped not by scientific arguments, but by the fact that their use
has been strongly endorsed by National leaders whose popularity among Western intellectuals is
extremely low. The role of the two drugs in the COVID-19 infection thus deserves an objective analysis
solely based on scientific facts. This contribution will attempt to produce it.

© 2020 Published by Elsevier Inc.
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1. Chemistry and mechanism of action of chloroquine and
hydroxychloroquine

CQ and HCQ are derivatives of 4-aminoquinoline: they have an
aromatic core and a side chain that makes themweak bases (Fig. 1).
For decades CQ has been the most important drug in the treatment
and prophylaxis of malaria, particularly in the African continent
however, its efficacy has gradually declined due to the emergence
of chloroquine-resistant strains of P. falciparum, which is respon-
sible for about 75% of the cases of malaria in Africa. The Plasmodium
degrades the hemoglobing of the host [1], liberating free heme that
is toxic: in the host, heme oxygenase detoxifies the heme into
biliverdin, which is then converted by biliverdin reductase to water
soluble bilirubin, which is excreted [2]. The plasmodium lacks
heme oxygenase, and detoxifies instead the heme by polymerazing
it into inert hemozoin [3]. The polymerization of the toxic heme is
the target of chloroquine: its inhibition leads to the accumulation of
toxic hemewhich eventually kills the parasite [4,5]. Other effects of
the Plasmodium infection have also been described: in general, they
are related to the overstimulation of the immune system and of the
cytokine network, e.g., tumor necrosis factor alpha and interleukin-
6 [6]. Chloroquine had positive effects on these accessory aspects of
the malarial infection as well, as was first recognized from the
improvements of the cutaneous lupus rashes and inflammatory
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Fig. 1. Chloroquine and hydroxychloroquine.
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arthritis in soldiers of the Second World War treated with anti-
malarials. Its usewas thus successfully extended to the treatment of
other autoimmune disease like systemic lupus erythematosus,
Siogren’s syndrome, rheumatoid arthritis, and sarcoidosis [7].
Outside malaria, the spectrum of possible activities of CQ, and of its
derivative HCQ, has been further enlarged by the finding that their
biochemical effects were associated with the inhibition of the in-
flammatory response commonly observed in bacterial and viral
infections: CQ inhibits the production/release of tumor necrosis
factor alpha (TNF alpha) and of interleukin-6, which are responsible
for the pathological symptomatology of viral diseases. Thus, at the
turn of last century, CQ was repurposed against HIV and other vi-
ruses [8e10].

In their immunomodulatory/antiinflammatory effects, CQ and
HCQ have multiple modes of action. Outside cells, in vitro experi-
ments have shown that they inhibit the glycosylation of the SARS
coronavirus cell surface target, the ACE2 receptor [11]. And a recent
structural and molecular modelling study has identified a gangli-
oside binding domain in the N-terminal portion of the S-protein of
COVID-19 that interacts with surface gangliosides of the host cells,
facilitating contact with the ACE receptor: CQ and HCQ inhibit the
interaction, and thus the penetration of the virus into the target cell
[12].
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The non-protonated form of CQ and HCQ diffuses across the
plasma membrane to the cytoplasm, where it is reprotonated and
accumulated in the acidic intracellular organelles such as the
endosomes, the trans-Golgi network, and the lysosomes, increasing
their pH and thus decreasing the activity of their hydrolytic en-
zymes. Early in vitro experiments had indeed shown that the pH in
endosomes of macrophages increased from 4.5 to 6.5 after a few
minutes of exposure to 100 mM CQ [13]. In the absence of CQ, the
low internal pH mediates the fusion of the endosomal and viral
membranes and thus the internationalization of the virus [14]A
quantitative analysis of COVID-19 entry in Vero E6 cells exposed to
50 mM CQ or HCQ [15] has shown that, in untreated cells, after
90 min, 16.2% of the internalized virions were in the early endo-
somes (EEs), and 34.3% had been transported to late endosomes
(ELs). By contrast, in the treated cells, only 2.4% of the virions had
remained in the EEs in the case of CQ and 0.03% in the case of HCQ,
whereas 35.3% had been transported to the ELs in the case of CQ
and 29.2% in the case of HCQ. CQ and HCQ had thus blocked the
transport of the COVID-19 virions from the early endosomes to the
late endosomes. Eventually,in the absence of CQ or HCQ, the virions
ends up in the lysosomes, where the hydrolytic enzymes uncoat it,
liberating into the cytoplasm the infectious genomic RNA which is
translated into pp1a and pp1ab proteins. These two proteins are
cleaved by a protease to make a total of 16 non structural proteins
(nsp) [16], some of which form the replication/transcription com-
plex (RNA-dependent RNA polymerase). Work on several viruses
has shown that the CQ-induced increase of pH blocks the uncoating
activity of the lysosomal hydrolytic enzymes, thus abrogating the
entire replication cycle of the virus [17]. The cartoon of Fig. 2 shows
the phases of the virus challenge to the target cell, from its pene-
tration into it, to the liberation of the genomic RNA into the cyto-
plasm, to its process of replication and de novo assembly, to its final
exit from the cell to propagate the infection. For reasons of
completion, it could be mentioned that the cell penetration of
COVID-19 could also occur via a pH independent pathway: whereas
in most cell lines the penetration of the virus is promoted by the
activation of the S-protein by pH dependent endosomal proteases,
in other cell lines, e.g., airway epithaeial cells, a pH-independent
protease (TMPRSS2) activates instead the S-protein.

In a number of viruses, from HIV, to Dengue, to herpes simplex,
to human coronaviruses like MERS, CQ has also been shown to
interfere with the post-translational modification of viral proteins
mediated by proteases and glycosyltransferases in the endoplasmic
reticulum and trans-Golgi network of the host cell [18e20] Finally,
CQ and HCQ have been found to reduce the production of pro-
inflammatory cytokines like IL-1, IL-6, TNF, and IFNgamma by
several cell types, e.g., mononuclear cells [21].

One last aspects of the molecular/cellular effects of CQ and HCQ
must bementioned at the end of this chapter on themechanisms of
action of the two drugs: their possible negative side effects. CQ and
HCQ have a well studied toxicity profile, and the safety of CQ use
has been demonstrated by the decades of its administration to
humans in malaria-endemic countries. They are now widely used
to treat autoimmune diseases, and, at the dosages that are routinely
used, their safety profile is considered very good. Occasionally,
however, adverse side effects have been described [22], and it is
important to mention them because they have been greatly
emphasized in the descriptions and discussions of the results of
therapy attempts, including international trials, of COVID-19 using
CQ and, especially, HCQ. The most important adverse side effects
that have been described are cardiac rhythm disorders, i.e., a pro-
longation of the electrocardiographic Q-T interval [23], and the
development of retinopathy [24]: which is more commonly asso-
ciated with CQ thanwith HCQ, and depends on the cumulative dose
more than on the daily dose. The retinal damage is attributed to the



Fig. 2. A cartoon depicting the attack of a target cell by COVID-19, and the inhibitory actions of chloroquine on it. The endocytosed virus travels from early endosomes to late
endosomes-lysosomes, where the acidic environment activates their hydrolytic enzymes the uncoat the virus, liberating its genomic RNA into the cytoplasm. In the endoplasmic
reticulum of the host cell (ER) the open reading frames (ORFs) of the genome are translated into pp1a and pp1ab proteins, which are cleaved by proteases of the host cell to 16 non
structural proteins (nsps). They form the replicase/transcriptase complex that will produce the new viral RNA genome, which is translated into the four structural proteins E, M, N,
and S to reconstitute a new viral particle. After suitable modification and quality control of the structural proteins in the ER and Golgi complex, the new virus travels to the surface of
the host cell to be escreted. The text contains additional details.
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disruption of the lysosomal degradation process in photoreceptor
outer segments.
2. Chloroquine and hydroxychloroquine in the treatment of
the COVID-19 infection

As mentioned above, the arrival of CQ (and HCQ) on the scene of
antiretroviralviral therapy was sparked by their beneficial effects
on the inflammatory response commonly observed in bacterial,
fungal, and even viral diseases, but, especially, by the need for
treatments less expensive than those under study for a number of
158
diseases: at the end of last century the most important, and thus
the prime target, was the HIV infection [25,26]. However, in the
following years the antiviral efficiency of CQ was also tested on a
number of other viruses, including the SARS coronavirus. Eventu-
ally, a study by Wang et al. [27] tested CQ on Vero E6 cells infected
with the COVID-19, and compared its effects with those of 4 FDA-
approved antiviral drugs, and of the antiviral drugs favipiravid
and remdesivir. The study revealed that CQ and remdesivir were
highly effective against the COVID-19 infection of the cells. At that
time, remdesivir had already shown efficacy against the COVID-19
infection on a patient in the USA, but the results on CQ were
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novel. The study byWang et al. was published inMarch 2020, when
the COVID-19 infection was reaching epidemic dimensions in
Wuhan in China, and was immediately followed by about 20 Chi-
nese studies that had the atypical pneumonias of the COVID-19
disease as the main target. They were not long range randomized
trials, but their apparently beneficial results nevertheless induced
the Chinese sanitary authorities to officially recommend CQ and
HCQ for the treatment of the infection. Beneficial results were also
found in a small French study [28] (at that time COVID-19 had
already spread to Europe): HCQ had reduced or eliminated the viral
load in the patients, the effect being reinforced by azithromycin.

The French study had a number of serious shortcomings that
later commentaries have convincingly discussed in detail [29,30],
but it nevertheless immediately attracted worldwide attention. Its
findings were rapidly disseminated by the press and amplified by
the social media, initiating a period of great popularity of HCQ.
Government and institutional leaders endorsed it, to the point that
it was proclaimed to be “game changer” in the fight against COVID-
19. These overtones, and the enthusiastic endorsements by political
Leaders whose popularity indexes were abysmally low among
Western opinion makers, were clearly damaging: they were
instrumental in generating a feeeling of annoyance against CQ and
HCQ, and the ideological backlash that soon hit them. However, it
wasn’t only Governments and leaders who had so promptly and
generally accepted CQ and HCQ: Hospitals and doctors in general,
and also National Agencies, started administering and recom-
mending HCQ. As an example, it may be interesting to quote here a
document of the Italian Federation of Family Doctors, that included
HCQ in the treatment of certified, and even only suspected, cases of
COVID-19 infection. Adverse feelings were nevertheless beginning
to surface: for instance, the document of the Italian Family Doctors
had an appendix that contained a long list of conditions, that in
effect embraced most human pathologies, that were incompatible
with the HCQ therapy. In hindsight, it was an indirect indication of
the mounting wave of alarming warnings on the dangers of the
HCQ therapy. And so, in a short while CQ and HCQ became the
subjects of a dispute that was gradually corrupted by non-scientific
arguments that divided the scientific community in away similar to
that of supporters of competing sports teams. From the scientific
angle, the unpleasant aspect of the dispute was the rush to publish
as rapidly as possible results that would either prove, or diprove,
the efficacy of CQ or HCQ, and/or their safety or their dangers. The
standard in the generation and interpretation of the results rapidly
became increasingly relaxed, with the result that a lot of bad sci-
ence inundated the literature from both sides. The most striking
example of this sort of corrupted scientific behaviour undoubtedly
was the first large scale international trial on HCQ, that had at long
last been sponsored by the WHO to provide the final answer to the
question of the efficacy of CQ and HCQ in the fight against COVID-
19. The trial had involved 96.000 COVID-19 patients in 671 hospi-
tals around the world, and the article that described the results had
been submitted at the end of May 2020 to the leading Journal
Lancet. The article had been promptly accepted: It had found that
the mortality and the cardiac complications were higher in the
patients treated with the two drugs that in the untreated controls
[31].: as a result, the WHO immediately interrupted the trial, pro-
claming the inefficacy, and even the dangers, of CQ and HCQ
therapy. National Agencies that had previously recommended the
use of CQ and HCQ immediately followed suit, and cancelled the
recommendation. Was it the end of the story ? Not at all, because
the findings in the Lancet paper, and the decision of WHO, started a
veritable immediate revolt in the scientific community: 182 spe-
cialists, many of them actually “opponents” of HCQ, literally cut the
Lancet paper to pieces, showing that it was based on unsupported
and fraudulent data provided by a small, relatively unknown
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private firm, that had somehow been involved in the trial. The re-
viewers of the journal had inexplicably accepted a paper full of
flaws, without noticing that the results had been fabricated from
non-existing data. The 182 scientists had written a strong letter to
Lancet: as a result, the fraudulent paper had to be retracted by the
journal, and by the authorsas well [32], and WHO was forced to
resume the trial. Understandably, the scandal had enormous
worldwide resonance, which was reinforced by the fact that the
results of a number of other less publicized trials on CQ and HCQ
had appeared, or were about to appear, around the time of the
WHO incident (10 at the end of July 2020) [33e42]. One of these
studies [33] had concentrated on the problem of the dosages of
HCQ, and had concluded that those used for the prevention of
malaria were insufficient to inhibit or suppress the acute respira-
tory COVID-19 syndrome. Another [34] was an extension -by the
same authors-of the original study by Gautret and coworkers [28]
that had had the phenomenal worldwide resonance. The study had
combined HCQ and azithromycin in the treatment of 80 relatively
mildly affected patients. They had detected clinical improvements
in all but two of them, and had also detected the disappearance of
nasopharyngeal viruses in about 90% of the patients in an 8-days
follow up. The study had nevertheless concluded that larger scale
studies were necessary, particularly on patients treated before
irreversible respiratory symptomatology would become dominant.
As for the remaining 8 studies, the conclusions of 4 were unfav-
ourable to HCQ, those of 4 were instead favourable. They differed in
a number of aspect, from the dosages of the administered drug, to
the stage and the gravity of the disease, to the combination of
therapeutic means. Anyway, in spite of these still mixed results, on
May 12, 2020 a statement issued by the National Institute of Heath
of the USA had concluded that the evidence available at that time
was insufficient to suggest the use of HCQ in the treatment of the
COVID-19 infection. And a fewweeks earlier the Infectious Diseases
Society of America had issued a similar statement. These very
authoritative statements were widely considered to have put an
end to the dispute on the role of chloroquine and hydroxy-
chloroquine in the treatment opf the COVID-19 infection. However,
it wasn’t so, since in the months that followed, happenings
occurred that changed the picture, and resurrected the interest on
CQ and HCQ. On August 19, 2020, in contrast to the statements of
the North American Agencies, the New Official Chinese Guidelines
for the treatment of COVID-19 infection(http://www.nhc.gov.cn/
zygi/s7653p/202008/0a7bdf12bd4b46e5bd28ca7f9a7f5e5a.shtml),
recommended the use of CQ. Surprisingly, it did not recommend
that of HCQ, alone or in combination with azithromycin: the
intriguing CQ-HCQ difference was probably due to the fact that in
the preceeding Chinese Guidelines the dosage recommended for
CQ were higher than that for HCQ. And then, the results of two
studies appeared in August 2020 that offered support to the posi-
tive role of HCQ in the treatment of the COVID-19 infection [43,44].
The two studies were observational and retrospective, and had
involved a total of more than 10,000 participants: one was an
Italian study that had involved 3451 patients from 33 Hospitals,
75% of whom had been treated with low total HCQ doses, and 25%
had not received HCQ. The other was a Belgian study that had had
8075 participants, 4542 of whom had received HCQ in low dosage
monoterapy, and 3533 were in the no-HCQ group. Both studies had
found a significant decrease in the mortality risk (about 30% in the
Italian study) in the participants treated with HCQ. These were very
positive results, and had been supported by a correct statistical
analysis, but a word of caution on them is necessary, since they had
not been randomized. However, the large number of patients
involved certainly decreased the risk of errors.

One last recent finding, coming from a different research line,
could also be mentioned, as it offers a possible additional reason for
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the controversial findings the CQ-HCQ story has experienced and is
still experiencing [45]. The penetration of the COVID-19 into target
cells depends on the pH of endosomes, and CQ and HCQ inhibits it
by raising it. However, as mentioned above, in some cell types the
virus could also use a pH independent pathway for entry into cells.
The penetration of COVID-19 into Vero (kidney) cells was found to
be dependent on pH dependent proteases, whereas its penetration
into Calu-3 cells (lung) depended instead on the pH-independent
TMPRSS2 protease.

All considered, then, it is fair to state that the problem of the role
of CQ and HCQ in the COVID-19 infection is still open: in keeping
with the opening statements of this contribution, chances are that
it twill remain open for quite some time, even if hundreds of pre-
sumably reliable clinical research trials are currently ongoing.
However, if one looks at the matter in a dispassionated way, it is
clear that the development of the CQ-HCQ story has had peculiar
aspects. The initial enthusiasm triggered by the original observa-
tions, which had evident flaws, had certainly been generated by the
desperate need to find a cure for the devastating disease. But it had
been premature and exaggerated. A couple of general indications
could perhaps still be extracted with caution from the data that are
presently available in the super-abundant literature. The first is that
at late stages of the infection HCQ is probably ineffective; the sec-
ond has to do with the frequency and seriousness of the described
adverse side effects of HCQ, which appear to have been grossly
exaggerated. Sooner or later, anyway, the matter of CQ and HCQ
must be brought back to the clean realm of science, where the rules
of the scientific method, uncorrupted by emotional or ideological
deviations, are the only possible option. The request seems
reasonable also on theorethical grounds, as it is hard to understand
how a drug, which has all the documented mechanisms of action
expected of an agent that would successfully fight the virus, could
instead be ineffective and even damaging. And it is also necessary
to deal with the fact that doctors who see patients at home, or in
hospitals at the initial stages of the infection, are generally
convinced of the efficacy of HCQ, and defend its use, sometimes
even emphatically. Possibly, if onewould look at the very early early
stages of the disease, the outlook could be different. In this vein, a
brief discussion on CQ and HCQ as chemoprophylactic agents rather
than as therapeutic means is thus in order.

3. Chloroquine as a chemoprophylactic agent ?

As mentioned, CQ has been the most important therapeutic
drug in the control of malaria, particularly of its resurgence after
the international ban on dichloro-diphenyl-trichloroethane (DDT),
which had practically eliminated the disease by exterminating the
Anopheles mosquito. Unfortunately, the use of CQ had been
compromised by the appearance of Plasmodium strains resistant to
it because of a mutation in the pfcrt gene of the deadliest of them, P.
Falciparum (46).Thus, at the end of last century, several countries of
Africa, where the malaria is an absolute tragedy, followed a
recommendation of WHO and officially discontinued the use of CQ,
replacing it with artemisinin. In spite of the official ban, CQ has
nevertheless remained the most commonly used antimalarial drug
even in the African countries in which the resistance to the Plas-
modia had been very substantial. This has been so essentially
because the resistance of P. falciparum to CQ rapidly declined, and
its sensitivity to CQ re-emerged [47]. An accurate analysis of the
household use of chloroquine in sub-Saharan Africa [48] has indeed
shown that the consumption of CQ does not reflect the national
policies of the African Countries, as it continues to be used at high
rates in most of them.

The arrival of the COVID-19 pandemic, and the initial results on
the possible beneficial effects on it of CQ and HCQ have changed the
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scenario dramatically, increasing the demand for the two drugs in
most countries. In India, for instance, the Indian Council of Medical
Research, under the Ministry of Health and Family Welfare, has
recommended prophylaxis with CQ for health care personnel who
treat COVID-19 patients, and for asymptomatic household contacts
of infected people, generating a rush to CQ and shortages in its
market supply [49]. Such market shortages have also been reported
in numerous other countries: and it could be added that some Af-
rican countries have initiated large scale programs to produce CQ
[50e51].

The problem of a prophylactic role of CQ and HCQ against the
COVID-19 infection targets a time frame that preceeds the necessity
of therapy. In a sense, this would extend the observations, made by
of most studies, that CQ and HCQ appear to be preferentially
effective at the earliest stages of the infection. The idea would of
course be compatible with the documentedmechanism(s) of action
of the two drugs. But could it also have something to do with a
question that continues to challenge all COVID-19 specialists: why
has COVID-19 so far it sub-Saharan Africa with far less force than in
most other Countries ? At the moment the question has no satis-
factory answer. Various factors have been considered, from the
climate, tothe living patterns, to the nutrition habits, but no
convincing evidence supports any of them. Genetics is ruled out, as
it has become known that Afro- Americans are particularly sus-
ceptible to the COVID-19 infection. This uncertainty is the reason
why, in a recent publication [46] we had added the documented
widespread use of CQ and HCQ in countries where malaria is
endemic, i.e. essentially sub-Saharn Africa, to the list of possible
options, and had analyzed the pros and the cons of the hypothesis.
We had not taken position, as we had only felt that it would have
been useful to consider the problem in a more complete global
perspective. A number of colleagues had indeed felt that our
analysis had been fair and balanced. One of them, however -a sci-
entist of some repute-felt otherwise, and his comment deserves to
be quoted because it is perfectly in line with the statements I had
chosen to open this contribution. Since I had written before on CQ
and HCQ, he had singled me out from the list of the authors of that
paper, and had written “he does not want to surrender to the evi-
dence: he is worse than Trump.” Verbatim!
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