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The pandemic of COVID-19, caused by SARS-CoV-2, has recently overwhelmed medical centers and paralyzed economies. The unparalleled public distress caused by this pandemic mandated an urgent quest for an effective approach to manage or treat this disease. Due to their well-established anti-infectious and anti-inflammatory properties, quinine derivatives have been sought as potential therapies for COVID-19. Indeed, these molecules were originally employed in the treatment and prophylaxis of malaria, and later in the management of various autoimmune rheumatic and dermatologic diseases. Initially, some promising results for the use of hydroxychloroquine (HCQ) in treating COVID-19 patients were reported by a few in vitro and in vivo studies. However, current evidence is not yet sufficiently solid to warrant its use as a therapy for this disease. Additionally, the therapeutic effects of HCQ are not without many side effects, which range from mild gastrointestinal effects to life-threatening cardiovascular and neurological effects. In this review, we explore the controversy associated with the repurposing of HCQ to manage or treat COVID-19, and we discuss the cellular and molecular mechanisms of action of HCQ.
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INTRODUCTION
Coronaviruses (CoVs) belong to the Coronaviridae family, and usually cause mild acute respiratory illnesses or “common cold” (Su et al., 2016). In December 2019, pneumonia cases of unknown etiology were reported in China (Huang et al., 2020). Within a few weeks, the cause of these cases appeared to be a novel coronavirus (CoV). This novel virus shares around 96% with bat-CoV RaTG13 and around 80% sequence similarity with the SARS-CoV (Lu et al., 2020; Zhou et al., 2020b). Hence, it was given the name SARS-CoV-2, and the disease it causes was called coronavirus infectious disease 2019, or shortly COVID-19.
COVID-19 has imparted serious threat to the global economy and health system. At the time of writing this manuscript (August 11, 2020), over 20 million cases and more than 700,000 deaths related to COVID-19 infection were reported globally (WHO, 2020a). Research efforts linked the origin of SARS-CoV-2 to bat-to-human transmission through an unidentified intermediate host. Human-to-human transmission can then take place through respiratory droplets (Salata et al., 2019).
SARS-CoV-2 infection may induce a wide spectrum of illnesses, with patient conditions range from being asymptomatic to severely ill. Indeed, various clinical symptoms with multi-organ involvement related to COVID-19 infection have been reported (Guan et al., 2020). These include respiratory, gastrointestinal, renal, neurologic and integumentary manifestations (Adhikari et al., 2020; Recalcati, 2020). Some of these are severe and life-threatening such as acute respiratory distress syndrome, acute kidney failure, stroke, arrythmias and heart failure (Adhikari et al., 2020; Bangalore et al., 2020; Cheng J. et al., 2020; Guan et al., 2020; Liu et al., 2020; Recalcati, 2020).
Treatment of COVID-19 infection is mainly symptomatic and is highly dependent on the severity of the disease. It includes hydration, pain control, fever treatment, oxygen supplementation, and invasive mechanical ventilation if needed (Cascella et al., 2020). As COVID-19 continues to be a source of global morbidity and mortality, urgent need of effective antiviral drug against COVID-19 appears. While numerous laboratories and clinical studies focused their efforts toward developing therapeutic and prophylactic interventions, repurposing an already known drug for use as an antiviral drug may be the fastest and least expensive. Indeed, recently, the anti-malarial agent hydroxychloroquine (HCQ) has gained attention as a potential drug that can be repositioned for the management of COVID-19. Below, we discuss the therapeutic value of this drug, along with its adverse effects.
PHARMACOLOGY OF CHLOROQUINE AND HYDROXYCHLOROQUINE
Chloroquine (CQ) and HCQ are produced and administered orally in tablet form (Pastick et al., 2020). CQ tablet consists of 500 mg of CQ phosphate. HCQ tablet is composed of 200 mg of HCQ sulfate (Pastick et al., 2020). The required dosage varies according to the treated disease (Sanofi-Aventis, 2019). For malarial prophylaxis, a weekly dosage of 6.5 mg/kg is prescribed to adult and pediatric patients (Sanofi-Aventis, 2019). However, a single dose should not exceed 400 mg. Patients are instructed to take two doses before travel to endemic countries and to continue the same dose until 1 month after return. A higher dosage of 2000 mg is used to treat acute malaria. On the contrary, a daily dosage of 200–600 mg is used to treat rheumatoid arthritis and systemic lupus erythematous (SLE) (Sanofi-Aventis, 2019).
For the treatment of COVID-19, the used daily dosages of HCQ have ranged between 800 and 1,600 mg. However, in one study, they defined the effective and safe dose of HCQ based on data reported by in vitro studies and clinical trials (Garcia-Cremades et al., 2020). They examined the relationship between viral load reduction and the dosing of HCQ in treated COVID-19 patients. In this study, it was concluded that a daily dose of HCQ should not exceed 800 mg (Garcia-Cremades et al., 2020). Higher dosages may lead to quicker reduction in viral load and clinical improvement. However, they may induce undesired side effects such as QT interval prolongation. For the therapy duration, the above-mentioned regimen should be given over 7 days (Garcia-Cremades et al., 2020).
HCQ and CQ bioavailability is around 70–80% (Furst, 1996). This makes their use in oral formulation appropriate for treating serious multi-organ diseases. Moreover, they are both recognized by their slowed clearance. CQ is cleared at a rate of 0.35–1 L/h/kg and HCQ is cleared at a rate of 96 ml/min (Ducharme and Farinotti, 1996; Furst, 1996). Their elimination half-lives are estimated at 40–50 days (Furst, 1996). CQ and HCQ are likely known to have large plasma volume of distributions of up to around 65,000 L and 44,257 L respectively (Browning, 2014). Given these pharmacokinetic properties of HCQ and CQ, the clinical course of patients treated with these medications might not be easily predicted particularly in patients with comorbid renal and liver diseases. In fact, these patients are prone to develop serious side effects owed to defective clearance and metabolism of CQ and HCQ. Similarly, CQ and HCQ may exert varying therapeutic effects in distinct patients depending on their renal and hepatic functions.
MECHANISM OF ACTION
Quinine along with its derivatives CQ and HCQ are weak bases that belong to the 4-aminoquinolines family (Savarino et al., 2003; Manohar et al., 2014). Both CQ and HCQ have common targets and similar mechanisms of action. Numerous mechanisms of action contribute to the role of these two drugs in a specific or a group of diseases (Yao et al., 2020). Below we discuss the mechanisms of action of CQ and HCQ which are classified into two groups based on their ultimate results: anti-inflammatory and anti-infectious.
Anti-infectious Activity of Chloroquine and Hydroxychloroquine
HCQ and CQ express anti-viral activity through interfering in various steps of the viral replication. One postulated mechanism is through impairing viral interaction with the target cell receptor by CQ thus hindering viral entry to the cell. This is accomplished by inhibiting the enzyme quinone oxidoreductase 2 (QR2) which is found in red blood cells (Kwiek et al., 2004). QR2 is vital for sialic acid biosynthesis which is a component of ligand recognition (Varki, 1997). Recent studies suggest that CQ and HCQ act by binding to both the sialic acids and the gangliosides, both of which are essential for SARS-CoV-2 entry to the host cell (Fantini et al., 2020). Besides, CQ alters viral and cellular protein glycosylation thus limiting viral-receptor interaction. This is thought to be the key mechanism by which CQ alters the interaction of SARS-CoV with the ACE2 receptor (Vincent et al., 2005). Furthermore, CQ interferes with the p38 mitogen-activated protein kinase (MAPK) pathway which is used by viruses for completion of viral replication cycle (Seitz et al., 2003; Wehbe et al., 2020).
Indeed, HCQ and CQ preferentially confine to acidic organelles (Manohar et al., 2014), and alkalinize the acidic vesicles needed for multiplication of some infectious agents. This effect was observed with multiple organisms including Tropheryma whipplei, Coxiella burnetii and others that need acidic environment for multiplication (Rolain et al., 2007). This increase in pH also impairs the function of several cellular enzymes affecting post-translational modification and limiting iron availability inside the cell (Manohar et al., 2014). Such a mechanism is used against retrovirus infection, where inhibition of post-translational glycosylation of the viral glycoprotein abrogates its interaction with the virus (Savarino et al., 2004). Correspondingly, proteolytic enzymes needed for viral protein processing are not activated in the presence of alkaline environment (Randolph et al., 1990). Similarly, by increasing lysosomal pH, CQ impairs endosome-dependent viral entry to the cell (Gay et al., 2012). This alkalinizing property was also found to constrain the uncoating process of some viral particles (Manohar et al., 2014). In addition, it appears that CQ boosts cytotoxic T lymphocyte response against viral infection through enhancing viral antigen presentation by dendritic cells (Accapezzato et al., 2005).
Anti-inflammatory Activity of Chloroquine and Hydroxychloroquine
The anti-inflammatory effects of CQ and HCQ are owed to their ability to modulate immune mechanisms. Indeed, CQ/HCQ elicit their effects by virtue of their ability to weaken the immune response. For instance, HCQ suppresses the release of several pro-inflammatory cytokines. Indeed, it abrogates the production of IL-6 in both monocytes and T-lymphocytes, and the production of IL-1 alpha in monocytes alone (Sperber et al., 1993). CQ also prevents the production of interleukin beta and Tumor Necrosis Factor-alpha (TNF-α) from macrophages (Jeong and Jue, 1997; Bondeson and Sundler, 1998). Interestingly, CQ represses TNF-α function by several mechanisms including decreased translation of its message (Bondeson and Sundler, 1998), post-translational change to soluble form (Jeong and Jue, 1997) or regulating the receptor expression (Jeong et al., 2002). CQ can also inhibit the activity of phospholipases A1 and A2 (Manku and Horrobin, 1976; Löffler et al., 1985). CQ negatively affects protein catabolism and antigen presentation while sparing phagocytic ability in macrophages (Ziegler and Unanue, 1982). HCQ also targets lymphocytes function by suppressing T-cell activation via inhibiting calcium signaling (Goldman et al., 2000). Besides, by virtue of their ability to abrogate toll-like receptor signaling, CQ and HCQ provide crucial immunosuppressive effect that is needed in the treatment of autoimmune diseases (Kyburz et al., 2006). To note, the immunomodulatory effects induced by CQ and HCQ are inferred from their therapeutic uses in rheumatic diseases such as rheumatoid arthritis and SLE.
The multiple cellular targets and effects of HCQ make it effective against many diseases. Despite some promising outcomes when used with COVID-19 patients, a clear mechanism of action in this particular disease has not yet been elucidated. However, based on the above-mentioned targets of HCQ in viral and autoimmune diseases, some potential cellular effects can be described (see Figure 1).
[image: Figure 1]FIGURE 1 | Potential antiviral activity of Hydroxychloroquine against SARS-CoV-2. HCQ exhibits its antiviral activity through interfering with various steps of the viral replication cycle. While exact mode of action against COVID-19 is not totally revealed, experience with previous viral infections highlights possible scenarios. First, HCQ acts at the pre-entry level. It inhibits SARS-CoV-2 entry into the host cell through three different mechanisms: 1) It binds to the sialic acids and gangliosides, key components used by the spike protein for viral entry; 2) It binds to spike protein-ACE2 receptor complex; 3) It inhibits the activity of Quinone oxidoreductase 2 (QR2) which is essential for sialic acid biosynthesis. Sialic acid is important for ligand recognition. Second, once the virus enters the cell HCQ inhibits the pH-dependent uncoating process by alkalinizing the acidic endosomes. This constrains viral-endosome fusion and consequent viral DNA release into the cytoplasm. The pH-dependent viral entry to the host cell was encountered with previous coronaviruses. Besides, HCQ impedes viral replication by blocking the p38 MAPK cascade. Also, it acts at the viral protein level where it interfere with post-translational modifications such as protein glycosylation. This alters SARS-CoV-2 proteins, affecting viral ability to interact with future host cells. The effect of HCQ extends to induce infected cell death through increasing lysosomal membrane permeability and consequently allowing proteolytic enzymes leakage into the cytoplasm. Finally, HCQ promotes the immune response through enhancing antigen expression by the dendritic cells thus activating cytotoxic T-lymphocytes.
CLINICAL USES OF HYDROXYCHLOROQUINE
The medical use of quinine dates back to 1630 A.D. when the quinine powder, extracted from the tree of Cinchona was employed in the treatment of malaria (Schrezenmeier and Dörner, 2020). This was around 300 years before the medication and its derivatives, CQ and HCQ, were approved by the U.S. Food and Drug Administration (FDA), not only as treatment and prophylaxis for malaria, but also as treatment for rheumatic diseases (Table 1) (Schrezenmeier and Dörner, 2020). Currently, quinine derivatives are considered safe and well-tolerated medicines that are effective in treating a wide range of chronic autoimmune and rheumatic diseases such as anti-phospholipid syndrome, discoid or systemic lupus erythematous, Sjögren disease, juvenile idiopathic arthritis, psoriatic arthritis and rheumatoid arthritis, among others (Rynes, 1997; Lee et al., 2011; Al-Bari, 2015; Schrezenmeier and Dörner, 2020). CQ and HCQ are similarly effective in treating skin diseases such as dermatomyositis, cutaneous sarcoidosis, eosinophilic fasciitis, lichen planus and porphyria cutanea tarda (Rynes, 1997; Al-Bari, 2015). In the latter cases, they are used mainly when conventional therapies are contraindicated or ineffective (Rynes, 1997; Al-Bari, 2015).
TABLE 1 | Key events portraying the well-approved clinical uses of hydroxychloroquine (HCQ) and chloroquine (CQ) along with the historical evolution of their utilization in the medical field (Schrezenmeier and Dörner, 2020).
[image: Table 1]A multitude of distinctive immunomodulatory and anti-inflammatory properties made HCQ a clinically attractive drug (Al-Bari, 2015; Schrezenmeier and Dörner, 2020). Nevertheless, additional distinguishing effects have also been reported in the literature. They include anti-thrombotic, anti-neoplastic, and anti-microbial effects (Al-Bari, 2015; Schrezenmeier and Dörner, 2020). In addition, the use of HCQ in systemic lupus erythematous and rheumatoid arthritis patients has been associated with diminished rates of cardiovascular morbidities and diabetes mellitus, shedding the light on added favorable properties that need to be further investigated (Al-Bari, 2015; Schrezenmeier and Dörner, 2020). Similarly, HCQ was associated with improved glycemic and lipid profiles in these patients, and thus in improved overall survival and life quality (Al-Bari, 2015; Schrezenmeier and Dörner, 2020).
Other uses for HCQ have also been reported. For instance, when co-administered with doxycycline, HCQ can be effective in treating Q fever endocarditis (Raoult et al., 1990; Raoult et al., 1999). This regimen results in quicker recovery rates and infrequent relapses when compared to the originally adopted regimen (Raoult et al., 1999). Similarly, HCQ appears to be adequate for the management of Whipple disease and Tropheryma whipplei endocarditis (Boulos et al., 2004; Fenollar et al., 2013; Lagier et al., 2014). Moreover, HCQ is effective against a multitude of other microbial agents such as giardia, Ebola virus, hepatitis C, HIV and chikungunya (Al-Bari, 2015).
Hydroxychloroquine and COVID-19
Recently, the emergence of the COVID-19 pandemic prompted an increased quest for potential therapies that could prove effective in controlling or improving the outcomes of the disease. Owing to its anti-viral properties, especially ones which showed its efficacy in diminishing actions of SARS-CoV-1 (Keyaerts et al., 2004; Colson et al., 2020; Hashem et al., 2020), HCQ was thought of being repurposed for fighting SARS-CoV-2 and the consequent COVID-19.
Several in vitro studies were conducted to assess the anti-SARS-CoV-2 properties of CQ and HCQ (Hashem et al., 2020; Liu et al., 2020; Wang et al., 2020;Yao et al., 2020). Importantly, both drugs appear to significantly inhibit SARS-CoV-2 replication (Hashem et al., 2020; Liu et al., 2020; Wang et al., 2020;Yao et al., 2020). Additionally, combined HCQ and azithromycin treatment caused a synergistic anti-SARS-CoV-2 effect in vitro (Andreani et al., 2020). Here, we discuss the controversy associated with the use of HCQ in COVID-19 patients by exploring supportive and opposing evidence.
Pros
There are many advantages that make HCQ an attractive candidate. Not only it is safe, but it is also an effective medication with a broad spectrum of action covering various microbial and autoimmune diseases, likely by virtue of its ability to modulate the immune system (Wallace et al., 2012; Schrezenmeier and Dörner, 2020). Additionally, HCQ is a cheap medication with a good safety profile that has been garnered over hundreds of years of its use (Rynes, 1997; Savarino et al., 2003; Lee et al., 2011; Al-Bari, 2015; Schrezenmeier and Dörner, 2020; Zhou et al., 2020a). Importantly, it can be safely used in pregnant women as well (Costedoat-Chalumeau et al., 2003; Sperber et al., 2009).
The undesired side effects of this drug are also mild. They include gastrointestinal symptoms (nausea, vomiting and abdominal pain), along with cutaneous manifestations, and CNS symptoms (headache, dizziness, tinnitus and sleep disturbances) that are less frequently encountered (Rynes, 1997; Lee et al., 2011; Al-Bari, 2015; Littlejohn, 2020; Schrezenmeier and Dörner, 2020). Retinopathy is considered the most feared side effect of HCQ; yet, it is a rare manifestation that occurs mainly with prolonged use of high dosage therapy (Rynes, 1997; Wolfe and Marmor, 2010; Lee et al., 2011; Al-Bari, 2015; Littlejohn, 2020; Schrezenmeier and Dörner, 2020). Nevertheless, long-term monitoring and surveillance, and tight dosage regulation are associated with a reduced incidence of HCQ-induced retinopathy (Abdulaziz et al., 2018; Jorge et al., 2018). Other rare side effects, discussed in the following section, are encountered primarily in the presence of comorbid cardiovascular, renal and liver diseases (Gevers et al., 2020). Furthermore, HCQ is found to be less toxic and better tolerated than CQ (Rynes, 1997; Avina-Zubieta et al., 1998; Al-Bari, 2015; Liu et al., 2020; Schrezenmeier and Dörner, 2020; Zhou et al., 2020a).
Owed to its accessibility, effectiveness, and tolerability, HCQ has gained increased attention. It has been heavily examined in numerous studies as a potential treatment for the emerging pandemic of COVID-19. In this context, several studies, performed in different parts of the world, have discussed the benefits induced by the addition of HCQ to the conservative symptomatic therapies such as fluids, antipyretics and oxygen therapy (Table 2) (Gao et al., 2020; Gautret et al., 2020a; Gautret et al., 2020b; Million et al., 2020; Chen Z. et al., 2020).
TABLE 2 | Clinical trials supporting HCQ use. The following databases were searched: Cochrane, embase, Medline, New England Journal of Medicine and PubMed. A total of five trials supported the use of HCQ in patients with COVID-19. All of them except one were observational cohort studies.
[image: Table 2]Prior to the marked global propagation of the disease, trials using this drug has already started in China (Gao et al., 2020). In this context, it was reported that HCQ is more effective than conventional symptomatic treatment as per data derived from more than 100 patients (Gao et al., 2020). Indeed, treated patients had reduced disease severity, improved radiological findings, quicker virus clearance, and earlier recovery (Gao et al., 2020). Nonetheless, this study has several limitations. First, it is a non-randomized observational study with a limited number of participants. Second, the age and the pre-COVID-19 clinical status of the treated patients are not explicitly stated.
Similarly, Zhaowei et al assessed the efficacy of HCQ in a cohort of 62 SARS-CoV-2 positive patients (Chen Z. et al., 2020). Time to clinical recovery (TTCR), body temperature recovery time, and cough remission time were significantly reduced in the HCQ-treated group when compared to the control group (Chen Z. et al., 2020). Additionally, faster resolution of pneumonia was reported in 80.6% of the HCQ-treated patients vs. 54.8% of the control patients (Chen Z. et al., 2020). In this study, the diagnosis of COVID-19 was confirmed through several parameters including clinical, laboratory, physical and radiological findings. This minimizes the risk of missing a COVID-19 case and also the risk of misdiagnosing patients with COVID-19-like symptoms. The study is a randomized controlled clinical trial. However, the study is not blinded and is limited by the small number of participants. Similarly, patients with serious and critical COVID-19 were excluded as well as those with severe pre-existing medical conditions including arrhythmia, severe liver and renal diseases, and retinal diseases. This makes the selected cohort less susceptible to HCQ associated side effects.
A French trial included a total of 36 patients, 20 of whom received HCQ and 16 received control therapy (Gautret et al., 2020a). Azithromycin was added to the treatment of six HCQ-treated patients in order to avoid superimposed bacterial infection. These patients received daily echocardiographic monitoring (Gautret et al., 2020a). In this trial, HCQ was found to be superior to supportive therapy. After 7 days of treatment, the viral load was reduced in 70% of the HCQ-treated patients (Gautret et al., 2020a). Similarly, addition of azithromycin to HCQ resulted in quicker viral clearance when compared to HCQ alone. In fact, a synergistic reduction in the viral load was induced by this combination (Gautret et al., 2020a). In a second non-comparative study, Gautret et al revisited the benefit of HCQ incorporation in the management of COVID-19 patients, in a cohort of 80 patients (Gautret et al., 2020b). 81.3% of the patients had mild disease with favorable prognosis (Gautret et al., 2020b). 5% were asymptomatic and around 15% had moderate to severe disease requiring oxygen therapy. Three patients were admitted to the intensive care unit (Gautret et al., 2020b). A combination of azithromycin (500 mg on day 1, followed a course of 4 days of 250 mg daily) and HCQ (600 mg daily over 10 days) was given to all patients (Gautret et al., 2020b). After at least 3 days of treatment, 78 patients had improved clinical outcomes, early recovery, and reduced viral load. However, one patient died, and one remained in the intensive care unit despite treatment (Gautret et al., 2020b). The first study conducted by Gautret el al is a single-center non-randomized clinical trial limited by the lack of randomization and blinding and the minimal number of enrolled participants. It is likely limited by the lack of adequate follow up. Additionally, patients with retinopathy, QT prolongation and G6PD deficiency, who are prone to develop HCQ life-threatening side effects, were excluded. This reduces the incidence of serious side effects among the treated patients. Similarly, the second study is a non-randomized non-comparative observational study that is likely limited by the small number of participants and the imposed exclusion criteria. In fact, the evidence derived from these studies is not considered of high-quality owed to the limited sample size and the enhanced risk of selection bias.
Other trials examined the effectiveness of the same combination in a cohort of 1,061 confirmed inpatients (Million et al., 2020). In this study, the effect of this combination on mortality, recovery and viral shedding was determined. Findings showed that the virus cleared in 91.7% of the patients after less than 10 days of treatment. 4.4% of the patients, with a higher original viral load required a longer period of 10 days to clear the virus (Million et al., 2020). Unfavorable clinical outcome was noted in 46 patients (4.3%). Similarly, eight patients, accounting for 0.75%, died due to respiratory failure. Cardiac toxicity was not reported in any of the patients (Million et al., 2020). This study demonstrated that HCQ and azithromycin can be safely used in patients with early disease, particularly in the absence of associated complications. They accelerate recovery and improve overall clinical outcomes (Million et al., 2020). Unlike the previously mentioned studies, this study has a larger cohort of participants. Plasma levels of medications were monitored adequately in most patients and the diagnosis of COVID-19 was based on sufficient clinical and laboratory evidence. However, just like all retrospective studies, the study is subjected to the inherent limitations of retrospective studies denoted by the lack of control and randomization and the biased selection of the participants. Additionally, patients susceptible to HCQ toxicities were likely excluded from the studied cohort.
The above-mentioned trials have triggered a call for further investigations. In fact, out of 688 and 2122 COVID-19 related ongoing trials registered in the Chinese clinical trial registry and the U.S. National Library of Medicine respectively, 11 and 218 trials aim to examine the effectiveness of HCQ in COVID-19 patients (Chinese Clinical Trial Registry, 2020; U.S. National Library of Medicine, 2020a; U.S. National Library of Medicine, 2020b; U.S. National Library of Medicine, 2020c; U.S. National Library of Medicine, 2020d). Ultimately, it is hoped that these trials will provide a clearer understanding of the therapeutic role of HCQ in curing SARS-CoV-2 infection, and also in averting its propagation.
Cons
Hydroxychloroquine and Viral Clearance in COVID Patients
Although HCQ is relatively safe to use in treating malaria and autoimmune diseases, COVID-19 patients may be more susceptible to its adverse reactions, in part because of the compromised function of vital organs secondary to SARS-CoV-2 infection (Gevers et al., 2020). Since HCQ is cleared by the kidney and the liver, severely ill patients, particularly ones with impaired renal or hepatic functions, are at increased risk of experiencing serious adverse reactions. Besides, drug-drug interactions are major causes of some of HCQ’s adverse events (Gevers et al., 2020).
HCQ has an estimated half-life of around 2 months, and is inadequately distributed in adipose tissues. Thus, monitoring for side effects, over a long period of time, is highly advised particularly in the presence of severe comorbid conditions (Gevers et al., 2020). Furthermore, HCQ’s adverse effects may mask or interfere with symptoms of specific illnesses such as COVID-19. This is especially important when evaluating their cardiovascular, neuropsychiatric and gastrointestinal side effects (Gevers et al., 2020).
Following the decision of The Health Ministry of France of permitting the use of HCQ to treat COVID-19, a prospective study assessed the outcomes of 11 patients that were hospitalized at Saint-Louis Hospital (Molina et al., 2020). Those patients received 600 mg/d of HCQ in combination with azithromycin for 10 days (500 mg day 1 and 250 mg days 2–5) (Molina et al., 2020). Among them, eight had underlying comorbid diseases (Molina et al., 2020). As the treatment started, 10 patients were febrile and on oxygen therapy. After 5 days of treatment, one patient passed away and two were moved to the intensive care unit. Furthermore, in one patient, the treatment was terminated after 4 days due to QT prolongation (Molina et al., 2020). After five to 6 days of treatment initiation, the nasopharyngeal swabs of eight patients were still positive for SARS-CoV-2 (Molina et al., 2020). However, these results contradicted the optimistic outcomes provided by an earlier study where 70% of patients treated with HCQ had negative PCR testing by day 6, compared to only 12.5% of patients in the control group (Gautret et al., 2020a). Congruently, no significant difference in the rate of viral clearance, hospital stay, radiologic findings or temperature regulation, between control and HCQ treated groups was also reported (Chen J. et al., 2020). Nevertheless, these two studies conducted by Molina el al and Chen et al are both limited by the small number of enrolled patients. The first study is likely subjected to several limitations owed to the lack of control and randomization and the inherent errors associated with observational studies.
The RECOVERY trial is a large multi-center randomized controlled trial that compares several treatments to standard management in patients with COVID-19 (Horby et al., 2020). Preliminary results depicting the difference between HCQ and standard care have shown no improvement in the clinical outcomes of the HCQ-treated group (Horby et al., 2020). HCQ was not linked with improved mortality in the treated group. Yet, it imposed an increase in the duration of hospitalization and an enhanced risk of deterioration and progression to assisted respiration (Horby et al., 2020). The SOLIDARITY trial is another multi-national multi-center randomized controlled clinical trial issued by WHO (WHO, 2020b). It compares several proposed anti-COVID-19 therapies to usual care. Owed to absence of or minimal benefit induced by HCQ, the committee has decided to discontinue the use of HCQ in this trial (WHO, 2020b). Furthermore, the ORCHID Study, a third multi-center placebo-controlled randomized clinical trial comparing HCQ to standard therapy, was also terminated by the National Institutes of Health due to the lack of benefit produced by HCQ (NIH, 2020).
Moreover, a recently published multicenter randomized clinical trial performed in Brazil has compared the efficacy of standard care alone to each of standard care plus HCQ and standard care plus combined HCQ and azithromycin in hospitalized patients with mild to moderate disease (Cavalcanti et al., 2020). 667 patients were randomly assigned to one of the three groups. HCQ was given at a dosage of 800 mg/day divided into two doses for 7 days. Azithromycin was given at a dosage of 500 mg once daily for 7 days. No significant difference in clinical status was noted among the three treated groups at 15 days of treatment initiation (Cavalcanti et al., 2020). Additionally, more side effects were encountered by the HCQ and the HCQ plus azithromycin treated groups as compared to the control group. Prolonged QT interval and hepatic injury were among the witnessed side effects in this study (Cavalcanti et al., 2020). This study was subjected to multiple limitations. First, the number of assessed outcomes was limited. Hence, the role of each of HCQ and azithromycin in treating COVID-19 cannot be objectively assessed and based on this study since unstudied benefits induced by HCQ and azithromycin may be easily missed. Second, no blinding was applied in this study. Finally, adherence to treatment regimen cannot be asserted owed to the increased demand for and the lack of these medications in some of the enrolled hospitals. This may result in biased and inconsistent outcomes.
Besides, in a recently published study, SARS-CoV-2 infection was found to be resistant to CQ in lung cells positive for TMPRSS2, a cellular protease that facilitates the invasion of the cells by SARS-CoV-2 (Markus Hoffmann, 2020). The potential inhibitory effect induced by the expression of TMPRSS2 was not seen in non-pulmonary cell lines (Markus Hoffmann, 2020). This means that CQ, and likely HCQ, may not be effective in clearing SARS-CoV-2 infection in pulmonary tissues, and that initial in-vitro results supporting the use of HCQ in COVID-19 patients might have stemmed from experiments performed on non-pulmonary tissues (Markus Hoffmann, 2020). Congruently, use of HCQ for clearing SARS-CoV2 infection was not supported by preclinical evidence despite the different models employed such as mice or hamsters, or even in vitro studies (Funnell et al., 2020). This endorses the hypothesis suggested by Hoffman. In short, HCQ seems to be not suitable for treating human or human-like pulmonary tissues infected with SARS-CoV2 as concluded from these in vitro and in vivo studies.
As such, despite the positive outcome reported by some studies, whether HCQ is effective or not remains controversial. Furthermore, no solid evidence has validated the potent antiviral activity or clinical benefit of the combination of HCQ and azithromycin in curing hospitalized COVID-19 patients with moderate to severe disease. Table 3 highlights the unfavorable results reported by some of the completed clinical trials.
TABLE 3 | Clinical trials against HCQ use. The following databases were searched: Cochrane, Embase, Medline, New England Journal of Medicine and PubMed. A total of four trials (two randomized controlled trials (RCT) and two cohort studies) showed no significant improvement in clinical outcome and mortality when comparing the HCQ-treated group to the control group.
[image: Table 3]Serious Side Effects of Hydroxychloroquine
In addition to its above-mentioned well-tolerated gastrointestinal and cutaneous adverse reactions, HCQ may lead to serious cardiotoxic, metabolic and neuropsychiatric manifestations, as depicted in Figure 2. Indeed, HCQ may lead to a multitude of cardiac events denoted by bundle branch block, complete AV block, QRS and QT prolongation, Torsades de pointes, and ventricular tachyarrhythmia (Jordan et al., 1999; Marquardt and Albertson, 2001; Chen et al., 2006; Kruisselbrink and Zaki Ahmed, 2010; Gevers et al., 2020). Similarly, patients on HCQ may develop cardiotoxicity secondary to HCQ-induced hypokalemia (Jordan et al., 1999; Marquardt and Albertson, 2001; Chen et al., 2006; Kruisselbrink and Zaki Ahmed, 2010). These patients may become prone to serious life-threatening hypotensive episodes especially in the setting of prolonged intake and overdose (Jordan et al., 1999; Marquardt and Albertson, 2001; Chen et al., 2006; Kruisselbrink and Zaki Ahmed, 2010).
[image: Figure 2]FIGURE 2 | A multitude of side effects may be elicited by the use of HCQ. Most of the experienced side effects are mild and well-tolerated ones that include cutaneous, gastrointestinal and neurological symptoms denoted by itching, skin rashes, abdominal pain, nausea, vomiting, diarrhea, headache, and dizziness. Life-threatening cardiovascular side effects are particularly encountered in critically ill patients with comorbid hepatic or renal diseases. Similarly, the toxicity of HCQ can be potentiated by the coadministration of drugs that may affect the metabolism of HCQ, or enhance its pro-arrhythmic effects. Retinopathy constitutes another feared side effect associated with chronic use of high-dose HCQ. Furthermore, patients may experience serious gastrointestinal events such as liver injury, and neuropsychiatric events such as confusion, seizure, mood changes and psychosis.
Long-term use of HCQ has been associated, in rare cases, with advanced cardiomyopathy, as well as subsequent cardiovascular compromise and heart failure (Costedoat-Chalumeau et al., 2007; Hartmann et al., 2011; Muthukrishnan et al., 2011; Joyce et al., 2013; Zhao et al., 2018). Notably, HCQ cardiotoxicity is primarily encountered in patients with preexisting liver or kidney diseases, as well as in those taking medications that may affect HCQ metabolism or potentiate its side effects (Chen et al., 2006; Gevers et al., 2020). For instance, the risk of QT prolongation is greater when HCQ is added to other QT-prolonging drugs such as macrolides (Gevers et al., 2020). Besides, pediatric patients are also susceptible to HCQ’s pro-arrhythmic effects, even if only small doses are used (Erickson et al., 2020). Hence, precise dosing and careful monitoring are both required to avoid fatal cardiotoxicities of HCQ.
In a recent study, male gender, older age and concurrent intake of NSAIDs were identified as potential risk factors for HCQ cardiotoxicity (Cohen et al., 2020). In addition, it appears that CQ confers a higher risk of cardiotoxicity as compared to HCQ (Cohen et al., 2020). Contextually, HCQ cardiotoxicity becomes of utmost relevance in COVID-19 patients. Indeed, two separate studies show that cardiac involvement is a predictor of mortality in COVID-19 patients (Guo et al., 2020; Shi et al., 2020). This explains the higher incidence of complications and adverse events in the group of HCQ-treated COVID-19 patients, as evidenced by an open label randomized clinical trial of 150 Chinese patients (Tang et al., 2020).
Hypoglycemia is yet another serious side effect exerted, albeit rarely, by HCQ (Cansu and Korkmaz, 2008; Sheikhbahaie et al., 2016; Richard De-Heer, 2018). Indeed, evidence stemming from both in vitro and clinical studies underscores the role of HCQ in reducing blood glucose levels. This is primarily achieved through the potentiation of the hypoglycemic effects of insulin (Cynober et al., 1987). It appears that HCQ increases plasma levels of insulin via the downregulation of its intracellular breakdown as well as the enhancement of intracellular accumulation (Cynober et al., 1987). Additionally, HCQ elicits this hypoglycemic effect by reducing the rate of glucose receptor recycling, and also by promoting insulin-dependent cellular uptake of glucose (Cynober et al., 1987).
Other undesired outcomes such as psychiatric and neuromuscular adverse effects have also been associated with HCQ use, particularly with prolonged use of increased doses. Some of these adverse effects include anxiety, agitation, depression and personality changes (Manzo et al., 2017; Gevers et al., 2020). Moreover, confusion, headache, neuropathy, seizure, visual disturbances and weakness represent reversible CNS manifestations of high dose-use of HCQ (Estes et al., 1987; Stein et al., 2000; Kwon et al., 2010; Vinciguerra et al., 2015; Gevers et al., 2020).
Table 4 depicts side effects experienced by COVID-19 patients as well as the incidence of these adverse effects among the treated patients. Overall, the incidence of side effects has ranged between 0.06% and 33.67%. This depends largely on the administered dose of HCQ and the co-existence of cardiac, hepatic and renal diseases that might potentiate the toxicity of HCQ. Most side effects were mild cutaneous, gastrointestinal and neurologic. Nonetheless, serious life-threatening side effects such as torsades de points and QT interval prolongation were likely encountered by these patients.
TABLE 4 | Side effects experienced by COVID-19 patients and their incidence among the treated patients.
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To date, no medication has been approved for pre- and post-exposure prevention of COVID-19. Adequate quarantine and monitoring of clinical symptoms remain the mainstay of post-exposure prophylaxis. Similarly, appropriate practicing of social distancing and proper utilization of personal protection equipment, including face masks and googles, continue to be the core means of COVID-19 pre-exposure prevention. Nonetheless, the role of HCQ in preventing COVID-19 pre- and post-exposure has been tackled in various clinical studies. Boulware et al performed a double-blinded randomized clinical trial involving 821 American and Canadian individuals who were exposed to a confirmed case of COVID-19 at home or occupation (Boulware et al., 2020). The participants were divided into two groups based on the degree of personal protection at the time of exposure: 1) group of high-risk exposure and 2) group of moderate risk exposure. Exposed Individuals with and without a face mask were considered at moderate- and high-risk respectively (Boulware et al., 2020). Furthermore, participants were given randomly placebo or HCQ. A cumulative HCQ dose of 3,800 mg, divided over five days, was provided to the treated group. After 14 days of follow up, there was no significant difference in the number of newly diagnosed COVID-19 cases among the placebo and the treated groups. Additionally, treated patients were subjected to more side effects with most side effects being self-limited gastrointestinal and neurologic effects (Boulware et al., 2020).
Interestingly, this trial had several limitations including inadequate confirmation of exposure, and inappropriate diagnosis of COVID-19 based on clinical symptoms in the absence of molecular confirmation. Indeed, participants who developed clinical symptoms similar to those of COVID-19 were considered SARS-CoV2 positive. Their infection was not proven positive through SARS-CoV2 polymerase Chain Reaction (PCR) testing. Furthermore, the median age of the enrolled participants was 40 years and most were aged between 33 and 50 years. This means that most of the enrolled participants were healthy young individuals. As a result, the prophylactic effect of HCQ can be better assessed through larger randomized clinical trials that involve older patients with pre-existing comorbid conditions.
The pre-exposure prophylactic effect of HCQ has been likely investigated in a multitude of complete and ongoing studies. In one double-blinded randomized clinical trial, the efficacy of HCQ in preventing COVID-19 was examined among 1,483 American and Canadian healthcare workers who are significantly exposed to COVID-19 patients in high-risk areas such as emergency departments, COVID-19 units and intensive care units (Rajasingham et al., 2020). The participants were assigned to three groups: 1) HCQ group 1, provided with a dose of 400 mg once weekly for 12 weeks, 2) HCQ group 2, provided with a dose of 800 mg twice weekly for 12 weeks, and 3) placebo group (Rajasingham et al., 2020). After 12 weeks of follow up, no significant difference in the incidence of COVID-19 was detected among the three groups (Rajasingham et al., 2020). However, just like the previous study, this study was limited by the lack of adequate PCR testing, and also by the inherent error associated with the use of PCR in confirming COVID-19. Similarly, the diagnosis of COVID-19 in many participants was made based on clinical judgment and was not confirmed through laboratory testing.
CONCLUSION
Evidence on the effectiveness and safety of HCQ in treating COVID-19 infection is still controversial. Most of the available studies are non-randomized with preliminary results. We argue that multi-center placebo-controlled randomized clinical trials are urgently needed to assess the efficacy, safety as well as determining the best dosing regimen of HCQ. It is also essential to assess longer-term effects, and thus a thorough examination of upcoming results reported by high-quality ongoing trials is much needed (see Table 5).
TABLE 5 | | Ongoing clinical trials. Owed to the scarcity of reliable evidence, hundreds of clinical trials were initiated in many parts of the world. Here, we searched the databases of Cochrane, embase, Medline, New England Journal of Medicine and PubMed along with the clinical trial registry (ClinicalTrial.gov), and we selected randomly some ongoing trials.
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