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Abstract — Hydroxychloroquine (HCQ) is a molecule from the 4-aminoquinoline
family which is utilized for the treatment of many diseases. This is one of the
essential drugs, as per WHO. HCQ has been an anti-malarial drug and is also used
for the treatment of autoimmune and rheumatic diseases. This molecule is
repurposed for many types of diseases, either alone or in combination with other
drugs. This review article discusses its synthetic methodologies and approved
applications along with repurposed studies. This article covers HCQ applications
in anti-cancer activity, anti-rheumatic activity, epigenetic activity, systemic lupus
erythematosus, and COVID-19.

1. INTRODUCTION

Hydroxychloroquine  (HCQ)  (2-[[4-[(7-chloroquinolin-4-yl)amino]pentyl]ethylamino]ethanol)  was
licensed for medicinal use by the FDA in 1955.1 It belongs to the 4-aminoquinoline family and has an
aromatic structure that is flat. This is a biologically active molecule and has been successfully utilized to
treat malaria. This molecule has also been used for prophylaxis and connective tissue disease.?? Because
of the presence of a basic side chain, it is a weak base that contributes to drug accumulation in lysosomal
intracellular compartments. This is necessary for the activity and facilitation of interaction with nucleic
acids. HCQ has R and S isomers, i.e., it exists as enantiomers (Figure 1). The presence of
(S)-(+)-hydroxychloroquine  concentration is low in blood than the counter isomer
(R)-(-)-hydroxychloroquine.! This also confirms the role of stereoselective processes in the drug's
metabolism and/or deposition. There have been several studies on its synthesis and applications. This

review article discusses its synthetic methodologies, approved applications, and repurposed studies.
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Figure 1. Structures of hydroxychloroquine isomers

2. SYNTHESIS OF HYDROXYCHLOROQUINE

According to a US Patent granted in 1951, the synthesis of HCQ was done in three steps.*® The alkylation
of 1-chloro-4-pentanone (1) was done in the first step, which takes place in xylene under refluxing
conditions for 3 h with N-ethyl-N-hydroxyethylamine (2). The obtained tertiary amine 3 was purified and
isolated in 44% yield through vacuum distillation. The second step involved the reductive amination of 3,
which was performed using Raney nickel catalyst in methanolic ammonia at room temperature for 24 h
under 1000 psi hydrogen. The amine 4 was obtained in 89% vyield. The third step involved heating the
amine 4 with 4,7-dichloroquinoline (5) for 18 h at 125-130 °C in the presence of phenol and catalytic
K1.4% After the completion of the reaction, the liquid was diluted with methanol, and phosphoric acid was
purged to get the product in salt form (Scheme 1). This process was associated with a number of
limitations, which includes the use of phenol, product deterioration at high temperatures, and additional
purification steps.” To improve the yields and overcome the limitations, some of the synthetic steps from
Scheme 1 was modified.”2

The HCQ synthesis was also done using the continuous flow method.’*'* To make the displacement
reaction more facile and reduce side reactions, 5-iodopentan-2-one (7) was employed instead of chloride
analogue 1. Tetrahydrofuran (THF) was chosen as the primary solvent to facilitate the conversion of 7 to
3 in 86% vyield. In place of direct ketone reductive amination, a two-step approach using oxime was
devised, allowing both reactions to be carried out in THF (Scheme 2).1® The oxime 8 was formed by the
reaction of 3 with NH2OH in the presence of K.COs using THF as solvent. The oxime 8 was further
subjected to hydrogenation with Raney nickel under high pressure to yield the compound 4. The reaction
of 4 with 5 was done in the presence of EtsN and K2COsto get HCQ in 78% yield.*3

The synthesis was also done by protecting the keto group in 1 to ketal and then further reacting with
amine 2. 5-Chloro-2-pentanone (1) was protected by ethylene glycol in a non-polar solvent using acid
catalyst like para-toluenesulphonic acid, methanesulphonic acid, perchloric acid etc. at a temperature
ranging from 80 to 90 °C to get ketal 9 (Scheme 3).” This was further condensed with 2 in a non-polar

solvent like toluene to give N-substituted product 10 in 83% vyield. The compound 10 was deprotected
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with conc. HCI to give 5-[ethyl(2-hydroxyethyl)amino]-2-pentanone (3), which was ammoniated and
hydrogenated with Raney nickel in high pressure to give 4.

The reductive amination was carried out by the reaction of ketone 3 with alcoholic ammonia in the
presence of catalyst, Raney nickel, under hydrogen pressure of 20 to 22 kg/cm? at temperature ranging
from 40 to 80 °C for a period of 5 h to yield the compound 4 in 80% yield. Further, the reaction of 4 with
5 under basic conditions afforded HCQ in an overall yield of 40% after six stages of reactions.” The
condensation reaction was carried out at temperature range of 110 — 115 °C for a period of more than 40 h
in the presence of catalytic amount of potassium iodide and the sodium hydroxide.” The conversion of HCQ
to HCQ sulfate was achieved by heating the HCQ in methanol with sulfuric acid at 100 °C for 4 h. The
reaction of 4 and 5 was also done in nitrogen atmosphere at high pressure, resulted in the formation of
HCQ (Scheme 4).2 This reaction was done in a high-pressure reactor where both the reactants 4 and 5 in a
molar ratio of 1.1:1 were present. The nitrogen gas was used to modify the reactor's internal pressure to a
range of 5 to 20 bars, ideally 10 to 15 bars and the reactor is stirred at 80 °C for 30 min. Slowly the
temperature was raised to 110 °C and kept for 4 h to yield HCQ in 78% vyield.® The current procedure
permits the manufacturing of HCQ with high purity and high yield while offering a number of benefits,
including the inhibition of by product formation by lowering a reaction temperature and greatly shortening
a reaction time by utilising pressure without the need of a catalyst or reaction solvent, as well as lower

production costs.®
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3. MEDICINAL APPLICATIONS OF HYDROXYCHLOROQUINE

3.1 ANTI-MALARIAL ACTIVITY

HCQ was the first-line treatment for malaria for decades because of its great efficacy, tolerance, and low
cost.>18 HCQ is lipophilic, and hence it can enter red blood cells and act as a blood schizonticide against
trophozoites (RBCs).2%% The amino acids required for development are obtained by trophozoites in
RBCs breaking down haemoglobin in their food vacuole. Haem (ferriprotoporphyrin IX) is produced
during this breakdown, and it is harmful to the parasite because it lyses cell membranes.?! Harmful haem
is converted to non-toxic crystallized hemozoin in the food vacuole.?? The pH of the food vacuole is
raised by HCQ, which prevents harmful haem from being converted to non-toxic hemozoin.?®> Membrane
lysis and parasite death are caused by toxic haem accumulation.

The main explanation for the anti-malarial mechanism is that the detoxifying process in Plasmodium
parasites is blocked.?* Plasmodium ingests haemoglobin from the RBC cytosol into the food vacuole during
the blood stage and decomposes haemoglobin to get amino acids proteins synthesis that is required for their
development.? The parasite's heme polymerase converts toxic oxidised heme carrying ferriprotoporphyrin
IX (FPIX) hematin into nontoxic crystalized polymers called as hemozoin from the proteolytic breakdown
of haemoglobin.?® Since the food vacuole is a lysosomal isolated acidic compartment, HCQ's mild
alkalinity may aid its diffusion across the membrane, where it then converts to a protonated form that
cannot diffuse out.?” HCQ has been demonstrated to limit FP1X detoxification through a variety of methods.
By polymerizing with FP1X, which is extremely toxic and causes parasite cell lysis, accumulating CQ in the
feeding vacuole might limit FP1X polymerization.?® It is found that the HCQ-hematin combination may cap
the expanding hemozoin polymer and prevent further polymerization, leading to toxic hematin build-up and

parasite damage.?® HCQ can also be thought of as a target for enzymes involved in hemozoin production. P.
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falciparum's histidine-rich protein-2 (Pfhrp2) has been reported to facilitate the synthesis of hemozoin via
binding to FP1X.2® HCQ was shown to displace FPI1X from Pfhrp2 and create a CQ-FP1X complex, causing
parasite cell toxicity.3!

HCQ's target, according to another theory, is the nucleus, not the lysosome. HCQ may interact with or
directly bind to DNA and RNA, disrupting the replication and transcription processes hence potentially
inhibiting parasite growth and reproduction or inducing apoptosis.® There are also disagreements over the
mechanism of HCQ uptake. HCQ build-up in parasite cells may be mediated by an importing transporter
rather than diffusion. It was found that a Na*/H* exchanger on the cytoplasmic membrane can work as HCQ
importer, transporting HCQ and Na* into cells via proton exchange. The observation of HCQ absorption
inhibition by Na*/H* exchanger (NHE) inhibitors corroborated this idea.

3.2 REPURPOSING OF HYDROXYCHLOROQUINE

3.2.1 Anti-cancer activity

The repurposing of HCQ for cancer therapy have been studied as autophagy regulator to target
tumors.®3 This has been observed that cancer genesis and development is supported by autophagy
which is going to be an excellent target for cancer treatment. Antimalarial medicines affect lysosomal
activity, autophagy, and signaling pathways directly at the molecular level.?® The mechanism of action,
like that of other immune system treatment strategies, is likely context-dependent (i.e., depending on
inflammatory conditions and/or injured tissues or organs). Autophagy and lysosomal activity inhibition is
one of HCQ's main modes of action.®® This has been established that HCQ accumulates in lysosomes and
inhibits their activity (lysosomotropism). Interfering with lysosomal function may decrease lymphocyte
function and have immunomodulatory or anti-inflammatory effects. HCQ inhibits the autophagic flux.
Being a permeable, non-protonated, basic and weak diprotic molecule at pH 7.4, can enter cells.3” Upon
entering the lysosomes, HCQ being weakly basic amines become protonated, which leads to its
entrapment in acidic lysosomes and an increase in the lysosomal pH, which inhibits the lysosomal
degradative enzymes.®®% This interrupts the fusion of the autophagosome with the lysosome, during the
formation of autophagic autolysosomes.

Antigen presentation through the lysosomal pathway is a mechanism via which HCQ may have
anti-inflammatory effects. Hydrolytic enzymes in lysosomes work with other vesicles to digest cargo
(such as organelles) and material from within the cell (through autophagy) or material from outside the
cell (via phagocytosis) (by endocytosis or phagocytosis). Lysosomes have more role to play than only
cellular substrate recycling.®® These are also antigen processing and MHC class Il presentation, which
supports immune activation.** Antigen presentation and immunological activation are also aided by

autophagy.*?** Because the pH of lysosomes is optimum for lysosomal enzymes involved in hydrolysis,
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HCQ may disrupt lysosome and autophagosome maturation and limit antigen presentation along the
lysosomal route by raising the pH of endosomal compartments.*®> Overall, the research suggests that HCQ
impairs or inhibits lysosomal and autophagosome processes, resulting in immunological activation.
Researchers are aiming to define the exact molecular targets of HCQ within the lysosome, in addition to
lysosomotropism. In one study, PPT1, an enzyme involved in the breakdown of lipid-modified proteins,
was discovered to be a potential lysosomal target of HCQ and its derivatives.*® PPT1 is overexpressed in
the synovial tissue of people with rheumatoid arthritis (RA),*” and HCQ can bind to it and inhibit its

activity.*

3.2.2 Anti-rheumatic activity

A common immunosuppressant prescribed for the treatment of RA is HCQ.*® A study showed that HCQ
inhibited Tfh cells ex-vivo and in-vivo, which are responsible for RA development.*® The presence and
persistence of RA are strongly linked to dendritic cells (DC) function,> and results demonstrated that the
modulation of DC function may be an effective tool for treating RA.>*3 The effects of HCQ are often
observed to be different from the effects of glucocorticoids and nonsteroidal anti-inflammatory agents as
the fact that HCQ improves clinical and laboratory parameters, however, sets them apart due to their slow
onset of action. The effects of HCQ upon pH in intracellular vacuoles, in addition to proteins being
degraded by acidic hydrolases in the lysosome, macromolecules being assembled in endosomes, and
proteins being modified post-translationally in the Golgi complex, are altered.

Anti-rheumatic effects are observed by HCQ by interfering with "antigen processing"” within macrophages
and other antigen-presenting cells. To digest antigenic proteins and assemble peptides with the a and f
chains of MHC class Il proteins, acidic cytoplasmic compartments are needed. Anti-malarials reduce the
formation of the complexes of peptides and MHC proteins required for CD4" T cells to be stimulated and
also reduce the immune response against autoantigenic peptides. Anti-malarials are particularly well suited
for combination drug therapy, because their mechanism of action differs from those of other anti-rheumatic
medications, triple treatment with HCQ, methotrexate, and sulfasalazine was nearly as beneficial in terms
of quality of life as biologic treatment.> The acidic vesicles, like the lysosomal compartment, collect HCQ
(an essential site of action for this drug)®>°® due to its weak base. In patients with RA with mild joint
symptoms, HCQ blood concentrations were shown to be higher than in those with active seropositive
disease. An individual's condition, like apparent or subclinical inflammation (an acidic milieu) that
sequesters these drugs, may also influence drug level variations. DCs were shown to be active in and CIA
mice and RA patients, according to a study, and HCQ blocked DC activities, preventing the onset and
progression of RA. The mechanism could be linked to toll-like receptors (TLR9) inhibition.>” The study

also suggested that the HCQ use lowers the risk of diabetes in rheumatoid arthritis patients.®® This is
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linked to improved lipid profiles in these patients.>® In individuals with inflammatory rheumatic disorders,
HCQ can lower atherosclerosis rates, improve hyperglycemia and hyperlipidemia, and protect against
infections.®961

HCQ medication appears to have no higher risk in the short term among individuals with rheumatoid
arthritis, but it appears to be associated with greater cardiovascular mortality in the long run, according to
a study. Even in the short term, the addition of azithromycin raises the risk of heart failure and
cardiovascular death.®? In a study of clinical and structural efficacy, HCQ was found to be comparable to
or less effective than methotrexate or sulfasalazine in monotherapy. Combining HCQ with other

DMARDs may improve clinical efficacy.®

3.2.3 Epigenetic activity

Multiple myeloma (MM) is a haematological tumour produced through a combination of genetic and
epigenetic alterations where neoplastic plasma cells (PCs) grow and concentrate in the bone marrow
(BM).% The pathophysiology of this tumour has been connected to the hyperactivation of a multi-subunit
oncogenic histone methyltransferase, the Polycomb repressive complex 2 (PRC2). PRC2 is a
methyltransferase that catalyzes the monomethylation, dimethylation, and trimethylation of histone H3 at
lysine 27 (H3K27me3), which is required for cellular differentiation and vertebrate development.®® The
anti-malarial medicine HCQ, commonly known as an autophagy inhibitor, has a new mode of action, which
could explain its anti-cancer effectiveness.

Multiple myeloma (MM) development and progression have been linked to a number of genetic and
epigenetic events. This is also associated as deregulation of a number of signaling pathways which control
RNA editing, DNA repair, and protein homeostasis, and that could be used as therapeutic targets.%®-"°
According to a study, HCQ inhibits PRC2 allosteric binding to embryonic ectoderm development (EED)
within the H3K27me3-binding pocket, antagonizing PRC2 catalytic activity. The in-silico results back up
HCQ's claim that it lowers H3K27me3 levels in MM cells. These data suggest that HCQ plays a different
epigenetic role, which could have clinical ramifications.

3.2.4 Systemic Lupus Erythematosus (SLE)

SLE is a chronic multisystem autoimmune illness where the healthy tissues have been attached by
mistake from the immune system of the body. It is a complex and heterogeneous illness that can cause
inflammation in practically every tissue or organ of the body.” In addition to severe constitutional
symptoms, SLE is most usually linked with skin, joint, serosal, renal, and central nervous system
manifestations. The condition is particularly frequent in young women, and it is still linked to a higher

mortality rate and a death rate.”?
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With novel drugs, such as targeted biological treatments, being designed and extensively studied, there's
been a revival of interest in SLE in the latest years.”® Moreover, several of the drugs being used to treat
SLE for many years are all being re-examined. Immunomodulatory therapies used in maintenance and
induction of remission in lupus nephritis, such as azathioprine, cyclophosphamide, and mycophenolate
mofetil, are in specific being thoroughly explored, as evidenced by the latest systematic review,’* and this
recent finding has contributed to the development of robust treatment guidelines of lupus nephritis.”
Similar evidence is being sought in lupus symptoms other than renal.”

The anti-malarial HCQ has been a standard treatment for SLE. It is hypothesized to help SLE patients by
stabilizing the microsomal membrane, which prevents endosomal maturation and neutralizes the acidic
environment crucial for endosomal activity.”” For maximum function, intracellular TLRs need to attach to
nucleic acid ligands, and this action is aided by the acidic endosome environment, which is disturbed by
HCQ.”” When TLRs are inhibited, levels of interferon-alpha, a cytokine considered to be one of the key
mediators of inflammation, are suppressed. In SLE,’® there are very few reported instances of severe side
effects with HCQ, most of which self-limiting and mild, like headaches and nausea. It is usually dosed
weight based at a dose of 6.5 mg/kg, to a maximum daily dose of 400 mg, either as a single dose or as a
divided dose.

In SLE, HCQ inhibits Toll-like receptor activation.”® Blocking this pathway appears to decrease the body's
primary cell-mediated inflammatory response in-vitro, while in-vivo results showed lower levels of
interferon-alpha.”® This is due to the HCQ’s powerful influence on the cell-mediated pattern of
inflammation present in lupus. Due to the positive response with HCQ in SLE, this is anticipated that the

drug will expand markedly.”80-%2

3.2.5 Repurposing for COVID-19

Several studies have demonstrated that HCQ has antiviral properties, which has sparked curiosity about
its utility in coronavirus disease 2019 (COVID-19).83-8 Several therapies are being tested to determine
their effectiveness against SARS-CoV-2 (SARS-CoV-2) as a consequence of the COVID-19 pandemic.
HCQ inhibits inflammation Dby inhibiting the production of cytokines and inhibiting
immunomodulation.?8%%° Within a rheumatic setting and potentially in cases of SARS-CoV-2 infection,
attenuation of inflammation results in greater responses.® HCQ increases the pH of lysosomes to inhibit
endosomal acidification, thereby preventing viral RNA from being shed into the cytoplasm and
interfering with replication.®#92%% The in-vitro study with HCQ for SARS-CoV-2 showed an ECso value
of 6.14 uM after 24 h of growth.8%% There are many trials registered to treat or prevent COVID-19 for
HCQ, either alone or in combination with other drugs (Clinicaltrials.gov). The HCQ showed an excellent

537 h half-life in blood and 2963 h in plasma.®® The clinical trial doses vary for 7-14 days daily from
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200-400 mg either once or twice.

The HCQ also acts as Sialic Acid Receptors (SAR) blockage, which is helpful against
SARS-CoV-2.92%97 This has been found that the region of the S protein that is responsible for
SARS-CoV-2 binding to sialic acid receptors is similar to the region that is responsible for MERS-CoV
attachment to SAR.% The SAR and the previously known ACE2 receptor may contribute to
SARS-CoV-2's entry into the upper respiratory tract. Additionally, a novel binding site for gangliosides
was discovered in the N-terminal domain (NTD) of the SARS-CoV-2 S protein. HCQ was effective in
inhibiting SAR.%

The HCQ also showed its action by acting on ACE2 receptor, which works at the pre-entry stage
only.®8% The S proteins have a role in viral particle association and passage into host cells.® It is made
up of two parts: the S1 subunit and the S2 subunit.’® The S1 subunit is in charge of facilitating passage
into host cells by binding to the ACE2 receptor. After that, cellular proteases like transmembrane serine
protease Il (TMPRSS2) aid S priming, resulting in S1/S2 and S2' breakage. Splice changes in the genome
of TMPRSS2 caused by single-nucleotide polymorphisms have been shown to modify its expression
levels, influencing the rate of SARS-CoV-2 infection in patients.® The S2 domain is cleaved, releasing
fusion peptide'® and S2 subunit promotes the viral membrane to merge with the cellular membrane.®*
SARS-CoV-2 spikes linked to a truncated ACE2 with a greater affinity than full-length ACE2, according
to a new in silico investigation. The N-terminal region of this shortened ACE2 was identical to that of
full-length ACE2.%” Some other research identified the key amino acid acids responsible for increased
spike binding affinity to ACE2.1% For ACE2 to be converted to an active form, it must be glycosylated.
As a result, when the SARS-CoV-2 S protein attaches to it, the ACE2 receptor is activated by
glycosylation. In this scenario, HCQ is critical because it blocks the glycosylation of ACE2 receptors,
which prevents SARS-CoV2 from infecting host organisms.1%

4. CONCLUSION

Hydroxychloroquine (HCQ) belongs to the 4-aminoquinoline family. This molecule has proven its utility
for the treatment of many diseases that have been recognized by WHO also. HCQ has been an
anti-malarial drug and is also used for the treatment of autoimmune and rheumatic diseases. This
molecule is repurposed for many types of diseases, either alone or in combination with other drugs. The
studies for the use of HCQ as anti-cancer activity, anti-rheumatic activity, epigenetic activity, systemic
lupus erythematosus, and in recent COVID-19 have been covered. The synthesis of HCQ has been

discussed using 4,7-dichloroquinoline.
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