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• Chloroquine displays a broad range of
biological effects.

• Many chloroquine effects display
hormetic dose responses.

• The hormetic responses may be impor-
tant clinical implications.
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The use of chloroquine in the treatment of COVID-19 has received considerable attention. The recent intense
focus on this application of chloroquine stimulated an investigation into the effects of chloroquine at low doses
on highly biologically-diverse models and whether it may induce hormetic-biphasic dose response effects. The
assessment revealed that hormetic effects have been commonly induced by chloroquine, affecting numerous
cell types, including tumor cell lines (e.g. human breast and colon) and non-tumor cell lines, enhancing viral rep-
lication, spermmotility, various behavioral endpoints as well as decreasing risks of convulsions, and enhancing a
spectrum of neuroprotective responses within a preconditioning experimental framework. These diverse and
complex findings indicate that hormetic dose responses commonly occur with chloroquine treatment with a
range of biological models and endpoints. These findings have implications concerning study design features in-
cluding the number and spacing of doses, and suggest a range of possible clinical concerns and opportunities de-
pending on the endpoint considered.

© 2020 Elsevier B.V. All rights reserved.
alabrese), j.hanekamp@ucr.nl
).
1. Introduction

The use of chloroquine as a clinical treatment during the COVID-19
pandemic has generatedvast public attention andhundreds of clinical tri-
als (Ali and Alharbi, 2020; Cortegiani et al., 2020; Gendrot et al., 2020).
This compound was first discovered in 1934 and gained recognition as
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an antimalarial agent inWorldWar II, leading to further studies and trials
on its potential treatment for various inflammatory, rheumatological, im-
munological and malignant disorders including malaria, rheumatoid ar-
thritis (RA), systemic lupus erythematosus (SLE), prostate cancer etc.
Further studies led to recognition of the structurally variant compound
hydroxychloroquine, a less toxic metabolite of chloroquine (Pascolo,
2016; Pastick et al., 2020; Al-Bari, 2015). Despite the current heightened
public attention given to chloroquine, it has long been a molecule of bio-
logical interest, attracting attention from broad interdisciplinary biologi-
cal research perspectives, engaging highly diverse biological models and
endpoints. Consequently, this diverse historical background of scientific
interest in chloroquine allowed us to investigate distinct biological dose
responses and the possibility that observations of chloroquine-induced
hormetic dose responses may have been recognized only to a limited
extent. Thus, we undertook an assessment of whether and to what
extent chloroquine and hydroxychloroquine may have induced
hormesis in the existing literature and its potential biological and
biomedical implications.

Hormesis is a biphasic dose response that is characterized by a low
dose stimulation and a high dose inhibition. This biphasic dose response
has specific quantitative features, with the maximum response being
about 30–60% greater than the control group (Fig. 1) (Calabrese and
Blain, 2005, 2011; Calabrese et al., 2019; Calabrese and Mattson,
2017). The dose/concentration width of the stimulation can be highly
variable, depending on the biological model and endpoint measured.
However, the dose/concentration width of the stimulation below the
toxicological response is typically less than 50-fold (Calabrese and
Blain, 2011). Hormesis may occur either as a result of a direct stimula-
tion or as an overcompensation response following a disruption of ho-
meostasis or a low to moderate induction of toxicity (Calabrese,
2008a, 2013). Regardless of the mechanisms of hormesis induction, bi-
ological model, endpoint measured, inducing agent, the potency of the
inducing agent, and mechanism, the quantitative features of hormetic
dose responses are similar. These observations suggest that the quanti-
tative features of the hormetic dose response describe the limits of a
type of biological plasticity (Calabrese and Mattson, 2011; Calabrese
et al., 2016). As this article will demonstrate, these features of the
hormetic dose response are manifested in the series of examples of
hormesis assessed below for chloroquine, which we believe has conse-
quences for its use in research and in the clinical practice.

2. Search strategy

PubMed, Web of Science and Google Scholar databases were
searched for articles using the term hormesis or hormetic, biphasic
dose response, U-shaped dose response, adaptive response, and
Fig. 1. Hormetic dose response, quantitative featu
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preconditioning in combination with the term chloroquine or
hydroxychloroquine. All relevant articles were iteratively evaluated
for references cited and for all papers citing these articles. All research
groups publishing these identified papers were assessed for possible
relevant dose-response publications in the above databases.

3. Cell proliferation

3.1. Tumor cells

Chloroquine has been evaluated for its effect on cell proliferation in
several tumor and non-tumor cell lines. In the case of tumor cells, re-
search was initiated to assess the effects of anti-malarial agents on the
survival of Ehrlich ascites tumor (EAT) infectedmice. These studies indi-
cated that the anti-malarial drugs mepacrine and primaquine enhanced
mortality in the mice (Castelli et al., 1996). Follow up in vitro research
indicated that oxygen consumption was significantly enhanced in
tumor cells by these two anti-malaria drugs. This led to the suggestion
that the higher oxygen consumption might affect the capacity to en-
hance tumor progression. Based on these findings, Rossi et al. (2007)
assessed several anti-malarial agents, including chloroquine, on MCF-7
(human breast adenocarcinoma) and Vero cell (kidney epithelial cells
from the African green monkey) lines. Using the MTT assay, the chloro-
quine treatment induced a biphasic dose response for each cell line.
However, the responses were in the opposite directions. That is, the
chloroquine treatment reduced the proliferation of the MCF-7 cells at
low concentrations, while increasing it at higher concentrations,
whereas the dose response pattern was reversed in the Vero cells
(Fig. 2). Rossi et al. (2007) suggested that the high dose stimulation of
the MCF-7 cells by chloroquine “must be considered a severe side-
effect not to be underestimated when anti-malarial measures must be
undertaken in an oncological patient…” This was particularly the case
since malaria patients may require treatment for long durations. The
chloroquine inhibited MCF-7 proliferation at a concentration < 5 mg/l,
while enhancing cell growth at ≥25 mg/l. According to Pascolo (2016),
the pleiotropic features of chloroquine may lead to an enhancement of
tumor growth, a factor that needs consideration in future clinical
studies.

The research with the HCT-15 colorectal cell line was based on the
goal of clarifying the role of autophagy in tumor development. Chloro-
quine is a lysosomotropic agent. As a weak base it can freely diffuse
across lysosomal membranes in an unchanged state, becoming proton-
ated and trappedwithin the acidic lysosome. Once protonated, the chlo-
roquine may lead to the activation/release of hydrolytic lysosomal
enzymes. Chloroquine can inhibit autophagy, preventing the formation
of autophagolysosomes. Since tumor developmentmay be enhanced by
res (based on Calabrese and Baldwin, 1997).



Fig. 2. Effects of chloroquine on Vero and MCF-7 cell growth using the MTT assay (data:
Rossi et al., 2007).

Fig. 4.Effects of chloroquine on the pancreatic cell line, Panc-1, using theWST-8 assay (cell
viability) (data: Monma et al., 2018).
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theupregulation of autophagy, chloroquine showedpromise as a poten-
tial chemotherapeutic agent (Park and Lee, 2014). As cellular concentra-
tions of chloroquine increase, they enhance lysosomal membrane
permeabilization (LMP). The LMP process affects the release of cathep-
sins and other hydrolytic enzymes to the cytosol, activating processes
that enhance occurrence of apoptosis. In a concentration response as-
sessment using HCT-15 colorectal cells, chloroquine induced a biphasic
response with cell survival being enhanced at low concentrations and
inhibited at high concentrations (Fig. 3). Park and Lee (2014) hypothe-
sized that chloroquine acted as an autophagy inhibitor at low concen-
trations, while mediating LMP at high concentrations. The application
of antioxidants prevented the low dose stimulation and high dose inhi-
bition. Such concentration response findings were also reported with
the pancreatic cancer cell line, Panc-1 (Fig. 4) (Monma et al., 2018).
However, the low concentration stimulation for the Panc-1 cellswas op-
timized at a concentration that was 500-fold less than with the HCT-15
cells.

3.2. Non-tumor cells

In similar studieswith several non-tumor cell lines, biphasic concen-
tration responses were also reported [e.g., Balb/c 3T3 cells, with a
Fig. 3. Effects of chloroquine on the growth of HCT-15 cells (MTT assay, 48 h) (data: Park
and Lee, 2014).
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neutral red uptake assay (Cudazzo et al., 2019); HaCaT cells (immortal-
ized human skin keratinocytes) with a crystal violet assay (Martins
et al., 2013); and with human lymphocytes, using a tritiated thymidine
uptake assay (Bygbjerg and Flachs, 1986)].While the low concentration
stimulation ranges were similar for the BALBc 3T3 (5–30 μM, Fig. 5;
Cudazzo et al., 2019) and HaCaT cells (10–40 μM, Fig. 6; Martins et al.,
2013), the stimulating concentrations for the human lymphocytes
ranged from 100 to 1000 fold higher (Bygbjerg and Flachs, 1986). Chlo-
roquinewas selected by Cudazzo et al. (2019) due to its lysosomotropic
features. These authors also reported that several other lysosomotropic
agents such as nicotine and lapatinib also displayed similar biphasic
dose responses using the neutral red uptake (NRU) assay. Of interest
is that the increase in the uptake of the neutral red dye occurred in
the absence of an increase in the number of cells. These findings
challenged the utility of the NRU to establish cell proliferation for
lysosomotrophic agents. However, they did not present the mechanism
and biological significance of the uptake of the neutral red dye within
the context of the observed biphasic dose response. In contrast, the
studies of Cudazzo et al. (2019) and Martins et al. (2013) suggested
that chloroquine enhanced the uptake of crystal violet dye in a biphasic
concentrationmanner in HaCaT cells but that this biphasic response did
not occur using the NRU assay. A similar divergent finding as seen in
Fig. 5. Effects of chloroquine on neutral red assay in BALB/c 3T3 cells (data: Cudazzo et al.,
2019).



Fig. 6. Effects of chloroquine on cell survival of HaCaT cells using the crystal violet assay
(data: Martins et al., 2013).
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Cudazzo et al. (2019) was recently made by Kontar et al. (2020). They
reported that sulforaphane induced biphasic dose responses in three
types of L1210 leukemia cells with the MTS cell viability assay, while,
at the same time, showing a dose-dependent decrease in cell number,
in contrast to the expected increase in cell number. Possible reasons
for this endpoint decoupling/divergence was suggested by Kontar
et al. (2020). A similar type of focus for the divergent findings with
the NRC assay with chloroquine remains to be made.

4. Convulsions

Focal and generalized convulsions are often seen in patients with ce-
rebral malaria. In fact, a sizeable literature suggests that high doses of
chloroquine have a proconvulsant effect (N'Gouemo et al., 1994). In con-
trast, chloroquine has also been shown to enhance the effects of anti-
epileptic drugs, although chloroquine itself is not an anti-seizure drug.
The pro- and anti-convulsant effects of chloroquine led N'Gouemo et al.
(1994) to hypothesize that chloroquine may induce dose-dependent bi-
phasic responses for seizures (Fig. 7). This hypothesis was tested using
the proconvulsant drug pentylenetetrazol (PTZ), which induces clonic
or tonic-clonic-seizures in mice. Using Swiss mice as the model, six
doses of chloroquine (1.0–50 mg/kg) were employed with 85 mg/kg
Fig. 7. Effects of pretreatment of chloroquine on mortality induced by pentylenetetrazol
(PTZ) in male Swiss mice (data: N'Gouemo et al., 1994).
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PTZ, a dose producing tonic-clonic seizures. The authors were interested
in assessing whether the chloroquine treatment could affect the seizure
latency andmortality incidence. The findings indicated that low doses of
chloroquinewere highly protective by prolonging seizure latency and re-
ducingmortality by 50%. Themechanisms of these protective effects sug-
gested involvement of dopamine pathways. The biphasic nature of the
chloroquine dose response is consistent with an extensive series of
other pro-and anticonvulsant examples in the preclinical literature
(Calabrese, 2008b).

5. Sperm function

Chloroquine has been assessed for its capacity to affect sperm func-
tion to a limited extent. This was initially reported by Norman and
Gombe (1975), who suggested that the effects of chloroquine were
both dose- and time- dependent. They found that a short-term or low
dose treatment enhanced sperm motility and fertility in mammalian
models. This low dose stimulating response was reversed at higher
doses as repeated in later studies (Adeako and Dada, 1998; Okanlawon
et al., 1993). Despite these suggestive findings, it was the report of
Hargreaves et al. (1998) that assessed an extensive dose response con-
tinuum (2.5–2000 μg/ml). The effects of multiple antibiotics on sperm
function were assessed since standard human therapeutic treatments
may adversely affect human sperm function. Chloroquine is completely
absorbed, being concentrated in tissues by 200–700-fold as compared to
plasma (Hargreaves et al., 1998), thereby providing a basis for assessing
a broad concentration range. In the latter in vitro human sperm study,
chloroquine induced a biphasic concentration response of spermmotil-
ity (Fig. 8).

These findings were significantly extended by Zhang et al. (2017) in
an in vivo study on sperm motility in yellow catfish, with the chloro-
quine being injected behind the pectoral fin. The chloroquine treatment
induced a biphasic dose response for multiple sperm motility parame-
ters, including increased straight-line velocity, curvilinearity velocity,
and average path velocity (Fig. 9). The authors suggested that the effects
of chloroquine were mediated by its capacity to inhibit autophagy, but
this could not explain the biphasic nature of the dose response as the
autophagy dose response was linear.

6. Itching behaviors

Severe generalized pruritus is a well-known adverse effect of chloro-
quine when employed in the treatment of malaria and rheumatological
disorders such as rheumatoid arthritis and systemic lupus erythematosus.
Fig. 8. Effects of chloroquine on proportion of rapid and static human spermatozoa (data:
Hargreaves et al., 1998).



Fig. 9. Effects of chloroquine on yellow catfish sperm kinematic parameters (data: Zhang
et al., 2017).

Fig. 10. Effects of chloroquine derivatives on B19V viral replication (data: Bonsch et al.,
2010).
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Nearly 70% of adult Africans were affected with pruritus while receiving
chloroquine for malaria treatment, significantly affecting compliance
(Ajayi et al., 1989; Osifo, 1984; Onigbogi et al., 1999). A drug-induced
aquagenic (postwetness) type pruritis induced by chloroquine was also
observed in Caucasian populations treated for systemic lupus erythema-
tosus (Jimenez-Alonso et al., 1998). Several studies have explored the
capacity of chloroquine to induce scratching behavior within a dose re-
sponse framework (Tarrason et al., 2017). These studies were extended
to 11mouse strains injectedwith a range of chloroquine doses, and a con-
sistent U-shaped dose response pattern was observed. Based on these
findings, the dosing strategy was such that the response to the highest
dose employed did not differ from the response to the lowest dose
(Green et al., 2006).

7. Virus growth

Severe acute respiratory syndrome (SARS) is a highly contagious
human disease, with the causative agent identified as being part of
the Coronaviridae family (i.e. enveloped, positive-sense, single-
stranded RNA viruses). In response to the SARS epidemic, Saverino
et al. (2003) suggested that chloroquine may be of clinical value in the
management of SARS. This suggestion was based on its effectiveness
as an antimalarial agent and its anti-viral activity against HIV type 1
(Tsai et al., 1990; Pardridge et al., 1998; Saverino et al., 2001) hepatitis
virus (Kouroumalis and Koskinas, 1986), herpes simplex virus type 1
(Singh et al., 1996), and HCoV-229e (Blau and Holmes, 2001). Based
on this literature, Keyaerts et al. (2004) provided a dose response inhib-
itory effect of chloroquine on the yield of SARS-COV when grown in
Vero E6 cells. The viral replication was measured after one and three
days, across a broad range of chloroquine concentrations (2–156 μM).
The day one data revealed a dose-dependent reduction in virus yield,
with a 99% reduction at 4 μM chloroquine. However, with the day
three growth period, 16 μM of chloroquine were needed to achieve
the same level of effectiveness. Not discussed in this paper was that the
rate of virus synthesis from day one to day three for concentrations
2–8 μM far exceeded that of the control group (Keyaerts et al., 2004), sug-
gesting an overcompensation hormetic response that has been com-
monly reported in dose/concentration-time relationships (Calabrese,
1999, 2001). These findings may have considerable clinical implications.

Other studies have shown that chloroquine directly enhanced viral
replication for Esptein –Barr Virus in Raji cells (Karmali et al., 1978), re-
combinant vaccinia virus in HeLa cells (Chillakura et al., 1991), porcine
circocirus 2 (PCV2) in procine kidney cells (PK-15) (Misinzo et al.,
2008), human parvovirus B19 (B19V) in UT7/Epo cells (Bonsch et al.,
5

2010; Quattrocchi et al., 2012), and Semliki Forest virus (SFV), enceph-
alomyocarditis virus in mice (Maheshwari et al., 1991; Seth et al., 1999)
and influenza A virus A/WSN/33 (H1N1) (Wu et al., 2015). Several viral
studies employed dose response methods that revealed a hormetic-like
biphasic dose response for chloroquine for Friend retrovirus (FV)-in-
fected fibroblast of mice based on spleen weights (Sinet et al., 1996).
The study of Bonsch et al. (2010) reported a striking biphasic dose re-
sponse in a ten-concentration evaluation measuring B19 NS1 viral RNA.
In that study, several chloroquine derivative agents (e.g. amodiaquine,
mefloquine and piperaquine) also enhanced viral replication showing a
hormetic dose response (Fig. 10), raising possible clinical concerns espe-
cially when chloroquine is utilized as an anti-viral agent.
8. Preconditioning

Preconditioning, as a means to induce acquired resilience, is an ex-
tensively documented adaptive phenomenon (Leak et al., 2018; Stone
et al., 2018). When multiple separate conditioning doses are employed
in preconditioning experiments, it has often been shown to follow a
hormetic dose response (Calabrese, 2016a, 2016b). Chloroquine has
been evaluated in a range of preconditioning studies concerning cardiac
and renal ischemic/reperfusion injury (Todorovic et al., 2014; Tang
et al., 2018; Shukla et al., 2015; Bourke et al., 2015).

Chloroquine has also been assessed with a preconditioning frame-
work for its capacity to protect neuronal cells. That chloroquine might
act in a neuroprotective manner was first suggested by Jarzyna et al.
(1995)who also reported that chloroquine inhibited glutamatemetabo-
lism in the liver and kidney. Furthermore, chloroquine was suggested as
a possible treatment for schizophrenia based on its potential to influence
glutamate concentrations in neural tissue (Choi et al., 2007). Chloro-
quine was also shown to display a neuroprotective effect by preventing
glutamate-induced neuronal cell death via the sigma-1 receptor in
HT22 cells (Hirata et al., 2011).

At low μM concentrations (below the threshold to inhibit lysosomal
activity), chloroquine enhances GM1 ganglioside accumulation in early
endosomes and on the surface of PC12 cells (Yuyama et al., 2006). Since
GM1 is a major brain ganglioside with a neuroprotective function,
Hirata et al. (2011) hypothesized that its upregulation may be neuro-
protective. In follow up studies using HT22 cells, an immortalized hip-
pocampal cell line, chloroquine fully prevented cell death induced by
co-treatment with glutamate while enhancing survival modestly be-
yond control group values at the optimized concentration. The concen-
tration range suggested a U-shaped concentration response.



Table 1
Study characteristics and dose response features.

Number of doses/concentrations
per experiment

Number of doses/concentrations below
threshold per experiment

Number of doses/concentrations with responses
≥110% per experiment

Max
stimulation
(%)

Stimulation
width

4.9 mean 3.0 mean 2.6 mean 177.6 mean 33.2 mean
6.0 median 3.0 median 2.5 median 155.0 median 4.5 median
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Based on the above investigations, Ma et al. (2019) assessed the ca-
pacity of chloroquine to affect glutamate-induced apoptosis in primary
retinal ganglion cells of newborn Sprague-Dawley rats. In these studies,
the effect on retinal ganglion cells (RGC) viability, measured by theMTT
assay, showed a concentration-dependent progressively protective re-
sponse (Fig. 10). In a follow up in vivo preconditioning study, Brown
Norway male rats were exposed to chloroquine for seven days via ga-
vage, and then exposed to glutamate. The glutamate reduced cell num-
ber by about 60%. The chloroquine blocked this cell toxicity, displaying a
hormetic dose response pattern. At the optimal concentration, chloro-
quine treatment affected its protection via the induction of an anti-
apoptosis response. The induction of BCL-2 was determined to reduce
ROS, preventing apoptotic responses.
9. Discussion

The present assessment provides a substantial number of experi-
mental models which demonstrated hormetic-like biphasic dose re-
sponses induced by chloroquine. Of considerable interest is the wide
range of models/endpoints showing the hormetic dose/concentration
response. These include the areas of epileptic seizures, itching behavior,
virus growth, preconditioningwith retinal cells, sperm cell motility and
other functions, as well as cell proliferation for several tumor and non-
tumor cells. An overall evaluation of the study designs employed indi-
cates a median of six doses per experiment and a median of three
doses below the threshold. The maximum hormetic stimulation was
155% (median)/177.6% (mean), with a stimulatory range of 4.5-fold
(median), 33.2 fold (mean) (Table 1). These values are typical of a
large body of hormetic dose responses (Calabrese and Blain, 2005,
2011; Calabrese et al., 2019).

Chloroquine displayed hormetic dose responses with both a direct
stimulation framework or with a preconditioning experimental proto-
col. Numerous instances of chloroquine-induced preconditioning have
been published, but only one study was designed to assess the possibil-
ity of a biphasic dose response using the HT22 immortalized mouse
Table 2
Hormetic mechanisms mediating chloroquine responses.

Reference Comments

Ma et al.,
2019

Page 287 – Low dose chloroquine prevented the capacity of
clotamide to decrease intracellular GSH levels.
Glutamate increases in Bax and caspase 3 were significantly
decreased by chloroquine; BCL-2 and BCLxl levels were increased.

Hirata et al.,
2011

Chloroquine inhibits glutamate-induced death of a neural cell line
by reducing ROS via sigma-1 receptor.

Bourke et al.,
2015

Preconditioning protection via hydroxychloroquine against
cardiac ischemia/reperfusion injury was blocked by UO126 which
inhibits ERK1/2 kinase.

Tang et al.,
2018

Preconditioning protection against renal ischemia/reperfusion
injury by inhibitor of cathepsin mediated NLRP3 inflammasome
activation by downregulating NF-KB signaling.

Xu et al., 2018 Chloroquine protected against ischemic model injury by
increasing HMGB1 (nuclear protein high mobility group tort).

Liu et al.,
2018

Low doses target P13K/AKT pathway increasing the P13K AKT
ratio.

Zhang et al.,
2017

Acts via increasing the expression of LC3-II and inhibition of
autophagy P13K-AKT signaling pathway upregulation.
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hippocampal cell line (Hirata et al., 2011), with the findings showing
neuroprotective effects against glutamate induced oxidative stress.

Multiple studies incorporated a mechanistic component, providing
an insight to the underlying basis of the reported biphasic dose response
(Table 2). For example, chloroquine-induced cellular properties were
generally related to the enhanced production of BCL-2 (Ma et al.,
2019) and the upregulation of the P13/AKT signalingpathway. Likewise,
its capacity to induce anti-inflammatory responses was related to its ca-
pacity to downregulate NLPP3 (Tang et al., 2018).

The present assessment focuses attention on chloroquine-induced
dose response patterns, revealing the hormetic dose response to be a
common occurrence, and widely distributed across models and end-
points. While these findings should be useful to researchers assessing
biological effects of chloroquine at low doses, these findings also sup-
port the concept that hormesis is a highly generalized biological process
with potentially important clinical and public health implications. The
findings suggest the need for careful attention in the clinical application
of this agent, especially within the context of possible considerable
interindividual variability. Recognition of the possibility of hormetic
dose responses has the potential to be an important new consideration
for both the clinician and laboratory researcher.
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