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Abstract

The use of natural resources for the prevention and treatment of diseases considered fatal to humanity has evolved. Several
medicinal plants have nutritional and pharmacological potential in the prevention and treatment of viral infections, among
them, turmeric, which is recognized for its biological properties associated with curcuminoids, mainly represented by cur-
cumin, and found mostly in rhizomes. The purpose of this review was to compile the pharmacological activities of curcumin
and its analogs, aiming at stimulating their use as a therapeutic strategy to treat infections caused by RNA genome viruses.
We revisited its historical application as an anti-inflammatory, antioxidant, and antiviral agent that combined with low
toxicity, motivated research against viruses affecting the population for decades. Most findings concentrate particularly on
arboviruses, HIV, and the recent SARS-CoV-2. As one of the main conclusions, associating curcuminoids with nanomateri-
als increases solubility, bioavailability, and antiviral effects, characterized by blocking the entry of the virus into the cell or

by inhibiting key enzymes in viral replication and transcription.
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Introduction

Viruses generally enter organisms through contact with
their cells on body surfaces. Common entry sites include
the mucous membranes of the respiratory, gastrointestinal,
and urogenital systems, conjunctiva, and skin (Santos et al.,
2015). The respiratory system is probably the most common
route (Louten, 2016). Respiratory viruses are responsible
for various clinical syndromes, including common cold,
flu, pharyngitis, laryngitis, sinusitis, bronchiolitis, asthma
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exacerbations, and chronic obstructive pulmonary disease
(Nelson et al., 2020). Most respiratory infections and other
diseases considered fatal to humanity are caused by viruses
consisting of a single-stranded ribonucleic acid (RNA)
genome, which are subdivided into positive and negative
polarity (Louten, 2016).

RNA genome viruses undergo high mutation rates that
contribute to their viral genetic variability and natural selec-
tion, enabling fast evolution and more resistant strains (San-
juan & Domingo-Calap, 2016). Several medicinal plants,
especially turmeric (Curcuma longa L.), used as food have
bioactive compounds capable of stimulating the immune
system, a nutritional and pharmacological strategy for the
prevention and treatment of viral infections (Ciavarella et al.,
2020).

Native to Asia, turmeric is a plant from the Zingiberaceae
family recognized for its biological properties associated
with curcuminoids (polyphenols), such as curcumin, dem-
ethoxycurcumin, and bisdemethoxycurcumin, mostly pre-
sent in rhizomes. Throughout its multi-millennial medicinal
use, turmeric proved therapeutic due to numerous activities
against various diseases (Aggarwal et al., 2007). Longi-
tudinal studies have shown curcumin, the main chemical


http://orcid.org/0000-0003-4000-3575
http://crossmark.crossref.org/dialog/?doi=10.1007/s12560-022-09514-3&domain=pdf

Food and Environmental Virology (2022) 14:120-137

121

constituent, and its analogs to have anti-inflammatory (Muk-
hopadhyay et al., 1982), anticancer (Brouet & Ohshima,
1995; Goel et al., 2008), immunomodulatory (Srivastava
et al., 2011) and antioxidant properties (Ahsan et al., 1999),
in addition to its antibacterial, antifungal, and antiviral activ-
ities (Zorofchian Moghadamtousi et al., 2014).

Evidence of the therapeutic potential of curcumin in the
prevention or treatment of diseases is often related to its
ability to positively or negatively regulate multiple molecu-
lar targets, such as inter and intracellular cell-signaling
pathways, phosphatidylinositol 3-kinase/protein kinase B
(PI3K/Akt), matrix metalloproteinases-9 (MMP-9), nuclear
factor-kappa B (NF-kB), tumor necrosis factor alpha (TNF-
), interleukin-1 and 6 (IL-1, IL-6) (Anand et al., 2008).
Although the effects of curcumin and its analogs have been
demonstrated against several diseases, its use is limited in
the clinic because of its low oral bioavailability (Oglah et al.,
2020), which makes its approval and the approval of its ana-
logs as antiviral agents difficult. In this sense, considering
we found that the association of curcuminoids with nano-
materials increases solubility, bioavailability, and antiviral
effect, one of our aspirations for this review was to explore
this aspect as a potential fix for that limitation. This study
seeks to combine the pharmacological activities of curcumin
and its analogs, aiming at stimulating their use as a thera-
peutic strategy against infections caused by RNA genome
viruses.

Methods
Search Strategy and Selection Criteria

PubMed scientific database (www.pubmed.org) was
searched for relevant studies between 2000 and 2020, using
the combined terms “curcumin” or “turmeric” or “C. longa
L.” and “viral”, “antiviral effect” and “inhibits viruses”,
“interferon alpha”, “MERS”, “SARS”, “COVID-19”, “cor-
onavirus”, “SARS-CoV-2”, and “cytokines storm”. The
inclusion criteria were publications referring to the activities
of C. longa, curcumin and analogs against human viruses
and trials that investigated their therapeutic properties. The
exclusion criteria were as follows: papers on other species
of the genus Curcuma, non-human viruses, and viruses with
a DNA genome.

Data Selection and Theoretical Underpinning

The search strategy identified 1,047 papers and 386 were
excluded (duplicates). There were 661 selected by title and/
or abstract, for partial reading, of which 555 were excluded
for not meeting the selection criteria. Therefore, 106 papers
were examined in detail, remaining 56 that met the research

objectives. Additional papers were used as theoretical under-
pinning for this study.

Results

Table 1 shows the resulting analyses of the selected refer-
ences, totaling 14 RNA genome viruses: Severe Acute Res-
piratory Syndrome Coronavirus (SARS-COV and SARS-
COV-2); Human Respiratory Syncytial Virus (HRSV);
Influenza A Virus (IAV); Ebola Virus (EBOV); Dengue
Virus (DENV); Japanese Encephalitis Virus (JEV); Zika
Virus (ZIKV); Chikungunya Virus (CHIKV); Coxsackie
Virus B (CVB); Enterovirus 71 (EV71); Murine Norovirus
(MNV); Hepatitis C Virus (HCV); and Human Immunodefi-
ciency Virus (HIV). Several authors have mentioned tests of
nanomaterials from curcumin and analogs such as curcumin-
silver nanoparticles (Yang et al., 2016b), carbon quantum
dots (Lin et al., 2019), curcumin-loaded B-cyclodextrin-
functionalized graphene oxide composite (Yang et al., 2017),
curcumin-chitosan nanocomposites (Loutfy et al., 2020),
and nanoemulsions (Nabila et al., 2020). It appears that it
is necessary to improve and standardize the formulations to
guarantee the bioavailability of curcumin and its analogs as
an antiviral agent (Praditya et al., 2019). Chemical structures
of curcumin and of some of its analogs found in the papers
are shown in Fig. 1.

Activity Against Coxsackievirus

Coxsackie viruses belong to the genus Enterovirus (Picor-
naviridae). They are characterized by their size (diameter of
approximately 30 nm), not having an envelope and present-
ing a capsid with icosahedral symmetry. The capsid contains
four structural proteins (VP1, VP2, VP3, and VP4). The
genome is composed of linear, single-stranded RNA with
a positive polarity of approximately 7.4 kb (Jacobs et al.,
2013). Coxsackievirus B (CVB) has six subtypes that induce
myocarditis in mice and humans (Wessely et al., 2001). The
cardiotropic coxsackievirus B subtype 3 (CVB3) is recog-
nized as the main etiologic agent of acute and chronic myo-
carditis and viral meningitis (Martino et al., 1994).
Experiments with BALB/c mice demonstrated the pro-
tective effect of curcumin (100 mg/kg) against myocardi-
tis caused by CVB3 through the inhibition of the PI3K/
Akt and NF-kB signaling pathways, thereby inhibiting the
production of pro-inflammatory cytokines (TNF-a, IL-6,
and IL-1p) in mouse serum. According to the authors, the
use of curcumin can be a therapeutic strategy for the treat-
ment of acute myocarditis induced by CVB3 (Song et al.,
2013). Another study indicated the ability of curcumin to
reduce the synthesis of viral capsid protein (VP1) in HeLa
cells (cells originating from epithelial carcinoma of the
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Fig.1 Chemical structures of curcumin and analogs

human cervix) infected with CVB3 (Si et al., 2007). Cur-
cumin decreases viral titer by more than 20-fold through
dysregulation of the ubiquitin—proteasome system (UPS).

Hexahydrocurcumin
CID=5318039

Activity Against Enterovirus 71

The Enterovirus 71 serotype (EV71), family Picornaviri-
dae, Enterovirus A species, mainly affects children, harm-
ing hands, feet, and mouth with neurological and systemic
complications (Solomon et al., 2010). The antiviral potential
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of curcumin against this virus was demonstrated in vitro by
suppressing RNA synthesis and viral protein expression
(Qin et al., 2014). Another mechanism is the reduction in
the activity of the GBF1 (Golgi brefeldin A resistant guanine
nucleotide exchange factor 1) proteasome induced by viral
infection. Therefore, by inhibiting the production of protea-
somes and the PI4KB (phosphatidylinositol 4-kinase beta)
pathway, it interferes with viral replication.

Similar results were observed in an investigation into a
human colon adenocarcinoma cell line (HT29) treated with
curcumin and then infected with EV71 (Huang et al., 2018).
After treatment, viral RNA replication was suppressed dur-
ing the early stage of infection, in addition to the inhibition
of protein kinase C delta (PKC9), which plays a role in viral
translation in EV71-infected intestinal epithelial cells as a
consequence of reduced phosphorylation of this enzyme.
Thus, the authors suggest that ingestion of this polyphenol
may protect against enteroviral infections.

Another study on EV71 used curcumin derived carbon
quantum dot (Cur-CQD) nanoparticles and compared it to
natural curcumin (Lin et al., 2019). The antiviral activity of
Cur-CQD was confirmed by plaque reduction assay. In the
treatment, virus replication was inhibited, probably due to
the inhibition of the production of the VP1 capsid protein,
the expression of RNA polymerase 3Dpol, and the protease
3CDpro. The survival rate was 100% for mice infected with
a mouse-adapted EV71 strain (EV-A71/4643/MP4) and
treated with Cur-CQD (25 mg/kg), thus confirming the pro-
tective effect on morbidity. It is noteworthy that the asso-
ciation of curcuminoids with nanomaterials contributes to
increased solubility, bioavailability, and bioactivity, making
them promising candidates for the treatment of infections
caused by EV71. Curcumin, however, had much lower activ-
ity and higher cytotoxicity (> 34-fold lower and > 1000-fold
higher, respectively) when compared with Cur-CQD, indi-
cating far superior antiviral capabilities and high biocompat-
ibility of the nanoparticles.

Activity Against Murine Norovirus

Murine norovirus (MNV), family Caliciviridae, has positive
polarity single-stranded RNA genomes (Vinjé et al., 2019).
MNV is closely related to human norovirus (HuNov), which
is clinically more relevant as it is an etiologic agent of acute
gastroenteritis. The importance of combating HuNov lies
in its high infectivity and environmental persistence, in
addition to its high genetic variability (Teunis et al., 2020).
Since HuNovs cannot be routinely propagated, cultivable
substitutes such as feline calicivirus (FCV) and MNV are
commonly used as experimental models to assess viral
inactivation by bioactives in the control of enteric diseases
(D’Souza, 2014). The antiviral effects of 18 active ingre-
dients from plants were investigated in assays with MNV
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(RAW 264.7 cells), and curcumin stood out for its high
percentage (91%) of neutralized virus when compared to
the control. The authors indicated curcumin as a potential
anti-noroviral agent, either in the prevention or treatment of
foodborne disease outbreaks (Yang et al., 2016a). Another
study investigated the activity of photoactivated curcumin
using cultivable FCVs and MNVs (Randazzo et al., 2016).
It was observed that photoactivated curcumin (50 pg/mL),
after incubation at 37 °C for 30 min, reduced FCV titers
by almost 5 logs. Under the same conditions, the authors
reported lower antiviral activity of curcumin against MNV
(0.73 log TCIDs/mL reduction).

Activity Against SARS-CoV and SARS-CoV-2

Coronaviruses (CoVs), Coronaviridae family, are capable of
causing diseases in animals and humans and are considered
zoonoses of great medical importance (Weiss & Navas-Mar-
tin, 2005). They cause respiratory infections ranging from
a common cold to more serious illnesses such as Middle
Eastern respiratory syndrome (MERS), Severe Acute Res-
piratory Syndrome (SARS) and coronavirus disease-2019
(COVID-19), whose transmissibility can occur from animal
to human or from human to human, resulting in a major
epidemic (Gorbalenya et al., 2020). Before the discovery
of the new SARS-CoV-2, Wen et al. (2007) investigated the
specific cytopathogenic effect of 221 chemical constituents
against SARS-CoV in Vero-E6 cell culture. Among them,
20 substances (ten diterpenoids, two sesquiterpenes, two trit-
erpenes, five lignoids, and curcumin) at concentrations of
3—-10 pM exhibited an anti-SARS-CoV effect. Compared to
the other compounds, curcumin showed mild activity against
SARS-CoV replication and inhibition of 3CLpro (chymot-
rypsin-like main protease). These findings already signaled a
direction for the development of antiviral therapeutic agents
from medicinal plants.

SARS-CoV-2 is a virus with a linear, single-stranded
RNA genome and positive polarity coated with a lipopro-
tein envelope and a genome of approximately 30 kb (Naqvi
et al., 2020; Wang et al., 2020). It has a set of proteins
related to the regulation of viral function and structure:
spike glycoprotein (S, Spike), envelope glycoprotein (E),
membrane glycoprotein (M), and nucleocapsid protein
(N), which are closely linked to viral RNA (Nagqvi et al.,
2020; Vellingiri et al., 2020). Currently, the non-structural
proteins (nsps) refer to 16 proteins that are involved in the
replication—transcription complex. Special attention has
been given in antiviral activity studies to: nsp3—called
PLpro (papain-like protease); nsp5—-called Mpro (main
protease) or 3CLpro (chymotrypsin-like main protease);
and nspl5—called NendoU (Nidovirus uridylate-specific
endoribonuclease) (Parks & Smith, 2020; Yan et al., 2020).
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SARS-CoV-2 is a potent agent that induces the pro-
duction of inflammatory cytokines by immune cells and
pulmonary vascular endothelial cells, a process known as
“cytokine storm”, which causes damage to the affected
organs, especially the lungs (Jiang et al., 2020). Coro-
navirus infection results in the activation of monocytes,
macrophages, and dendritic cells, resulting in increased
systemic production of cytokines that contributes to the
severe pathophysiology of COVID-19. Thus, blocking
or inhibiting the production of interleukin-6 (IL-6), a
cytokine involved in the inflammatory response, can help
in the treatment of patients with severe conditions (Moore
& June, 2020; Zhang et al., 2020).

The rapid global spread of the SARS-CoV-2 virus has
resulted in urgent vaccine development, concomitant with
the investigation of other therapies, such as drug reposition-
ing strategies (Rosa & Santos, 2020), passive immuniza-
tion of hyperimmune globulin in horses (Cunha et al., 2020)
and the search for natural products that inhibit coronavirus
proteases. Evidence gathered on botanical drugs and immu-
nomodulatory supplements to help prevent and treat viral
infections demonstrated that turmeric exhibited improved
immune response parameters; thus, the so-called adapto-
genic herbal medicines mitigate the adverse effects of phys-
ical and psychological stress and improve immunological
function. Therefore, they are useful in the prevention of and
convalescence from respiratory viral infections (Brendler
et al. 2021).

Curcumin as a dietary supplement can help stimulate the
immune system, prevent viruses from spreading, prevent dis-
ease progression to the severe stage, and further suppress
hyperinflammation, providing prophylactic and therapeu-
tic support against COVID-19 (Mrityunjaya et al., 2020).
It can prevent SARS-CoV-2 replication, as well as prevent
and repair damage to pneumocytes, renal cells, cardiomyo-
cytes, hematopoietic stem cells, and other damage associated
with COVID-19 (Soni et al., 2020). This published evidence
provides a basis for the clinical assessment of curcumin in
the therapeutic management of SARS-CoV-2 infection.

A literature review on non-clinical studies in animal mod-
els of lethal respiratory virus-induced pneumonia showed
that curcumin exerts a protective effect by regulating the
expression of pro- and anti-inflammatory factors (IL-6, IL-8,
IL-10, and COX-2) and the elimination of reactive oxygen
species (ROS) (Liu & Ying, 2020). The low toxicity of cur-
cumin and its antiviral, antioxidant, and inhibitory effects on
the cytokine storm contribute to the clinical investigation of
curcumin as a therapeutic agent in acute lung injury (ALI)
and acute respiratory distress syndrome (ARDS) caused by
SARS-CoV-2.

Another review reports the potential therapeutic effects
of 159 natural compounds in the treatment of lung injuries,
from which curcumin stands out for its ability to regulate

several molecular targets. According to the authors, the
evidence gathered justify clinical investigations in patients
infected with coronavirus, particularly when aggravated by
ALI or ARDS (He et al., 2020).

The combination of three bioactive compounds, including
vitamin C, curcumin, and glycyrrhizic acid (VCG Plus), was
investigated for its capacity to regulate the immune response
to infections associated with the coronavirus (Chen et al.,
2020). Using system biology tools, the VCG Plus has shown
the potential to regulate responses through Toll-like (TLRs)
and NOD-like receptors (NLRs), inhibiting interferon (IFN)
and phosphatidylinositol 3-kinase (PI3K) pathway; protein
kinase B (Akt); Nuclear factor-kB (NF-kB); and mitogen-
activated protein kinase (MAPK). The authors emphasized
the need for in vitro, in vivo, and clinical studies to validate
its effectiveness to hinder the cytokine storm.

Another study evaluated a combination of turmeric and
black pepper extracts, an immunomodulatory herbal prod-
uct with promising activity against SARS-CoV-2 infec-
tion (Roshdy et al., 2020). Its effect was attributed to two
reasons: the inhibition of NF-kB p50 nuclear translocation
attenuates the cytokine storm associated with SARS-CoV-2
infection; and an in vitro antiviral effect on SARS-CoV-2 in
Huh-7 cell lines. Docking analyses of the main compounds
(including curcumin) with Spike receptor binding domain
(RBD) and with P50 proteins provided strong binding affin-
ity (from — 6 to — 9.7 kcal/mol) with both for all (except
lupeol). In in vitro tests, the concentration range from 0.1 to
0.4 pg/mL showed 88% to 92% viral inhibition. The product
antagonizes the NF-kB pathway in in silico and in vitro stud-
ies, preventing the release of IL-6 and TNF-a, and decreas-
ing cytokine production.

To identify the effects of nanocurcumin on the modu-
lation of inflammatory cytokines in patients with COVID-
19, one study evaluated 40 patients with COVID-19 and 40
healthy controls for the expression and secretion of inflam-
matory cytokines (Valizadeh et al., 2020). Subsequently,
patients with COVID-19 were divided into two groups: 20
patients receiving nanocurcumin and 20 patients receiv-
ing placebo. The mRNA expression and cytokine secre-
tion levels of IL-1p, IL-6, TNF-a, and IL-18 were evalu-
ated by real-time Polymerase Chain Reaction (PCR) and
Enzyme-linked Immunosorbent Assay (ELISA), respec-
tively. The primary results indicated that mRNA expression
and cytokine secretion of IL-1p, IL-6, TNF-a, and IL-18 in
patients with COVID-19 significantly increased compared
to those in the healthy control group. Following treatment
with nanocurcumin, a significant decrease was observed in
IL-6 expression and secretion in the serum and superna-
tant (P=0.0003, 0.0038, and 0.0001, respectively), and in
IL-1p gene expression and secretion levels in the serum and
supernatant (P=0.0017, 0.0082, and 0.0041, respectively).
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However, IL-18 mRNA expression and TNF-a concentra-
tions were not influenced by nanocurcumin.

In silico predictive models are promising for obtaining
new antivirals against SARS-CoV-2 infections. Studies
have been considering papain-like protease (PLpro), RNA-
dependent RNA polymerase (RpRd), and the main protease
(Mpro/3CLpro) attractive targets for antiviral therapies
(Anand et al., 2003; Dai et al., 2020).

Analyzing a set of 19 commercial drugs to investigate
the possibility of repositioning drugs already used in clini-
cal practice, Huynh et al. (2020) performed docking studies
and molecular dynamics (MD) simulation to identify which
drugs had a high potential for Mpro (3CLpro) inhibition.
The results revealed highly promising molecules, such as the
antiretroviral drug nelfinavir, used in HIV therapy. Of these
molecules, curcumin formed the most stable complex with
the Mpro of SARS-CoV-2 (- 7.1 kcal/mol), having high
binding affinity, and a score similar to that of the peptide-
type ligand (N3) used as a control. This newly discovered
mechanism paves the way for the optimization of new inhibi-
tors with high affinity binding to Mpro.

Kandeel and Al-Nazawi (2020) performed a virtual
screening study against SARS-CoV-2 Mpro (3CLpro) aim-
ing to reposition FDA approved drugs by selecting mole-
cules for their high binding affinity. Among the antivirals,
ribavirin and telbivudine stood out, and had the second and
third best docking scores, respectively. Curcumin, recog-
nized for its inhibitory activity against SARS-CoV-2, was
ranked at position 334 in this study, out of a total of 488
investigated molecules.

Recently, curcumin was chosen in a study as a refer-
ence to screen analogous compounds since it has antiviral
activity and a safe toxicity profile (Basu et al., 2020). From
400 substances examined, a cyclohexanone derivative with
high similarity to curcumin was investigated and exhibited
better binding energy at the active site of Mpro (3CLpro)
(— 8.72 kcal/mol) compared to curcumin (— 6.90 kcal/
mol) and other drugs that were tested: lopinavir (— 8.29), a
protease inhibitor; remdesivir (— 6.18), nucleoside analog;
hydroxychloroquine (— 6.36), an antimalarial drug. The
results of this study encourage experimental applications
based on medicinal chemistry and pharmacokinetics against
COVID-19.

Emirik (2020) investigated the potential therapeutic
effects of the chemical constituents of C. longa compared
to experimental drugs against COVID-19. Thirty compounds
from the plant and nine drugs were evaluated (atazanavir,
brecanavir, favipiravir, chloroquine, hydroxychloroquine,
lopinavir, remdesivir, ribavirin, and ritonavir) and analyzed
by docking studies against the viral proteins of SARS-
CoV-2 (Mpro, Spike, and RdRp). The results showed that
1-(4-hydroxyphenyl)-7-(3,4-dihydroxyphenyl)-1,6-heptadi-
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ene-3,5-dione showed greater inhibition of proteases than
drugs used in experimental therapies for COVID-19.

A in silico screening of 267 chemical constituents of
turmeric as Mpro inhibitors was performed through a
combination of molecular docking, scoring functions, and
MD simulations (Gupta et al., 2020). The results revealed
that 05 constituents showed great binding capacity to the
active site of Mpro. Two of them stood out: C1 [(1E, 6E)-
1,2,6,7-tetrahydroxy-1,7-bis(4-hydroxy-3-methoxyphenyl)
hepta-1,6-diene-3,5-dione] and C2 [(4Z,6E)-1,5-dihydroxy-
1,7-bis(4-hydroxyphenyl)hepta-4,6-dien-3-one]. They exhib-
ited strong binding to the active site of Mpro (— 9.08 and
— 8.07 kcal/mol, respectively), showing greater affinity than
lopinavir (ca. — 5.4 kcal/mol), a standard inhibitor of this
protease. For the authors, other physicochemical and toxi-
cological properties of C1 and C2 need additional valida-
tion in vitro and in vivo for the treatment of coronavirus
infection.

Wang et al (2020) selected 10,870 ligands through dock-
ing and MD studies to assess the interaction between func-
tional foods and the main SARS-CoV-2 protease, Mpro. The
study involved 12 types of active principles of functional
foods: curcumin, carbohydrates, fatty acids, phospholipids,
vitamins, flavonoids, p-sitosterol, nordihydroguaiaretic acid,
nootkatone, f-pinene, and betulinic acid, in addition to its
isomers, analogs, and derivatives. Flavonoids had a higher
binding energy (— 9.1 kcal/mol) than curcumin (— 7.4 kcal/
mol); from them, quercitrin (3-O-rhamnosylquercetin) and
its analogs showed greater affinity for Mpro. It is suggested
that the protease prefers to interact with polycyclic com-
pounds that have short distances between aromatic rings,
such as quercitrin.

Another study investigated 32 isolated constituents of
14 natural spices used in cooking, which were evaluated as
Mpro (3CLpro) inhibitors (Ibrahim et al., 2020). Curcumin
exhibited the second highest binding affinity (— 9.2 kcal/
mol). This potential is attributed to curcumin’s ability to
form Van der Waals interactions and hydrogen bonds with
amino acids proximal to the active site of Mpro. Seeking to
evaluate the hypothesis that inhibition of the enzyme Nen-
doU (nspl5) that cleaves the RNA of SARS-CoV-2 would
decrease viral replication, Kumar et al. (2021) investigated
the potential of binding several active principles of medici-
nal plants with nsp15. The docking approach was performed
using two different software packages, Autodock and Swiss-
dock, having hydroxychloroquine as a positive control. The
results demonstrated the binding potential of nspl5 with
approximately 50 active principles capable of inhibiting
SARS-CoV-2 replication, including curcumin, which exhib-
ited good binding capacity (— 7.26 kcal/mol). The authors
emphasize the need for in vitro and in vivo tests to confirm
the findings of this study.
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Through docking studies, Maurya et al. (2020) demon-
strated that natural products used in Ayurvedic medicine,
such as curcumin and nimbin, interact with the spike gly-
coprotein. Both exhibited greater interaction (MolDock
score: — 141.36 and — 148.621 kcal/mol), as well as with
the angiotensin-converting enzyme 2 (ACE2) receptor (Mol-
Dock score: — 142.647 and — 140.108 kcal/mol), and have
the potential to block virus entry through interaction with
cell receptors.

Regarding the possible mechanisms of action of curcumin
and its analogs, evidence shows that the virus entry into
cells is blocked; key enzymes in viral replication and tran-
scription, and local inflammatory cytokines are inhibited;
and several molecular targets are regulated. Our findings
were similar to those reported by Zahedipour et al. (2020),
who demonstrated the potential effects of curcumin in the
treatment of the coronavirus disease (COVID-19), such as
inhibition of virus entry into the cell, of virus encapsulation,
and of viral protease, in addition to the ability of curcumin
to modulate various pathways of cell-signaling (Table 1).

Activity Against Influenza A virus

The genus Influenza virus A (IAV) belongs to the Ortho-
myxoviridae family and has only one species, divided into
serotypes, according to the antigenic properties of its gly-
coproteins. Hemagglutinin (HA) and neuraminidase (NA),
proteins of the envelope, constitute the spikes and play a
fundamental role in the multiplication and pathogenesis of
these viruses (Fouchier et al., 2005). Type A are the most
virulent of the three types of human influenza viruses and
also characterized by segmented negative-stranded RNA
genomes that require an RNA-dependent RNA polymerase
essential for viral replication. This genomic feature allows
antigenic variations to occur more frequently, which enables
viruses to evade adaptive immune responses in the long term
(Bouvier & Palese, 2008).

Such antigenic variations require the development of
new antiviral strategies and hence curcumin was evaluated
against the IAV (Chen et al., 2013). By pre-incubating
A/Puerto Rico/8/1934/H1N1 (PRS) strain with curcumin,
plaque formation was inhibited, irreversibly preventing
viral replication. The effects of curcumin on viral enve-
lope integrity were then examined. For this, they used a
liposome with a lipid structure containing SRB (sulforho-
damine B), a fluorescent dye that simulates the viral enve-
lope. Curcumin (30 mM, 60 mM) induced greater leakage
of SRB from liposomes (compared to dimethylsulfoxide).
These results indicate that curcumin disrupts the integ-
rity of the viral envelope membrane, thereby blocking the
infectivity of the virus. For the authors, this interference
of curcumin in the function of the envelope protein is due

to the hydrophobic characteristic of the membranes that
favor the intercalation of curcumin in the lipid bilayer.

The effect of curcumin on IAV was further examined
through in vitro and in vivo tests (Han et al., 2018). The
first experiment was performed with a cell line (A549),
and the second one in BALB/c mice using the PR8
strain. Curcumin (10 pM), in a dose-dependent manner,
repressed PRS replication in lung cells by 15%. In addi-
tion, it increased the survival rate and attenuated weight
loss in mice. Curcumin (100 mg/kg) significantly inhibited
TAV replication in the lungs of infected mice. The study
demonstrated the ability of this curcuminoid to induce the
HO-1 expression, and suggested that local lung inflam-
mation is inhibited by regulating the immune response
through the inhibition of NF-kB signaling in macrophages
and other immune cells. Given these results, the authors
indicate curcumin as a promising agent against IAV infec-
tion, which also helps to prevent damage to lung tissue.

Similar results were observed regarding the antiviral
effect of curcumin at different concentrations (25, 12.5,
6.25, and 3.125 pg/mL) in eight IAV strains (Dai et al.,
2018), by direct inhibition of viral replication in the
adsorption stage. Curcumin also significantly increased the
survival rate of mice, reduced lung index, inflammatory
cytokines and lung IAV titer, and improved pulmonary
histopathological changes after IAV infection. Addition-
ally, inhibition by other pathways was verified, such as oxi-
dative stress pathways, nuclear factor erythroid 2-related
factor 2 (Nrf2), and Toll-like receptor signaling (TLR2/4),
as well as inhibition of mitogen-activated protein kinases
(p38/JNK MAPK).

In view of the ability of curcumin to act on the immune
system, the pattern of inflammatory cells in the bronchoal-
veolar lavage (BAL) of mice infected with PRS strain was
investigated (Xu & Liu, 2017). Curcumin (10-80 pmol/L)
dose-dependently inhibited the secretion of pro-inflam-
matory cytokines (TNF-a, IFN-a, and IL-6) through the
inhibition of the NF-kB signaling pathway, evidencing
the therapeutic potential of curcumin for acute pulmonary
inflammatory diseases. The structure—activity relationship of
curcumin and analogs was evaluated in relation to the HA
protein, which is responsible for the recognition of binding
sites in host cells (Ou et al., 2013). The results revealed
that curcumin could interfere with the IAV entry through its
interaction with the HA receptor. In a drug addiction time
trial, curcumin and tetrahydrocurcumin (30 uM) reduced
the production of IAV viral progenies in the first stages of
infection. However, tetrahydrocurcumin reduced it to a lesser
extent, confirming that the ability to inhibit viral replication
is related to the functional groups of curcumin (f-diketone
moiety, phenolic groups, conjugated double bonds), which
act as Michael acceptors (Michael-type addition reaction).
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This structural feature is responsible for the inhibitory
effects of curcuminoids.

A similar result was observed by Richart et al. (2018),
who analyzed monoacetylcurcumin (MAC). This structural
analog of curcumin was able to suppress the PI3K/Akt sign-
aling pathway, reducing the IAV replication in cells. The
association of MAC and curcumin potentiated the inhibi-
tory effect on viral replication, confirming the importance
of further studies on the synergistic effect of curcuminoids.
Kannan and Kolandaivel (2017) evaluated the binding affin-
ity of 16 compounds in the search for natural substances that
act on the TAV surface structures. Curcumin and its deriva-
tives (bisdemethoxycurcumin and demethoxycurcumin)
showed potent binding affinity for all subtypes of the virus
HA protein (1918 H1, 2009 H1, 1957 H2, 1968 H3, and
2005 H5) when compared to the other compounds evalu-
ated, which may be due to the structural similarity between
curcuminoids.

Another study demonstrated that curcumin interferes
with the binding site between RNA and viral nucleoprotein
Y148 (NP-Y148), making the IAV viral replication difficult
(Liu et al., 2016). However, it did not demonstrate antiviral
capacity in computer screening performed with 177 active
ingredients from medicinal plants, of which 12 were consid-
ered potentially effective against all HIN1 proteins (Saikia
et al., 2019).

The antiviral activity of curcumin and its analogs bisdem-
ethoxycurcumin, demethoxycurcumin, demethylcurcumin,
dimethylcurcumin, dihydrocurcumin, octahydrocurcumin,
hexahydrocurcumin, tetrahydrocurcumin, and tetramethyl-
curcumin was investigated as potential inhibitors of HIN1
viral neuraminidase (NA), enzyme that enables the virus to
be released from the host cell (Lai et al., 2020). The authors
combined methodologies for assessing the quantitative
structure—activity relationship and docking studies. Most
of the selected compounds showed an inhibitory effect on
the NA in different ways, depending on their structure and
binding mode, thereby preventing the release of virions from
infected cells. The effects of curcumin and its analogs were
also verified, in different doses, in mice lung homogenates,
and they significantly decreased the levels of TNF-a, IL-6,
and IFN-y. The administration of curcumin at 50 mg/kg/day
inhibited influenza activity in HIN1-infected mice, improv-
ing the lung index inhibition rate at 36% when compared to
ribavirin at 70 mg/kg/day (43%). It also prolonged the aver-
age survival time, and reduced death rate.

Activity Against Respiratory Syncytial Virus
Respiratory syncytial virus (RSV) belongs to the Pneumo-
viridae family and contains a genome composed of non-

segmented single-stranded RNA and negative polarity (Rima
et al., 2017). It is one of the main viral agents of severe
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pediatric respiratory tract diseases (Collins & Graham,
2008).

The effects of curcumin on RSV were evaluated in
infected human nasal epithelial cells (Obata et al., 2013).
Curcumin (0.1-10 pg/ml) inhibits the activation of NF-kB,
proteasome, and cyclooxygenase 2 (COX-2), as well as
suppresses expression of proteins from the surface (G and
M2-1), hence inhibiting viral replication. In this study,
curcumin did not affect replication of RSV in human lung
adenocarcinoma cell line A549 infected with RSV.

Yang et al. (2016b) developed functionalized silver nan-
oparticles (cAgNPs) from curcumin, which were stable,
monodisperse, and showed good bioavailability on tests.
The inhibitory effect on RSV corresponded to a significant
reduction in viral titer, as a result of cAgNPs directly inac-
tivating the virus before entering the cell, which makes this
product a promising agent against RSV. Following the same
line of research, Yang et al. (2017) prepared a curcumin
nanocomposite of f-cyclodextrin-functionalized graphene
oxide, and evaluated its antiviral activity against RSV. They
verified the reduction of viral titers, which can be attributed
to direct virus inactivation, inhibition of viral binding to
host cells, and possible interference with viral replication.
These results open a new perspective for the use of products
that combine nanotechnology and natural products in the
development of innovative therapeutic agents.

Activity Against Ebola Virus

The Ebola virus (EBOV), genus Ebolavirus, family Filo-
viridae, has a negative polarity linear, non-segmented RNA
genome with high virulence (Kuhn et al., 2019). EBOV
attacks macrophages and dendritic immune cells, trigger-
ing an immune response characterized by a storm of pro-
inflammatory cytokines (Falasca et al., 2015). Given the
ability of curcumin to suppress the release of cytokines, its
potential in the treatment of EBOV was evaluated (Setlur
et al., 2017). In silico studies with 150 active ingredients
from plants showed that curcumin was able to bind to four of
the main structural proteins of EBOV (VP24, VP30, VP35,
and VP40). Regarding VP30, curcumin exhibited good bind-
ing energy (— 9.6 kcal/mol) when compared to the reference
antiviral drug BCX4430 (— 7.6 kcal/mol). According to the
authors, this result provides a basis for future experimental
studies on the utility of plant-based ligands as lead com-
pound candidates against EBOV targets. Baikerikar (2017)
evaluated the antiviral potential of curcumin and its analogs
against EBOV proteins (VP40, VP30, VP35, VP24, GP, and
NP) through MD and docking studies. When comparing the
docking scores of all target proteins, it was found that bis-
demethoxycurcumin showed better binding affinity than cur-
cumin. In targets VP35, GP, and VP30, tetrahydrocurcumin
exhibited better binding energy than curcumin. These results
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indicate the need for further studies on curcuminoids as pos-
sible antiviral agents against EBOV.

Activity Against Arboviruses

Diseases caused by arboviruses (arthropod-borne viruses)
are affected by the bite of an arthropod vector. Some of the
infections that affect humans caused by Flavivirus (Flavi-
viridae) include yellow fever virus (YFV), West Nile virus
(WNV), Dengue virus (DENV), Zika virus (ZIKV), and
Japanese encephalitis virus (JEV). The Flavivirus genome
is formed by positive polarity single-stranded RNA, approxi-
mately 11 kb in length. The genome encodes a polyprotein
that gives rise to three structural proteins: capsid protein (C),
precursor membrane protein (prM), and envelope protein
(E), and seven non-structural proteins—NS1, NS2A, NS2B,
NS3, NS4A, NS4B, and NS5 (Simmonds et al., 2017).

Activity Against Dengue Virus

Most of the studies retrieved in our review on arboviruses
were related to Dengue virus (DENV). Padilla-S et al. (2014)
found out that curcumin (10, 15, and 20 pM) inhibited the
production of viral particles in a dose-dependent manner in
cultures of BHK-21 cells (derived from hamster kidney) or
Vero cells infected with the DENV-2 serotype. According
to the authors, this interference may not occur due to direct
effects on the production of viral particles but result from the
effects of curcumin on various cell systems, such as the ubig-
uitin—proteasome system (UPS), by increasing the level of
ubiquitin-conjugated proteins Lys48 or the disorganization
of actin filaments of the cytoskeleton, resulting in apoptosis.

However, when investigating the antiviral and immu-
nomodulatory properties of curcumin associated or not with
other polyphenols in human macrophages (U937-DC-SIGN)
infected with DENV serotypes 2 or 3, Jasso-Miranda et al.
(2019) observed that curcumin was not able to significantly
inhibit infections induced by DENV serotypes 2 and 3 in
the absence of polyphenols. This indicates that the combi-
nation potentiates the effect of curcumin. Another in vitro
study compared the activity of curcuminoids (curcumin and
bisdemethoxycurcumin) and their three synthesized analogs
(replacing the p-diketone moiety with penta- and hexacyclic
structures—cyclopentanone CC4 and cyclohexanone CCS5,
and with a monoketone moiety—acyclic analog CC3) in
inhibiting the non-structural proteins of DENV-2 (NS2B/
NS3) (Balasubramanian et al., 2019). The results of the
plaque assays revealed that curcumin had a weak inhibitory
potential when compared to its analogs. Curcuminoids act by
inhibiting the metabolism of lipids by preventing lipogenesis
and, consequently, viral replication of DENV-2.

Lim et al. (2020) also demonstrated that curcumin inhib-
its NS2B-NS3 protease allosterically by binding to a cavity

with no overlap with the active site. The importance of this
study lies in the fact that NS2B-NS3 protease also belongs
to other viruses of the genus, such as Zika. Therefore, the
authors suggest that curcumin could be used directly to treat
flaviviral infections and as a starting point for the develop-
ment of potent allosteric inhibitors.

The antiviral activity of curcumin in solution and as a
nanoemulsion (nanocurcumin) was investigated against
four DENV serotypes (DENV-1, DENV-2, DENV-3, and
DENV-4) in the A549 cell line plaque assays (Nabila et al.
2020). Nanocurcumin showed greater cytotoxicity compared
to curcumin solution, due to its better cellular absorption,
although no significant anti-DENV difference was observed
between curcumin solution and nanoemulsion. Regarding
the reduction of the viral titers of DENV-1 and DENV-2,
nanocurcumin also excels because of its improved bioavail-
ability and, therefore, greater antiviral potential.

Activity Against Japanese Encephalitis Virus

The role of curcumin as a protective agent for neural cells
and against cell death caused by JEV was investigated
in vitro (Dutta et al., 2009). Mouse neuroblastoma (Neuro-
2a) cells were infected with JEV and treated with varying
doses of curcumin (5-10 uM). The neuroprotective action
as antioxidant was observed by reducing reactive oxygen
species, recovering cell membrane integrity, and decreasing
the signals of pro-apoptotic molecules. A reduction of infec-
tious viral particles was also observed in Neuro-2a cells. The
authors suggest that this inhibition is probably due to dys-
regulation of the UPS. The antioxidant potential of curcumin
was confirmed by Zhang et al. (2014) in reducing viral load
and JEV replication, as well as inhibiting neuronal death,
secondary inflammation, and oxidative stress mediated by
reactive microglia.

Activity Against Zika and Chikungunya Viruses

The antiviral effects of curcumin, demethoxycurcumin and
bisdemethoxycurcumin against Zika virus (ZIKV) and Chi-
kungunya virus (CHIKV) (Togaviridae, genus Alphavirus)
were demonstrated in vitro in HeLLa, BHK-21, and Vero-E6
cells (Mounce et al., 2017), showing their effectivity in dif-
ferent cells. Treatment with curcumin in a dose-dependent
manner (1-5 pM) reduced the viral titer of both viruses, an
effect corroborated by the reduction of the viral genome,
confirming the reduction of the infectivity of enveloped
viruses. Therefore, curcuminoids proved promising in the
treatment of outbreaks of viruses such as CHIKV and ZIKV.

These effects were confirmed by virtual screening stud-
ies after analyzing the inhibitory capacity of 720 natural
products against ZIKV (Gao et al., 2019), from which the
authors selected gossypol, a polyphenolic substance present
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in cottonseed (Gossypium hirsutum) and curcumin, for fur-
ther in vitro analyses, including six epidemic human strains.
Gossypol exhibits potent inhibitory activity against ZIKV
strains. Curcumin (30 uM) inhibited (75-100%) viral infec-
tion in the early stages of adsorption.

Activity Against hepatitis C Virus

The hepatitis C virus (HCV) belongs to the genus Hepacivi-
rus, family Flaviviridae, showing similarities and differences
with the hepatitis B virus. Although both have a single-
stranded RNA genome and positive polarity, are enveloped,
and transmitted parenterally, the evolution of their respective
pathologies is different (Rehermann & Nascimbeni, 2005).

Natural products with anti-inflammatory and hepato-
protective potential, especially curcumin, were evaluated
against HCV (Lovelace & Polyak, 2015). Curcumin acts on
several signaling pathways, activating adenosine monophos-
phate kinase (AMPK) and inhibiting mammalian target of
rapamycin (mTOR) and nuclear factor-kappa B (NF-«xB),
which are important regulators of cellular biosynthetic
pathways. These mechanisms influence the inflammatory
response and immune system, reducing the infection effects
induced by HCV. Kim et al. (2010) demonstrated the ability
of curcumin to significantly reduce the replication of HCV,
directly or through the suppression of the PKB/SREBP-1
(protein kinase B/sterol regulatory element-binding proteins)
pathway, at concentrations that did not affect cell viability. In
another study, curcumin (10-20 uM) inhibited HCV replica-
tion by inducing HO-1 expression and inhibiting the PI3K/
Akt signaling pathway (Chen et al., 2012). Therefore, it has
direct effects on the expression of antioxidant proteins that
regulate immunity (Ailioaie & Litscher, 2020).

The antiviral activities of curcumin, demethoxycurcumin,
bisdemethoxycurcumin, and tetrahydrocurcumin at concen-
trations of 5 and 20 uM were investigated in cell culture
(HCVcc) and in HCV pseudoparticles (HCVpp) in hepatoma
cell lines and primary human hepatocytes (Colpitts et al.,
2014). The results demonstrated that curcumin treatment
had no effect on the HCV RNA replication, viral assembly,
or release. However, co-incubation of HCV with curcumin
potently inhibited the entry of all major HCV genotypes.
Other curcumonoids also had similar antiviral activities,
except tetrahydrocurcumin, suggesting the importance of
a,fB-unsaturated ketone group for this activity.

Loutfy et al. (2020) compared the activity of chitosan
nanoparticles encapsulated with curcumin (CuCs) and cur-
cumin (alone) against the HCV genotype 4a (HCV-4a).
The docking study showed that curcumin (alone) exhibited
a higher binding affinity to NS3 protease and NS5A poly-
merase than CuCs. However, CuCs exhibited good binding
affinity to NS5B polymerase, an essential enzyme for virus
replication, compared to curcumin alone. When evaluated
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in vitro, both inhibited the entry of HCV-4a into Huh-7 cells.
CuCs reduced the viral titer by 100% and curcumin alone
by almost 95%. The authors indicate that CuCs are potential
therapeutic agents against HCV infections.

Activity Against Human Immunodeficiency Virus

Human immunodeficiency virus (HIV), Retroviridae family,
has three structural genes (gag, pol, and env) common to
retroviruses. It also has proteins with regulatory functions
that are composed of two essential elements: Tat, which acti-
vates transcription, and Rev, which modulates viral RNA
transport. In addition, it has other accessory proteins: Nef
(negative regulatory factor), Vif (viral infectivity factor),
Vpr (r viral protein), and Vpu (single viral protein) (Vot-
teler & Schubert, 2008). Prasad and Tyagi (2015) mentioned
evidence that curcumin and its analogs inhibit the infection
and replication of viral genes and the multiplication of HIV.
The authors adduce data on inhibitory effect demonstrated
for the transactivation of the genome Tat protein (HIV-1
LTR) in proteases, integrases, and inflammatory molecules
(interleukins, TNF-a, NF-kB, and COX-2). They summa-
rized reports describing that curcumin increases the effects
of conventional drugs and minimizes adverse effects.

The solubility and bioavailability of protease inhibitors
are one of the limiting factors for the use of antiretrovirals.
Given this fact, the pharmacokinetics of oral and intravenous
saquinavir, associated or not with curcumin, was determined
in rats (Kim et al., 2013). A solid dispersion (SD) was pre-
pared using Solutol and curcumin to improve the solubility
and bioavailability of curcumin. The authors observed that
curcumin SD significantly increased the intravenous phar-
macokinetics parameters of saquinavir for the oral exposure
in rats. However, untreated curcumin did not affect them.
These findings suggest that the application of techniques
using non-ionic solubilizers with curcumin can increase the
oral bioavailability of saquinavir, thereby potentiating the
effect of this antiretroviral.

Another strategy used to assess the influence of bio-
availability on curcumin activity was to compare it to a
synthetic analog, called “curcumin A”, and its activity at
specific stages of HIV-1 replication was investigated in vitro
(Kumari et al., 2015). It was observed that both curcumin
and curcumin A showed similar inhibition of one round of
HIV-1 infection in cultured lymphoblastoid (also called
CEM) T cells. Curcumin A inhibited, at low concentrations,
the reverse transcription of HIV-1, but had no effect on the
long terminal repeat (LTR), the trans-activator of transcrip-
tion (Tat) protein, or the transcription factor NF-kB. In the
same study, experiments were carried out in lymphoblastoid
cell cultures, demonstrating that curcumin A induces the
expression of HO-1 and decreases the progression of the
HIV-1 infectious cycle. By analyzing this set of activities,
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the authors concluded that the maintenance of anti-HIV-1
properties is associated with the improved stability of cur-
cumin A (compared to curcumin), which allows it to be
elected as an antiretroviral candidate.

Ali and Banerjea (2016) investigated (in vitro) the effect
of curcumin on the rate of degradation of Tat protein. They
performed an assay with cycloheximide (CHX), an inhibitor
of protein synthesis. Viral producer cells (HEK-293t) were
transfected with transcription factors (Myc-Tat) and treated
with curcumin. Combining curcumin and CHX provided a
rapid degradation of Tat protein, and an inhibition of the
activation of the LTR promoter, which resulted in the inhibi-
tion of viral replication. According to the authors, one of the
main mechanisms behind the anti-HIV activity of curcumin
is the degradation of the Tat protein.

A case study evaluated the effect of BIOMOR Curcumin
supplementation on the energy metabolism of an adult
woman (42 years old) with HIV/AIDS and under antiret-
roviral therapy (da Silva et al., 2019). The intervention was
performed with turmeric extract (500 mg/day) for 27 days.
Glycemic and lipid profiles and substrate oxidation (SOxi)
at rest were evaluated before and after the supplementation.
During the intervention with curcumin, an improvement
in the lipid profile and insulin sensitivity was observed, as
well as a positive modulation of SOxi at rest. Accordingly,
oral curcumin supplementation can positively modulate
the energy metabolism of HIV/AIDS patients undergoing
antiretroviral therapy. However, the authors suggest that
clinical studies are needed to confirm these findings.

Sharma et al. (2017) designed a nanocomplex of cur-
cumin and silver (Cur-AgNP) to evaluate in vitro its immu-
nomodulatory and antiviral effects on HIV-1 infected ACH-2
cells. Comparing to the control, the authors noticed a sig-
nificant decrease in the expression of the HIV-1 LTR gene
(-73%) in cells treated with Cur-AgNP (20-100 pL). The
treatment of cells with an equivalent concentration of cur-
cumin reduced the expression of the HIV-1 LTR gene by
33% when compared to that of Cur-AgNP. Furthermore,
Cur-AgNPs significantly reduced the expression of HIV-1
viral protein p24 (-58%) and inhibited HIV replication by
attenuating NF-kB and other inflammatory mediators (TNF-
a, IL-6, and IL-1p).

Following a similar complexation strategy with metal
ions, Sharma et al. (2019) developed a nanocomplex of
curcumin with iron-phenanthroline (NCIP) and evaluated
it in human microglia infected with HIV. NCIP treated
HIV-1-infected microglia significantly decreased HIV-p24
expression (41%) and inhibited the pro-inflammatory media-
tors TNF-a, IL-8, and NO (by 61%, 41%, and 50%, respec-
tively). NCIP also showed antioxidant activity as evidenced
by increased catalase gene expression (CAT) and induction
of HO-1 expression. The authors suggest that NCIP may
be associated with conventional antiretroviral treatment

due to its potential to reduce HIV-1-associated neurotox-
icity. Such effects help maintain homeostasis and reduce
neuroinflammation.

Another study investigated the ability of nanoparticles to
cross the blood-brain barrier (BBB) and suppress or elimi-
nate HIV-1 (Singh et al., 2020). Nanoparticles produced in
an aqueous medium containing Pluronic F127 and combined
by laser ablation with multidrug encapsulation (ritonavir,
atazanavir, and curcumin) were analyzed in an in vitro cell
model of the BBB. Improved dispersibility of curcumin in
aqueous medium by ultra-small size (20-25 nm) nanopar-
ticles, resulting in capability of crossing the BBB, reduced
HIV viral replication by inhibiting the production of viral
protein p24 up to 36 times.

Considering curcumin’s low solubility and its intense yel-
low—orange color, Mirani et al. (2019) examined tetrahy-
drocurcumin (THC), a colorless metabolite of C. longa, as
a potential anti-HIV-1 gynecological microbicide. An in
silico study verified that THC is able to inhibit the bind-
ing between gpl120 (envelope glycoprotein) and the CD4
(cluster of differentiation 4) receptor, preventing the entry
of the virus into the target cell. The authors also evaluated
the solubility of THC in different oils, surfactants, and co-
surfactants, finding better solubility in the oils glycerol
monolaurate and propylene glycol monocaprylate; the sur-
factants Tween 20, Tween 80, and Cremophor EL; and the
co-surfactant Transcutol P, and they tested its incorporation
into a microemulsion gel. When comparing the anti-HIV
activity of THC in solution with it in microemulsion gel
P24 antigen assay (viral capsid protein), the microemulsion
exhibited more than 50% inhibition of the antigen, indicating
THC microemulsion gel as a potential microbicide candidate
for early-stage HIV-1 inhibition.

Research Avenues and Concluding Remarks

Reflecting on the outcomes of our review on activities of
curcuminoids against RNA genome viruses, it seems clearly
evident the lack of research into this. From the 56 selected
papers we revised, most of them concentrate on in vitro and
in silico studies. Seven examined the effects on laboratory
animals (mice/rats) and only one on human patients. These
aspects may evidence the incipient stage of these investiga-
tions, in spite of the multi-millennial interest in the plant
medicinal properties and several decades of research on cur-
cuminoids’ health benefits.

It is pertinent though to carefully ponder on constraints
associated with clinical studies of curcumin and some of
its analogs and how they might hinder progress in this
stage. Despite many interesting pharmacological activi-
ties, curcumin is rapidly metabolized, has low solubil-
ity, limited intestinal absorption, hence reduced systemic
availability. Such limitations prompt increasing research in
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nanoencapsulation techniques and nanoformulations of cur-
cumin and analogs. This is a manifest trend in recent studies.

We also noticed a new avenue to investigate benefits of
curcuminoids when they are studied in combination with
antiviral drugs. Besides their already observed direct inhibi-
tion of viral activity, they promote immunological response
and other vital functions. Such synergistic strategies may
contribute to reduced doses and consequential toxicity of
commonly used drugs, minimization of side effects, and
increased survival rates.

A particular point to consider while assessing the degree
of advancement in the studies, aside from reasons of good
practice regarding maturity level of knowledge before
in vivo tests, is specific test animals’ response to certain
viral infections. New topics of research in the treatment of
infected superior organisms with curcuminoids are con-
strained by this aspect and further examinations of this topic
must regard its implications. Since our findings related to
in vivo and clinical tests provide evidence that curcumin
exerts positive influence against CVB, Enterovirus 71, HIV,
IAV, and SARS-CoV, this might be a promising field of
future studies.

There remains plenty to investigate about how curcumi-
noids interact with varied viral molecular targets on which
they are believed to act. Mechanistic features and relation-
ships between the structure of curcumin and its analogs and
their antiviral activities are unclear. Taking into account the
vast array of pharmacological properties suggested herein,
numerous lines of research could develop on this domain.

In view of our initial aspirations for this review, though,
another relevant set of unanswered questions takes prec-
edence. As evidenced by revised papers, the association of
curcuminoids with nanomaterials increased solubility, bio-
availability, and antiviral activities which were confirmed
by blocked entry of the virus into cells or by inhibition of
key enzymes in viral replication and transcription in in vitro
and in vivo experiments. Even expecting this to represent
progress, little is known about the risks of curcumin nano-
formulations to human health and their toxicological safety.
Thus, future scientific exploration of curcuminoids appli-
cations must consider these comments simultaneously as
cautionary notes and as promising research avenues. We
do hope this review will stimulate further studies, resulting
in the validation and application of curcumin and analogs
as effective, innovative, and sustainable therapeutic agents
against medically important viral infections.

Acknowledgements Authors thank Dr. Benjamin Gilbert and Dra.
Naomi Kato Simas for critical reading, valuable comments and sug-
gestions on an earlier version of this manuscript.

Author Contributions LLCF, MDB, and EPS: Conception and design
of the study, data collection: LLCF; data analysis and interpretation:
LLCF, MDB, and EPS; manuscript writing: LLCF; critical review

@ Springer

of the manuscript: LLCF, MDB, and EPS; formatting the paper and
tables, and screening/organizing the study data: CBC, MPA, POL.

Funding This study was supported by Vital Brazil Institute.

Declarations

Conflict of interest The authors declare no conflicts of interest.

References

Aggarwal, B. B., Sundaram, C., Malani, N., & Ichikawa, H. (2007).
Curcumin: The Indian solid gold. In B. B. Aggarwal, Y.-J. Surh,
& S. Shishodia (Eds.), The molecular targets and therapeutic
uses of curcumin in health and disease (pp. 1-75). Springer.

Ahsan, H., Parveen, N., Khan, N. U., & Hadi, S. M. (1999). Pro-oxi-
dant, anti-oxidant and cleavage activities on DNA of curcumin
and its derivatives demethoxycurcumin and bisdemethoxycur-
cumin. Chemico-Biological Interactions, 121(2), 161-175.

Ailioaie, L. M., & Litscher, G. (2020). Curcumin and photobiomodu-
lation in chronic viral hepatitis and hepatocellular carcinoma.
International Journal of Molecular Sciences, 21(19), 7150.

Ali, A., & Banerjea, A. C. (2016). Curcumin inhibits HIV-1 by promot-
ing Tat protein degradation. Scientific Reports, 6(1), 1-9.

Anand, K., Ziebuhr, J., Wadhwani, P., Mesters, J. R., & Hilgenfeld, R.
(2003). Coronavirus main proteinase (3CLpro) structure: Basis
for design of anti-SARS drugs. Science, 300(5626), 1763-1767.

Anand, P., Sundaram, C., Jhurani, S., Kunnumakkara, A. B., & Aggar-
wal, B. B. (2008). Curcumin and cancer: An “old-age” disease
with an “age-old” solution. Cancer Letters, 267(1), 133-164.

Baikerikar, S. (2017). Curcumin and natural derivatives inhibit Ebola
viral proteins: An In silico approach. Pharmacognosy Research,
9(Suppl 1), S15-S22.

Balasubramanian, A., Pilankatta, R., Teramoto, T., Sajith, A. M.,
Nwulia, E., Kulkarni, A., & Padmanabhan, R. (2019). Inhibi-
tion of dengue virus by curcuminoids. Antiviral Research, 162,
71-78.

Basu, S., Veeraraghavan, B., Ramaiah, S., & Anbarasu, A. (2020).
Novel cyclohexanone compound as a potential ligand against
SARS-CoV-2 main-protease. Microbial Pathogenesis, 149,
104546.

Bouvier, N. M., & Palese, P. (2008). The biology of influenza viruses.
Vaccine, 26, D49-D53.

Brendler, T., Al-Harrasi, A., Bauer, R., Gafner, S., Hardy, M. L.,
Heinrich, M., Hosseinzadeh, H., Izzo, A. A., Michaelis, M., &
Nassiri-Asl, M. (2021). Botanical drugs and supplements affect-
ing the immune response in the time of COVID-19: Implications
for research and clinical practice. Phytotherapy Research, 35(6),
3013-3031.

Brouet, I., & Ohshima, H. (1995). Curcumin, an anti-tumor promoter
and anti-inflammatory agent, inhibits induction of nitric oxide
synthase in activated macrophages. Biochemical and Biophysical
Research Communications, 206(2), 533-540.

Chen, L., Hu, C., Hood, M., Zhang, X., Zhang, L., Kan, J., & Du, J.
(2020). A novel combination of vitamin C, curcumin and gly-
cyrrhizic acid potentially regulates immune and inflammatory
response associated with coronavirus infections: A perspective
from system biology analysis. Nutrients, 12(4), 1193.

Chen, M.-H., Lee, M.-Y., Chuang, J.-J., Li, Y.-Z., Ning, S.-T., Chen,
J.-C., & Liu, Y.-W. (2012). Curcumin inhibits HCV replication
by induction of heme oxygenase-1 and suppression of AKT.
International Journal of Molecular Medicine, 30(5), 1021-1028.



Food and Environmental Virology (2022) 14:120-137

135

Chen, T.-Y., Chen, D.-Y., Wen, H.-W., Ou, J.-L., Chiou, S.-S., Chen,
J.-M., Wong, M.-L., & Hsu, W.-L. (2013). Inhibition of envel-
oped viruses infectivity by curcumin. PLoS ONE, 8(5), €62482.

Ciavarella, C., Motta, 1., Valente, S., & Pasquinelli, G. (2020). Phar-
macological (Or synthetic) and nutritional agonists of PPAR-y as
candidates for cytokine storm modulation in COVID-19 disease.
Molecules, 25(9), 2076.

Collins, P. L., & Graham, B. S. (2008). Viral and host factors in human
respiratory syncytial virus pathogenesis. Journal of Virology,
82(5), 2040-2055.

Colpitts, C. C., Schang, L. M., Rachmawati, H., Frentzen, A., Pfaender,
S., Behrendt, P., Brown, R. J., Bankwitz, D., Steinmann, J., &
Ott, M. (2014). Turmeric curcumin inhibits entry of all hepatitis
C virus genotypes into human liver cells. Gut, 63(7), 1137-1149.

Cunha, L. E. R, Stolet, A. A., Strauch, M. A., Pereira, V. A., Dumard,
C. H., Souza, P. N., Fonseca, J. G., Pontes, F. E., Meirelles, L.
G., & Albuquerque, J. W. (2020). Equine hyperimmune globulin
raised against the SARS-CoV-2 spike glycoprotein has extremely
high neutralizing titers. BioRxiv. https://doi.org/10.1101/2020.
08.17.254375

D’Souza, D. H. (2014). Phytocompounds for the control of human
enteric viruses. Current Opinion in Virology, 4, 44-49.

da Silva, T. A. L., Medeiros, R. M. V., de Medeiros, D. C., Medeiros, R.
C. S., de Medeiros, J. A., de Medeiros, G. C. B. S., de Andrade,
R. D., Lais, L. L., & Silva Dantas, P. M. (2019). Impact of cur-
cumin on energy metabolism in HIV infection: A case study.
Phytotherapy Research, 33(3), 856—858.

Dai, J., Gu, L., Su, Y., Wang, Q., Zhao, Y., Chen, X., Deng, H., Li, W.,
Wang, G., & Li, K. (2018). Inhibition of curcumin on influenza
A virus infection and influenzal pneumonia via oxidative stress,
TLR2/4, p38/INK MAPK and NF-kB pathways. International
Immunopharmacology, 54, 177-187.

Dai, W,, Zhang, B., Jiang, X.-M., Su, H., Li, J., Zhao, Y., Xie, X., Jin,
Z.,Peng, J., & Liu, F. (2020). Structure-based design of antiviral
drug candidates targeting the SARS-CoV-2 main protease. Sci-
ence, 368(6497), 1331-1335.

de Santos, N. S. O., Romanos, M. T. V., & Wigg, M. D. (2015). Viro-
logia humana . Grupo Gen-Guanabara Koogan.

Dutta, K., Ghosh, D., & Basu, A. (2009). Curcumin protects neuronal
cells from Japanese encephalitis virus-mediated cell death and
also inhibits infective viral particle formation by dysregulation
of ubiquitin—proteasome system. Journal of Neuroimmune Phar-
macology, 4(3), 328-337.

Emirik, M. (2020). Potential therapeutic effect of turmeric contents
against SARS-CoV-2 compared with experimental COVID-19
therapies: In silico study. Journal of Biomolecular Structure and
Dynamics. https://doi.org/10.1080/07391102.2020.1835719

Falasca, L., Agrati, C., Petrosillo, N., Di Caro, A., Capobianchi, M.
R., Ippolito, G., & Piacentini, M. (2015). Molecular mechanisms
of Ebola virus pathogenesis: Focus on cell death. Cell Death &
Differentiation, 22(8), 1250-1259.

Fouchier, R. A., Munster, V., Wallensten, A., Bestebroer, T. M., Herfst,
S., Smith, D., Rimmelzwaan, G. F., Olsen, B., & Osterhaus, A.
D. (2005). Characterization of a novel influenza A virus hemag-
glutinin subtype (H16) obtained from black-headed gulls. Jour-
nal of Virology, 79(5), 2814-2822.

Gao, Y., Tai, W., Wang, N., Li, X., Jiang, S., Debnath, A. K., Du, L.,
& Chen, S. (2019). Identification of novel natural products as
effective and broad-spectrum anti-zika virus inhibitors. Viruses,
11(11), 1019.

Goel, A., Kunnumakkara, A. B., & Aggarwal, B. B. (2008). Curcumin
as “Curecumin”: From kitchen to clinic. Biochemical Pharma-
cology, 75(4), 787-809.

Gorbalenya, A. E., Baker, S. C., Baric, R., de Groot, R. J., Drosten,
C., Gulyaeva, A. A., Haagmans, B. L., Lauber, C., Leontovich,
A. M., & Neuman, B. W. (2020). The species Severe acute

respiratory syndrome related coronavirus: Classifying 2019-
nCoV and naming it SARS-CoV-2. Nature Microbiology, 5,
536-544.

Gupta, S., Singh, A. K., Kushwaha, P. P., Prajapati, K. S., Shuaib, M.,
Senapati, S., & Kumar, S. (2020). Identification of potential natu-
ral inhibitors of SARS-CoV2 main protease by molecular dock-
ing and simulation studies. Journal of Biomolecular Structure
and Dynamics. https://doi.org/10.1080/07391102.2020.1776157

Han, S., Xu, J., Guo, X., & Huang, M. (2018). Curcumin ameliorates
severe influenza pneumonia via attenuating lung injury and regu-
lating macrophage cytokines production. Clinical and Experi-
mental Pharmacology and Physiology, 45(1), 84-93.

He, Y.-Q., Zhou, C.-C., Yu, L.-Y., Wang, L., Deng, J., Tao, Y.-L.,
Zhang, F., & Chen, W.-S. (2020). Natural product derived phy-
tochemicals in managing acute lung injury by multiple mecha-
nisms. Pharmacological Research. https://doi.org/10.1016/j.phrs.
2020.105224

Huang, H.-1., Chio, C.-C., & Lin, J.-Y. (2018). Inhibition of EV71
by curcumin in intestinal epithelial cells. PLoS ONE, 13(1),
e0191617.

Huynh, T., Wang, H., & Luan, B. (2020). In silico exploration of the
molecular mechanism of clinically oriented drugs for possibly
inhibiting SARS-CoV-2’s main protease. The Journal of Physical
Chemistry Letters, 11(11), 4413-4420.

Ibrahim, M. A., Abdelrahman, A. H., Hussien, T. A., Badr, E. A.,
Mohamed, T. A., El-Seedi, H. R., Pare, P. W., Efferth, T., &
Hegazy, M.-E.F. (2020). In silico drug discovery of major
metabolites from spices as SARS-CoV-2 main protease inhibi-
tors. Computers in Biology and Medicine, 126, 104046.

Jacobs, S. E., Lamson, D. M., George, K. S., & Walsha, T. J. (2013).
Human Rhinoviruses. Clinical Microbiology Reviews, 26(1),
135-162.

Jasso-Miranda, C., Herrera-Camacho, I., Flores-Mendoza, L. K.,
Dominguez, F., Vallejo-Ruiz, V., Sanchez-Burgos, G. G.,
Pando-Robles, V., Santos-Lopez, G., & Reyes-Leyva, J. (2019).
Antiviral and immunomodulatory effects of polyphenols on mac-
rophages infected with dengue virus serotypes 2 and 3 enhanced
or not with antibodies. Infection and Drug Resistance, 12, 1833.

Jiang, F., Deng, L., Zhang, L., Cai, Y., Cheung, C. W., & Xia, Z.
(2020). Review of the clinical characteristics of coronavirus dis-
ease 2019 (COVID-19). Journal of General Internal Medicine,
35(5), 1545-1549.

Kandeel, M., & Al-Nazawi, M. (2020). Virtual screening and repurpos-
ing of FDA approved drugs against COVID-19 main protease.
Life Sciences, 251, 117627.

Kannan, S., & Kolandaivel, P. (2017). Antiviral potential of natural
compounds against influenza virus hemagglutinin. Computa-
tional Biology and Chemistry, 71,207-218.

Kim, K., Kim, K. H., Kim, H. Y., Cho, H. K., Sakamoto, N., & Cheong,
J. (2010). Curcumin inhibits hepatitis C virus replication via
suppressing the Akt-SREBP-1 pathway. FEBS Letters, 584(4),
707-712.

Kim, S.-A., Kim, S.-W., Choi, H.-K., & Han, H.-K. (2013). Enhanced
systemic exposure of saquinavir via the concomitant use of
curcumin-loaded solid dispersion in rats. European Journal of
Pharmaceutical Sciences, 49(5), 800-804.

Kuhn, J. H., Amarasinghe, G. K., Basler, C. F., Bavari, S., Bukreyev,
A., Chandran, K., Crozier, 1., Dolnik, O., Dye, J. M., Formenty,
P. B. H., Griffiths, A., Hewson, R., Kobinger, G. P., Leroy, E. M.,
Miihlberger, E., Netesov, S. V., Palacios, G., Palyi, B., Pawgska,
J.T., -+ Wahl, V. (2019). ICTV virus taxonomy profile: Filoviri-
dae. The Journal of General Virology, 100(6), 911-912.

Kumar, S., Kashyap, P., Chowdhury, S., Kumar, S., Panwar, A., &
Kumar, A. (2021). Identification of phytochemicals as poten-
tial therapeutic agents that binds to Nspl5 protein target of

@ Springer


https://doi.org/10.1101/2020.08.17.254375
https://doi.org/10.1101/2020.08.17.254375
https://doi.org/10.1080/07391102.2020.1835719
https://doi.org/10.1080/07391102.2020.1776157
https://doi.org/10.1016/j.phrs.2020.105224
https://doi.org/10.1016/j.phrs.2020.105224

136

Food and Environmental Virology (2022) 14:120-137

coronavirus (SARS-CoV-2) that are capable of inhibiting virus
replication. Phytomedicine, 85, 153317.

Kumari, N., Kulkarni, A. A., Lin, X., McLean, C., Ammosova, T.,
Ivanov, A., Hipolito, M., Nekhai, S., & Nwulia, E. (2015). Inhi-
bition of HIV-1 by curcumin A, a novel curcumin analog. Drug
Design, Development and Therapy, 9, 5051.

Lai, Y., Yan, Y., Liao, S., Li, Y., Ye, Y., Liu, N., Zhao, F., & Xu, P.
(2020). 3D-quantitative structure—activity relationship and anti-
viral effects of curcumin derivatives as potent inhibitors of influ-
enza HINI1 neuraminidase. Archives of Pharmacal Research,
43(5), 489-502.

Lim, L., Dang, M., Roy, A., Kang, J., & Song, J. (2020). Curcumin
allosterically inhibits the dengue NS2B-NS3 protease by disrupt-
ing its active conformation. ACS Omega, 5(40), 25677-25686.

Lin, C.J., Chang, L., Chu, H. W,, Lin, H. J., Chang, P. C., Wang, R.
Y. L., Unnikrishnan, B., Mao, J. Y., Chen, S. Y., & Huang, C. C.
(2019). High amplification of the antiviral activity of curcumin
through transformation into carbon quantum dots. Small (wein-
heim an Der Bergstrasse, Germany), 15(41), €1902641.

Liu, C.-L., Hung, H.-C., Lo, S.-C., Chiang, C.-H., Chen, 1.-J., Hsu,
J.T.-A., & Hou, M.-H. (2016). Using mutagenesis to explore
conserved residues in the RNA-binding groove of influenza A
virus nucleoprotein for antiviral drug development. Scientific
Reports, 6(1), 1-14.

Liu, Z., & Ying, Y. (2020). The inhibitory effect of curcumin on virus-
induced cytokine storm and its potential use in the associated
severe pneumonia. Frontiers in Cell and Developmental Biol-
ogy, 8, 479.

Louten, J. (2016). Virus transmission and epidemiology. Essential
human virology (pp. 71-92). Elsevier.

Loutfy, S. A., Elberry, M. H., & Farroh, K. Y. (2020). Antiviral activity
of chitosan nanoparticles encapsulating curcumin against hepa-
titis ¢ virus genotype 4a in human hepatoma cell lines. Interna-
tional Journal of Nanomedicine, 15, 2699-2715.

Lovelace, E. S., & Polyak, S. J. (2015). Natural products as tools for
defining how cellular metabolism influences cellular immune and
inflammatory function during chronic infection. Viruses, 7(12),
6218-6232.

Martino, T. A., Liu, P., & Sole, M. J. (1994). Viral infection and the
pathogenesis of dilated cardiomyopathy. Circulation Research,
74(2), 182-188.

Maurya, V. K., Kumar, S., Prasad, A. K., Bhatt, M. L., & Saxena, S.
K. (2020). Structure-based drug designing for potential antivi-
ral activity of selected natural products from Ayurveda against
SARS-CoV-2 spike glycoprotein and its cellular receptor. Virus
Disease, 31(2), 179-193.

Mirani, A., Kundaikar, H., Velhal, S., Patel, V., Bandivdekar, A.,
Degani, M., & Patravale, V. (2019). Tetrahydrocurcumin-loaded
vaginal nanomicrobicide for prophylaxis of HIV/AIDS: In silico
study, formulation development, and in vitro evaluation. Drug
Delivery and Translational Research, 9(4), 828-847.

Moore, J. B., & June, C. H. (2020). Cytokine release syndrome in
severe COVID-19. Science, 368(6490), 473-474.

Mounce, B. C., Cesaro, T., Carrau, L., Vallet, T., & Vignuzzi, M.
(2017). Curcumin inhibits Zika and chikungunya virus infection
by inhibiting cell binding. Antiviral Research, 142, 148-157.

Mrityunjaya, M., Pavithra, V., Neelam, R., Janhavi, P., Halami, P. M.,
& Ravindra, P. V. (2020). Immune-boosting, antioxidant and
anti-inflammatory food supplements targeting pathogenesis of
COVID-19. Frontiers in Immunology, 11, 570122.

Mukhopadhyay, A., Basu, N., Ghatak, N., & Gujral, P. K. (1982). Anti-
inflammatory and Irritant activities of curcumin analogues in
rats. Agents and Actions, 12(4), 508-515.

Nabila, N., Suada, N. K., Denis, D., Yohan, B., Adi, A. C., Veter-
ini, A. S., Anindya, A. L., Sasmono, R. T., & Rachmawati,
H. (2020). Antiviral action of curcumin encapsulated in

@ Springer

nanoemulsion against four serotypes of dengue virus. Phar-
maceutical Nanotechnology, 8(1), 54-62.

Nagqvi, A. A. T., Fatima, K., Mohammad, T., Fatima, U., Singh, I. K.,
Singh, A., Atif, S. M., Hariprasad, G., Hasan, G. M., & Has-
san, M. 1. (2020). Insights into SARS-CoV-2 genome, struc-
ture, evolution, pathogenesis and therapies: Structural genom-
ics approach. Biochimica Et Biophysica Acta (BBA) Molecular
Basis of Disease, 1866, 165878.

Nelson, P. P., Papadopoulos, N. G., & Skevaki, C. (2020). Respira-
tory viral pathogens. Reference Module in Biomedical Sci-
ences. https://doi.org/10.1016/B978-0-12-801238-3.11635-6

Obata, K., Kojima, T., Masaki, T., Okabayashi, T., Yokota, S.,
Hirakawa, S., Nomura, K., Takasawa, A., Murata, M., & Tan-
aka, S. (2013). Curcumin prevents replication of respiratory
syncytial virus and the epithelial responses to it in human nasal
epithelial cells. PLoS ONE, 8(9), €70225.

Oglah, M. K., Mustafa, Y. F., Bashir, M. K., Jasim, M. H., &
Mustafa, Y. F. (2020). Curcumin and its derivatives: A review
of their biological activities. Syst Rev Pharm, 11(3), 472.

Ou, J.-L., Mizushina, Y., Wang, S.-Y., Chuang, D.-Y., Nadar, M., &
Hsu, W.-L. (2013). Structure—activity relationship analysis of
curcumin analogues on anti-influenza virus activity. The FEBS
Journal, 280(22), 5829-5840.

Padilla-S, L., Rodriguez, A., Gonzales, M. M., Gallego-G, J. C.,
& Castaiio-0, J. C. (2014). Inhibitory effects of curcumin on
dengue virus type 2-infected cells in vitro. Archives of Virol-
ogy, 159(3), 573-579.

Parks, J. M., & Smith, J. C. (2020). How to discover antiviral drugs
quickly. New England Journal of Medicine, 382, 2261-2264.

Praditya, D., Kirchhoff, L., Briining, J., Rachmawati, H., Steinmann,
J., & Steinmann, E. (2019). Anti-infective properties of the
golden spice curcumin. Frontiers in Microbiology, 10, 912.

Prasad, S., & Tyagi, A. K. (2015). Curcumin and its analogues: A
potential natural compound against HIV infection and AIDS.
Food & Function, 6(11), 3412-3419.

Qin, Y., Lin, L., Chen, Y., Wu, S., Si, X., Wu, H., Zhai, X., Wang, Y.,
Tong, L., & Pan, B. (2014). Curcumin inhibits the replication of
enterovirus 71 in vitro. Acta Pharmaceutica Sinica. B, 4(4), 284.

Randazzo, W., Aznar, R., & Sanchez, G. (2016). Curcumin-mediated
photodynamic inactivation of norovirus surrogates. Food and
Environmental Virology, 8(4), 244-250.

Rehermann, B., & Nascimbeni, M. (2005). Immunology of hepatitis B
virus and hepatitis C virus infection. Nature Reviews Immunol-
ogy, 5(3), 215-229.

Richart, S. M., Li, Y.-L., Mizushina, Y., Chang, Y.-Y., Chung, T.-Y.,
Chen, G.-H., Tzen, J.T.-C., Shia, K.-S., & Hsu, W.-L. (2018).
Synergic effect of curcumin and its structural analogue (Mono-
acetylcurcumin) on anti-influenza virus infection. Journal of
Food and Drug Analysis, 26(3), 1015-1023.

Rima, B., Collins, P., Easton, A., Fouchier, R., Kurath, G., Lamb, R.
A., Lee, B., Maisner, A., Rota, P., Wang, L., Ictv Report Consor-
tium. (2017). ICTV virus taxonomy profile: Pneumoviridae. The
Journal of General Virology, 98(12), 2912-2913.

Rosa, S. G. V., & Santos, W. C. (2020). Clinical trials on drug repo-
sitioning for COVID-19 treatment. Revista Panamericana De
Salud Publica, 44, €40.

Roshdy, W. H., Rashed, H. A., Kandeil, A., Mostafa, A., Moatasim, Y.,
Kutkat, O., Abo Shama, N. M., Gomaa, M. R., El-Sayed, I. H.,
& El Guindy, N. M. (2020). EGYVIR: An immunomodulatory
herbal extract with potent antiviral activity against SARS-CoV-2.
PLoS ONE, 15(11), e0241739.

Saikia, S., Bordoloi, M., Sarmah, R., & Kolita, B. (2019). Antiviral
compound screening, peptide designing, and protein network
construction of influenza a virus (strain a/Puerto Rico/8/1934
HIN1). Drug Development Research, 80(1), 106.


https://doi.org/10.1016/B978-0-12-801238-3.11635-6

Food and Environmental Virology (2022) 14:120-137

137

Sanjuén, R., & Domingo-Calap, P. (2016). Mechanisms of viral muta-
tion. Cellular and Molecular Life Sciences, 73(23), 4433-4448.

Setlur, A. S., Naik, S. Y., & Skariyachan, S. (2017). Herbal lead as
ideal bioactive compounds against probable drug targets of Ebola
virus in comparison with known chemical analogue: A compu-
tational drug discovery perspective. Interdisciplinary Sciences:
Computational Life Sciences, 9(2), 254-277.

Sharma, A., Yadav, A., Gupta, N., Sharma, S., Kakkar, R., Cwiklinski,
K., Quaye, E., Mahajan, S. D., Schwartz, S. A., & Sharma, R.
K. (2019). Multifunctional mesoporous curcumin encapsulated
iron-phenanthroline nanocluster: A new Anti-HIV agent. Col-
loids and Surfaces B: Biointerfaces, 180, 289-297.

Sharma, R. K., Cwiklinski, K., Aalinkeel, R., Reynolds, J. L., Sykes, D.
E., Quaye, E., Oh, J., Mahajan, S. D., & Schwartz, S. A. (2017).
Immunomodulatory activities of curcumin-stabilized silver nano-
particles: Efficacy as an antiretroviral therapeutic. Immunological
Investigations, 46(8), 833-846.

Si, X., Wang, Y., Wong, J., Zhang, J., McManus, B. M., & Luo, H.
(2007). Dysregulation of the ubiquitin-proteasome system by
curcumin suppresses coxsackievirus B3 replication. Journal of
Virology, 81(7), 3142-3150.

Simmonds, P., Becher, P., Bukh, J., Gould, E. A., Meyers, G., Monath,
T., Muerhoff, S., Pletnev, A., Rico-Hesse, R., & Smith, D. B.
(2017). ICTYV virus taxonomy profile: Flaviviridae. The Journal
of General Virology, 98(1), 2.

Singh, A., Kutscher, H. L., Bulmahn, J. C., Mahajan, S. D., He, G. S.,
& Prasad, P. N. (2020). Laser ablation for pharmaceutical nano-
formulations: Multi-drug nanoencapsulation and theranostics for
HIV. Nanomedicine: Nanotechnology, Biology and Medicine, 25,
102172.

Solomon, T., Lewthwaite, P., Perera, D., Cardosa, M. J., McMinn, P.,
& Ooi, M. H. (2010). Virology, epidemiology, pathogenesis,
and control of enterovirus 71. The Lancet Infectious Diseases,
10(11), 778-790.

Song, Y., Ge, W., Cai, H., & Zhang, H. (2013). Curcumin protects
mice from coxsackievirus B3-induced myocarditis by inhibiting
the phosphatidylinositol 3 kinase/Akt/nuclear factor-kB pathway.
Journal of Cardiovascular Pharmacology and Therapeutics,
18(6), 560-569.

Soni, V. K., Mehta, A., Ratre, Y. K., Tiwari, A. K., Amit, A., Singh, R.
P., Sonkar, S. C., Chaturvedi, N., Shukla, D., & Vishvakarma, N.
K. (2020). Curcumin, a traditional spice component, can hold the
promise against COVID-19? European Journal of Pharmacol-
ogy, 886, 173551.

Srivastava, R. M., Singh, S., Dubey, S. K., Misra, K., & Khar, A.
(2011). Immunomodulatory and therapeutic activity of curcumin.
International Immunopharmacology, 11(3), 331-341.

Teunis, P. F., Le Guyader, F. S., Liu, P., Ollivier, J., & Moe, C. L.
(2020). Noroviruses are highly infectious but there is strong vari-
ation in host susceptibility and virus pathogenicity. Epidemics,
32,100401.

Valizadeh, H., Abdolmohammadi-Vahid, S., Danshina, S., Gencer,
M. Z., Ammari, A., Sadeghi, A., Roshangar, L., Aslani, S.,
Esmaeilzadeh, A., & Ghaebi, M. (2020). Nano-curcumin therapy,
a promising method in modulating inflammatory cytokines in
COVID-19 patients. International Immunopharmacology, 89,
107088.

Vellingiri, B., Jayaramayya, K., Iyer, M., Narayanasamy, A., Govin-
dasamy, V., Giridharan, B., Ganesan, S., Venugopal, A., Venkate-
san, D., Ganesan, H., Rajagopalan, K., Rahman, P. K. S. M., Cho,
S.-G., Kumar, N. S., & Subramaniam, M. D. (2020). COVID-19:
A promising cure for the global panic. The Science of the Total
Environment, 725, 138277.

Vinjé, J., Estes, M. K., Esteves, P., Green, K. Y., Katayama, K.,
Knowles, N. J., L'Homme, Y., Martella, V., Vennema, H., &
White, P. A. (2019). ICTV virus taxonomy profile: Caliciviridae.
Journal of General Virology, 100(11), 1469-1470.

Votteler, J., & Schubert, U. (2008). Human immunodeficiency viruses
molecular biology. Encyclopedia of virology (4th ed., pp. 517—
525). Elsevier.

Wang, J., Zhang, X., Omarini, A. B., & Li, B. (2020). Virtual screening
for functional foods against the main protease of SARS-CoV-2.
Journal of Food Biochemistry, 44(11), e13481.

Weiss, S. R., & Navas-Martin, S. (2005). Coronavirus pathogenesis
and the emerging pathogen severe acute respiratory syndrome
coronavirus. Microbiology and Molecular Biology Reviews,
69(4), 635-664.

Wen, C.-C., Kuo, Y.-H., Jan, J.-T., Liang, P.-H., Wang, S.-Y., Liu,
H.-G,, Lee, C.-K., Chang, S.-T., Kuo, C.-J., & Lee, S.-S. (2007).
Specific plant terpenoids and lignoids possess potent antiviral
activities against severe acute respiratory syndrome coronavirus.
Journal of Medicinal Chemistry, 50(17), 4087—-4095.

Wessely, R., Klingel, K., Knowlton, K. U., & Kandolf, R. (2001). Car-
dioselective infection with coxsackievirus B3 requires intact type
I interferon signaling: Implications for mortality and early viral
replication. Circulation, 103(5), 756-761.

Xu, Y., & Liu, L. (2017). Curcumin alleviates macrophage activa-
tion and lung inflammation induced by influenza virus infection
through inhibiting the NF-kB signaling pathway. Influenza and
Other Respiratory Viruses, 11(5), 457-463.

Yan, L., Zhang, Y., Ge, J., Zheng, L., Gao, Y., Wang, T., Jia, Z., Wang,
H., Huang, Y., & Li, M. (2020). Architecture of a SARS-CoV-2
mini replication and transcription complex. Nature Communica-
tions, 11(1), 1-6.

Yang, M., Lee, G, Si, J., Lee, S.-J., You, H.J., & Ko, G. (2016a). Cur-
cumin shows antiviral properties against norovirus. Molecules,
21(10), 1401.

Yang, X. X., Li, C. M., & Huang, C. Z. (2016b). Curcumin modified
silver nanoparticles for highly efficient inhibition of respiratory
syncytial virus infection. Nanoscale, 8(5), 3040-3048.

Yang, X. X., Li, C. M., Li, Y. F., Wang, J., & Huang, C. Z. (2017).
Synergistic antiviral effect of curcumin functionalized graphene
oxide against respiratory syncytial virus infection. Nanoscale,
9(41), 16086-16092.

Zahedipour, F., Hosseini, S. A., Sathyapalan, T., Majeed, M., Jami-
alahmadi, T., Al-Rasadi, K., Banach, M., & Sahebkar, A. (2020).
Potential effects of curcumin in the treatment of COVID-19
infection. Phytotherapy Research, 34(11), 2911-2920.

Zhang, C., Wu, Z., Li, J.-W., Zhao, H., & Wang, G.-Q. (2020). Cytokine
release syndrome in severe COVID-19: Interleukin-6 receptor
antagonist tocilizumab may be the key to reduce mortality. Inter-
national Journal of Antimicrobial Agents, 55(5), 105954.

Zhang, Y., Wang, Z., Chen, H., Chen, Z., & Tian, Y. (2014). Anti-
oxidants: Potential antiviral agents for Japanese encephalitis
virus infection. International Journal of Infectious Diseases,
24, 30-36.

Zorofchian Moghadamtousi, S., Abdul Kadir, H., Hassandarvish, P.,
Tajik, H., Abubakar, S., & Zandi, K. (2014). A review on anti-
bacterial, antiviral, and antifungal activity of curcumin. BioMed
Research International, 2014, 186864.

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer



	Curcumin and Its Analogs as a Therapeutic Strategy in Infections Caused by RNA Genome Viruses
	Abstract
	Introduction
	Methods
	Search Strategy and Selection Criteria
	Data Selection and Theoretical Underpinning

	Results
	Activity Against Coxsackievirus
	Activity Against Enterovirus 71
	Activity Against Murine Norovirus
	Activity Against SARS-CoV and SARS-CoV-2
	Activity Against Influenza A virus
	Activity Against Respiratory Syncytial Virus
	Activity Against Ebola Virus
	Activity Against Arboviruses
	Activity Against Dengue Virus
	Activity Against Japanese Encephalitis Virus
	Activity Against Zika and Chikungunya Viruses
	Activity Against hepatitis C Virus
	Activity Against Human Immunodeficiency Virus
	Research Avenues and Concluding Remarks

	Acknowledgements 
	References




