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Abstract Naturally occurring plant-derived flavonoids

are reported to have antibacterial, antiviral, and pharma-

cological activities. The objectives of this study were to

determine the antiviral effects of four flavonoids (myrice-

tin, L-epicatechin, tangeretin, and naringenin) on the

infectivity of food borne norovirus surrogates after 2 h at

37 �C. The lab-culturable surrogates, feline calicivirus

(FCV-F9) at titers of *7 log10 PFU/ml (high titer) or *5

log10 PFU/ml (low titer) and murine norovirus (MNV-1) at

*5 log10 PFU/ml, were mixed with equal volumes of

myricetin, L-epicatechin, tangeretin, or naringenin at con-

centrations of 0.5 or 1 mM, and incubated for 2 h at 37 �C.

Treatments of viruses were neutralized in cell culture

medium containing 10 % heat-inactivated fetal bovine

serum, serially diluted, and plaque assayed. Each treatment

was replicated thrice and assayed in duplicate. FCV-F9

(low titer) was not found to be reduced by tangeretin or

naringenin, but was reduced to undetectable levels by

myricetin at both concentrations. Low titer FCV-F9 was

also decreased by 1.40 log10 PFU/ml with L-epicatechin at

0.5 mM. FCV-F9 at high titers was decreased by 3.17 and

0.72 log10 PFU/ml with myricetin and L-epicatechin at

0.5 mM, and 1.73 log10 PFU/ml with myricetin at

0.25 mM, respectively. However, MNV-1 showed no sig-

nificant inactivation by the four tested treatments. The

antiviral effects of the tested flavonoids are dependent on

the virus type, titer, and dose. Further research will focus

on understanding the antiviral mechanism of myricetin and

L-epicatechin.

Keywords Flavonoids � Feline calicivirus FCV-F9 �
Murine norovirus MNV-1 � Reduction

Introduction

Human noroviruses are now recognized as the leading

causes of viral gastroenteritis outbreaks worldwide (Mead

et al. 1999; Siebenga et al. 2009; Scallan et al. 2011). They

have low infectious doses of 10–100 viral particles and are

found to be resistant to environmental degradation and

chemical inactivation (Cheesbrough et al. 2000; Kuusi et al.

2002). Transmission of human noroviruses has been shown

to be via person-to person, food-borne, and water-borne

routes. Human norovirus infections are typically self-lim-

iting. However, newly emergent strains are known to be

highly virulent and can be life-threatening to the elderly and

immuno-compromised (Siebenga et al. 2009). Currently, no

effective medication is available to prevent these infections.

It therefore remains challenging and interesting to explore

natural remedies for their treatment and prevention.

Various naturally occurring substances are known to have

antimicrobial properties, among which plant flavonoids

seem to be promising antivirals (Cushnie and Lamb 2005;

Jassim and Naji 2003). Flavonoids are plant pigments that

are composed of a large group of polyphenolic compounds

which are characterized by a benzo-y-pyrone structure.

Flavonoids are widely present in edible plants, such as fruits,

tea leaves, vegetables, and medicinal herbs (El Gharras

2009). They are known to have antioxidant, antimicrobial,

anticancer, anti-inflammatory activities, to list just a few of

their associated health benefits (Yao et al. 2004). Research

on the use of natural antimicrobials and naturally occurring

flavonoids is becoming increasingly popular in the food

industry. Their antiviral activities have been demonstrated
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against human immuno-deficiency virus-1, herpes simplex

virus, influenza A virus, human rotavirus, etc. (Cushnie and

Lamb 2005; Jassim and Naji 2003). Recently, the extracts

from cranberry and pomegranates were reported to have

antiviral activities against the human norovirus surrogates,

feline calicivirus (FCV-F9), murine norovirus (MNV-1), and

bacteriophage MS2 (Su et al. 2010a, b).

Along these lines of natural therapeutics and natural

antivirals, the effect of flavonoids that naturally occur in

citrus fruits, such as myricetin, L-epicatechin, tangeretin,

and naringenin (El Gharras 2009), were examined against

human norovirus surrogates in this study. Each of these

four flavonoids at concentrations of 0.5 and 1 mM was

mixed with equal volumes of FCV-F9 at titers of *7 log10

PFU/ml (high titer) or *5 log10 PFU/ml (low titer), or

MNV-1 at *5 log10 PFU/ml, and incubated at 37 �C for

2 h. The viral titers were evaluated using standard plaque

assays, and differences between treated and untreated viral

titers were determined. The effects of these flavonoids on

the replication and binding of FCV-F9 and MNV-1 to their

respective host cell lines were also evaluated.

Materials and Methods

Viruses, Hosts and Cell Lines

FCV-F9 and Crandell Reese Feline Kidney (CRFK) cells

were purchased from ATCC (Manassas, VA, USA). MNV-

1 was provided as a gift by Dr. Skip Virgin (Washington

University, St. Louis, MO, USA), and RAW 264.7 cells

were obtained from the University of Tennessee at Knox-

ville (Knoxville, TN, USA).

Propagation of Viruses

CRFK and RAW 264.7 cells were grown in cell culture

flasks at 37 �C in a CO2 incubator with Dulbecco’s mod-

ified Eagle’s medium (DMEM) supplemented with 10 %

heat-inactivated fetal bovine serum (FBS) and 1X Antibi-

otic–Antimycotic solution. Confluent CRFK and RAW

264.7 cells were inoculated with FCV-F9 and MNV-1

respectively, and incubated until [ 90 % cell lysis. Then,

the media containing infected cells were freeze-thawed

thrice for MNV-1 and once for FCV-F9 and centrifuged at

room temperature for 10 min at 5,000 x g. Finally, the

supernatants were passed through 0.2 lm membrane filters,

aliquoted, and stored at -80 �C until use.

Infectious Plaque Assays

For MNV-1, the plaque assay, as previously described, was

followed with minor modifications (D’Souza and Su 2010;

Wobus et al. 2004). Confluent RAW 264.7 cells were

inoculated with serial dilutions of viral samples and incu-

bated for 2 h at 37 �C in a CO2 incubator. Then, inocula

were aspirated and cells were overlaid with 2 ml of com-

plete DMEM medium containing 0.75 % agarose. Plates

were incubated for 3 days at 37 �C and the cells were

stained with neutral red. Plaques were counted 3 h post

staining at 37 �C.

FCV-F9 plaque assays were similar to MNV-1 plaque

assays as described earlier (D’Souza et al. 2006). Serial

dilutions of FCV-F9 in DMEM containing 2 % fetal bovine

serum were added to confluent CRFK cells and incubated

for 2 h at 37 �C in a CO2 incubator. After aspiration of

media, cells were then overlaid with complete DMEM

medium containing 0.75 % agarose. Plates were incubated

for 2 days at 37 �C and overlaid with a second overlay

media containing neutral red. Plaques were counted after

overnight incubation at 37 �C.

Antiviral Effects of Myricetin, L-Epicatechin,

Tangeretin, and Naringenin

Myricetin, L-epicatechin, tangeretin, and naringenin were

commercially obtained from Fisher Scientific (Pittsburgh,

USA) and prepared by dissolving in 200 proof ethanol to a

concentration of 5 mM, filter-sterilized and further diluted

aseptically in sterile distilled deionized water to 1 mM

(which is equivalent to 0.032 % (w/v) for myricetin,

0.029 % (w/v) for L-epicatechin, 0.037 % (w/v) for tan-

geretin, and 0.027 % (w/v) for naringenin). Myricetin,

L-epicatechin, tangeretin, and naringenin at 1 mM were

then diluted in 20 % ethanol to make 0.5 mM solution

(0.016 % (w/v) for myricetin, 0.015 % (w/v) for L-epicat-

echin, 0.019 % (w/v) for tangeretin, and 0.014 % (w/v) for

naringenin). FCV-F9 at titers of *7 log10 PFU/ml (high

titer) or *5 log10 PFU/ml (low titer) and MNV-1 at *5

log10 PFU/ml were prepared in phosphate buffered saline

(PBS, pH 7.2) and mixed with equal volumes of myricetin,

L-epicatechin, tangeretin, or naringenin at concentrations of

0.5 mM and 1 mM (to reach final concentrations of 0.25

and 0.5 mM), and incubated for 2 h at 37 �C. The viruses

treated with sterile distilled deionized water containing

20 % of ethanol were used as controls. Treatments were

neutralized in cell culture medium containing 10 % heat-

inactivated fetal bovine serum (FBS). The organic com-

ponents in fetal bovine serum containing cell culture

medium are known to neutralize chemical treatments. All

treatments were run in triplicates. The infectivity of viruses

was evaluated in duplicates using standard plaque assays.

To study if the tested four flavonoids have an effect on

viral adsorption and viral replication of FCV-F9 and MNV-

1, confluent CRFK and RAW 264.7 cells were treated with

PBS, myricetin, L-epicatechin, tangeretin, and naringenin

98 Food Environ Virol (2013) 5:97–102

123



at 0.25 and 0.5 mM (in PBS) for 1 h before (adsorption

effects) or post-viral (replication effects) infection. The

viral infectivity before and after treatment was determined

by plaque assays, as described above.

Cytotoxicity Effect of Myricetin, L-Epicatechin,

Tangeretin, and Naringenin on CRFK and RAW 264.7

Myricetin, L-epicatechin, tangeretin, and naringenin at

concentrations of 0.2–1.0 mM were each added to indi-

vidual wells of confluent CRFK or RAW 264.7 cells in

6-well plates and incubated for 2 h. The solution was then

aspirated, and the cells were overlaid with complete

DMEM containing 0.75 % agar and incubated further for

2–3 days. Cytopathic effects were determined by both

visual inspection under the optical light microscope and

neutral red staining.

Statistical Analysis

Statistical analysis was carried out using ANOVA (Regal

1986) with SAS software (version 9.2, SAS Institute, Cary,

NC, USA) and Tukey’s test (Ramachandran 1956) on a

completely randomized design with six sets of data for

each treatment condition.

Results and Discussion

The effects of four naturally occurring plant flavonoids,

myricetin, L-epicatechin, tangeretin, and naringenin (at

final concentrations of 0.5 and 0.25 mM after mixing), on

human norovirus surrogates, FCV-F9 and MNV-1, at

37 �C for 2 h using standard plaque assays are summarized

in Table 1.

Of the four tested flavonoids, myricetin was found to be

the most effective against both high titer (*7 log10 PFU/ml)

and low titer (*5 log10 PFU/ml) FCV-F9. FCV-F9 at low

titer was reduced to undetectable levels after treatment for

2 h with myricetin at both concentrations of 0.25 and

0.5 mM. High titer FCV-F9 was reduced by 1.73 and 3.17

log10 PFU/ml with 0.25 and 0.5 mM myricetin, respectively.

On the other hand, L-epicatechin at 0.25 and 0.5 mM reduced

high titer FCV-F9 by merely 0.18 and 0.72 log10 PFU/ml;

and low titer FCV-F9 by 0.33 and 1.40 log10 PFU/ml,

respectively. However, reductions of B 1 log10 do not have

any significant/practical applications for the food industry.

Tangeretin and naringenin at both tested concentrations of

0.25 and 0.5 mM did not cause any significant inactivation of

both high and low titer FCV-F9 (p [ 0.05).

Myricetin, L-epicatechin, tangeretin, and naringenin at

0.25 mM did not show any measurable inactivation of low

titer MNV-1 after 2 h incubation at 37 �C. However, at

0.5 mM concentration, only myricetin and L-epicatechin

showed negligible low titer MNV-1 reduction of 0.22

log10PFU/ml and 0.27 log10 PFU/ml, respectively. Tan-

geretin and naringenin even at 0.5 mM did not show any

measurable effect against low titer MNV-1. As the antiviral

effects of the four tested flavonoids on low titer MNV-1

were found to be minimum, their effect against high titer

MNV-1 was not explored any further.

The effect of myricetin, L-epicatechin, tangeretin, and

naringenin at two concentrations (0.25 and 0.5 mM) on the

viral adsorption and replication of FCV-F9 and MNV-1

was also studied. However, since the four flavonoids at

0.5 mM appeared to cause cytotoxic effects on the CRFK

cells as determined by visual inspection and neutral red

staining, treatments with 0.25 mM flavonoids were carried

out and the results are reported in Fig. 1.

To determine if the four flavonoids have any effect on

viral adsorption, myricetin, L-epicatechin, tangeretin, and

naringenin at 0.25 mM were each added to confluent

CRFK cells or RAW 264.7 cells and incubated for 1 h,

before infection with FCV-F9 and MNV-1 for 2 h. Among

the four flavonoids, 0.25 mM myricetin showed insignifi-

cant minor measurable effects (0.2 log10 PFU/ml) on the

adsorption/binding of FCV-F9 to the host cells. No mea-

surable effect of the four flavonoids was observed against

adsorption/binding of MNV-1 to the RAW 264.7 host cells

(Fig. 1 a).

Treating the cells with 0.25 mM myricetin, L-epicate-

chin, tangeretin, and naringenin post viral infection was

carried out to obtain information regarding their effects on

viral replication. As shown in Fig. 1 b, all the four flavo-

noids did not show any significant effect on the replication

of FCV-F9 or MNV-1.

Flavonoids from various sources have been shown to

have antiviral effects against viruses that cause gastroen-

teritis. Proanthocyanidins (PAC) extracted from cranber-

ries at 0.03 % were found to decrease titers of human

norovirus surrogates, FCV-F9 and MNV-1, as well as MS2

and /-X174 bacteriophages by 5.0, 2.8, 0.8, and 3.7 log10

PFU/ml, respectively, from initial viral titers of *5 log10

PFU/ml after 1 h incubation at room temperature (Su et al.

2010a). Grape seed extract at 0.025 % was shown to

decrease titers of FCV-F9, MNV-1, hepatitis A virus, and

bacteriophage MS2 by 5.0, 1.5, 1.9, and 1.4 log10 PFU/ml,

respectively, from initial viral titers of *5 log10 PFU/ml

after 2 h incubation at 37 �C (Su and D’Souza 2011). Thus,

at similar concentrations (*0.03 %), cranberry extract and

grape seed extract showed greater antiviral activities

against human norovirus surrogates than myricetin, L-epi-

catechin, tangeretin, and naringenin. Flavonoids also have

been reported to have antiviral activity against rotaviruses

(Debiaggi et al. 1990; Kwon et al. 2010; Mukoyama et al.

1991), adenoviruses (Chiang et al. 2003; Debiaggi et al.
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1990; Matias et al. 2010), and enteroviruses (Mukoyama

et al. 1991; Tait et al. 2006).

Flavonoids are classified into at least ten chemical

groups: among which flavones (have three -OH groups at

the C40, C5, and C7 positions), flavonols (have one OH

group at the C3 positions), flavanones (have a single bond

between the C2 and C3 positions in the C-ring) are the

most common in vegetarian (plant-based) diets (Lyu et al.

2005). The antiviral activity of flavonoids has been shown

to be related to their chemical structure. Liu et al. (2008)

studied the structure–activity relationship of 25 flavonoids

against influenza virus and found that myricetin had

moderate effects, while naringenin and epicatechin had

only weak effects against influenza A and B viruses. The

order of potency for neuraminidase inhibition followed the

order of flavon(ol)es [ flavanon(ol)es and flavan(ol)es. On

the other hand, a study on antiherpetic activities of 18

flavonoids concluded that flavanols and flavonols are more

effective in reducing the infectivity of herpes simplex virus

than flavones (Lyu et al. 2005). The results of this study

showed that the antiviral activity against FCV-F9 followed

the order of Myricetin (Flavonols) [ L-Epicatechin (Flav-

anol) [ Naringenin (Flavanone), which is somewhat closer

in agreement with the results obtained by Liu et al. (2008).

The study of the antiviral mechanisms of flavonoids

against Moloney murine leukemia virus (Chu et al. 1992)

showed that flavonols and flavanonols had greater inhibi-

tory effects on Moloney murine leukemia virus reverse

transcriptase activity than flavones and flavanones. These

researchers concluded that the presence of free hydroxyl

groups at positions 3 and 40 enhanced the reverse trans-

criptase inhibitory activity. Other proposed antiviral

mechanisms of flavonoids include inhibition of viral poly-

merase, binding of viral nucleic acid or viral capsid pro-

teins, and inhibition of viral replication (Cheng and Wong

1996; Cody et al. 1986). The results reported in this current

study showed that myricetin had minor/negligible effects on

viral adsorption, and that all four flavonoids did not have

any effect on the replication of FCV-F9 and MNV-1.

As the demand for natural preventive measures increa-

ses, further research needs to be undertaken to determine

alternative therapeutics or prophylactics that have protec-

tive effects on human health and disease prevention. The

screening of natural flavonoids for health benefits that have

both antioxidant and antimicrobial properties needs further

in-depth studies that could lead to a database of existing

and available natural antiviral compounds. The

Table 1 The effect of myricetin, L-epicatechin, tangeretin, and naringenin on the infectivity of feline calicivirus (FCV) at high titer (HT, *7

log10 PFU/ml) and low titer (LT, *5 log10 PFU/ml) and murine norovirus (MNV-1) at low titer (*5 log10 PFU/ml) after 2 h at 37 �C

HT FCV-F9 (log10 PFU/ml) LT FCV-F9 (log10 PFU/ml) LT MNV (log10 PFU/ml)

Recovered titer Reduction Recovered titer Reduction Recovered titer Reduction

Water 7.02 ± 0.09 A 0 4.92 ± 0.06 A 0 4.63 ± 0.06 A 0

Myricetin 0.5 mM 3.85 ± 0.30 D 3.17 0.00 ± 0.00 D 4.92 4.41 ± 0.13 AB 0.22

Myricetin 0.25 mM 5.29 ± 0.14 C 1.73 0.00 ± 0.00 D 4.92 4.55 ± 0.13 A 0.08

L-Epicatechin 0.5 mM 6.30 ± 0.13 B 0.72 3.52 ± 0.15 C 1.40 4.36 ± 0.06 B 0.27

L-Epicatechin 0.25 mM 6.84 ± 0.10 A 0.18 4.59 ± 0.07 B 0.33 4.52 ± 0.11 AB 0.09

Tangeretin 0.5 mM 6.60 ± 0.10 AB 0.42 4.57 ± 0.16 B 0.35 4.58 ± 0.09 AB 0.05

Tangeretin 0.25 mM 6.91 ± 0.10 A 0.11 4.84 ± 0.10 A 0.08 4.58 ± 0.08 AB 0.05

Naringenin 0.5 mM 7.01 ± 0.08 A 0.01 4.89 ± 0.05 A 0.03 4.59 ± 0.09 A 0.04

Naringenin 0.25 mM 7.05 ± 0.09 A 0.00 4.93 ± 0.07 A 0.00 4.69 ± 0.08 A 0.00

When compared within each column, different letters denote significant differences (p \ 0.05)
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Fig. 1 The effect of myricetin, L-epicatechin, tangeretin, and

naringenin in phosphate buffered saline (PBS) at 0.25 mM on

a viral adsorption and b viral replication of feline calicivirus

(FCV-F9) and murine norovirus (MNV-1)
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mechanisms of antimicrobial (antiviral) action of these

bioactive flavonoids need to be clearly elucidated, along

with the determination of the absence of cytotoxic, muta-

genic, or carcinogenic effects. In addition, clinical trials

need to be undertaken before any recommendations for use

can be made. Future work will focus on determining the

antiviral mechanism of myricetin and L-epicatechin. One

can only speculate at this point, that these compounds

could potentially affect the capsid structure and integrity of

the virus. Transmission electron microscopy studies will

help us understand if any changes to the structure of feline

calicivirus (FCV-F9) do indeed occur. In addition, the viral

nucleic acid or viral RNA-dependent RNA polymerase

activity could also be adversely affected by these com-

pounds, which requires further in-depth investigation.

Conclusions

The present study demonstrates that the antiviral effects of

myricetin, L-epicatechin, tangeretin, and naringenin are

virus-dependent, titer-dependent, and dose-dependent.

Among the four chemicals, myricetin and L-epicatechin

had greater antiviral effects than tangeretin and naringenin.

These two compounds were more effective in reducing

FCV-F9 than MNV-1. The understanding of the antiviral

mechanisms of these flavonoids against food borne viruses

needs further in-depth research.
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