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The drugs currently available for treatment of severe human cytomegalovirus (HCMV) infections suffer
from many drawbacks, particularly toxicity, and potential teratogenicity contraindicating their use in tar-
get populations such as pregnant women. The emergence of drug-resistant strains is still a problem for
disease management, particularly in immunosuppressed populations where antivirals are used for
extended periods of time. The flavonoid family of drugs contains promising candidates as they have
low toxicity and inhibit different targets to currently available antivirals. We report here that, unlike their
chalcon homologs, four flavonoids (baicalein, quercetin, quercetagetin and naringenin) inhibit various
stages of HCMV replication, the most active anti-HCMV compound being baicalein and the less active
and less selective being quercetagetin. These drugs could provide potential inhibitors of virus replication
alone or in combination, without increased toxicity.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Human cytomegalovirus (HCMV) is a widespread opportunistic
pathogen in immunocompromised individuals such as allograft
recipients and patients with AIDS, and remains the leading viral
cause of birth defects (Haun et al., 2007). Antiviral drugs currently
available in clinical practice are restricted to the polymerase inhib-
itors ganciclovir (and the prodrug valganciclovir), foscarnet and
cidofovir (Balfour, 1999). They cannot be used during pregnancy
and have not been approved for the treatment of congenital infec-
tions (Nassetta et al., 2009). They are virustatic, often requiring
administration for long periods of time in immunocompromised
patients, they are toxic particularly to the bone marrow and kid-
neys, and resistance emerges with prolonged use (Baldanti et al.,
2004). In the French transplant cohort, non-response to therapy af-
fects 10% of transplant recipients, half of them harboring HCMV
strains resistant to one or more current antiviral drugs (Hantz
et al., 2010). Therapeutic alternatives are limited by the similarity
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of toxicity between antivirals, and the occurrence of cross resis-
tance. There is an increasing need for new antiviral compounds,
and the initial events of the virus replication cycle represent attrac-
tive targets for the development of such compounds (Mocarski
et al., 2007).

Flavonoids are natural plant metabolites that are widespread in
nature. They have numerous biological activities and generally low
toxicity. More than 5000 naturally occurring flavonoids have been
identified in dietary or botanical sources and many have potential
health benefits (Beecher, 2003). Major flavonoids that show well-
categorized structures and well-defined structure-function rela-
tionships are flavans, flavanones, flavones, flavanonols, flavonols,
catechins, anthocyanidins, isoflavones and chalcons. The biological
properties of flavonoids include antioxidative, anti-inflammatory,
antitumoral, antiviral and antibacterial effects, as well as a direct
cytoprotective effect on coronary systems, vascular systems, the
pancreas and the liver (Cazarolli et al., 2008). These characteristics
place them among the most attractive natural substances able to
enrich the current antiviral therapy options. Indeed, different
flavonoids inhibit replication of a wide array of viruses. In fact,
activity against several herpesviruses particularly herpes simplex
virus has been shown for kaempferol (Amoros et al., 1992) and a
series of biflavonoids (Lin et al., 1999). Concerning HCMV, baicalein
and genistein have been shown to interact with the first events of
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viral infection (Hayashi et al., 1997; Mitrocotsa et al., 2000; Evers
et al., 2005).

We assayed the in vitro activity against HCMV of eight natural
flavonoids chosen to represent various families: baicalein, naringe-
nin, quercetin and quercetagetin (flavones, flavanones and flavo-
nols, respectively), chalcones (2’,3',4'-trihydroxychalcone, 2,2’,4'-
trihydroxychalcone, naringenin chalcone and butein) and the clo-
sely related monocycle compound gallic acid. We compared their
activity with that of ganciclovir, and showed four of them are po-
tent inhibitors of CMV, with low toxicity. For the most active of
them we identified the potential target stages inhibited and de-
scribed their additive effects when used together.

2. Materials and methods
2.1. Compounds

Flavonoids and gallic acid (Table 1) were produced by EA4021
(Limoges, France) and stock solutions of compounds (10 mg/ml)
were prepared in dimethylsulfoxide (DMSO) and stored at
—80°C. Ganciclovir was purchased from Roche Pharmaceutical
(Neuilly, France) and stored at 200 mM in water at —80 °C.

2.2. Viruses and cell culture

HCMV reference strain AD169 ATCC (VR-538) and four clinical
isolates, which contain a full-length genome (two naive isolates
from newborns, one ganciclovir-resistant, BOU, with a A594V
UL97 substitution and one multi-drug resistant CHA with an
UL97 C592G and UL54 N408K and G841A substitution) were used
for antiviral assays. Recombinant virus HCMV VR2356 that has the
Escherichia coli B-galactosidase gene under the control of the HCMV
major early B gene promoter integrated into the viral genome by
homologous recombination was purchased from ATCC (Spaete
and Mocarski, 1987). In addition a naive HSV-1 isolate was tested.
Human embryonic lung (HEL) fibroblasts (MRC-5) purchased from
Biomérieux (Lyon, France) were cultured in modified Eagle’s media
GlutamaX (MEM; Gibco BRL, Gaithersburg, MD) supplemented
with 10% fetal bovine serum (FBS) and used between passages 25
and 35. Stocks of HCMV cell-free virus were prepared by infecting
confluent cells at a multiplicity of infection (MOI) of 0.1 plaque-
forming units (pfu)/cell, and collecting supernatants from infected
cell cultures three days after 100% cytopathic effect was reached.
Human epithelial cells (HEp2) were purchased from the ATCC
and were cultured in DMEM (Gibco BRL, Gaithersburg, MD) supple-
mented with 10% fetal bovine serum. Clinical isolates were cell-
associated isolates with 3 (for naive) to 7 passages in MRC-5 cells.

2.3. Antiviral plaque reduction assay

A plaque reduction assay was used to measure the concentra-
tion of drug required to reduce the number of plaques by 50%
(50% inhibitory concentration ICsg) as compared to controls with-
out drug. Confluent HEL fibroblasts in 24-well plates were treated
with the drugs diluted in culture medium at various concentra-
tions and infected one hour later by addition of cell-free virus at
a MOI of 0.1 pfu/cell for reference strains or to reach some 100 pla-
ques within two wells, for cell-associated virus in the positive con-
trol well. The concentration of each compound was calculated and
adjusted by volume such that it was constant throughout the
experiment. Three hours post-infection, media was replaced by
fresh media with the same drug concentrations. Five days post
infection, plaques were counted and ICsq was calculated by graphic
extrapolation.
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Chemical structures of compounds assayed in this study.
Subfamily Chemical structure Name
Flavone Baicalein
HO 0] O
(L]
HO
OH ©O
Flavonol OH Quercetin
OH
NP ol
)
OH
OH O
OH Quercetagetin
OH
OH O
Flavonone OH Naringenin
HO 0] O
|O |
OH O
Chalcone 2/3'4'-
trihydroxychalcone
o ) i
B
HO
OH O
HO 2,2'4'-
trihydroxychalcone
HO O
OH O
OH Butein
OH
HO O
|O I
OH O
OH Naringenin chalcone
HO OH O
|O |
OH O
Phenolic HO 0 Gallic acid
acid

HO

2

OH

2.4. Antiviral colorimetric assays

HCMV antiviral colorimetric assay was performed as previously
reported (Hippenmeyer and Dilworth, 1996; Evers et al., 2005).
Various concentrations of drugs (2x) in MEM were added to con-
fluent, serum-starved HEL fibroblasts in 96-well plates. Plates were
incubated for 1 h at 37 °C in 5% CO,. Cells were then infected with
an equal volume of MEM containing cell-free HCMV (VR2356
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Table 2

Cytotoxicity and antiviral activity of flavonoids. The number of independent experiments performed is indicated into brackets.

Compounds Cytotoxicity Cytotoxicity AD169 Selectivity index
(on confluent fibroblasts) (on confluent fibroblasts)
CCsp® (M) CCsp® (LM) ICs0” (LM) Confluent/growing fibroblasts
Baicalein 61030 (3) 210+10 (2) 2.2+0.5 (6) 277.27/95.45
Quercetin 820 (3) 625 +25 (2) 48+1.2(6) 170.8/130.21
Quercetagetin 25050 (3) 135+5 (2) 23+3(5) 10.87/5.87
Naringenin 600 (2) >200 (1) 6 (2) 100/>33.33
2',3',4'-trihydroxychalcone 60 (2) 5(1) >50 (3) 0
2,2' 4'-trihydroxychalcone 30 (2) nd® 0
Butein 55+5(2) 40 (1) >50 (3) 0
Naringenin chalcone 550 (1) nd” >100 (1) 0
Gallic acid 105+5 (2) 40 (1) >50 (3) 0
Ganciclovir 110 110 3¢ 36,67/36.67
2 CCsp and ICsq are drug concentrations producing 50% of cell death and 50% of virus plaque reduction, respectively.
> Not determined.
¢ Concentrations for ganciclovir are the mean of those currently found in our laboratory using the same conditions.
(0.1pfu/cell)). Seventy-two hours later, supernatants were re- 200
moved and cell monolayers were rinsed with phosphate-buffered - &%500
saline (PBS). After addition of 50 pl of lysis solution (10% glycerol, 700
1% Triton X-100, 2 mM DTT, 2 mM EDTA, 25 mM Tris pH 7,8) plates < 600 - I
were incubated 30 min at 37 °C. Then 50 pl of a freshly prepared e
and gravity filtered B-galactosidase substrate solution (33 mg g 500 7
ortho-nitrophenyl-B-p-galactopyranoside (ONPG) in 25 ml of buf- 'E‘- 400 -
fer (120mM Nap,HPO4,, 80 mM NaH,PO,, 2 mM MgCl,, and =
100 mM B-mercaptoethanol)) was added, and plates were incu- § ol
bated at room temperature for 30 min. Reactions were stopped S 200 - I
by adding 100 pl/well of 1 M Na,COs. Optical densities were mea- 165 | i
sured at 415 nm using a micro plate ELISA reader. Following the
subtraction of absorbance values determined for negative controls, 0 - J T T .
data were quantified as percentages of the average absorbance quercetagetin quercetin baicalein naringenin

determined for positive controls.

HSV1 antiviral assays were performed using colorimetric analy-
sis, which measures the quantity of cells not killed by HSV1 infec-
tion adapted the assay published by Danve et al. (2002). Confluent
HEp2 cells in 96 well plates were infected with 250 pl of 20 pfu/ml
HSV1 in the presence of increasing concentrations of drug. Thirty-
six hours later supernatant was removed and after two washes
with physiologic saline, cells were fixed with 10% formaldehyde
in PBS for 10 min, washed again in borate buffer and dried. Cells
were stained with 100 pl per well of 1% methylene blue borate buf-
fer (30 min). After one last wash with water, elution was per-
formed with 200 pul of 0.1 N HCl and the absorbance read at
650 nm.

2.5. Cytotoxicity assays

Cellular toxicity was measured using the CytoTox96® Non-
Radioactive cytotoxicity assay (Promega, Charbonniéres, France)
which determines the lactate dehydrogenase (LDH) activity in
the residual cells after incubation with the test-drug. Cells were
grown to confluence or were approximately 10% confluent in 96-
well plates prior to the addition of various concentrations of com-
pound. Seventy-two hours post treatment with selected drug con-
centrations, LDH activity was determined by measuring color
reaction with an ELISA reader. At each concentration of drug, the
absorbance at 490 nm was compared to control wells where an
equivalent concentration of DMSO had been added (Weislow
et al.,, 1989). The 50% cell cytotoxicity (CCso) was determined
graphically as the concentration of molecule, which causes 50% cel-
lular death.

Fig. 1. Cytotoxicity on HEp2 cells and anti-HSV-1 activity of four flavonoids. Graphs
show CC50 in black and ICsp in grey. Each molecule was assayed three times.

2.6. Western blot analysis

Baicalein, quercetin and quercetagetin were added at concen-
trations of 10, 20 and 80 uM respectively to AD169 infected cells
in 25 cm? flasks under the same conditions as used for titer reduc-
tion assays. The concentration values used were four fold higher
than the ICsy to ensure strong inhibition of HCMV replication, at
a MOI allowing detection of HCMV proteins and no toxicity. After
48 h incubation, global antigen extraction was performed as de-
scribed (Goldstein et al., 1982). Protein extracts were quantified
by NanoDrop® ND-1000, mixed with equal volumes of Laemmli
buffer, heated 10 min at 94 °C with 1% DTT and 1% B-mercap-
toethanol. 20 pg of protein extracts were loaded onto 10% sodium
dodecyl sulfate polyacrylamide gels. After electrophoresis and
transfer western blots were probed with E13 mouse monoclonal
antibody to HCMV immediate early IE1-72, and IE2-86 proteins
for 1 h and then with horseradish peroxidase (HRP)-conjugated
goat anti-mouse antibody (both from Argene, Verniolle, France).
Protein levels were estimated by semi-quantitative measurement
of intensity of the bands and comparison with the control and with
the B-actin.

2.7. Polymerase activity inhibition measurement

This assay was realized as previously reported for foscarnet
(Ducancelle et al., 2007). Briefly, recombinant wild-type AD169
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Fig. 2. HCMV immediate-early protein production in the presence of flavonoids. Western-blot analysis was performed at 48 h post infection. QC: HEL cells were treated with
20 uM of quercetin; QG: HEL cells were treated with 80 uM of quercetagetin; BA: HEL cells were treated with 10 uM of baicalein. Protein levels can be estimated by
semiquantitative measurement of intensity of the bands and comparison with the control and with the beta actin. Experiments were performed three times with similar

results.

polymerase pUL54, cloned in pGEM11 Zf(+) vector system (Prome-
ga, Charbonnieres-les-Bains, France) under the control of T7 RNA
polymerase promoter interspesed with the 5_UTR from alfalfa mo-
saic virus, was produced using the TNT T7 reticulocyte lysate sys-
tem coupled in vitro transcription/translation assay (Promega,
Charbonniéres-les-Bains, France). The non-radioactive DNA poly-
merase assay quantified DNA polymerase activity by measuring
the incorporation of digoxigenin- and biotin-labeled nucleotides
(Roche Diagnostics, Meylan, France) into the growing DNA chain.
DNA polymerase activities were measured in the absence and pres-
ence of serial dilutions of drugs from 10 pul of transcription/transla-
tion products. The ICsos were calculated by graphic extrapolation as
previously.

3. Results
3.1. Antiviral activity against cytomegalovirus and cytotoxicity

The results are reported in Table 2. Four of the eight compounds
tested (baicalein, quercetin, quercetagetin and naringenin) showed
antiviral activity towards HCMV reference strain AD169 at concen-
trations below 25 pM. However, antiviral activity of quercetagetin
was moderate. Selectivity indexes (SI), measured on static (conflu-
ent) and growing fibroblasts were high except for quercetagetin
with a SI of 10,87 and 5,87 on static and growing fibroblasts,
respectively. Flavonoids 2/,3',4’-trihydroxychalcone, butein,
naringenin chalcone and gallic acid had no antiviral activity,
whereas 2,2’,4'-trihydroxychalcone was highly cytotoxic. On the
basis of these results, further studies were then limited to baica-
lein, quercetin, quercetagetin and naringenin.

3.2. Activity against HSV-1

The four molecules were tested against the clinical isolate of
HSV-1. Antiviral activity was assessed in HEp2 cells by a colorimet-
ric titer reduction assay. To rule out the possibility that antiviral
activity was an artifact of cytotoxicity, cytotoxicity of the com-
pounds was determined for confluent HEp2 cells as described
above. Results presented in Fig. 1 show quercetagetin had no inhib-
itory effect on HSV-1, whereas naringenin was highly active. Quer-
cetin and baicalein demonstrated very low antiviral activity
against HSV-1 (ICsq values of 165 uM for baicalein and 145 uM
for quercetin) and were less selective for HSV than for HCMV
(SI'=3.63 and 2.89, respectively).

3.3. Inhibition of HCMV Immediate Early gene expression

To further study the mechanism of inhibition of HCMV replica-
tion by flavonoids, HCMV Immediate Early gene expression was
analyzed by western-blot. As naringenin was much less efficient
on HCMV and on HSV in Evers study than in our work, suggesting
its activity may vary depending on the cell-line and on the HCMV
strain tested, we therefore chose to analyze the mechanism of ac-
tion of the drugs combining the best SI and specificity: baicalein,
quercetin and quercetagetin.

The results are shown in Fig. 2. In the presence of 80 pM querce-
tagetin, the production of proteins IE-1 and IE-2 was similar to that
of the control. In the presence of 20 pM quercetin a very small
reduction can be seen in IE-1 and IE-2, but as expected in the pres-
ence of baicalein there was a very marked reduction of IE-1 protein
and a complete disappearance of IE-2 expression. So, the primary
mechanisms of action of quercetagetin and quercetin are different
from that of baicalein, which was previously described as an inhib-
itor of Immediate Early stage of the viral cycle (Evers et al., 2005).

3.4. Inhibition of early stage of viral cycle

The B-galactosidase activity reduction assay was performed
after one single viral cycle after infection and reveals the ability
of each molecule to inhibit events during or before early stage of
the viral cycle. Ganciclovir was used as a control. Fig. 3 shows that,
as expected, ganciclovir did not inhibit early events whereas con-
centrations inhibiting B-galactosidase activity by 50% were 5 uM
for baicalein, 12 uM for quercetin and 62 nM for quercetagetin.

3.5. Inhibition of DNA polymerase activity

The HCMV DNA polymerase activity was assayed and drug con-
centrations inhibiting enzymatic activity by 50% (ICso) were re-
ported in Fig. 4. Cidofovir-di phosphate ICs, was used as a
reference. Baicalein and quercetin had no effect on polymerase
activity whereas a moderate inhibition of viral DNA polymerase
activity by quercetagetin was observed (ICso of 12 uM).

3.6. Effect of flavonoids upon clinical isolates

The potential of baicalein and quercetin on HCMV clinical iso-
lates, which contain a full-length genome, was examined by deter-
mining the ICsq (Fig. 5). Experimentation with quercetagetin was
not performed on clinical isolates because of less favorable SI.
The ICso values of both flavonoids, although slightly higher for
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Fig. 3. Effect of three flavonoids upon early gene expression. Early gene expression
was measured by quantification of B-galactosidase activity 72 h after infection (one
single viral cycle) of HEL fibroblasts with HCMV recombinant VR2356 that harbors
the Escherichia coli B-galactosidase gene under the control of the major early
promoter. The compound concentrations inhibiting by 50% p-galactosidase activity
are indicated in grey columns. The results of the phenotypic assay were also
reported as a comparison reference (in dark). Ganciclovir was assayed as negative
control. p.r.a.: plaque reduction assay (in uM). p.g.a.: p-galactosidase activity assay
(in uM).
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Fig. 4. Effect of three molecules assayed upon reduction of DNA polymerase
activity. ICso were found by colorimetric enzymatic reduction assay performed with
HCMV DNA polymerase produced in vitro in reticulocytes lysate with variable drugs
concentrations. Results obtained with cidofovir in the same assays were reported as
positive control.

clinical isolates than for AD169, were well below CCs, values and
similar to those of ganciclovir.

3.7. Effect of combination of two flavonoids

To determine if combination of baicalein and quercetin have
additive or synergistic effects, a checkerboard was performed, with
baicalein tested with constant concentrations of quercetin, and
quercetin with constant concentrations of baicalein. Results are re-
ported in Table 3 and showed an additive effect of these two
compounds.

4. Discussion

Flavonoids constitute a large family of compounds with numer-
ous and various biological properties. Some of them display antivi-
ral activity with anti-HCMV activity reported for genistein,
baicalein and kaempferol. The large variety of compounds within
the family makes the selection of the best candidates as anti-HCMV
agents difficult. The eight compounds studied here belong to dif-

25
m ganciclovir
¥ baicalein
quercetin 20
20
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=15
=
]
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w
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6 625 6
4.8 i 1 ° 1,3
5 S S — d .
322 1 3 3 2,8
AD169 PA43 PAS4 CHA BOU

Fig. 5. Inhibitory effect of flavonoids upon clinical isolates. Baicalein, quercetin and
ganciclovir were assayed upon four isolates. PA43 and PA54 were isolated from
children saliva and are naive from antiviral. Molecules were also assayed upon two
isolates from transplant patients non responding to therapy: a multidrug resistant
isolate CHA which was resistant to GCV (ICso 20 pM-AD169 ICs0: 3,5 pM), with low-
level resistance to CDV (ICso 0.78 pM-AD169 ICso: 0,25 uM) and resistance to FOS
(ICs¢ 400 uM-AD169 ICso: 71 uM) and harbor mutations in both the kinase UL97
(€592G) and the polymerase UL54 (N408K + G841A) conferring GCV, CDV, and FOS
resistance, and another isolate, BOU resistant to GCV only (ICso 17 tM-AD169 ICs0:
3,5 uM) with a single A594 V mutation within the UL97 kinase.

Table 3

Antiviral effect of combination of flavonoids. Activity of baicalein or quercetin against
HCMV AD169 was tested in the absence and in the presence of fixed concentrations of
the other flavonoid by plaque reduction assay. The number of independent
experiments performed is indicated into brackets.

Assayed compound Added compound 1Cs50 (UM)

Baicalein None 2.2+05 (3)
Quercetin 0,5 uM 1.6+0.2 (3)
Quercetin 1 uM 1.8+£0.1(3)

Quercetin None 48+1,2(3)
Baicalein 0,5 uM 42+0.2(3)
Baicalein 1 pM 2.1+£0.6(3)

ferent structural families. Three of them (baicalein, quercetin and
naringenin) had anti-HCMV activity at concentrations well below
those producing cytotoxicity. A fourth (quercetagetin) had a mod-
est antiviral activity associated with a weak selectivity index. The
most active compound was baicalein. In contrast with the report
from Evers et al., who found an ICso > 40 uM for naringenin, we
showed significant antiviral activity for naringenin with an ICsq
of 6 uM in the system used here, which could be explained by
the viral strains we used (AD169 reference strain instead of Towne
strain) or the 10-fold lower multiplicity of infection we chose in or-
der to more closely approach physiological conditions. However,
naringenin remains a less attractive anti-HCMV candidate with a
less favorable selectivity index. As described before (Lyu et al.,
2005), naringenin was found active against HSV-1. In contrast
quercetin exhibited a very low activity against HSV-1. This discrep-
ancy could be due to the use of HEp2 cells in the present study in-
stead of Vero cells in the study of Lyu.

Taken together, IE western blotting, B-galactosidase assay and
DNA polymerase assay represent a first approach to understand
the mechanism of action of new compounds. The inhibition and
the absence of inhibition of early antigens production by baicalein
(inhibitor of HCMV entry), and ganciclovir (inhibitor of DNA poly-
merase) respectively confirmed the usefulness of the B-galactosi-
dase assay to study early stages of HCMV infection. Our results
for baicalein are consistent with previous findings (Evers et al.,
2005) where baicalein was shown to inhibit the tyrosin kinase
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activity of the EGF receptor, Quercetin partially inhibited produc-
tion of immediate early proteins and strongly inhibited early pro-
tein production, suggesting that quercetin operates at a time point
between immediate early and early protein expression, possibly
after IE expression. This had been shown by Evers for genistein,
an isoflavone, inhibiting HCMV induction of NFkB by IE proteins
(Evers et al., 2005). Combinations of quercetin with baicalein
showed additive effects, especially when baicalein was added to
fixed concentrations of quercetin, which probably reflects the
higher efficiency of baicalein. Their possible synergistic effect with
polymerase inhibitors is of interest for further testing.

Structure activity relationship is difficult to predict because of
the complexity of these molecules. The size and the numerous pos-
sible chemical substitutions make this family steric inhibitors as
well as chemical reagents. Compounds structurally similar may
have very different antiviral or cytotoxic activities and different
targets. The complete lack of antiviral activity of gallic acid and
the toxicity of the chalcone derivative from baicalein are consistent
with this, indicating how each molecule must be assessed indepen-
dently, as there is no predictable effect of the arrangement of hy-
droxyl groups’ positions.

Our results show that some flavonoids have a specific in vitro
inhibitory potential against HCMV, some with low toxicity and var-
iable molecular targets from the viral replication cycle. It is difficult
to be definitive regarding structure-activity relationships in flavo-
noid compounds, due to the differing biological properties of com-
pounds, which have similar structures and chemical group
substitutions. Nevertheless baicalein and quercetin are very inter-
esting compounds for further study, as they have additive effects
without increased toxicity, consistent with the fact that they target
two distinct stages of the viral cycle. If similar results are obtained
with in vivo studies, these molecules may provide good alternative
or complements to antivirals currently used in clinical practice.
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