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Abstract

We report antiviral activity against human cytomegalovirus for certain dietary flavonoids and their likely biochemical mechanisms of action.
Nine out of ten evaluated flavonoids blocked HCMV replication at concentrations that were significantly lower than those producing cytotoxicity
against growing or stationary phase host cells. Baicalein was the most potent inhibitor in this sege@c1.2u.M), including positive
control ganciclovir. Baicalein and genistein were chosen as model compounds to study the antiviral mechanism(s) of action for this series. Botl
flavonoids significantly reduced the levels of HCMV early and late proteins, as well as viral DNA synthesis. Baicalein reduced the levels of
HCMV immediate-early proteins to nearly background levels while genistein did not. The antiviral effects of genistein, but not baicalein, were
fully reversible in cell culture. Pre-incubation of concentrated virus stocks with either flavonoid did not inhibit HCMV replication, suggesting
that baicalein did not directly inactivate virus particles. Baicalein functionally blocked epidermal growth factor receptor tyrosine kirigse acti
and HCMV nuclear translocation, while genistein did not. At 24 h post infection HCMV-infected cells treated with genistein continued to express
immediate-early proteins and efficiently phosphorylate IE1-72. However, HCMV induction afBN&ad increases in the levels of cell cycle
regulatory proteins—events that are associated with immediate-early protein functioning — were absent. The data suggested that the prima
mechanism of action for baicalein may be to block HCMV infection at entry while the primary mechanism of action for genistein may be to block
HCMYV immediate-early protein functioning.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction 2004). Many of the pathways that HCMV employs to activate
cell growth and inflammatory events are required for viral repli-
The majority of the population is infected with human cation and may be useful targets for antiviral drug development.
cytomegalovirus (HCMV) yet only a small fraction of infected  Currently approved drugs for the treatment of HCMV infec-
persons suffer from notable clinical manifestatioddfdrd tions include viral DNA polymerase inhibitors: foscarnet, cid-
and Britt, 1993. HCMV causes morbidities and mortalities in ofovir, and ganciclovir (and pro-drug valganciclovigffiths,
immunocompromised individuals such as transplant recipient2002. These compounds are virostatic, block late stages of
and acquired immune deficiency syndrome patiebédolfo  HCMV replication, and do not prevent viral induction of multi-
et al.,, 2003; Davis et al., 1987HCMV surface glycopro- ple cell activation events. Thus, it may be useful to investigate
tein ligands interact with cellular receptors to produce multiplepotential new drug treatments for HCMV infections.
cell growth and inflammatory signals that are reactivated once It was with this goal in mind that we investigated the poten-
HCMV immediate-early proteins are expressédrs et al., tial anti-HCMV activities of flavonoids. Over 5000 naturally
occurring flavonoids have been found in dietary or other botan-
ical sources and many are proposed to be responsible for the
* Corresponding author. Tel.: +1 919 966 4323; fax: +1 919 966 4303. health benefits of certain folk remedies and dietary supplements
E-mail address: eshuang@med.unc.edu (E.-S. Huang). (Beecher, 2008 A number of biological properties have been
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described (or proposed) for various flavonoids. These includdase (HRP)-conjugated antibody to phosphotyrosine (RC20H)
antioxidative, antiinflammatory, antiproliferative, and vasculo-was purchased from BD Biosciences. Appropriate secondary
protective effectsGabor, 1986; Formica and Regelson, 1995 HRP-conjugated antibodies were purchased from Calbiochem,
and specific modulation of the activities of a number of cellularSigma—Aldrich, or Oncogene.

enzymes, including inhibition of protein kinasédi¢idleton et

al., 200Q. 2.2. Cell culture and viral infection
Two properties of flavonoids predicted possible antivi-
ral activity against HCMV. First, the replication of multi- Primary human embryonic lung fibroblasts (HEL 299) were

ple viruses is inhibited by various flavonoids. Genistein wagpurchased from the American Tissue Culture Collection (ATCC;
active against bovine herpesvirus typeAkila et al., 2002 Manassas, VA) and were cultured in Dulbecco’s modified
5,6,7-Trimethoxyflavone inhibited herpes simplex virus (HSV),Eagle’s media (DMEM; Gibco BRL, Gaithersburg, MD) sup-
HCMYV, and poliovirus Hayashi et al., 1997 Quercetin was plemented with 10% fetal bovine serum (FBS), 100 units/ml
active against herpes simplex, adeno-, respiratory syncytigdenicillin, and 10Qug/ml streptomycin. Experiments with HEL
(RSV), Rous sarcoma, Sindbis, pseudorabies, and parainfluenczells were performed between passages 13 and 21. Stocks of
viruses Chiang et al., 2003; Formica and Regelson, 1995 the Towne strain of HCMV (passages 34-40) were prepared
Luteolin and quercetin inhibited the SARS coronavir¥s ( as described previouslyH(ang et al., 1973 Unless otherwise
et al., 2004. Kaempferol and its derivatives inhibited HSV, specified, cells were grown to confluence, then serum starved
HCMV, and poliovirus Amoros et al., 1992; Mitrocotsa et for 48 hin DMEM prior to HCMV infection at a multiplicity of
al., 2000; Robin et al., 2001 Antiviral activity against sev- infection (MOI) of 2-5 plaque-forming units (pfu)/cell that had
eral herpesviruses and respiratory viruses was reported forkseen purified through a sucrose cushion to eliminate cytokines
series of biflavonoidsLin et al., 1999. Several glycosylated and growth factor contamination. For plaque reduction studies,
flavonoids were active against RSV or influenza A HIM&{  virus from cell free infected culture supernatant was used as
etal., 2004. Second, flavonoids affect signal transduction path-indicated. For colorimetric antiviral assays, the RC256 variant
ways that are required for HCMV replication. The effects of of HCMV (Spaete and Mocarski, 198Was purchased from
various flavonoids upon receptor tyrosine kinases, PI3-K, Aktthe ATCC and the supernatant from infected cell culture, 3 days
MAPKSs, transcription factors, and prostaglandins vary accordafter 100% cytopathic effect, was used to directly infect cell
ing to the compound, compound concentration, stimulus, andultures.
cell type Formica and Regelson, 1995; Middleton et al., 2000

We obtained 10 commercially available dietary flavonoids to2.2.1. Antiviral titer reduction assay
test as inhibitors of HCMV replication. This report describes Various concentrations of drugs were added to confluent,
selective inhibition of HCMV for nine of these flavonoids and serum-starved HEL fibroblasts in 24-well plates for 1 h atG7
our efforts to characterize the anti-HCMV mode of action forin an atmosphere of 6% CGOCells were then infected with

two model compounds: baicalein and genistein. HCMV (Towne strain) at an MOI of approximately 1-2 pfu/cell
in media with the indicated drug concentrations, to a total vol-
2. Materials and methods ume of 1 ml/well. Seven days post infection, i®f the infected
culture supernatant or the appropriate dilution from each well of
2.1. Compounds, reagents, and antibodies each plate was used to inoculate the corresponding culture plate.

Following a 1-h adsorption, the inoculant was removed, and a
Flavonoids, ganciclovir (GCV), andortho-nitrophenyl 1% methylcellulose (methocell) overlay containing DMEM with
B-p-galactopyranoside (ONPG) were purchased from4% FBS was added. Seven to ten days post infection, cells were
Sigma—Aldrich (St. Louis, MO). AG1478 was purchasedfixed with 4% paraformaldehyde in PBS and stained with crystal
from Calbiochem (La Jolla, CA). Stock solutions of drug violet. Plaques were counted under inverted light microscopy.
compounds (either 1060 or 10 mg/ml) were prepared in Data were quantified as the percentage of plaques in the wells
dimethylsulfoxide (DMSO) and stored at80°C. Oligonu- lacking drug (positive controls). In these experiments, some
cleotides were synthesized at the Nucleic Acids Core Facilityt 00—200 plagues were present in each positive control well.
of the Lineberger Comprehensive Cancer Center, University ofor pre-incubation and reversibility studies, serial dilutions of
North Carolina at Chapel Hill. supernatants were prepared in 96-well plates to quantitate titers
Antibodies specific for HCMV IE1-72, IE2-86, UL84, and by the procedure described elsewhétadhard et al., 1990We

UL94 proteins were prepared in our laboratory as describedhodified this procedure to employ only one freeze-thaw cycle
previously Kowalik et al., 1994; He et al., 1992; Wing et al., prior to titering because additional freeze-thaw cycles resulted
1996. Antibody toB-actin (CP01) was purchased from Onco- in significantly lower virus yields.
gene (San Diego, CA). Antibodies to EGFR (528), cdk2 (M2),
cyclin E (HE-12), p53 (FL-393), and PCNA (PC-10; a giftfrom 2.2.2. Antiviral colorimetric assay
Dr. Yue Xiong) were from Santa Cruz (Santa Cruz, CA). Anti-  Antiviral colorimetric assay was modified from a proce-
body to pp65 (8770) was purchased from Chemicon (Temeculaure described elsewherdippenmeyer and Dilworth, 1996
CA) and the corresponding fluorescein-conjugated secondarfhis assay used a recombinant virus, HCMV RC256, that has
antibody (2078) was from Santa Cruz. Horseradish peroxithe Escherichia coli B-galactosidase gene under the control of
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HCMV major early gene promoter integrated into the viral added. Seventy-two hour post treatment with selected drug
genome by homologous recombinati@@p@ete and Mocarski, concentrations, cell viability was assessed with a tetrazolium
1987). Viral gene expression and replication in RC256-infectedcolorimetric dye assay kit (G1780), according to the manu-
cells can then be measured®ngal colorimetric assay. Various facturer’s instructions (Promega; Madison, WI). At each con-
concentrations of drugs §) in DMEM were added to conflu- centration of drug, the percentage of absorbance at 470 nm
ent, serum-starved HEL fibroblasts in 96-well plates. Plates wereas determined as compared to negative control wells where
incubated for 1 h at 37C in an atmosphere of 6% GOCells  an equivalent amount of DMSO had been add®édeiélow
were then infected with an equal volume of DMEM containinget al., 1989.

HCMV (RC256; 1-2 PFU/cell). Seventy-two hours later, super-

natants were removed and cell monolayers were rinsed with.2.4. Drug inhibition data analysis

phosphate-buffered saline (PBS). To each well was added 50  Data were plotted as percent inhibition versus drug concen-
of a lysis solution (10% glycerol, 1% Triton X-100, 2mM DTT, tration, and each concentration curve was linearly regressed to
2mM EDTA, and 25mM Tris pH 7.8) and plates were incu- determine 50% inhibitory concentration valuesgJC ICsq are
bated at 37C for 30 min. To each well was then addedld®f  presented as the mearstandard deviation of multiple indepen-
afreshly prepared and gravity filter@egalactosidase substrate dent experiments, as indicated in the legendiable 1

solution (33mg ONPG added to 25 ml of a buffer consisting

of 1220mM NgHPQ, 80 MM NaHPQy, 2mM MgCh, and 2.3, Western blot analyses

100 mMB-mercaptoethanol) and plates were incubated at room

temperature (RT) for 30 min. Reactions were stopped by adding Baicalein and genistein were added to make final concen-
100ul/well 1 M NaxCO;. Optical densities were determined at trations of 20 and 5QM, respectively, in 100 mm dishes of
415 nm using a microplate reader. Following the subtraction ogonfluent, serum-starved HEL. These compounds were present
absorbance values determined for negative controls (uninfectgegbm 1 h before, during, and throughout infection. Cells were
cells, 16 wells/plate), data were quantified as percentages of thefected with HCMV and incubated at 3T in an atmosphere
average absorbance determined for positive controls (infectegf 69 CQy until harvesting. Monolayers were harvested at
cells, 16 wells/plate). The absorbances of positive controls werghe indicated times by scraping dishes ir 8odium dodecyl
typically 1.2-1.8 AU and the absorbances of negative controlgulfate (SDS) sample buffer. Samples were boiled and loaded

were=<0.1 AU. onto 8-10% SDS-polyacrylamide gels. Proteins were separated
by electrophoresis and transferred to Immobilon-P membranes
2.2.3. Cytotoxicity assays (Millipore, Bedford, MA). Membranes were blocked for 1h

To determine drug cytotoxicity in static HEL monolay- in 5% (w/v) non-fat dry milk (bovine serum albumin was
ers, cells were grown to confluence in 96-well plates andised to block membranes when detecting phosphorylated pro-
serum-starved for 48 h prior to the addition of various con-teins) in PBS with 0.1% Tween-20 (PBS-T). Membranes were
centrations of compounds, as described for plaque redugrobed with dilutions of primary antibodies overnight atCl
tion assays, except that virus inoculum and methylcellulos®lots were washed and probed with horse radish peroxidase-
were omitted. Cytotoxicity against growing HEL monolayers conjugated secondary antibodies, then washed and developed by
was determined similarly, except that cells were not serumenhanced chemiluminescence (ECL), according to the manufac-
starved and were approximately 10% confluent when drug watsirer’s instructions (Amersham Biosciences Corp., Piscataway,

Table 1

Antiviral activity and cytotoxicity of flavonoids

Class Compound HCMV antiviral 62 (M) Cellular cytotoxic CGg? (M)

Colorimetric 8-gal) assay Titer reduction assay Growing HEL fibroblasts Static HEL fibroblasts

Flavones Apigenin 223 6.4 >100 >100
Baicalein 0.4-0.04 1.2+0.8 >100 >100
Baicalin 3.0+1.0 15+ 0.5 >400 >400
Luteolin 6+1 3.6+0.7 62+ 10 >200

Isoflavones Biochanin A 284 15 200+ 50 >400
Daidzein >40 7.2 >200 >200
Genistein 38t5 3.2+0.1 124+ 52 >200

Flavonone Naringenin 325 >40 >100 >100

Flavonols Galangin >40 >40 >400 >400
Quercetin 13t 2 3.2+0.8 >400 >400

Control Ganciclovir >100 2.0+0.3 nd nd

2 1Csp and CGyp; drug concentration producing 50% inhibition. Data are presented as thednstandard deviation of quadruplicate experiments, except titer
reduction assays, where experiments were performed in duplicate for baicalin and genistein; triplicate for baicalein, luteolin, querceitiglanid, ga once.
® nd, Not determined.
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NJ). Relative protein levels were quantified from films scannedintibody to IE1-72 to confirm the protein identity of reactive
into TIFF files using ImageQuant (Amersham) software. bands.

2.4. HCMV DNA assay (dot blot) 2.5.1. Cell nuclear extract isolations
Extracts were prepared as described previouslydchko et

Quantification of HCMV DNA synthesis was performed asal., 1995, 1997a)b Briefly, mock-infected and infected HEL
described previouslyJohnson et al., 1999HEL cells were fibroblasts (with and without flavonoids) were collected by
grown to confluence in 24-well plates, serum-starved for 48 hscraping the cell monolayers of 100 mm dishes in ice-cold PBS,
and infected with 2-5 pfu/cell HCMV in the presence or absencevashing, and centrifuging. Cells were resuspended and incu-
of compounds. At 72 hpi, individual wells were harvested bybated for 10 min on ice in 5@l of a cytoplasmic isolation
removing the cell culture medium and replacing it with 0.1 mlbuffer, consisting of 10 mM HEPES (pH 7.6), 60 mM KCI, 1 mM
PBS and freezing at80°C. Plates were thawed and 0.4 ml of a EDTA, 0.1% NP-40, 1mM DTT, and A protease inhibitor
denaturation buffer consisting of 1.5 M NaCland 1 M NaOH wascocktail (Sigma). Samples were centrifuged and the cytoplasmic
added to wells. After 10 min, 0.4 ml of a neutralization buffer supernatants were removed. The nuclear pellets were washed
consisting of 1M NaCl and 1 M Tris:HCI pH 7.0 was added with cytoplasmic extraction buffer (minus NP-40) and then incu-
to wells. After 5min samples were transferred to and immobi-bated for 10 min on ice in 2@l of a nuclear isolation buffer,
lized on nitrocellulose membranes using a minifold apparatusonsisting of 20 mM Tris (pH 8.0), 420mM NaCl, 1.5mM
(Schleicher & Schuell; Keene, NH) and baking at8for 2h ~ MgCl,, 0.2mM EDTA, 1mM DTT, 25% (v/v) glycerol, and
under vacuum. Non-specific binding was blocked by incubatiorix protease inhibitor cocktail. Samples were centrifuged and
in 5x Denhardt's, % SSC, 50% (v/v) formamide, 1% (w/v) the desired supernatant extracts were storeddat°C.
SDS, with 75.g/ml salmon sperm DNA at 4Z for 3h. Mem-
branes were probed in blocking buffer for 14 h at@with heat  2.5.2. Electrophoretic mobility shift assays (EMSA)
denatured purified Towne genomic DNA, that had been labeled EMSA were performed as described previousturpochko
with [a-32P]dATP (MP Biomedicals; Irvine, CA) by nick trans- et al., 1995, 1997a)b Briefly, equal amounts of nuclear
lation according to the manufacturer’s instructions (Invitrogen;extracts (as determined by colorimetric protein content assays;
Carlsbad, CA). Following washes, membranes were developdsio-Rad) were aliquoted and placed on ice. One to two

by autoradiography. micrograms poly(dl-dC)32P-labeled double-stranded deoxy
oligonucleotide NF«B specific probe 5CCTTTTTTTTT-
2.5. Immunoprecipitations (IP) GGGGATTCCCCA-3 (Yurochko et al., 1995 and binding

buffer (10 mM Tris:HCI, 50 mM NacCl, 7.5 mM MgG| 0.5 mM

One hour prior to infection, drugs were added to 100 mmEDTA, 10% (v/v) glycerol, 1 mM DTT) were added to a final
dishes of HEL cells that were subsequently infected or mockvolume of 10ul. Samples were incubated for 15 min at RT, elec-
infected with HCMV. In IE1-72 protein experiments the mediatrophoresed on a 5% polyacrylamide gel, dried, and analyzed by
was replaced with phosphate-free DMEM (Gibco BRL) spikedautoradiography. Probes were labeled by annealing complimen-
with 100.Ci 32PQ, (MP Biomedicals) for a 2 h labeling period tary deoxy oligonucleotides and filling in overhanging ends with
prior to harvesting. At various times post infection, cells were[a-3?P]dATP.
harvested by scraping in ice-cold PBS and resuspended in
0.6 ml of IP buffer consisting of 1220 mM NaCl, 100 mM NaF, 2.6. Fluorescence microscopy
0.2mM NaV(Q, 0.5% Nonidet P-40 (NP-40), and 50 mM Tris
pH 8.0, with protease inhibitor cocktail (Sigma) in microfuge  HEL fibroblasts were seeded onto glass chamber slides (Fal-
vials. Samples were freeze-thawed and incubated on ice faon), grown to confluence and serum starved overnight. Thirty
15 min with occasional vortexing. Debris was removed by cenminutes prior to infection, slides were placed on ice. Ten min-
trifugation and equivalent protein content of supernatants wastes priorto infection, the media was changed to ice-cold DMEM
determined by colorimetric assays (Bio-Rad; Hercules, CA)containing 2QuM baicalein, 5QuM genistein, or none. Media
Samples were incubated with Qu§ primary antibody with was removed and replaced with ice-cold DMEM containing
rocking at #C for 2h. Twenty microliters of a protein G- 2-5 pfu/cellHCMV in the presence and absence of drugs. Slides
sepharose slurry (Amersham) was added and samples wenere incubated at 4C for 1 h, then at 37C in an atmosphere
incubated for 10-14 h at°AC with gentle agitation. Samples of 5% CQ, for 1 h. Wells were washed ¢4 1 min) with either
were centrifuged, supernatants were removed, and pellets weRBS or PBS containing the above drug concentrations. Media
washed four times with 4C PBS-T. Beads were boiled in with or without drugs was added to all wells and slides were
2x SDS-PAGE loading buffer and the supernatant was loadethcubated for 5h at 37C. Slides were washed with ice-cold
onto polyacrylamide gels, electrophoresed, and transferred #®BS (3x 1 min) then simultaneously fixed and permeabilized in
Immobilon-P membranes as described above. For phosphd@00% methanol at-20°C for 10 min. Slides were washed with
rylated EGFR experiments, membranes were analyzed fir®@BS (2< 1 min), then with blocking buffer (BB) consisting of
with antibody to phosphotyrosine then stripped and probedPBS with 5% FBS and 0.1% Tween-2042 min). Wells were
with antibody to EGFR. For phosphorylated IE1-72 experi-incubated with antibody to pp65 (1:1000 in BB) for 90 min,
ments, membranes were autoradiographed then probed withen washed with PBS ¢35 min) and BB (X 5min). Wells
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Fig. 1. The chemical structures of compounds evaluated in this study. GlcU reprgsggisicuronic acid.

were incubated with fluorescein-conjugated secondary antibodyenistein (13.;wg/ml), because these concentrations potently
(1:500 in BB) for 60 min, then washed with PBSX1L min),  inhibited viral replication but did not display obvious cytotoxi-
0.1pg/ml 4,6-diamidino-2-phenylindole (DAPI: Santa Cruz) in city in cell culture.

PBS (2x 5min), and PBS (2 5min). Slides were mounted in

Molwiol and analyzed with a Zeiss Axioskop using filters for 3 Effects of flavonoids upon HCMV proteins

DAPI and fluorescein.

In order to identify the stage(s) of HCMV replication
3. Results that were specifically inhibited by flavonoids, we determined
their effects upon viral proteins that were representative of
immediate-early, early, and late viral gene expression. Western
blot analyses revealed that all three kinetic classes of HCMV
We examined the abilities of a panel of flavonoigy( 1) prpteins were re'duced to nearly chkground Ieyels by baica}ein
to inhibit the replication of HCMV. Two complementary antivi- (F19- 2. Fifty micromoles genistein reproducibly resulted in
ral endpoint measurements were employed: titer reduction arglightly lower levels of IE1-72 at 24h post infection (hpi).
colorimetric assays. The colorimetric assay was based upon thE2-86 levels were more sensitive to genistein, but were never
B-galactosidase activity of a transgenic version of the AD16g€duced by more than 65%. Since IE1-72 is present prior to
strain expressing this enzyme from the HCMV major early!E2-86 Cherrington and Mocarski, 1989ve reasoned that the
(B-)promoter Gpaete and Mocarski, 198 Nine out of ten com- mechanism of action for genistein might be direct inhibition

pounds showed antiviral activity at concentrations belowip ~ Of IE1-72. IE1-72 is a protein kinase that autophosphorylates
in at least one of the antiviral assay&able 3. Baicalein was (Pajovic et al., 199 We reproducibly detected substantially

the most potent inhibitor that we examined (including positiveth® same amounts phosphorylated relative to total IE1-72 in
control ganciclovir), displaying an K3 of 0.4+ 0.04uM by .the presence an_d absgnce of genlstél_g.(Z). In.cor'nrast to
colorimetric assay and 1-20.8uM by titer reduction assay. It effect; upon |mm§dlate-early proteins, genistein treatment
To rule out the possibility that the antiviral activities of resulted in an unambiguous block to HCMV early and late pro-
flavonoids were artifacts of cytotoxicity, we employed a com-t€ins. This flavonoid reduced UL84 and UL94 proteins to nearly

mercial tetrazolium colorimetric dye assay to measure dru@@ckground levels at48 and 72 hpi, respectivéig(2).

effects on cell viability. Significantly higher concentrations of

HCMV-inhibitory flavonoids were necessary to produce cellular3.3. Effects of flavonoids upon HCMV DNA

cytotoxicity in both static and growing HEL cell$gble 7). We

chose two structurally different model compounds to study the To confirm the results obtained for drug effects upon HCMV
antiviral mode of action for this series. Subsequent experimentgsroteins we measured viral DNA levels in HCMV-infected cells
were performed at 20M (5.4pg/ml) baicalein and 50.M treated with flavonoids by dot (Southern) blotting. We employed

3.1. Antiviral activity and cytotoxicity of flavonoids
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Treatment - - BAIGEN
HCMV - + 4+ +
S — IE1-72 (total)
- - IE1-72 (phospho)
24 hpi
-— —_— IE2-86
— — — — B-actin
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Fig. 2. Effects of flavonoids upon HCMV proteins. IE1-72 and IE2-86

(immediate-early), UL84 (early), and UL94 (true late) protein levels were mea:
sured by immunoblotting at 24, 48, and 72 h post infection, respectively. To

determine phosphorylated IE1-72, cells were labeled #E0y; IE1-72 was

129

viral DNA synthesis inhibitor ganciclovir as a positive control
(Mar et al., 1983 HCMV DNA was reduced to nearly back-
ground levels in infected cells treated with baicaldtig( 3a),
similar to the effects of ganciclovir. Genistein reproducibly
inhibited HCMV DNA replication by approximately 95% at
72 hpi.

3.4. Effect of pre-treating virus particles with flavonoids

To assess potential virucidal activity for baicalein, we deter-
mined the effects of pre-treatment of infectious virus stocks with
flavonoids. Stocks of HCMV were pre-incubated with either
media or drug-containing media and 1 h later used to infect cells
that were pre-treated with media or the concentration of drug
equal to the dilution of that used for pre-incubation of virus.
The antiviral effects of pre-treatment of virions with baicalein,
ganciclovir, or genistein were similar to pre-treatment of cells
with the effective diluted concentration (data not shown).

3.5. Reversibility of flavonoids

We examined whether or not the antiviral effects of baicalein
and genistein could be reversed following the “removal” of
drug. Since both flavonoids blocked HCMV DNA synthesis,
we employed dot (Southern) blots as an endpoint assay. We
infected cells in the presence of baicalein and genistein, and

72 hpi the media was replaced with drug-free media. Samples
were harvested on each of 6 days: 3 days in the presence of

isolated by immunoprecipitation, subjected to SDS-PAGE, and detected bflavonoids, and 3 days of release from drug presshig @b).

autoradiography. BAIl indicates treatment withj20 baicalein and GEN indi-
cates treatment with 50M genistein. ControB-actin levels indicate that similar
levels of protein were loaded in each lane. These experiments were perform
independently at least six times with similar results.

Dilution 1/2 1/4 1/8 1/16 1/32

Uninfected

-

HCMV

HCMV + GCV
HCMV + BAI

HCMV + GEN

1 2 3 4 5

(a)

Input virus in these experiments was similar to thaFig. 3a,
erbowever, films were under exposedHig. 3o so that the signal of
virus controls would not be saturated at 5—6 days post infection.
Upon release from genistein inhibition, HCMV DNA replica-

tion resumed and increased over time delayed approximately

Treatment - - BAl GEN
HCMV - + + #
hpi
24
Drug 48
removed
72
—>
- 96
. 120
. L 144
(b) 1 2 3 4

Fig. 3. Effects of flavonoids upon HCMV DNA levels (a) and reversibility of flavonoids (b). (a) HCMV DNA replication was determined by dot (Southtng) blo
hybridization at 72 h post infection. Controls were performed for uninfected cells, HCMV-infected cells, and HCMV-infected cells treateg.iitheb@iclovir
(GCV). BAl indicates treatment with 20M baicalein and GEN indicates treatment with\B@ genistein. Fractions indicate the dilution factor of samples applied

to membranes. This experiment was performed independently four times with
was blocked for 72 h with 2QM baicalein (BAI) or 50uM genistein (GEN) then

substantially the same results. (b) Reversibility of flavonoids. HeldNcBidh
released from drug pressure and allowed to replicate for an additional 72 h. Viral

DNA levels were determined at 24 h intervals by dot blotting. This experiment was reproduced twice.
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48 h after virus controls, suggesting that the genistein block HCMV T L T
occurred at about 24 hpi. Low levels of rebound viral DNA

. S 32p probe e
were present upon release from baicalein inhibition, suggest-
ing that the antiviral effects of baicalein were poorly reversible.  ¢oiq probe P,
Similar experiments employing virus titer as an endpoint were
performed with substantially the same results. BAI S A S

GEN - - -+ - -+ -
3.6. Effects of flavonoids upon HCMYV induction of cell
cycle regulatory proteins
HCMV-infected fibroblasts were elsewhere shown to . NF-xB

undergo cell cycle arrestJdult et al., 1995; Dittmer and
Mocarski, 1997. This was evidenced by increased levels of
cyclin-dependent kinase 2 (cdk2), cyclin E, and proliferating
cell nuclear antigen (PCNA), as well as cellular DNA levels
consistent with a block at either1® or G/M (Jault et al.,
1995; Dittmer and Mocarski, 199.%Cell cycle arrest was repro-
duced in cells transfected with IE2-88V{ebusch and Hage-
meier, 1999. IE1-72 and IE2-86 have roles in the disruption 12 3 4 5 6 7 8
of a variety Of. cell C¥C|e regulatory pathway@e(stlllo etal, Fig. 5. Effects of flavonoids upon HCMV-mediated NB-transcription factor
2000. HCMV immediate-early proteins induce the p53 tumor activation at 24 h post infection. NEB binding to a®2P-labeled MHC class
suppressor proteirMuganda et al., 1994; Speir et al., 1994 1 double-stranded deoxyoligonucleotide probe was measured by EMSA. BAI
and p53 levels may provide some measure of immediate-ear'?dicates treatment with 20M baicalein and GEN indicates treatment with
protein transactivation. We measured the ability of baicalein20+M genistein. Controls were also performed for probe alone (lane 1) and
L . L L - the nuclear extracts of HCMV-infected cells in the presence of 100-fold excess
gem.Stem.’ and control Vll‘a! DNA replication inhibitor 93”‘?" unlabeled probe (“cold probe,” lane 8). This experiment was independently per-
clovir to inhibit HCMV-mediated cell cycle regulatory protein formed three times with similar results.
induction at 24 hpi by immunoblottind-(g. 4). Increases in the
steady-state levels of cdk2, cyclin E, p53, and PCNA were noproteins by HCMV was inhibited by both baicalein and genis-
affected by treatment with ganciclovir. The activation of thesetein. Genistein treatment did not always resultin full inhibition of
HCMYV induction of these protein$-(g. 4), however, none were
increased to levels reflecting those of immediate-early proteins

o B > Z
O < Ww O <« w iti i i i
weatment - © & 6 _ 8 & & as compared to HCMV positive controls in response to genistein
(Fig. 2.
HCMV - - - - + + + +

3.7. Effects of flavonoids upon HCMV-mediated
_____ e ——— cdk2 transcription factor activation

In order to further assess the possibility that genistein
== e CyE might act by inhibiting the transactivating functions of HCMV
immediate-early proteins, we measured its effects uporkBIF-
transcription factor activation. Our laboratory has previously
- - p53 described biphasic induction of NEB upon HCMYV infection
and that immediate-early proteins are likely to be the major con-
tributors to this effect at 24 hplv(rochko et al., 1996 NF«B

am—— POhA was induced in HCMV-infected fibroblasts as compared to unin-
fected Fig. 5. This induction was absent in HCMV-infected
- e ue e e ere [-actin cells treated with baicalein or genistein.
12 3 4 5 6 7 8 3.8. Effects of flavonoids upon HCMV-mediated receptor

Fig. 4. Effects of flavonoids upon HCMV-induced cell cycle regulatory proteins Zyrosine kinase activity

at 24 h postinfection. Protein levels were determined by immunoblotting. GCV:

50puM ganci(_:lovir; BAI: 20p.M ba_icalein; GEN: 5Q.M g_enisteir_u cdk25 cyclin- 3 Since the antiviral properties of baicalein appeared to
dependent kinase 2; Cyc E: cyclin E—the band consistent with cyclin E-speufnfunction prior to HCMV protein expression, we performed

binding is marked @®”; PCNA: proliferating cell nuclear antigen. Contrgt . ts t its effect initial ts in the viral
actin levels indicate that similar levels of protein were loaded in each lane. ThiEXPENMents 10 assess I1s eflects upon iniual events In the vira

experiment was performed independently at least three times with substantialigplication cycle. EGFR autophosphorylation is a receptor-
the same results. ligand event that is required for virus replication and initiates
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@) fime a5 10 30 minutes post infection phosphorylation was reduced to background levels by baicalein
v — (Fig. 6a), but not by genisteirF{g. &b).
HCMV - + + + + + +
3.9. Effects of flavonoids upon HCMV nuclear
. - EGFR (PO, translocation

We examined the effects of baicalein and genistein upon
the entry and nuclear translocation of HCMV particles. HEL
fibroblasts were infected with HCMV and nuclear localization

- e " e P "™ - [EGFR (total)

B fime i 2 % 30 minutes post infection of.tegument protein pp65 was examined at 6 hpi by fluorescepce
microscopy. In HCMV-positive controls, pp65 was observed in
il = 15 AEH B O & RCK cell nuclei Fig. 7). Baicalein but not genistein blocked efficient
HOMY A A nuclear accumulation of pp65.

. henbantbant . ¢ - (Jacdalas 4. Discussion

MW ™™ = EGFRA (o) Our data indicated that a number of flavonoids possessed
1 2 3 4 5 8 7 antiviral activity against HCMV at concentrations below those

Fig. 6. (a and b) Effects of flavonoids upon HCMV-mediated receptor tyro:sinepmduCIng cytotoxicity {able ])'.Thls .SuQ_geStS that thls_serles
kinase activation. At the indicated times post infection, EGFR was isolated b)Pf natural products or synthetic derlvat!ves may -prowde use-
immunoprecipitation and analyzed for phosphotyrosine. The same membranddl pharmacophore(s) for future proprietary antivirals. Oth-
were stripped and re-probed for total EGFR. BAl indicates treatment w20 ers reported that genistein did not inhibit HCMV replication
baicalein and GEN indicates treatment with8a genistein. This experiment (S|Obbe_van Drunen et a|_, :|_9p'y-{owe\/er7 their endpoint assay
was independently performed three times with similar results. was limited to the effects 0&12uM genistein upon HCMV
IE1-72 protein levels at 24 hpi.
HCMV-induced cellular signal transduction and virus entry There were discrepancies in the antiviral datasgl@lues)
(Wang et al., 2008 We examined the abilities of flavonoids to from the titer reduction assay in comparison to the colorimet-
block HCMV-mediated phosphorylation of EGFR shortly fol- ric assay, particularly in the antiviral potency of positive control
lowing infection. Immunoprecipitation of EGFR followed by ganciclovir. This compound inhibits HCMV replication at the
Western blotting for total and tyrosine phosphorylated formsstage of viral DNA replication via the inhibition of HCMV-
revealed similar total EGFR in virus-infected and uninfectedspecific DNA polymerase, it does not inhibit immediate-early
cells regardless of drug treatmerfid. 6). HCMV-induced or early gene expression. Because the expression of reporter

Cell HCMV HCMV HCMV
(negative) (positive) + +
control control baicalein genistein

: .. .
i ... .

Fig. 7. Effects of flavonoids upon HCMV nuclear translocation. HEL fibroblasts were infected with HCMV in the presence and absepdé lodi2@lein and
50M genistein. Six hpi cells were fixed and stained for viral tegument protein pp65 (green). Nuclei were stained with DAPI (blue) and cells were gxamined |
fluorescence microscopy.
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enzyme, B-galactosidase in RC256 HCMV-infected cells is (Fig. 7). Genistein had an I§g of 22 .M against the phospho-
under early 8-)promoter control, thus, the colorimetric assay rylation of histone H2B by purified EGFR in a test tube, and
can not faithfully measure the inhibitory effects of certain com-an 1G5 of 111uM against EGF-stimulated EGFR autophos-
pounds that act on the DNA replication or L stage of virusphorylation in human epidermoid carcinoma cef&iffama et
replication. In contrast to its effects upon viral DNAig. 3 al., 1987. These differences from our experimental conditions
and titer Table 1), the colorimetric assay detected little antivi- may explain this discrepancy. Additionally, EGF and the HCMV
ral activity for positive control ganciclovir. A reproducibledg  gB glycoprotein specifically recognize different species of ErbB
of 9uM was reported for ganciclovir in the original descrip- homo- and hetero-oligomerg/ang et al., 2008
tion of this assayHippenmeyer and Dilworth, 1996In our Baicalein was described elsewhere as a specific inhibitor of
adapted assay, we examined ganciclovir ten times and ninE2/15-lipoxygenase with I§g values ranging from 15to 120 nM
times obtained an I§y of >100uM (Table 1and data not (Sekiyaand Okuda, 1982; Cho etal., 1994 cannot summar-
shown). It is possible that different infection conditions wereily discard the possibility that 12/15-lipoxygenase is required for
responsible for this discrepancy. They infected fibroblasts byHCMV entry and could operate prior to HCMV activation of
centrifuging virus (0.05 pfu/cell) onto trypsinized cell pellets, EGFR. However, direct virion interactions have been detected
while we infected by adding supernatant virus (1.2 pfu/cell) tobetween HCMV and EGFR\ang et al., 2008 and receptor
the media of adherent cells. Infecting cells with HCMV by tyrosine kinases are capable of acting upstream of lipoxygenases
centrifugation was elsewhere shown to accelerate (viral DNASeth et al., 2001
replication was detectable at 16 instead of 56 hpi) and amplify Our data suggest that the primary mechanism of action
(30-50 fold increased HCMV protein staining) HCMV replica- for genistein’s antiviral activity against HCMV is to block
tion (Hoetal., 1993; Gleaves et al., 1989thers reported using immediate-early protein function. Genistein appeared to pre-
an MOI of 1 pfu/cell in adapting their 72 hfi-galactosidase vent early and late HCMV gene expressidrigs. 2 and R
assay to infection without centrifugatiodan der Strate et al., While immediate-early proteins were more or less present, two
2003. downstream effector systems (cell cycle perturbation and NF-

As shown inTable 1 this series of compounds suggests trendxB transcription factor induction) were more or less absent upon
toward structure—activity relationships for HCMV inhibition. In treatment with genisteinFgs. 4 and » Genistein reduced
general, flavones were the most active group of flavonoids exanthe levels of IE2-86 to a greater extent than those of IE1-72
ined. Among flavone and flavonol derivatives, those hydroxy{Fig. 2). IE1-72 is expressed prior to and transactivates the
lated at the 6 position had greater anti-HCMV activities. Sinceexpression of IE2-86CGherrington and Mocarski, 1989; Sam-
naringenin was essentially inactive in both antiviral assays, it ibucetti et al., 198p This implicated IE1-72 as a possible tar-
possible that anti-HCMYV activity requires aromatic conjugationget, but genistein did not affect the phosphorylation of IE1-72
or coplanar arrangement of the benzene rings. While baicaleifrig. 2).
was the most potent compound, it lost only 10-fold activity when  Flavonoids are clearly abundant in many common dietary
conjugated to glucuronic acid at the 7 position (baicalin). Simi-sources and commercial dietary supplements. While it has
larly, 3-glycosides of kaempferol were active against HCMV andbeen estimated that persons on a high soy diet have steady-
less toxic than the parent compoundiffocotsa et al., 2000  state serum levels of genistein of 1Bl (Adlercreutz et al.,
The two most potent and selective compounds in our seried,993, it is not clear that flavonoids are generally bioavail-
baicalein and quercetin, have the same arrangement of hydroxgble from dietary sources or maintain steady-state levels suf-
substituents on the A ring as well as unsubstituted B rings. Thécient to produce human benefits or maladies. The issue of
most toxic compound in the series (luteolin) was dihydroxylatedpotential toxicity should not be overlooked by those seeking
on the B ring. justification for anecdotal or documented health benefits from

Toinvestigate potential mechanism(s) of action for flavonoidslavonoid consumption. This study supports further inquiries
against HCMV, we began by checking the effects of compoundgto the possibility that flavonoid(s) may assist in clearing
upon viral protein expression and viral DNA synthesis. TheHCMYV infections as well as other possible health benefits. If
results Figs. 2 and B suggested that baicalein operated priorsafety and efficacy can be demonstrated and standardization
to HCMV immediate-early protein expression while genisteincan be achievedB@arnes, 2003a)b then flavonoid-rich diets
operated between immediate-early and early protein expres+ natural products may provide — or may continue to pro-
sion. The antiviral effects of genistein and baicalein were fullyvide — widely accessible and inexpensive alternative antiviral
and poorly reversible, respectivelfrig. 3). However, pre- medicines.
incubation of virus with baicalein (or genistein) did not result in
marked inhibition of HCMV. This suggested that baicalein did
not directly inactivate virus particles. Acknowledgements
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