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Abstract

From dengue to herpes and influenza to AIDS, the phytoestrogens that are present in many fruits and vegetables have been shown to
exert anti-viral properties. Here we review the various different anti-viral mechanisms employed by phytoestrogens.
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1. Introduction: ‘An apple a day’

While the author of the poem ‘an apple a day keeps the
doctor away’ is unknown and the first publication date of
the poem is untraceable, the saying is thought to be the
modern version of an old English saying ‘Ate an apfel avore
gwain to bed makes the doctor beg his bread’. It is now
thought that there is at least some truth in the old saying
‘an apple a day keeps the doctor away’ as apples are now
known to contain various phytoestrogens e.g. quercetin,
the consumption of which has been linked to a healthy diet
(Boyer and Liu, 2004). We suggest in this review that one of
the mechanisms by which the consumption of apples (and
other fruits and vegetables) is beneficial to health is because
of the anti-viral properties of the phytoestrogens that they
contain. Although phytoestrogens have been reviewed from
various perspectives (Bacciottini and Brandi, 2004;
Dijsselbloem et al., 2004; Heber, 2004) to our knowledge
no reviews to date have considered their role in virally
induced diseases and there has been little consideration of
their antiviral properties. The purpose of this paper is
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therefore to review the literature addressing the various
anti-viral mechanisms employed by phytoestrogens.

2. Phytoestrogens

Plants contain a wide variety of naturally occurring
chemicals. Many of these chemicals were named ‘phytoes-
trogens’ because “phyto” which means plant was combined
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Fig. 1. The different classes of phytoestrogens.

with “estrogen” due to their estrogenic activity. They are
non-steroidal naturally occurring phenolic compounds that
can be divided into two groups: firstly, the flavonoids that

CHj OH
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Fig. 2. The structure of estradiol and selected phytoestrogens.

are further subdivided into isoflavones, coumestans and
prenyl flavonoids; and secondly the non-flavonoids, com-
prising the lignans (Fig. 1). All are polyphenols that have
a structural similarity to estradiol (Fig. 2) and possess
estrogenic activity due to having a similar ‘A’ ring to that
of estradiol and possessing two hydroxyl groups (shown
in bold in Fig. 1) at positions that afford the correct dis-
tance between them to facilitate binding to the estrogen
receptor (Zand et al., 2000). The isoflavone phytoestrogens
share a common structure (Fig. 2), with genistein having
the important —OH groups at positions 7, and 4'. Biocha-
nin A has a methoxy group at position 4’ and prunetin
has a methoxy group at position 7 resulting in less estro-
genic activity as the methoxy groups hinder binding to
the estrogen receptor. In quercetin the ‘B’ ring is attached
to position 2 and there is an —OH group at position 3.

Virtually all fruits and vegetables are known to be rich
in phytoestrogens. Isoflavones are present in a wide vari-
ety of fruits and vegetables and Table 1 illustrates some of
the richest known dietary sources of the specific phytoes-
trogens discussed in this review. Although genistein is
found predominantly in soy-based foods such as soy-
beans, miso and tofu it is also present in some fruit and
vegetables albeit at lower concentrations (Boker et al.,
2002). Similarly, while the richest dietary source of lignans
is flax seed they are also present in most fruit and vegeta-
bles. Although coumestans are much less commonly con-
sumed they are found in some vegetables particularly
clover sprouts, soy sprouts and alfalfa sprouts (Murphy
et al., 1999).
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Table 1
Dietary sources of selected phytoestrogens
Phytoestrogen  Dietary plant source  Mean concentration (mg/ References
100 g)
Quercetin Radish leaves 70 Sakakibara et al. (2003)
Onions 13 Nuutila et al. (2002)
Apples 4.7 Franke et al. (2004) and Tsao et al. (2003)
Biochanin A Alfalfa sprouts 2946 Murphy et al. (1999)
Red clover 833 Pettersson and Kiessling (1984)
Chinese peas 9.3 Franke et al. (1995)
Genistein Soybeans 80 Eldridge and Kwolek (1983) and Setchell and Walsh (1987))
Miso 35 Coward et al. (1993)
Tofu 28 Franke et al. (1998) and Murphy et al. (1999)

Source of data is The USDA-Iowa State University Database on the isoflavone content of foods (USDA, 2002) and the USDA Database for the flavonoid

content of selected foods (USDA, 2006).

3. Entry of viruses into cells

In order to carry out replication within cells, viruses
must first gain entry to those cells. The variety of different
mechanisms for viral entry include the classical clathrin-
mediated endocytosis, caveolae-mediated endocytosis,
lipid-raft-mediated endocytosis and macropinocytosis
which have all been reviewed in detail elsewhere (Pelkmans
and Helenius, 2003; Smith and Helenius, 2004). Here, it
will suffice to present a brief overview of both clathrin-
mediated endocytosis and caveolae-mediated endocytosis,
as these are the main viral entry mechanisms that have been
shown to be influenced by phytoestrogens (see Table 2).

The first step in viral entry is cellular attachment, which
is achieved by binding to a cell surface carbohydrate, lipid
or protein (Smith and Helenius, 2004). For many viruses,
the second step is facilitated by using one of the various
types of endocytosis to enter the cell (Pelkmans and Hele-
nius, 2003).

During clathrin-dependent endocytosis a virus such as
influenza firstly binds to cell surface molecules such as sialic
acid, which it employs as viral receptors. These are then
sequestered into clathrin-coated pits at the plasma mem-
brane (Fig. 3). This is followed by internalization of the
clathrin-coated pit by receptor-mediated endocytosis into
clathrin-coated vesicles which are then delivered to early
endosomes. It has been shown that virus infection of cells
then sets in motion virus-induced intracellular signals.
These are significant early events in the infection process
whereby the virus is able to manipulate the signaling path-
ways of the cell to transmit virus signals that facilitate viral
entry.

Caveolae-mediated endocytosis (Anderson, 1998) is
another mechanism used by viruses to enter cells (Fig. 3).
Caveolae are invaginations of the plasma membrane that
are lined with a protein coat of caveolin-1 (Anderson
et al., 1996). Following internalization, caveolae travel to
caveosomes where the virus is sorted and sent to either
the endoplasmic reticulum or the Golgi (Pelkmans and Hel-
enius, 2002). Some viruses, e.g. simian virus 40 (SV-40),

have been shown to attach firstly to major histocompatibil-
ity complex class I molecules on the cell surface, and then to
move laterally along the plasma membrane, eventually
becoming trapped in a caveola (Anderson et al., 1998). This
is followed by activation of tyrosine kinases that cause local
phosphorylation (Kurzchalia and Parton, 1999). As several
phytoestrogens are known to be tyrosine kinase inhibitors
(Akiyama et al., 1987) there is much evidence to indicate
that they can inhibit the phosphorylation required for these
virus-induced events that are important for both viral entry
and infection.

4. Anti-viral mechanisms used by phytoestrogens
4.1. Inhibition of virus entry

Simian virus 40 (SV-40) has been associated with pleural
mesothelioma (Carbone et al., 1994) and osteosarcoma
(Medoza et al., 1998). Treatment of kidney fibroblast cells
with genistein has been shown to block SV-40 by inhibiting
virus-induced signals that are required for its entry. When
treated with genistein the SV-40 virions were shown to be
delayed at the mouth of caveolae. This rendered the virions
incapable of being internalized, with the SV-40 virus
remaining at the cell surface (Chen and Norkin, 1999).
Indeed, genistein may be able to block tyrosine phosphor-
ylation of caveolin-1 resulting in inhibition of SV-40 entry
into cells (Pelkmans et al., 2002). Furthermore, genistein
has also been shown to block SV-40-induced upregulation
of c-myc and c-jun and to cause a delay in the onset of SV-
40 DNA synthesis (Dangoria et al., 1996).

4.2. Inhibition of signaling pathways

Having become internalized in the caveosome, the next
step in the viral infection process involves transport from
the caveosome to the endoplasmic reticulum. For the SV-
40 virus, this step involves inducing a signal in the
caveosome that facilitates transport of the virus from the
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Table 2
Summary table
Phytoestrogen Virus Effect of phytoestrogen References
Quercetin Influenza virus Reduces levels of superoxide radicals and lipid peroxidation products Kumar et al.

Biochanin A

Genistein

Human immuno-deficiency virus
Human endogenous retrovirus

Human herpesvirus 6

Japanese encephalitis virus

Simian virus 40

Bovine herpesvirus type 1
Human polyoma JC virus
Encephalomyocarditis virus
Mengo virus
Coxsackievirus B4

Moloney murine leukaemia virus

Dengue virus

Inhibits HIV integrase
Upregulates HERV expression

(1990)
Fesen et al. (1993)
Martin et al.

(2005)

Blocks expression of early and late viral antigens Cirone et al.
(1996)

Suppresses virus induced TNF and IL1 production Raung et al.
(2005)

Delays virus at mouth of caveolae Chen and Norkin
(1999)

Blocks tyrosine phosphorylation of caveolin-1 Pelkmans et al.
(2002)

Blocks virus induced upregulation of c-myc and c-jun Dangoria et al.
(1996)

Inhibits phosphorylation of glycoprotein E Akula et al.
(2002)

Blocks virus induced phosphorylation of epidermal growth factor Querbes et al.

receptor pathway substrate clone 15 (2004)

Inhibition of viral protein synthesis Hirasawa et al.
(2003)

Inhibition of viral replication Hirasawa et al.
(2003)

Inhibition of viral replication Hirasawa et al.
(2003)

Reduced expression of the cellular CAT1 receptor
Suppression of membrane fusion

Abolition of virus-induced syncytium formation

Inhibition of phosphorylation of proteins involved in actin
reorganisation

Kubo et al. (2003)

Talavera et al.
(2004)

Porcine reproductive and respiratory
syndrome virus
Bovine viral diarrhea virus

Prunetin and
genistein

Herpes simplex virus type 1

Reduces replication of virus

Inhibition of late steps of infection

Inhibition of phosphorylation of viral proteins
Reduced phosphorylation of cellular proteins

Greiner et al.
(2001)
Lecot et al. (2005)

Yura et al. (1993)

Abolition of viral glycoprotein C expression

caveosome to the endoplasmic reticulum (Pelkmans and
Helenius, 2003). Genistein has been shown to block these
downstream signals that are required for movement of the
SV-40 virus from the caveosome to the endoplasmic reticu-
lum (Dangoria et al., 1996). The human JC polyomavirus
(JCV) which causes progressive multifocal leukoencepha-
lopathy (Hou and Major, 2000) is a typical example of a
virus that uses receptor-mediated clathrin-dependent endo-
cytosis to enter human glial cells. It has been demonstrated
that the virus triggers intracellular signals that involve phos-
phorylation of proteins from different signaling pathways of
the cell. One of these is the epidermal growth factor receptor
pathway substrate clone 15 (epsl5) protein. Tyrosine phos-
phorylation of eps15 is required for viral entry into cells but
treatment with genistein is able to significantly inhibit infec-
tious entry of JCV (Querbes et al., 2004) possibly by inhib-
iting viral induced phosphorylation.

4.3. Inhibition of viral protein synthesis

Encephalomyocarditis virus (EMC), as the name sug-
gests, can cause encephalitis and myocarditis (Yoon

et al., 1982) and has also been shown to cause diabetes
mellitus (Craighead and McLane, 1968). During its repli-
cation it induces activation of mitogen-activated protein
kinases (MAPKs) from the cellular signaling pathways.
It has been shown that, at 50uM, genistein is capable of
suppressing replication of EMC virus in L929 cells to
0.5% of control level by a mechanism involving inhibition
of viral protein synthesis (Hirasawa et al., 2003). In similar
experiments, genistein also inhibited replication of both
Mengo virus that causes non-pyrogenic meningitis, and
Coxsackievirus B4 (CVB4) which causes nonpyrogenic
meningitis, paralytic disease and pancreatitis (Vella et al.,
1992).

4.4. Inhibition of the later stages of the viral cycle

Human herpesvirus 6 (HHV-6) is the causative agent of
Roseola Infantum, an acute disease that occurs in young
children and is characterized by a skin rash with an accom-
panying high fever (Caserta et al., 2001). HHV-6 is known
to use a fusion/entry mechanism to enter cells and to cause
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Fig. 3. Diagram of clathrin-dependent endocytosis and caveolae-mediated endocytosis.

subsequent phosphorylation of cellular proteins (Spear
et al., 2000). In HSB-2 cells exposed to HHV-6, treatment
with biochanin A blocks infection. Importantly, biochanin
A causes significant inhibition at a late stage of the viral
infectious cycle by blocking the expression of early and late
viral antigens and causing inhibition of syncytium forma-
tion (Cirone et al., 1996).

Inhibition of syncytium formation is also caused by gen-
istein in Moloney murine leukaemia virus (Mo-MLV)
entry. The first step in Mo-MLYV entry of XC cells is viral
identification of the cellular cationic amino acid trans-
porter 1 (CATTI) receptor (Wang et al., 1991) followed sec-
ondly by fusion of the viral envelope with the cell
membrane (Jones and Rissser, 1993) and finally syncytium
formation. However, when XC cells are treated with geni-
stein it causes a reduction in expression of the CAT1 recep-

tor by the cells, suppression of membrane fusion and
abolition of virus-induced syncytium formation (Kubo
et al., 2003).

When dengue virus, which is the causative agent for
both dengue fever and dengue haemorrhagic fever
(Rigau-Perez et al., 1998) infects cells, there is an increase
in cellular release of 11-8 (Bosch et al., 2002) and other che-
mokines (Avirutnan et al., 1998) leading to alteration in
cellular permeability with associated actin cytoskeleton
rearrangements. There is also a corresponding increase in
the thickness of stress fibres and focal adhesions. Treat-
ment of human dermal microvascular endothelial cells with
genistein has been shown to inhibit phosphorylation of
proteins involved with actin reorganisation leading to a
reduction in stress fibres and focal adhesions during dengue
virus infection (Talavera et al., 2004).
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Herpes simplex virus type 1 (HSV-1) infection of cells
also induces phosphorylation of several polypeptides
(Lemaster and Roizman, 1980) including basic fibroblast
growth factor receptor (Baird et al., 1990). Genistein and
prunetin have been shown to reduce HSV-1 plaque forma-
tion in Vero cells (Yura et al., 1993) due to inhibition of the
phosphorylation of cellular and viral proteins during the
late stage of HSV-1 infection and the abolition of viral gly-
coprotein C expression (Yura et al., 1993).

Another virus, bovine herpesvirus type 1 (BHV-1)
infects cattle and is the aetiologic agent of infectious bovine
rhinotracheitis (Trapp et al., 2003). One of the glycopro-
teins encoded for by BHV-1 is glycoprotein E (gE) which
forms a complex with glycoprotein I to facilitate cell—cell
spread of the virus (Dingwell and Johnson, 1998). Interest-
ingly, genistein is able to significantly inhibit the replication
of BHV-1 (Shaw et al., 2000) by interacting with gE and
inhibiting its phosphorylation (Akula et al., 2002).

4.5. Protection of tissue damage

In addition to anti-viral mechanisms that employ direct
inhibition of virus by blocking viral entry and internaliza-
tion, phytoestrogens may also be able to exert anti-viral
activity via other methods. Some phytoestrogens, particu-
larly quercetin and rutin (Afanas’ev et al., 1989), have been
shown to be free-radical scavengers (Cos et al., 1998) and
are therefore able to reduce tissue damage caused by oxida-
tive stress associated with viral infection. This has been
demonstrated in influenza virus infection of the lung. Quer-
cetin supplementation of the diet of mice infected with the
influenza virus significantly reduced the levels of both
superoxide radicals and lipid peroxidation products
(Kumar et al., 2003), suggesting that quercetin may be use-
ful as an anti-viral drug therapy to alleviate the cytopatho-
logical effects of virus infection.

Japanese encephalitis virus (JEV) infection initially
causes fever, headache and vomiting and is then followed
by the development of neuropathology (Kumar et al.,
1990). When JEV infects cells there is a concomitant rise
in tumour necrosis factor (TNF) and interleukin-1 (IL-1)
levels, which contributes to JEV-induced neuropathology.
Treatment of neuron/glia cultures with genistein has dem-
onstrated a neuroprotective effect against JEV infection by
suppression of virus-induced TNF and IL1 production
(Raung et al., 2005).

4.6. Inhibition of other viral enzymes

While the major investigations of the anti-viral proper-
ties of phytoestrogens have concentrated on their ability
to inhibit tyrosine-specific protein kinases, it has been rec-
ognized that flavonoids and isoflavonoids are also capable
of inhibiting the activity of other ATP-utilising enzymes
such as topoisomerase II (Constantinou et al., 1995). Some
viruses are known to encode type I topoisomerases
(Klemperer et al., 1995) that have been shown to be essen-

tial for viral replication (Shuman et al., 1989). Since phy-
toestrogens can act as inhibitors of topoisomerase, this
mechanism may also be important.

During the HIV infection process, the integrase enzyme
carries out integration of viral DNA into the host genome
(Chiu and Davies, 2004). Quercetin has been shown to be a
potent HIV integrase inhibitor (Fesen et al., 1993) and may
provide yet another anti-viral molecular mechanism.

4.7. Human endogenous retroviruses

Human endogenous retroviruses (HERVs) constitute
about 4.8% of the human genome and have structural sim-
ilarity to exogenous retroviruses. They have been named
‘fossil viruses’ and are thought to represent past exogenous
retroviral infection in which proviral DNA has been inte-
grated and retained within the genome (Nelson et al.,
2003; Nelson et al., 2004). There is evidence to suggest that
HERVs could be beneficial as they regulate gene expres-
sion and cellular differentiation (Larsson and Andersson,
1998) or they could be harmful by alteration of genes
important in cancer aetiology (Yi et al., 2004). Interest-
ingly the long terminal repeats of HERVs may also modu-
late gene expression through hormone response elements.
In this way phytoestrogens may exert effects through an
entirely novel mechanism. Our current research suggests
that, not only are phytoestrogens able to exert anti-viral
properties towards exogenous viruses, but that phytoestro-
gens may also be able to influence HERV expression (Mar-
tin et al., 2005).

5. In vivo studies

While most of the studies have considered the anti-viral
properties of phytoestrogens in vitro there have been a
few animal studies that concur with the in vitro observa-
tions. It has been shown that pigs fed a soy genistein
enriched diet exhibited reduced replication of porcine
reproductive and respiratory syndrome (PRRS) virus
when virally challenged (Greiner et al., 2001). Although
the applicability of the in vitro and in vivo data to human
dietary antiviral effects has yet to be established, human
peak plasma phytoestrogen concentrations have been
demonstrated which are comparable with the lower end
of the in vitro concentration range required for antiviral
activity. In the studies reviewed herein the in vitro con-
centration of phytoestrogen required to achieve antiviral
activity ranged from 10 pM to 100 pM. Following a single
dose of soybean milk young adult women have been
shown to have a plasma concentration of total isoflavones
of between 2 and 6 uM (Xu et al., 1994). Similarly after
genistein ingestion peak plasma concentrations of
7.7uM (Busby et al., 2002), 7uM (Ullmann et al.,
2005) and 2.44 uM have also been demonstrated (Watan-
abe et al., 1998).
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6. Conclusion

We have presented evidence in this review that phytoes-
trogens do not act solely via their clearly established and
well-accepted estrogen receptor mediated mechanisms but
also via an alternative mechanism of expressing anti-viral
activities. Although the data presented herein illustrates
that genistein is the best-characterized phytoestrogen in
terms of anti-viral activity, we have also shown that other
phytoestrogens are capable of expressing this function and
we predict that further phytoestrogens with anti-viral activ-
ity remain to be identified in the future. Although apples
only contain genistein at very small quantities (Boker
et al., 2002) they do contain several other phytoestrogens
(Lee et al., 2003) and while it remains to be proven, the pos-
sibility does exist that phytoestrogens present within fruit
may be capable of exerting greater anti-viral effects than
that demonstrated during in vitro experiments. The use of
a single purified substance fails to account for possible syn-
ergistic anti-viral effects with other components present
within fruits and vegetables. We can conclude therefore that
one of the ways in which the phytoestrogens that are present
in the recommended ‘an apple a day’ may offer protection
against a wide variety of human diseases is via their anti-
viral properties. The ability of phytoestrogens to inhibit sev-
eral different types of viruses is therefore worthy of further
research not only to elucidate the mechanisms involved but
also to design specific phytoestrogen based inhibitors to
harness these valuable anti-viral properties.
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