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Herpes simplex virus: Drug resistance and new treatment
options using natural products (Review)
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Abstract. As herpes simplex infections are very common
worldwide, new treatment options are of high importance,
especially for immunosuppressed individuals. Although the
standard treatment options have shown high effectiveness for
decades, the risk that drug resistance will emerge remains
significant. It is therefore important that new drug targets and
new treatments are investigated, not just in preliminary tests,
but also in vitro, in vivo and by clinical testing. One valuable
source for new treatments is the abundance of molecules from
natural products that have been shown to possess antiviral
properties. Several potential candidates for the development
of new anti-herpes drugs are discussed in this short review.
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1. Standard treatment of herpes simplex virus infections

Worldwide, herpes simplex virus (HSV)-1 and -2 infections
are very common. HSV-2 mainly causes genital herpes and is
transmitted sexually, while HSV-1 is usually transmitted during
childhood and causes a variety of herpes symptoms, including
lesions on the facial and genital areas (1,2).

Once an HSV infection occurs, the virus will establish
latency in the ganglia of the peripheral nervous system (3)
and can reactivate and multiply in significant numbers within
lesions, allowing for the infection of a new host. In immuno-
competent individuals, this can be painful and bothersome, but
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is rarely life threatening. Consequently, the dangers of herpes
simplex are underestimated by most individuals, although
HSV infections can become very prolonged and severe in
patients with an impaired immune system or in neonates (4.5).
Additionally, ocular diseases caused by herpes infections are
one of the leading causes of blindness in the western world (6).

A US study conducted by Xu ef al showed that HSV infec-
tions seem to be decreasing, especially among the youth. For
HSV-2, seroprevalence has decreased from 21 (1988-1994) to
17% (1999-2002), while HSV-1 seroprevalence has decreased
overall from 62 to 57.7%. Nonetheless, in recent years the
incidence of genital herpes caused by HSV-1 has increased
significantly in some developed countries (7), probably
because a decreased likelihood of contracting HSV-1 infection
during early childhood has led to increased chances of infection
during sexual contact. This is particularly worrisome as genital
herpes infections have been shown to at least double the risk of
sexually-acquired HIV infections (5.,8.,9), with the prevalence
of HSV-2 in HIV-infected individuals estimated to be as high
as 90% in certain populations (10).

With the discovery of acyclovir (ACV) in 1974 (11) and
later of penciclovir (PCV) (12), antiviral therapy was revolu-
tionized. These guanine analogues are highly selective in
fighting active HSV outbreaks because of their specific mode
of action and activation. They have a high affinity for viral
thymidine kinase (TK), while cellular TK only causes minimal
phosphorylation. This means that triphosphate is mainly pro-
duced in virus-infected cells, where it competes with dGTP and
blocks viral DNA polymerase by inhibiting chain elongation
(13,14). The excellent clinical safety of the substances is further
achieved by the low affinity of triphosphates to cellular DNA
polymerase (13,15,16).

Current second-line substances for HSV treatment are the
pyrophosphate analogue, foscarnet, and the acyclic nucleoside
phosphonate derivative, cidofovir. Neither are dependent on
prior virus-specific activation, and both target viral DNA poly-
merase. Foscarnet binds to DNA polymerase and prevents the
cleavage of pyrophosphate from deoxynucleotide triphosphates
without requiring prior phosphorylation (17). Cidofovir is
phosphorylated by cellular kinases, and in its diphosphate form
acts as a potent inhibitor of viral DNA polymerase (18,19).

With almost three decades of ACV as the mainstay therapy
for HSV infections, it is surprising to note that resistance has
not become a clinically significant problem in normal immuno-
competent hosts, as is the case for many other highly infec-
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tious viruses. Studies have shown that only ~0.1-0.6% of HSV
isolates harbor ACV resistance. Even more surprising is that
this number is approximately the same in isolates from ACV-
treated and non-treated individuals, meaning this number
represents the natural occurrence of ACV resistance in the viral
population (20,21). In very rare instances, ACV resistance
has been observed in non-immunocompromised patients.
Fortunately, these cases have not been associated with clinical
failure and remain the exception (22,23).

This is not always the case for immunocompromised
patients. In such cases, ACV-resistant strains have been iso-
lated from patients with persistent and disseminated diseases at
a higher rate. Across different groups of immunocompromised
patients, rates vary from 4 to 14%, but do not seem to be
increasing significantly or to pose a risk of increased resistance
developing in the overall population (21,24). Although no
detailed data have been published regarding the point at which
ACV-resistant strains appear after prolonged treatment, pro-
longed use of ACV and the severity of immunosuppression
seem to play a part in the development of drug resistance in
these groups (25).

Fortunately, foscarnet has been used with success follow-
ing the development of ACV resistance, indicating a low
cross-resistance of the two drugs, and few cases of foscarnet
resistance have been reported in clinical practice (24,25).

The explanation for the low rates of drug-resistant HSV
isolates found in the normal population could lie in the latency
established by the virus early during the infection process. In
animal models, infected neurons can be detected as early as
24 h after infection. This makes it plausible that the early
latency established by the virus is the source of all recurrent
infections over the lifetime of the host. Therefore, although this
latency makes the eradication of HSV nearly impossible with
the antiviral agents currently available, it presents an important
form of protection against the development of highly resistant
strains, which could cause an HSV epidemic (24).

Mathematical models of HSV-2 drug resistance have pre-
dicted that the increased use of antiviral agents to treat HSV-2
will continue to cause minimal development of resistant strains,
and will rather help to reduce the high prevalence of HSV in
the population (26).

When looking more closely at the mutations which cause
antiviral resistance to nucleoside drugs, it is not surprising that
these mutations occur in the viral TK and DNA polymerase
genes, where the following phenotypes can be distinguished:
i) TK deficient (a complete lack of TK activity), ii) TK low
producer (a reduced TK activity), iii) TK altered (a reduced
specificity for nucleoside drugs) and iv) DNA polymerase
altered (a reduced affinity for phosphorylated drugs). These
phenotypes are caused by a variety of different mutations
(reviewed in ref. 25), but most clinical isolates are TK deficient
or TK altered. This is confirmed by studies which demonstrate
that TK is not essential for virus replication in most tissues or
cell cultures (27,28). It also explains why mutations in the
DNA polymerase that cause resistance to foscarnet or cidofovir
are quite rare.

Although resistant strains of HSV do not currently pose a
threat, in a number of decades it is likely that resistant strains
will replace wild-type strains in treated individuals. Thus, we
cannot rely on standard nucleoside analogue therapy to contain
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Figure 2. Molecular structure of several compounds found to be active against
HSV in vivo by Bourne et al (30): (A) curcumin, (B) cineole and (C) eugenol.

HSYV infections forever, and instead need to look in other
directions for new treatment options. New targets for anti-
HSV drugs are already being investigated, and with some
encouraging results (reviewed in ref. 29). Another promising
domain for new HSV treatments, and one which needs further
investigation, is that of natural products and their derivatives. In
the past, these have repeatedly been shown to be an abundant
resource for a variety of new and improved viral therapies.
Thus, innumerable in vitro and some in vivo anti-HSV assays
of thousands of substances and extracts have been evaluated
over the past decades. This study aims to highlight the natural
compounds that have shown promise as new candidates for
clinical trials, as well as several that warrant further investi-
gation as new anti-HSV agents.

2. Natural products with anti-herpes simplex virus activity

Caffeic acid, a phenolic compound, was shown to be one of the
effective substances present in Plantago major (Fig. 1) (30,31).
It has strong activity against HSV-1 (ECs5=15.3 pg/ml) and
less activity against HSV-2 (EC5,=87.3 pug/ml). Structure-
activity relationships have shown that reducing the number
of hydroxyl groups also reduces activity against HSV-1 (32).

Another phenolic compound is curcumin (Fig. 2A), which
is present in the curry spice turmeric and was recently found
to inhibit immediate-early genes of HSV-1 by an unknown
mechanism. It has been proven that recruitment of RNA
polymerase II to the VP16 and IE promoters was significantly
diminished, though independently of histone acetyltransferase
activity (33). It has previously been shown that curcumin is
moderately active against HSV-2 in vitro. This has led to an
in vivo assay using a mouse model of intravaginal HSV-2
infections, where curcumin was found to provide significant
(p<0.05) protection. In the same in vivo experiment a terpene,
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cineole (Fig. 2B), exhibited similar results to curcumin, while a
phenolic, eugenol (Fig. 2C), demonstrated the most promising
results in a mouse model.

This substance was then further investigated in a guinea pig
model of HSV-2 infection, which more closely represents the
infection in humans. Here, eugenol was again highly effective.
Treatment resulted in significantly fewer animals (p<0.05)
developing primary infection, and in a significant reduction
(p<0.005) in the virus titer of the animals that became infected.
However, symptomatic infection in these animals had com-
parable severity to the controls (30). Benencia and Courreges
confirmed the effectiveness of eugenol at inhibiting virus repli-
cation in vitro, as well as its ability to delay herpetic keratitis
in mice after topical application (34). It was postulated that
the phenolic nature of eugenol damages the envelope proteins
of newly-synthesized virus particles (35), or that the mode of
action of eugenol is related to its capsaicin-like properties,
which allow it to interfere with virus-neuron interactions and
lead to a decrease in the establishment of latency (30).

In animal models, capsaicin was shown to be rather
effective against HSV. However, it was noxious when applied
to the mucous membranes and caused an unpleasant burning
sensation. Therefore, the less noxious cis-capsaicin civamide
(Fig. 3) was also tested in an animal model. Civamide was
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shown to reduce the occurrence of primary infections when
administered prior to virus challenge, or to reduce the infection
when given after the virus challenge. Furthermore, civamide
reduced the recurrence of latent infections when weekly treat-
ment was continued as a suppressive maintenance therapy (36).

Another polyphenolic that clearly warrants further inves-
tigation is prodelphinidin B-2 3,3'-di-O-gallate (PB233'0G).
Cheng et al (37) found that it inhibited HSV-2 with ICs, values
of up to 0.4 uM. Notably, PB233'OG was found to be most
effective during the early stages of HSV-2 infection, indicating
an interference with virus penetration during the infection
process. However, effects observed in the late stages of the
infection cycle point towards the existence of multiple mech-
anisms by which PB233'OG may inhibit HSV-2 infection
37).

Propolis, or bee-glue, has long been recognized as a valu-
able natural product for antiviral treatments. Amoros et al (38)
identified nine flavonoids from propolis which were tested for
their effectiveness against HSV. Generally, flavonols were
found to be more active than flavones, their activity increasing
with the number of their hydroxyl substitutions. Combinations
of flavones and flavonoids were also analyzed, showing that
the synergistic effects of these substances account for the
high antiviral activity of propolis. Of the substances tested,
galangin and kaempferol (Fig. 4) had the highest anti-HSV
activity, reducing the viral titer by 2log,, or more (38). This
was confirmed by Lyu et al, who additionally demonstrated
that the two substances had high anti-HSV in vitro activity,
and that flavonols had higher activity than flavones (39).

Isoborneol (Fig. 5), a monoterpene found in several
essential oils, was found to have interesting anti-HSV activity.
Firstly, isoborneol was able to inactivate HSV within 30 min
of exposure, and completely inhibited viral replication at low
concentrations (0.06%). In cell culture models, no cytotoxicity
was found for concentrations of up to 0.08%. In the presence
of isoborneol, the glycosylation of certain viral polypeptides
was inhibited, while the glycosylation of cellular proteins
remained unchanged. When copies of these viral proteins
were introduced into the cellular genome and expressed there,
glycosylation was normal in the presence of isoborneol (40).
This finding seems to indicate that isoborneol is a promising
new candidate for HSV treatment.

Two more promising compounds were isolated from Rhus
Jjavanica and examined for their anti-HSV activity in vitro and
in vivo by Kurokawa et al (41). Moronic and betulonic acid
(Fig. 6) exhibited in vitro activity with ECs, values of 3.9 and
2.6 pug/ml, respectively, though the therapeutic index of
moronic acid was higher. Notably, the susceptibility of ACV-
resistant HSV-1, TK-deficient HSV-1 and wild-type HSV-2
to moronic acid was similar to that of wild-type HSV-1. This
points towards a different mechanism of action than that had
by ACV. When moronic acid was administered to mice cuta-
neously infected with HSV-1, skin lesions were significantly
reduced, and the mean survival time was significantly increased
compared to that of the control mice (41). Nawawi et al (42)
evaluated the in vivo effectiveness of the alkaloid FK-3000
(Fig. 7) isolated from Stephania cepharantha. In mice subcu-
taneously infected with HSV-1, treatment with FK-3000
significantly reduced skin lesions and prolonged survival
time. Unfortunately, the therapeutic index was shown to be
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Figure 6. Anti-HSV compounds from Rhus javanica.

very narrow, demonstrating the need for further investigation
in different models, such as herpes simplex keratitis (42).

Another antiviral substance, meliacine, was found to
exhibit potent activity against HSV-1. Time-of-addition
experiments have shown that meliacine acts in the late stages
of the HSV-1 replication cycle. Specific infected-cell poly-
peptides, some of which play a part in DNA synthesis and in
the assembly of nucleocapsids, were inhibited by the addition
of meliacine (43). The same group also exhibited meliacine
activity in vivo in a model of herpetic stromal keratitis in mice.
Meliacine was administered topically 3 times a day for 4
days, beginning 1 day before inoculation. It was demonstrated
that treatment with meliacine decreased clinical symptoms as
well as histological damage to the cornea, and caused a 2-fold
decrease in the viral titers detected in the eyes of infected and
treated mice (44). This was confirmed by another study on
murine herpetic stromal keratitis, where treatment 24 h post
infection reduced viral replication by 1-1.5 orders of magnitude
and prevented tissue damage in the corneas of treated mice
(45).

One last group of anti-HSV compounds should be men-
tioned here. Several sulfated polysaccharides have been shown
to possess anti-HSV activity, and many carrageenans (found
mostly in red seaweed) have been shown to be active against
HSV infections. Several in vitro studies have demonstrated
ICy, values of 0.4-5.6 ug/ml for different types of carrageenans
(46-48), and several in vivo mouse models have also confirmed
their effectiveness. In models of intravaginal HSV-2 infection,
mice exhibited signs of significant protection (30,48), and were
also protected from intraperitoneal infection when carrageenan
was administered immediately after infection. Protection was
not improved when repeated hourly doses were administered
at up to 48 h post infection, indicating that the substance plays
arole early in the virus replication process. Indeed, treatment
initiated 24 h post infection yielded no improvement compared
to non-treated animals (49).

Another sulfated polysaccharide exhibiting antiviral effects
is thamnan sulfate, isolated from Monostroma latissimum. It
has been shown to not only inhibit virus absorption and pene-
tration, but also, in the later stages of HSV-1 infection, to
inhibit virus replication (50).

MUNDINGER and EFFERTH: TREATMENT OF HSV

HiC

HO
NH

o

i

o 33\
H;C
0
HaC

Figure 7. The anti-HSV alkaloid FK3000.

Galactofucans, from brown seaweed, were also found to
possess anti-HSV properties (51,52). One galactofucan was
tested in vitro on several clinical HSV strains, including ACV-
resistant HSV-1 and -2 strains. Galactofucan was significantly
more effective against HSV-2 than HSV-1, with IC,, values
of 0.5 and 32 pg/ml, respectively. The mode of action was the
inhibition of viral penetrance into the host cell (52).

Calcium spirulan, a sulfated polysaccharide isolated from
the blue-green algae Spirulina platensis, was found to be a
potent inhibitor of HSV-1 replication (as well as of other
enveloped viruses). On the basis of the results of time-of-
addition experiments, the main targets of this polysaccharide
are believed to be the early stages of virus attachment and
penetration. It has also been suggested that Ca-SP interferes
in the later stages of replication, after the virus has penetrated
the host cells, and Ca?* was shown to be essential for anti-
viral activity (53). More recently, it was demonstrated that
replacing Ca?* with Na* or K* maintained antiviral activity,
while other divalent or trivalent metal ions reduced antiviral
activity (54).

3. Conclusions

HSYV infections have a very high prevalence worldwide, and
are not expected to decrease significantly over the next few
years. An increasing number of immunocompromised patients
and increasingly prolonged administration of standard treat-
ments might heighten the problems caused by drug-resistant
HSVs. Even with the current high effectiveness of standard
treatment and the low occurrence of drug resistance, the need
for novel treatment options remains a pressing matter if pos-
sible future HSV epidemics are to be avoided.

The antiviral potential of natural products indicates that
plants from ethnomedicine are a valuable resource for the
development of new drugs. It is advisable that research in this
area continues so that a large number of potential lead com-
pounds may be identified. Even more importantly, research
must proceed with synthetic derivatives of promising com-
pounds in order to move beyond the initial identification of
promising candidates in vitro.

Some compounds have already been tested in vivo. Of
these, the most potent should undergo preclinical and clinical
trials as well as toxicity testing in order to produce new treat-
ment options, particularly for immunocompromised patients
suffering from severe HSV infections.
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Finally, new methods such as gene expression profiling

should increasingly be used to identify molecular targets for
novel therapy options, as well as to further clarify the modes of
action of the lead compounds which have already been found.
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