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Various preservatives are being used to ensure that man-
ufactured foods remain safe and unspoiled. The excessive
use of chemical preservatives, many of which are believed
to exert potential carcinogenic activities, as well as residual
toxicity, has resulted inmistrust amongEuropean consumers.
Since consumers need to feel reassured that they consume
safe foods, an increasing pressure on food manufacturers
and authorities is applied with respect to the elimination
of harmful chemical preservatives from food preparations,
strengthening the research activity towards the discovery of
alternative agents [1, 2]. In this context, the use of natural
products presents an intriguing case. They exhibit a wide
range of biological and pharmacological activities and are
considered to have beneficial effects in human nutrition [1, 2].
Currently, natural products are used in food preparations
mainly as flavouring agents [3] and by cosmetic and phar-
maceutical industries as fragrances and functional additives
[4]. These natural substances have been suggested for use in
foodstuffs [5] because they were found to display significant
antimicrobial properties against bacteria and fungi [1, 2, 6–8].

The main objective of this special issue was to provide
a number of documents focused on the facts, applications,
and challenges of bioactive natural products and present
the methodologies in use to evaluate the effectiveness of
such products. Moreover, the challenges that the industry
faces with respect to the use of bioactive natural products
as antimicrobial agents in terms of safety and microbial

growth prevention are discussed. Hence, the antioxidant,
antimicrobial, anti-HIV, and cholinesterase inhibitory activ-
ities of aqueous and alcoholic extracts from leaves, stems,
and flowers of Euphorbia characias were evaluated. It was
suggested that Euphorbia characias extracts represent a good
source of natural bioactive compounds which could be
useful for pharmaceutical application, as well as in food
systems for the prevention of the growth of food-borne
bacteria and to extend the shelf-life of processed foods.
Furthermore, it was evident from the findings of another
study that Pterospartum tridentatum and Mentha pulegium
may constitute an important reservoir of phytochemicals
with antiradical activity and antibacterial capacity and thus
they might be used in a preventive way or in a combined
pharmaceutical and antibiotic therapy against pathogenic
bacteria.

Sulfated polysaccharides extracted from five seaweed
samples collected or cultivated in Mexico were tested to
evaluate their effect on measles virus in vitro. The synergistic
effect would allow reduction of the treatment dose and
toxicity and minimization of the induction of antiviral resis-
tance. Sulfated polysaccharides of the tested seaweed species
appeared as promising candidates for the development of
natural antiviral agents.

The main types of natural products that have been
characterized as splicing inhibitors, the recent advances
regarding molecular and cellular effects related to these
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molecules, and the applications reported so far in cancer
therapeutics were also summarized in the current special
issue. Likewise, hyperoside, an active compound found in
plants of the genera Hypericum and Crataegus, is reported
to exhibit antioxidant, anticancer, and anti-inflammatory
activities. The results presented suggested that hyperoside
may have potential as a therapeutic agent for the treatment
of liver fibrosis.

Polyphenols from diverse sources have shown anti-
inflammatory activity [9, 10]. In atherosclerosis,macrophages
play important roles including matrix metalloproteinases
synthesis involved in degradation of matrix extracellular
components affecting the atherosclerotic plaque stability.
These data suggested a potential role of polyphenols from
Chilean propolis in the control of extracellular matrix degra-
dation in atherosclerotic plaques. Besides, the results of
another investigation indicated that Chilean propolis has a
dose-dependent effect on the inhibition of genes involved in
Streptococcus mutans virulence and adherence through the
inhibition of glucosyltransferases, showing an anticariogenic
potential of polyphenols from propolis beyond S. mutans
growth inhibition.

S. mutans, with the ability of high-rate acid production
and strong biofilm formation, is considered the predominant
bacterial species in the pathogenesis of human dental caries
[11, 12]. In this vein, LongZhang Gargle, completely made
from Chinese herbs, was investigated for its effects on acid
production and biofilm formation by S. mutans. The findings
suggested that LongZhangGarglemay be a promising natural
anticariogenic agent as it suppressed planktonic growth, acid
production, and biofilm formation against S. mutans.

Moreover, the production and incorporation of conju-
gated linoleic acids (CLA) in biomass were reported for
the first time. B. breve WC 0421 stored CLA in the form
of free fatty acids, without changing the composition of
the esterified fatty acids, which mainly occurred in the
plasmatic membrane. Finally, 19 Streptococcus thermophilus
strains with high exopolysaccharide production abilities were
isolated from traditional Chinese fermented dairy products.
The exopolysaccharide and viscosity of milk fermented by
these 19 isolates were investigated. It was demonstrated that
the selected higher exopolysaccharide producing cultures
could be used as yogurt starter cultures reducing the amount
of added stabilizer, which can compare favorably with the
imported commercial one.

Yiannis Kourkoutas
Nikos Chorianopoulos
Kimon A. G. Karatzas

Ibrahim M. Banat
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Necrotic enteritis (NE) is an important concern in poultry industry since it causes economic losses, increasedmortality, reduction of
bird welfare, and contamination of chicken products for human consumption. For decades, the use of in-feed antimicrobial growth
promoters (AGPs) has been the main strategy to control intestinal pathogens including Clostridium perfringens (CP), the causative
agent of NE. However, the use of AGPs in animal diet has been linked to the emergence and transmission of antimicrobial resistance
through food-bornemicroorganisms, which has led to the ban of AGPs inmany countries.This scenario has challenged the poultry
industry to search for safer alternative products in order to prevent NE. In this context, the utilization of natural plant extracts with
antimicrobial properties appears as a promising and feasible tool to control NE in chicken. In this paper, we review the scientific
studies analyzing the potential of plant extracts as alternative feed additives to reduce NE in poultry, with focus on two types of
plant products that arise as promising candidates: tannins and essential oils. Some of these products showed antimicrobial activity
against CP and coccidia in vitro and in vivo and are able to increase productive performance, emulating the bioactive properties of
AGPs.

1. Necrotic Enteritis in Chickens and
Clostridium perfringens

Necrotic enteritis (NE) is a worldwide extended disease
caused by Clostridium perfringens (CP). The disease was first
reported in 1961 and from that moment onwards many out-
breaks have been documented in all countrieswhere intensive
poultry breeding is carried out [1–3]. NE has different
presentations: sudden, clinical, and subclinical; among them,
subclinical NE is one of the main causes of economic loss for
the poultry industry. The estimated prevention cost of NE is
U$S 0.05 per chicken with a total global loss of nearly U$S
2 billion per annum [4]. CP is a ubiquitous Gram-positive,
spore forming, toxigenic, anaerobic bacterium, generally
classified according to the production of five major toxins
[5]. In poultry industry, CP type A is the most significant,

since it is capable of producing many toxins responsible for
the disease [6].

CP can be found in the environment in soil, feces, feed,
and poultry litter and in the intestines of animals as part
of the normal gut microbiota [7]; thus, the presence of
CP by itself does not necessarily imply the occurrence of
the disease. NE reports showed that the disease is mostly
found in 2- to 5-week-old chickens and the incidence of the
disease can be low as well as high, as most CP strains are
relatively innocuous. Clinical presentation ofNE in outbreaks
depends on a complex interaction of the microorganism
with other predisposing factors such as diet, the presence
of other microorganisms, and the immunological status of
the birds [2, 4, 8, 9]. The ingredients included in diet, and
even changes in it, may affect both physical and chemical
properties of intestinal contents. Presence of Eimeria spp.
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and viral infections are important NE-predisposing factors as
they lead to the destruction of enterocytes and increase the
mucosal secretion. Stress, immunosuppression, or medical
treatment can also induce changes in the composition of the
microbiota. All of these factors contribute to facilitating the
mucosal colonization for pathogenic CP strains, which are
able to degrade the mucus and colonize the gut. When this
happens, the bacteria begin to synthesize enzymes, acting in
the basement membrane and lateral part of the enterocytes,
spread through the lamina propria, and induce damage to
endothelial cells [6, 10–13].

Clinical signs of NE include decreased appetite, diarrhea,
weight loss, and several nonspecific signs that can be found
even without any gut lesion [1, 2]. Gross lesions are diverse,
usually affecting the small intestine and liver; jejunum and
ileum are the most affected portions of the gut. Intestines
are visualized with gas as well as bleeding and blood clots
can be found in their contents. The mucosa can be either
thickened by edema or thinned by epithelial erosion [1, 2,
6, 8] and sometimes a yellow or green pseudomembrane
adhered to mucosa can be found. It is likely to find in the
same animal both changes in different parts of the intestine
[1–3, 6]. In the liver, necrotic foci and cholecystitis can
appear dispersed throughout the parenchyma.These injuries
are commonly associated with a subclinical presentation of
the disease [2, 14]. Microscopic lesions comprise shortening
villous, epithelium detachment in the apical portion, and
also intense mucosal necrosis extending to the crypts or
submucosa. Bacilli can sometimes be seen in themucosa or in
lamina propria. The inflammatory cell infiltration in lamina
propria is a mixed type and more evident in some cases than
others [1–3, 8].

The treatment ofNEoutbreaks are based on antimicrobial
therapy with the aim of diminishing economic losses. Baci-
tracin, lincomycin, virginiamycin, penicillin, and tylosin have
been the antibiotics of choice worldwide. However, the most
important losses are associated with subclinical presentation
of NE, which has been controlled by the use of subtherapeutic
doses of antimicrobials in feed [15]. As it happens with several
microorganisms, CP susceptibility to antibiotics has declined
over the years.

2. Antimicrobial Control of
NE and Alternatives

Control of NE and predisposing factors in poultry often
becomes a really complex labor. For many years, antimicro-
bial therapy was the first, and most of the times the only,
strategy to control CP-induced NE. Therapeutic antimicro-
bials administered at high doses over a short period of time
are generally used to control acute outbreaks [16]. To control
subclinical NE presentations, antimicrobial growth promot-
ers (AGPs) are generally used. Although these compounds
were first included into feed to improve growth rate and
feed conversion efficiency in poultry [17], they are now used
mostly to control CP andotherGram-positive pathogens [18].
Bacitracin (a polypeptide antimicrobial) and virginiamycin
(a streptogramin) are nowadays two commonly used AGPs

in poultry production to improve feed conversion ratios,
body weight gain, and well-being of animals [16]. Despite the
longtime use of AGPs, mechanisms involved in the improve-
ment caused by the administration of subtherapeutic doses
of the antimicrobials in broilers flocks are far from being
fully understood. Proposed potential mechanisms include
regulation of digestive functions and gut immunological
responses [19]. The most accepted mechanism is that AGPs
modulate gut microbiota, which plays a critical role in
maintaining the host health [20].

The use of AGPs at subinhibitory doses for long periods of
time is particularly favorable to select antimicrobial-resistant
microorganisms. In countries where AGPs are still used,
reduced susceptibility of poultry CP strains was reported [21].
Continuous administration of AGPs may lead to changes in
the bacterial environment by eliminating susceptible strains
and allowing antimicrobial-resistant bacteria (i.e., those with
lower susceptibility to AGPs) to survive and predominate
[22]. Furthermore, continuous administration of APGs in
the feed may cause cross-resistance to therapeutic antimicro-
bials [21]. Antimicrobial resistance together with a gradual
decrease in sensitivity to anticoccidials by some strains of
Eimeria spp. (an important predisposing factor to NE) has
exacerbated the presence of such CP strains.

Establishment of resistant and pathogenic CP strains in
poultry farms also may lead to the transfer of resistant bacte-
ria and their resistant factors from animals to humans. Stud-
ies considering Campylobacter spp., E. coli, and Enterococcus
spp. suggest that the use of nontherapeutic antimicrobial is
linked to the propagation of multidrug resistance, including
resistance against drugs that were never used in the farm [23].

The impact of AGPs on the appearance and transmission
of antimicrobial-resistant bacteria has been the aim of several
investigations and has led to their ban in the EuropeanUnion
in 2006 [24]. After these measures were taken in Europe [25],
the consequence was the increase in NE incidence together
with an increase in the use of therapeutic antimicrobials
to control diseases [26–28]. The European experience and
recent moves toward reduction or termination of AGPs in
North America [25] have pressured the poultry industry
to search for suitable alternatives in order to control NE
outbreaks, reduce productive consequences of subclinical
presentation under conditions of average management of the
farms [26], and diminish resistance to antimicrobials. Natural
substances with antimicrobial properties can be an essential
part of this control strategy.

In this context, an increasing number of antimicrobial-
free tools and strategies have been developed for prevention
and control of CP-induced NE in poultry [27, 29]. Any
alternative to AGPs is expected to be safe to the public health,
cost-effective, and friendly to the environment together with
antimicrobial activity to be considered as a viable option [30].
Proposed alternatives include vaccines, immunomodulatory
agents, bacteriophages and their lysins, antimicrobial pep-
tides, pro-, pre-, and synbiotics, plant extracts, inhibitors for
bacterial quorum sensing, biofilm, and virulence and feed
enzymes [27, 31]. Vaccination against the pathogen and the
use of probiotic and prebiotic products have been suggested
but at the present time are not yet available for practical use in
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the farms. One of the most promising alternatives to AGPs is
the use of plant extracts added to the diet to improve nutrition
and health in farm animals and to control enteric clostridial
diseases; these additives have been used for many years in
poultry and their efficiency has been demonstrated [21, 32].

3. Plant Extracts

Plant materials are used widely in traditional systems of
medicine [55]. Plant extracts, also known as phytobiotics,
have been exploited in animal nutrition, particularly for their
antimicrobial, anti-inflammatory, antioxidant, and antipara-
sitic activities [56–58].

Many plants have beneficial multifunctional properties
derived from their specific bioactive components. Biolog-
ically active components of plants are mostly secondary
metabolites, such as terpenoids, phenolics, glycosides, and
alkaloids, present as alcohols, aldehydes, ketones, esters,
ethers, and lactones [17]. These secondary metabolites may
have a protective function in vegetal tissues. Final effect on
animals will depend on both the combination and concentra-
tion of these bioactive molecules and minor changes in these
aspects will explain why some of these compounds can have
either beneficial or detrimental effects in animals [59–61].

Plant extracts are generally considered safe and effective
against certain bacteria. They are extensively used in feed as
growth promoters and health protectants [62, 63], particu-
larly in Asian, African, and South American countries, and
in recent years are gradually being used in developed coun-
tries. Effects of phytogenic feed additives on the production
performance of poultry are also reported [57]. It is consid-
ered that plant extracts possess antibacterial activities when
their minimum inhibitory concentrations range from 100 to
1000 𝜇g/mL according to in vitro bacterial susceptibility tests
[64].

In the last years, several studies reported that the use
of raw plant extracts and derived phytogenic compounds as
poultry feed supplements [65] may have a positive effect on
birds health and productivity. NE gross lesions and intestinal
CP burden is a parameter commonly used to evaluate the
effects of including plant extract in chicken diets [35, 47].
Different plant extracts may have direct inhibitory effect
either on CP vegetative cells or in some of the toxins involved
in NE pathogenesis [32].

Useful antimicrobial phytochemicals can be divided into
several categories, such as polyphenols/tannins, essential
oils (EOs), alkaloids, and lectins/polypeptides [66]. Phyto-
chemicals exert their antimicrobial activity through different
mechanisms. For example, (1) tannins act by iron deprivation
and interactions with vital proteins such as enzymes [67]; (2)
cryptolepine, the main indoloquinoline alkaloid, is a DNA
intercalator and inhibitor of topoisomerase [68]; and (3)
saponins form complexes with sterols from the membrane
of microorganisms causing damage and consequent collapse
of the cells [69]. EOs have long been recognized for their
antimicrobial properties [70], but their precise antimicrobial
mechanism is poorly understood. In fact, the antimicrobial

activities of many plant extracts have not been clearly eluci-
dated yet [71]. In vivo observations support the assumption
that general antimicrobial potential of phytogenic feed addi-
tives is due to a substantial reduction of intestinal pathogen
pressure [66].

In the global context to reduce or avoid the use of
antimicrobials in animal production, not only biological
activity of alternatives to AGPs but also the suitability of the
active principles to be produced and applied at the industrial
level should be considered. In the last years, two types of
plant-derived extracts emerged as promising candidates to be
used in poultry industry to control NE: tannins and essential
oils.

4. Tannins

Tannins are polyphenolic secondary metabolites found in
almost all the parts of the plants and therefore present
in most animal diets. Tannins are generally classified into
two groups based on their chemical structure: hydrolyzable
tannins (HT) which are present in plants as gallotannins
or ellagitannins [72] and condensed tannins (CT), the most
common type of tannins found in forage, which are polymers
of flavonol units [73]. However, tannins have an enormous
structural diversity, with molar masses ranging from 300
to 20,000Da [74]. Multiple biological properties including
anticancer [75, 76] and antimicrobial [67, 77, 78] activities
have been attributed to tannins [79], mainly due to their ion-
complexation, protein-binding, and antioxidant capabilities
[80–82].

Scientific evidence suggests significant potential for the
use of tannins to enhance nutrition and animal health in
both cattle and poultry [30, 62, 65, 83]. Although tannins
have been generally considered as antinutritional factors for
monogastric animals [59, 84, 85], it is now known that their
beneficial or detrimental properties depend on both tannin
nature (i.e., plant source, chemical structure, and astrin-
gency) and animal factors (i.e., animal species, physiological
state, and diet composition) [39, 57, 61, 66, 86, 87] as well as
administration factors such as dosage and formulation. The
antinutritional effects attributed to tannins are mostly based
on assays performed with elevated concentrations of CT or
plant parts with elevated tannin content, as may be the case
of tannic acid in sorghum.

In recent years, many reports showed that moderate tan-
nin concentrations from diverse vegetal sources can improve
not only nutrition but also health status in monogastric
farm animals, including poultry. Furthermore, inclusion of
polyphenol-rich plant extracts has been found to improve
weight gain/feed ratio in growing pigs [88]. In poultry,
Schiavone et al. (2008) [34] showed that the use of a chestnut
extract has a positive influence on growth performance if
included in the diet up to 2 g/kg of dry matter and also
a significant decrease in total nitrogen in the litter was
observed. This supports the observation that administration
of chestnut tannins often results in firmer droppings, which
positively affects the litter status thus improving the overall
health status and welfare of chickens in intensive production
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systems. Similarly, other authors have observed that the
inclusion of phenolic compounds in diet enhanced growth
performance, decreased lipid oxidation, decreased choles-
terol value, and increased beneficial fatty acids content in
broiler chickens [89]. However, other tannin formulations are
unable to enhance growth performance but produce different
beneficial effects in productive aspects of chicken physiology,
including delay of meat lipid oxidation [37, 41, 90–92],
increase of protein digestibility and feed conversion [38, 42],
enhancement of gut health and microbiota biodiversity [40,
93, 94], and higher capacity to overcome deleterious effects of
persistent heat stress [95, 96].

Numerous in vitro and in vivo studies have verified
the activity of tannins against several types of intestinal
pathogens including helminthes [97–100], coccidia [33, 36,
101], viruses [45, 77], and bacteria [102–104] with particular
interest in Salmonella Typhimurium [44, 105, 106], Campy-
lobacter jejuni [43], and CP [32, 35], which are major disease-
causing or food-borne bacteria in poultry [107].

Incidence of CP-associated NE in poultry has consid-
erably increased in countries that stopped the use of AGP
[26, 108]. Elizondo et al. (2010) [32] showed that two of the
most common sources of tannins, chestnut (Castanea sativa,
HT) and quebracho (Schinopsis lorentzii, CT), extracts have
in vitro antibacterial and antitoxin activities against CP and
its toxins. Similarly, other authors have observed in vitro
antimicrobial activity against CP using tannins derived from
chestnut and grape products [40, 109].

These findings are consistent with recent in vivo studies
that tested the effect of tannins added to diet of chickens on
Eimeria spp. and CP. Tosi et al. (2013) [35] found that the
addition of a chestnut tannin extract significantly reduces the
counts of CP and macroscopic gut lesions in broiler chickens
challenged with coccidia and CP. Subsequent results confirm
the effects of chestnut and quebracho tannins in a broiler NE
model reducing the incidence and severity of gross lesions
and improving the productive performance of the chicken
[110]. Although chestnut tannins show strong bactericidal
activity against CP, most ingested HT are degraded in the
intestinal tract and do not remain in the feces. In contrast,
quebracho-derived CT have lower antibacterial activity but
most of the administered tannins remain in the feces and
therefore in the litter. Combination of CT and HT may be
used to readily diminish the intestinal CP load and also
to avoid the reinfection by controlling the environmental
contamination (i.e., feces and bedding). In agreement with
this, Cejas et al. (2011) [36] found that quebracho tannins
also decreased oocyst excretion in Eimeria spp. challenged
broiler chicks. Consistent results were also obtained with
other tannin-rich plant extracts. McDougald et al. (2008)
[33] showed that inclusion of muscadine pomace in the diet
significantly reduced intestinal lesion scores and mortality
rates using a similar NE model of broilers challenged with
Eimeria spp. and CP. Dietary supplementation of chicken
diet with a polyphenol extract of Curcuma longa enhanced
coccidiosis resistance as demonstrated by increased body
weight gains, reduced fecal oocyst shedding, and decreased
gut lesions, and it was also shown to attenuate coccidia-
induced inflammation-mediated gut damage [101]. Artemisia

annua leaves, which contain both EOs and tannins [111],
showed antimicrobial activity against CPproliferation in vitro
and were able to reduce intestinal load and severity of NE-
related small intestinal lesions in vivo [47].

A recent work reported that chestnut extracts improve
lactobacilli tolerance to gastric transit and tolerance to low
pH values and bile juice salts, indicating that tannins may
also be used in combination with probiotics for synergist
enhancement of gut health [112]. An additional benefit of the
use of tannins as alternative AGPs in poultry is the difficulty
of CP to multiply and develop resistance in the presence
of such diverse range of molecules these plant compounds
contain [21].

Although tannins can have beneficial effects on poultry
performance and gut health, still little is known about the
mechanisms involved in their final in vivo antimicrobial
and growth promoter effects. Some authors suggest that
low concentration of tannins can improve palatability of
feed thus increasing performance of monogastric animals
by stimulating feed intake [66]. Nevertheless, antimicrobial
activity has been linked to their biochemical properties
including metabolism inhibition by enzyme complexation
and iron deprivation [67, 80, 113, 114]. Iron is essential for
most pathogenic bacteria and tannic acid has been shown
to function like a siderophore that chelates iron from the
medium, making it unavailable for some microorganisms
but without affecting lactic acid bacteria [102]. Regarding
the growth promotion effect, some of the explained modes
of action for antimicrobials may help to define tannin
mechanisms. How antimicrobials increase performance is
not clear, but possible mechanisms include reduction in
total bacterial load, suppression of pathogens, thinning of
the mucosal layer, and direct modulation of the immune
system [115]. In general terms, like AGPs, tannins may be
involved in the modulation of gut microbiota and its highly
complex interactions. As reported by several authors, Gram-
positive bacteria seem to be more sensitive to tannin-rich
plant extracts [104, 116]. Regardless of the mode of action,
chemical characteristics of the tannins are highly variable
and different types of tannins can be found in a single plant
extract. The origin of the plant extract added to the feed
will be determinant in the final impact on microbiota and
consequently in growth performance. Table 1 summarizes the
effects of different tannin-rich plant extracts on performance
and health of poultry in vivo and their antimicrobial activities
in vitro.

The use of tannins appears as an attractive alternative to
control NE since these natural products do not leave residues
in poultry-derived products and given the complexity of their
structures and bioactive principles it is more difficult for
tannins to induce selection of resistant microorganisms in
comparison with AGPs. Among the wide range of tannin-
rich plant extracts with beneficial effects in poultry nutrition
and health, chestnut and quebracho tannins are probably the
most readily available commercial products that are being
used and there are a significant number of publications that
demonstrate their properties. Further research needs to be
done in order to elucidate the mechanisms associated with
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antimicrobial activity of tannins as well as their impact on the
development of a healthy gut microbiota in poultry.

5. Essential Oils

Essential oils (EOs) are considered to be secondary metabo-
lites in plants which are organic compounds that are not
directly involved in the normal growth, development, or
reproduction of the plant [117]. These compounds are
assumed to be involved in plant defense and most of them
may possess antimicrobial properties [117, 118].

The composition and the percentage of different compo-
nents of EOs vary amongst species and parts of the plants;
most of these components are chemically derived from ter-
penes and their oxygenated derivatives, terpenoids, which are
aromatic and aliphatic acid esters and phenolic compounds.
EOs can be extracted from plant tissues by extraction or
fermentation, but steam distillation is the most commonly
usedmethod in industry. EOs have been historically included
in the formulation of perfumes and cosmetic products as
well as herbs and spices for foods. These oily components
are generally recognized as safe (GRAS) by the Food and
Drug Administration (FDA) of the United States and have
been used as artificial flavorings and preservatives [119].
Also, herbs and spices and their EOs have been used as
pharmaceuticals in alternative or complementary medicine
for many years [120].

Recently, there was a renewed interest on the antimicro-
bial activity of EOs since many reports demonstrated the
potential to control bacterial pathogens [121–123]. The first
scientific test of their bactericidal properties had been carried
out by de la Croix in 1881 [123]. In more recent years, many
EOs or their components have been shown to possess broad-
range antibacterial properties [124, 125].

Antimicrobial activities of EOs are related to chemical
characteristics such as their hydrophobicity which enables
them to interact with the lipids of the bacterial cell membrane
thus disturbing bacteria metabolism and cell wall and mem-
brane permeability, leading to extensive leakage of critical
molecules and ions from bacterial cells. Phenolic groups
present in EOs molecules target bacterial cell membrane
by changing its structure and function [126]; microscopy
studies demonstrate that low concentrations of some oils may
generate holes on the cell wall of sensitive bacteria including
CP, being vegetative forms particularly lysed [127].

Evidence about inhibitory spectrum of EOs is contradic-
tory. Some studies concluded that Gram-positive bacteria are
more resistant than Gram-negative bacteria [128]. However,
most works reported that Gram-positive bacteria are more
susceptible to EOs than Gram-negative bacteria [123, 129].
The weaker antimicrobial activity against Gram-negative
can be explained considering the structure of their cellular
walls, mainly with regard to the presence of lipoproteins and
lipopolysaccharides in the external membrane that form a
barrier to hydrophobic compounds [129, 130].

Unlike common antibiotics that are often composed of
only a single molecular entity, EOs are multicomponent
substances and the antibacterial efficacy is related to the

overall composition and relative concentrations of active
components. For example, thymol and carvacrol, two com-
mon terpenoids present in many EOs, have similar antimi-
crobial properties but act differently against Gram-positive
or Gram-negative bacteria based on the locations of one or
more functional groups in these two molecules [30, 131]. The
mechanism underlying antibacterial activity against CP and
other Gram-positive bacterial pathogens is unclear at present
and therefore further studies are needed.

The use of EOs to control the proliferation of CP and
reduce NE impact on poultry production has been explored
[48, 49, 53, 54]. There are numerous reports about the
antibacterial effects of Origanum vulgare, Piper nigrum,
Syzygium aromaticum, and Thymus vulgaris, and their com-
ponents, thymol, carvacrol, and eugenol, against Clostridium
species [132, 133] including CP [46, 134]. EOs effects on CP-
induced NE may be related to a direct antimicrobial effect
on bacterial cells and an indirect effect by modulating gut
microbiota and digestive functions. In vitro CP inhibition
was described for many plant extracts and their EOs [127].
Antimicrobial activity was found in 50% of the tested plant
species. Great differences in the inhibitory effect and potency
are found among scientific studies on the activity of EOs
that can be partially explained by the variety of protocols
used to obtain EOs solution and to measure antimicrobial
activity [127, 135]. For example, one report [135] used disc
diffusion methods and reports high antimicrobial activity
(inhibition > 95%) against CP for thyme (T. vulgaris) and
oregano (O. vulgare), while Si et al. (2009) [127] used
broth microdilution methods and reported similar results
for thyme but low antimicrobial activity (inhibition between
50 and 80%) for oregano. Since antimicrobial activity of
EOs is related to the combined effects of several molecules,
most reported results choose one of the main components
as indicator of biological activity. Carvacrol and thymol
are two of the most common single molecules used to
determine spices/EOs antimicrobial activity [50, 123], and
differences in presence and concentration of these molecules
will contribute to explain the contradiction of published
results. The aforementioned molecules are main components
of several EOs with antimicrobial activity such as oregano,
rosemary, and thyme oils [123, 136].

Differences in activity may also be related to vegetal
growth conditions and storage conditions after harvest [137].
These authors compared several commercial stocks of spices
Angelica (Angelica archangelica) and Japanese mint (Mentha
arvensis var. piperascens) and found clear differences in
antimicrobial activity [137]. Some works also reported vari-
ations in thymol and carvacrol concentrations within thyme
and oregano [137]. Moreover, while some worksmention that
carvacrol is the main active molecule in thyme, Nevas et al.
(2004) [137] described inhibitory effect against CP in Finnish
thyme extract without detection of carvacrol.

In poultry,manyworks report that the inclusion of blends
of EOs as dietary supplements has improved productive
performance [52, 138] including weight gain and body mass;
however, none of these works reported changes in intestinal
microbiota, apparent metabolizable energy, or the calculated
coefficients of digestibility. According to Jamroz et al. (2003)
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[139], the inclusion of blended supplements containing car-
vacrol, capsaicin, and cinnamaldehyde has improved body
weight and feed conversion rate in broilers even to a greater
extent than avilamycin in 21-day-old chickens.

The inclusion of EOs supplementation in poultry feed
alleviated intestinal gross lesions compatible with NE in
a dose-dependent manner on days 21 and 28 [50, 140].
Reduction of CP-induced intestinal damage can be achieved
after reducing the intestinal burden of the microorganism. Si
et al. (2009) [127] reported reductions of 2 or 3 log units of
CP counts in chicken ileal content by carvacrol or citronellol;
these results agreed with previous in vivo studies which
showed that EOs containing thymol and/or carvacrol were
able to decrease CP counts in both small and large intestines
[51].

One important criterion that may be considered to select
good candidates for the substitution of AGPs to control CP-
induced NE and other poultry bacterial pathogens is their
stability at low pH, as all compounds need to pass through
the stomach with a pH as low as 2. Some EOs like carvacrol,
chamomile roman oil, or citronellal resist acid and retained
their inhibitory activity toward CP after the in vitro preacidic
treatment [127]. These results suggest that some EOs can be
added to feed and have intact effect against CP vegetative cells
located in the intestinal lumen. In vivo trials support this since
they showed that birds fed with EOs supplemented had lower
concentrations of CP in jejunum, cecum, cloaca, and feces on
day 14, in jejunum, cecum, and feces on day 21, and feces on
day 30. Chickens fed with EOs showed significantly lower CP
counts in all portions of the intestine and in the feces, while
the proportion of CP positive birds was also reduced [46].
Unlike tannins [32], no antitoxic activity against CP toxins
was demonstrated for EOs.

Together with direct antimicrobial effects of EOs against
CP, changes in intestinal microbiota also might be related to
alleviation of development of NE intestinal lesions. Several
studies have reported that changes in intestinal microbiota
induced by essential oil dietary supplementation are to
the same extent as avilamycin [139]. Once again, evidence
is contradictory and needs to consider variations on EOs
origins as well as feed supplement presentation. Cross et
al. (2007) [52] reported that the inclusion of rosemary (R.
officinalis), yarrow (A. millefolium var. alba), and thyme (T.
vulgaris) in poultry diets reduced CP counts in cecum and
increased coliforms counts in the same intestinal portion in
chickens given any of thementioned herbal treatments.Other
works mention that blends of EOs reduce the growth of E.
coli and CP in broilers [141, 142]. EOs exhibited a minor
or no inhibition on Lactobacillus spp. [52] and some works
report an increased number of lactobacilli counts [142].Thus,
EOs may act in a different way compared to AGPs, which
tend to depress bacterial numbers in all the species. While
some works report higher susceptibility to EOs in Gram-
positive bacteria, other studies demonstrated the selectivity
of EOs against CP over lactobacilli, both groups of Gram-
positive bacteria. Undoubtedly, further studies are required to
understand the mechanism underlying the group selectivity.

To control CP-induced NE and other infectious diseases,
it is important to reduce intestinal and environmental bac-
teria burden. Some EOs formulations also reduce bacterial
populations when applied directly on the soil and can be
used to reduce potential contamination of fresh organic
products, including poultry feed. Previous works with dif-
ferent bacterial pathogens on food products intended for
human alimentation, including products of plant or animal
origin, suggest a promising scene [47, 143, 144]. In the actual
poultry productive context where synthetic antimicrobials
are limited or banned, EOs could play an important role in the
innovation of preventive or therapeutic strategies. It is likely
that it will be more difficult for bacteria to develop resistance
to the multicomponent EOs than to common antibiotics that
are often composed of only a singlemolecular entity. Previous
works with tannins [21], another multicomponent natural
antimicrobial substance, may reinforce this idea. Neverthe-
less, the lack of studies to determine the safety and toxicity
evaluation of potential changes in flavor, odor, and other
organoleptic characteristics of poultry-derived food products
may limit the use of EOs in poultry. Available information
regarding safety in relation to oral administration of EOs
in human and poultry is scanty, so determinations upon
the potential toxicity of EOs administered by this route
are required. The ways in which EOs are applied and the
concentrations at which they are used are important factors
related to their effectiveness. Inhibition studies showed that
some pathogenic bacteria can be inhibited by direct appli-
cation of EOs components without affecting the flavor of
the food products [145]. Table 2 summarizes the available
EOs additives for NE prevention in poultry as well as their
performance and intestinal and antimicrobial effects.

6. Conclusions and Perspectives

The European ban of AGPs in poultry products and recent
restrictions on the use of these compounds in other countries,
including Australia and USA, present several challenges to
the poultry industry. Reports from the EU have shown
that the key problem of in-feed antibiotic withdrawal from
poultry diets is the control of NE. Therefore, the cost-
benefit in replacing AGPs with natural alternatives is critical
for ensuring the long-term sustainable poultry production.
Plant extracts have a large variety of bioactive ingredients
and thus represent one of the most promising alternatives
to replace AGPs, particularly tannins and essential oils.
However, their application in poultry production has been
largely avoided due to inconsistent evaluation of their efficacy
and lack of full understanding of the modes of action
behind them. In order to support the use of natural plant
products tomaintain the productivity rates achieved byAGPs
and become acceptable by the mainstream poultry industry
market, different research groups provided solid scientific
evidence addressing the issue of inconsistency across many
studies in literature. In this sense, the development and
utilization of a standardized methodology for production of
phytobased feed additives and evaluation of their biological
activity is urgently needed in order to support the use of
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Table 2: EOs additives for NE prevention in poultry.

Feed additive Inclusion rate Performance effects Intestinal effects Antimicrobial effects Reference
EOs fromThymus
vulgaris (30% thymol) 100 ppm — — Decreased CP counts in the

gut and feces. [46]

EOs mix fromThymus
vulgaris and Origanum
vulgare (15% thymol and
15% carvacrol)

100 ppm — — Decreased CP counts in the
gut and feces. [46]

Artemisia annua dry
leaves 10 g/kg

Decreased BWG.
Decreased FI.
Improved FCR.

Reduced NE-related gross
intestinal lesion score.

In vitro antibacterial
activity against CP.

Decreased CP counts in
ileum and ceca.

[47]

Artemisia annua
n-hexane extract 250mg/kg

Decreased BWG.
Decreased FI.
Improved FCR.

Reduced NE-related gross
intestinal lesion score.

In vitro antibacterial
activity against CP.

Decreased CP counts in
ileum and ceca.

[47]

Capsicum/Curcuma
longa oleoresin mix 4mg/kg

Increased body
weight after CP

challenge.

Reduced NE-related gross
intestinal lesion score.
Reduced inflammatory
response against NE.

— [48]

Citral (mix of
cis/trans-isomers, 95%
purity)

250–650 𝜇g/g — Reduced NE-related gross
intestinal lesion score.

In vitro antibacterial
activity against CP.

Decreased CP counts in
ileum and ceca. No effects
in lactic acid bacteria.

[49]

Commercial EOs
product (25% thymol
and 25% carvacrol)

60, 120, or
240mg/kg

No influence in
growth performance.

Reduced NE-related gross
intestinal lesion score.

In vitro antibacterial
activity against CP. [50]

Commercial herbal mix
(thyme and star anise
17.0% and 17.0%)

250mg/kg
Improved FCR.

Improved digestibility
of dry matter.

Reduced NE-related gross
intestinal lesion score.

Decreased CP counts in
large and small intestines. [51]

EOs from A. millefolium 1 g/kg
Decreased BWG.
Decreased FI.
Improved FCR.

— — [52]

EOs from O. majorana 1 g/kg
Improved BWG and
FI under suboptimal
conditions for growth.

— — [52]

EOs from O. vulgare
subsp. hirtum 1 g/kg Decreased BWG.

Decreased FI. — — [52]

EOs from R. officinalis 1 g/kg Decreased BWG.
Decreased FI. — — [52]

EOs from T. vulgaris 1 g/kg
Improved BWG
under suboptimal

conditions for growth.
— — [52]

EOs mix (thymol,
cinnamaldehyde, and
essential oil of
eucalyptus)

150 g/ton — Reduced NE-related gross
intestinal lesion score.

In vitro antibacterial
activity against CP. [53]

Marjoram (O. majorana) 10 g/kg

Improved BWG and
feed conversion rate
under suboptimal

conditions for growth.

— — [52]

Oregano (O. vulgare
subsp. hirtum) 10 g/kg

Decreased BWG.
Decreased FI.
Improved FCR.

— — [52]
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Table 2: Continued.

Protected blend of EOs
(ginger oil and carvacrol
1%)

1.5 g/kg Improved BWG.

Reduced NE-related gross and
histopathological intestinal
lesion score. Increase in

intestinal villus lengths and
V : C ratio.

— [54]

Rosemary (R. officinalis) 10 g/kg — —
Decreased CP counts in

ceca and feces. No effect in
lactic acid bacteria.

[52]

Thyme (T. vulgaris) 10 g/kg
Reduced BWG and FI
under suboptimal

conditions for growth.
—

Decreased CP counts in
ceca. No effect in lactic acid

bacteria.
[52]

Yarrow (A. millefolium
var. alba) 10 g/kg

Improved BWG and
feed conversion rate
under suboptimal

conditions for growth.

—
Decreased CP counts in

ceca and feces. No effect in
lactic acid bacteria.

[52]

CP: C. perfringens; BWG: body weight gain; FI: feed intake; FCR: food conversion rate; NE: necrotic enteritis.

different additives. Furthermore, a better understanding on
the impact of phytogenic compounds on gut microbiota,
physiology, and immunology will allow a better use of these
products for economically effective and sustainable poultry
production.

Besides plant extracts, there are other suitable strategies
to control NE in poultry in order to fill the gap left by the ban
of AGPs, including competitive exclusion products, probi-
otics, prebiotics, organic acids, enzymes, hen egg antibodies,
bacteriophages, and vaccination. However, to date, no single
preventive therapy that can effectively substitute AGPs and
control NE has been found. Therefore, the combination of
different in-feed additives and limiting exposure to CP and
other NE-predisposing microorganisms through biosecurity
and vaccination might be a tool to reduce the incidence
of NE and improve gut health in the absence of AGPs.
Effective nonantibiotic prevention of CP-associated health
and performance problems will only be achieved by means
of multidisciplinary research efforts, covering both in vitro
molecular functionality approaches together with in vivo
feeding experiments. Plant extracts exert specific effects on
gutmicrobiotawhich influence both the emergence of intesti-
nal pathogens and growth performance of chickens. It has
been shown that tannins and essential oils possess activities
in the digestive tract that cover many of the requirements
to control NE. The ability of some tannins to remain active
even in poultry bedding after fecal excretion appears as an
interesting feature to control CP reinfection. Moreover, it has
been proved that resistance of CP against tannins is not easily
generated, allowing a continuous use of these compounds
over time. Therefore, these products may play a key role as a
viable, cost-efficient, and safe alternative to AGPs that could
be used to enhance chicken performance and health as well.
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In eukaryotes, genes are frequently interrupted with noncoding sequences named introns. Alternative splicing is a nuclear
mechanism bywhich these introns are removed and flanking coding regions named exons are joined together to generate amessage
that will be translated in the cytoplasm. This mechanism is catalyzed by a complex machinery known as the spliceosome, which
is conformed by more than 300 proteins and ribonucleoproteins that activate and regulate the precision of gene expression when
assembled. It has been proposed that several genetic diseases are related to defects in the splicing process, including cancer. For
this reason, natural products that show the ability to regulate splicing have attracted enormous attention due to its potential use
for cancer treatment. Some microbial metabolites have shown the ability to inhibit gene splicing and the molecular mechanism
responsible for this inhibition is being studied for future applications. Here, we summarize the main types of natural products
that have been characterized as splicing inhibitors, the recent advances regarding molecular and cellular effects related to these
molecules, and the applications reported so far in cancer therapeutics.

1. Introduction

In eukaryotes, coding regions of the genome called exons
are interrupted by noncoding sequences known as introns.
During transcription, exons are identified while introns are
removed from the immature mRNA (or pre-mRNA) to gen-
erate a mature and functional mRNA molecule. The mecha-
nism responsible for this process corresponds to splicing and
themachinery that performs this highly regulated event is the
spliceosome, which is integrated by five small nuclear ribonu-
cleoproteic particles (snRNPs) and more than 200 proteins
that include auxiliary regulatory factors and components of
other co- and posttranscriptional machineries [1]. During
splicing, a series of RNA-RNA, RNA-protein, and protein-
protein interactions are responsible for the decisions that

determine which sequences will be included in the mature
transcript [2].Moreover, some sequences can be incorporated
differentially into separated splicing events, leading to an
increase in the coding potential of the genome by a process
called alternative splicing.

2. Alternative Splicing and the Spliceosome

The general splicing mechanism involves the recognition of
exon/intron boundaries in a sequence-dependent manner.
In mammals, the 5 end of the intron (5 splice site or
5ss) contains a characteristic TG, which recruits snRNP U1.
On the opposite side, the 3 end of the intron (3ss) shows
an invariant region called the branch point sequence (BPS),
followed by a polypyrimidine-rich tract (pY-tract) and a
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conserved AG dinucleotide that indicates the end of the
intron [3]. The recognition of the 3ss involves the binding of
SF1 to the BPS and the recruitment of the snRNPU2 auxiliary
factor (U2AF) to the pY-tract and the AG dinucleotide. After
the recognition of both exon/intron boundaries, an early
complex is formed that commits pre-mRNA to undergoing
splicing, where U2 snRNP is also recruited to the 3ss. U2
snRNP recruitment to the pre-mRNA is one of the key steps
that triggers additional interactions, leading to the formation
of catalytic spliceosome complexes due to the incorporation
of the tri-snRNP U4/U5/U6 within which numerous RNA
rearrangements and modifications in protein composition
contribute to complete a splicing cycle [2, 3].

Like most of the snRNPs, U2 is a ribonucleoproteic com-
plex formed by 7 Smproteins (which are common for spliceo-
somal snRNPs) and 17 specific proteins, being the largest
snRNP [3]. Among the specific snRNP U2 components, two
protein subcomplexes are found: SF3a and SF3b [3–5]. SF3a
includes 3 subunits of 60, 66, and 120 kDa [6] while SF3b
shows at least 8 specific subunits of 10, 14a, 14b, 49, 125,
130, 140, and 155 kDa [7]. Components of the SF3a and SF3b
subcomplexes bind to sequences in the pre-mRNA tethering
U2 snRNP to the BPS and the 3ss. SF3b 155 is one of themost
conserved subunits of U2 snRNP and it has shown the ability
to bind splicing factors U2AF65 and p14 [3, 8]. Interestingly,
this subunit has been related to the antiproliferative effect
observed for some natural products that regulate the splicing
mechanism and it results clear in the fact that targeting the
spliceosome and modulating splice-site recognition could be
relevant for the development of new therapeutic approaches,
as will be further discussed.

3. The Role of Alternative Splicing in
Human Disease

Over the past 10 years, the role of alternative splicing in
human disease has been growing. When the human genome
project was completed, in silico analysis predicted that 75% of
the human genes underwent splicing [26] and that 15 to 50%
of the genetic diseases were related to aberrant splicing events
[27]. From this initial observation, several studies have linked
splicing defects with specific genetic disorders. However, the
full significance of the role in alternative splicing in human
disease remains to be elucidated. Some diseases that have
been linked to defects on splicing include dilated cardiomy-
opathy, autism spectrum disorder, spinal muscular atro-
phy, schizophrenia, cardiac hypertrophy, amyotrophic lateral
sclerosis, and frontotemporal dementia [28]. In all these
cases, the molecular insights related to the splicing defect
that originates the disease have been dissected. The precise
regulation of the splicing event varies for each pre-mRNA
and for this reason it is time consuming to demonstrate the
molecular mechanism that regulates the alternative splicing
for each gene. Moreover, this regulation also depends on the
cellular context, complicating the scene. In this regard, future
efforts need to be developed in order to dissect the alternative
splicing event that is related to each disease and the possible
therapeutic tools that could be applied.

One specific group of diseases that have been related to
splicing corresponds to different types of cancer and only
recently the determinant role of splicing in cancer has been
acknowledged [29, 30]. Several features of splicing events
related to tumor progression have been reported and it is
well documented that the alternative splicing of different pre-
mRNAs is altered during oncogenic progression with the
concomitant development of cancer features, like an increase
in vascularization, cell proliferation, and invasion [31, 32].The
molecular hallmarks documented for several types of cancer
have been recapitulated in an attempt to orientate future
efforts towards cancer treatment through alternative splicing
modulation [33–35]. Considering all this evidences, several
studies have been oriented to modulate alternative splicing
in order to treat cancer.

4. Microbial Metabolites That
Regulate Splicing

Natural products have been traditionally sought from acti-
nomycetes, filamentous fungi, and medicinal plants. In this
regard, several derivatives of bacterial fermentation as well as
their synthetic equivalents possess the ability to interact with
components of the spliceosome. In some cases, the effect on
splicing associated with these drugs is achieved through the
direct regulation of the expression of genes that are relevant
for cancer progression [36]. Dozens of small molecule effec-
tors targeting the alternative splicing process have been iden-
tified and evaluated as drug candidates, including a natural
product of Pseudomonas sp. number 2663 called FR901464
[9], natural products from Streptomyces platensis Mer-11107
that originated the group of Pladienolides [37], Herboxidiene
[15], and Isoginkgetin [38].Thesemolecules and their deriva-
tives have shown activity as splicing inhibitors and many
of them demonstrated potent antiproliferative properties in
human cancer cell lines, being in general less toxic to normal
human cells [39].

4.1. FR901464 and Derivatives. Spliceostatins are a group
of compounds derived from the natural product FR901464,
which was identified initially as an antitumor compound.
In the original study, FR901463, FR901464, and FR901465
were isolated from the fermentation broth of Pseudomonas
sp. number 2663 [9]. These 3 compounds are soluble in
acetonitrile, chloroform, and ethyl acetate and poorly soluble
in water and insoluble in hexane. They all show strong UV
absorption at 235 nm distinctive of a conjugated diene, while
the IR spectra indicated the presence of hydroxyl, ester, and a
conjugated amide carbonyl (Figure 1). Initially, the three com-
pounds from the FR9014 series mentioned before were tested
for their biological activity. As a result, they all enhanced
the transcriptional activity of SV40 in a CAT assay. Besides,
they were all cytotoxic according to the MTT method in the
following human adenocarcinomas: A549 lung cells, MCF-7
mammary cells, or HCT116 colon cells [9]. Moreover, the 3
compounds extended the life of mice bearing ascetic tumors,
FR901464 being the one showing themost potent effect on the
tumor systems assayed [9]. Furthermore, FR901464 induced
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Figure 1: FR901464 and derivatives. The FR9014 series were isolated from Pseudomonas sp. number 2663 and constitute the first
antiproliferativemolecules associated with splicing inhibition. Spliceostatin A is amethylated derivative of FR901464. Spliceostatin Bwas also
isolated from Pseudomonas sp. number 2663. Spliceostatin E was isolated from Burkholderia sp. FERMBP3421.Thailanstatins were recovered
from Burkholderia thailandensisMSMB43. Meayamycin and Sudemycins are synthetic derivatives from the natural products depicted.

characteristic G1 and G2/M phase arrest in the cell cycle and
suppressed the transcription of some inducible endogenous
but not housekeeping genes in M-8 cells. In this same cell
line, internucleosomal degradation of genomic DNA showed
the same kinetics corresponding to the activation of SV40
promoter-dependent cellular transcription, suggesting that a
chromatin rearrangement occurs upon the treatmentwith the
drug. Despite this effect in inducing viral gene promoters,
it was observed that FR901464 reduces the mRNA levels of
several endogenous genes, including c-Myc [9].

Spliceostatin A is a methylated andmore stable derivative
of FR901464 (Figure 1) and they both show similar activ-
ity [37, 40]; the synthesis and activity for both molecules
have also been reported [41, 42]. Even when there are few
studies on the molecular interactions that mediate the effect
of Spliceostatin and related molecules, the antiproliferative
effect of Spliceostatin has been associated with splicing

and seems to be equivalent to the one registered after
knocking down SF3b155 [10]. Using immunoprecipitation
assays, further studies demonstrated that FR901464 and
its methylated derivative Spliceostatin A inhibit pre-mRNA
splicing both in vivo and in vitro by binding noncovalently
to the SF3b subcomplex in the U2 snRNP. In the same study,
the treatment with Spliceostatin A allowed the identification
of immature forms of p27 by RT-PCR, suggesting that
pre-mRNA molecules that have not been fully spliced are
transported to the cytoplasm, inducing the translation of
aberrant mRNAs [11].

Another analogous compound of FR901464 named
Spliceostatin B was purified from the fermentation broth
of Pseudomonas sp. number 2663 [43]. Spliceostatin B is
soluble in DMSO, acetonitrile, acetone, water, chloroform,
and dichloromethane. The structure of Spliceostatin B was
determined using UV, IR, HR-MS, and NMR spectroscopic
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analyses, showing that it differs structurally from FR901464
at four points: the substitution of an epoxide group at C3
position with a terminal methylene moiety, the presence of
a carboxyl moiety at C17 position, and the absence of two
hydroxyl groups at C1 and C4 positions, respectively. These
structural features are relevant for the biological function
given the fact that it has been reported that loosing the C4
hydrogen bond donor decreases the cytotoxicity and that
the C3 epoxide moiety is necessary for bioactivity [44]. The
functional analog Spliceostatin B showed cytotoxic effect in
three human cancer cell lines: HCT-116, MDA-MB-235, and
H232A using the MTT method [45], but its activity was
weaker than the one observed for FR901464 according to
the IC values obtained [43] and in good correlation with the
structural features just mentioned.

Other natural products considered Spliceostatin analogs
were isolated from the fermentation broth of Burkholderia
sp. strain FERM BP3421 [46]. Among these new molecules,
Spliceostatin E exhibited good potency against multiple
human cancer cell lines with IC

50
values ranging from 1.5

to 4.1 nM. The structure of Spliceostatin E was elucidated by
extensive spectroscopic studies and resulted structurally in
less complex than Spliceostatins A and B [46]. Even when
Spliceostatin E maintains the cytotoxic activity, the synthetic
molecule showed no inhibition of splicing and it did not alter
the structure of nuclear speckles [42].

It has been determined that the fr9 gene cluster is
responsible for the biosynthesis of FR901464 in Pseudomonas
sp. number 2663. The biosynthetic fr9 gene cluster spans a
DNA region of approximately 81 kb and includes 20 genes
(fr9A through fr9T). Using this information, a bioinformatic
approach was conducted in order to identify other strains
that could produce Spliceostatin-like metabolites. Using this
comparative analysis while mining the genome of Burkholde-
ria thailandensis MSMB43 elicited the identification of a
biosynthetic gene cluster similar to fr9 that was named tst,
referring to the Thailanstatin compounds it produces, which
are functional analogs of Spliceostatins. The tst gene cluster
spans a DNA region of 78 kb, which contains 15 ORFs des-
ignated tstA through tstR. The putative functions for the tst
gene products were deduced by sequence comparisons with
the FR9 proteins and with other bacterial homologs, where
the most striking difference is the absence of the equivalent
fr9S and fr9T genes from the tst gene cluster. A detailed
analysis of this cluster suggested a possible biosynthetic route
for Thailanstatins, which is similar to the one demonstrated
for FR901464 and corresponds to a hybrid pathway involving
a polyketide synthase and a nonribosomal peptide synthetase
[47].

Consistent with the bioinformatic approach, Thailan-
statins A, B, and C were isolated from the culture broth
of Burkholderia thailandensis MSMB43 and they proved to
be significantly more stable natural analogs of FR901464
[47]. These molecules are more stable because they lack a
hydroxyl group found in FR901464 and they show an extra
carboxyl moiety instead as revealed by the HR-MS, NMR,
UV, and IR spectrometry. Thailanstatins possess the same
linear polyketide-peptide framework observed in FR901464,
but they lack a hydroxyl group at the C1 position while

Pladienolide

HO O
O

OAc
OH

OHO

Figure 2: Pladienolide structure. Pladienolide is a 12-membered
macrolide that possesses a long side chain at the carbon bearing
lactone oxygen.

showing an extra carboxyl moiety at the C17 position.
Thailanstatins B and C have a chloride substituent at the C3
position instead of the epoxide functionality observed for
both Thailanstatin A and FR901464. Finally, Thailanstatin
B possesses a dimethyl acetyl group at the distal end while
Thailanstatin C shows an acetyl group instead [47].

During the biological tests performed, all Thailanstatins
exhibited strong antiproliferative activities when tested in
the following human cancer cell lines: DU-145 (prostate
cancer), NCI-H232A (non-small-cell lung cancer), MDA-
MB-231 (triple-negative breast cancer), and SKOV-3 (ovarian
cancer), Thailanstatin A being the one showing the strongest
effect. Moreover, the three compounds showed the ability to
inhibit in vitro splicing and againThailanstatin A showed the
best result being as strong as FR941464 in inhibiting splicing
[47]. A summary of themolecular effects depicted for FR9414
series and other splicing inhibitors is presented in Table 1.

Considering that the molecules just presented are struc-
turally quite complex, this results in difficulty to accomplish
their structural modification. However, synthetic derivatives
have been generated (Figure 1), including Meayamycin and
Sudemycins [48].

4.2. Pladienolides. Pladienolide B is a macrocyclic lactone
originally obtained from Streptomyces platensis Mer-11107,
strain isolated from a soil sample collected in Kanagawa,
Japan (accession number FERM P-18144, Bioconsortia Pro-
gram Laboratory National Institute of Advanced Industrial
Science and Technology, Japan).The compound deposited in
the Open Chemistry Database (PubChem ID 52946850) has
a molecular weight of 538.7132 g/mol (Figure 2).

Pladienolide B was initially identified in 2004, as part of
a work that reported the isolation and structural and func-
tional characterization of seven 12-membered macrocyclic
compounds named Pladienolides A to G [37]. All these com-
pounds displayed antiproliferative and tumor suppressive
activities when assayed in cell culture and xenograft models,
particularly Pladienolides B and D.

The initial extraction to isolate Pladienolides was per-
formed with n-butanol from the fermentation broth of
Streptomyces platensis. Further chromatography steps over
Sephadex LH-

20
and silica gel column were accomplished.
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Table 1: Molecular effects of different splicing inhibitors.

Splicing inhibitor Cell line Effect Reference

FR9014 series

MCF-7 Induces G1 and G2/M arrest of the cell cycle [9]

HeLa
Inhibits the recognition of the branch point sequence [10]
Binding affinity to SAP145 [11]
Arrest of SF3b [12]

MDA-MB-468 Interacts with SF3b subunit SAP145 [13]

Pladienolide
WiDr Interacts with SF3b subunit SAP130 [13]

HeLa Interacts with SF3b. Remodeling of U2 snRNP to expose the branch
point-binding region [14]

Herboxidiene

Normal human
fibroblast cell line

WI-38.2
Induces G1 and G2/M arrest of the cell cycle [15]

HeLa Causes arrest in G1 and G2/M phases and interacts with SF3b1 subunit
SAP145 [16]

Trichostatin WiDr Interacts with SF3B subunit SAP130 [13]

Isoginkgetin

HT1080
Inhibition of Cathepsin K and MMP9 [17]
Inhibits metalloproteinase MMP9 production and increases the
synthesis of metalloproteinase inhibitor TIMP-1 [18]

HEK293 Stimulates IL-8 expression [19]

Thyroid cancer Increases expression of specific IL-32 isoforms and stimulates the
expression of IL-8 and CXCR1 [19]

The bioactive fractions recovered were subjected to prepar-
ative HPLC and each fraction containing pure Pladienolides
was freeze-dried.

The chemical properties of Pladienolides were deter-
mined using spectroscopic methods. According to the
physicochemical characterization of Pladienolides (A–G),
they are soluble in methanol, acetone, n-butanol, ethyl
acetate, and DMSO, but not in n-hexane, or poorly soluble
in water. In all compounds there is a diene system evidenced
by the UV absorption at 240 nm. The chemical structure of
Pladienolides A (1), B (2), C (3), D (4), E (5), F (6), and G (7)
(Figure 3) was determined by the analyses of NMR, MS, IR,
and 2DNMRspectra.The carbonyl andhydroxyl groupswere
detected in the IR spectra. All Pladienolides are 12-membered
macrolides possessing a diene unit and one epoxide moiety
with a long side chain at the carbon that bears lactone oxygen
[37]. Regarding their biological activity, Pladienolides have
highly potent in vitro and in vivo antitumor activities with
potential for use in anticancer therapy [20].

Pladienolide B has shown strong in vitro and in vivo anti-
tumor activity and growth inhibitory effect against various
cell lines, some of them being resistant to chemotherapeutic
agents routinely used. Pladienolide B and some for their
analogs induce cell cycle arrest at both G1 and G2/M [49].

A different study using Pladienolides was oriented to
identify compounds that contribute of the adaptation of
cancer cells to hypoxia using HIF-1, an HLH transcription
factor involved in hypoxia adaptation in cancer cells. This
approach consisted in searching inhibitors of hypoxia adapta-
tion involved in the regulation of angiogenesis and anaerobic
metabolism, considering that hypoxia-inducible genes are
relevant for growth of cancer cells. The screening system

consisted of the placental alkaline phosphatase (PLAP) gene
reporter under the control of the human VEGF promoter
containing the hypoxia-responsive element (HRE) that binds
HIF-1. The reporter construction was transfected and the
hypoxia-induced PLAP expression was analyzed in the U251
human glioma cells. Using a high throughput screening, Pla-
dienolides were identified as inhibitors of hypoxia-induced
PLAP expression when the cells were exposed to hypoxic
conditions [50, 51]. The pure compounds were probed in
their anti-VEGF-PLAP and antiproliferative activity, but only
Pladienolides B and D showed a strong activity in both tests,
with IC

50
of 1.8 and 3.5 for Pladienolide B and of 5.1 and

6 nM for Pladienolide D. In other studies, Pladienolide B
showed a potent tumor regression and inhibition of mouse
xenograft acting at low-nanomolar concentrations (Table 2).
The cell growth inhibition properties of Pladienolide B were
identified in a study using a 39-cell line drug-screening panel
and additional cell cycle analysis indicated that Pladienolide
B blocks cell growth in both the G1 and the G2/M phase [13].

Pladienolide B is themost potentmetabolite of S. platensis
with antitumor activity, but the chemical synthesis of Pla-
dienolide is complicated [52] and only three approaches have
been reported for the synthesis of these unique macrolides
[53–55]. On the other hand, the great amount of compound
required for in vivo studies remains a significant challenge,
due to the synthetic complexity inherent to this class of
compounds. In an attempt to generate simple molecules that
retain the biological activity of Pladienolides, several analogs
have been developed.Themore effective Pladienolide analogs
for antitumor or anticancer application reported to date are
Pladienolide D, E7107, and truncated-Pladienolide versions.
Pladienolide D (16-hydroxylated pladienolide) is produced
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Figure 3: Pladienolide analogs. (a) General structure of Pladienolides A–G, which was determined by 1H, 13C NMR, MS, IR, and 2D NMR
analyses. Radicals for each isoform are summarized in the table. (b) Different functional analogs have also been reported.

to a lesser extent than Pladienolide B on S. platensis Mer-
11107. In order to facilitate the production of Pladienolide D, a
biotransformation step of Pladienolide B into Pladienolide D
was developed. In this alternative approach, the production
of Pladienolide D was increased by 15-fold in the A-1544
strain of S. bungoensis by overexpressing the psmA gene,
which encodes the Pladienolide B 16-hydroxylase (PsmA),
responsible for the production of Pladienolide D [56]. Using
a similar approach, the modified strain S. platensisMer-11107
expressing the psmA gene from S. bungoensis A-1544 was
obtained and in this case the production level of Pladieno-
lide D was 10-fold higher [57]. Pladienolides B and D are
promising candidates for further drug development because
of their high efficacy and low toxicity; besides, their highly
complex structure has been directed to the analog synthesis
on a production scale [58].

E-7107 is a synthetic urethane derivative of Pladienolide
Dwith activity against tumor cell lines and human xenografts
[13]. E-7107 has a selective and potent antitumor activity in
human tumor xenograft models such as human lung cancer
LC-6-JCK, where E7107 caused complete tumor remission
with poor toxicity.Moreover, E-7107 shows strong cell growth
inhibitory activity against a large variety of human cancer
cell lines (IC

50
values range from 0.2 nM to 21.1 nM). Using

an in vivo approach, E7107 produced significant tumor

regression in a range of xenograft models. In this regard,
animals with BSY-1 (breast), MDA-MB-468 (breast), LC-
6-JCK (lung), NIH:OVCAR-3 (ovary) PC-3 (prostate),
and WiDr (colon) xenografts were cured [25]. For this
reason, E7107 rapidly advanced to Phase I clinical trials and
the tests are currently in progress in Europe and the US
(https://clinicaltrials.gov/ct2/show/NCT00459823?term=E-
7107&rank=1). E7107 was tested in a Phase 1 clinical trial with
patients with different types of solid tumors refractory to
standard therapies, such as colorectal, esophageal, pancreatic,
gastric, renal, and uterine, and was found to stabilize tumor
growth [24, 59]. 40 patients received E7107 at doses from 0.6
to 4.5mg/m2 as a 30-minute intravenous infusion on days 1
and 8 every 21 days. The MTD for E7107 using this schedule
is 4.0mg/m2 [24].

Finally, a different Pladienolide analog called FD-895
was isolated from Streptomyces hygroscopicus strain A-9561.
FD-895 is a 12-membered macrolide antibiotic with a pla-
nar structure similar to Pladienolide D, but FD-895 has a
hydroxyl group at the C-17 position and a methoxy group
substituted for the hydroxy group at the C-21 position. FD-
895 showed a cytotoxic activity against several types of cancer
cells such as Adriamycin-resistant HL-60 [60]. In patients
with chronic lymphocytic leukemia, FD-895 and Pladieno-
lide B induced intron retention and spliceosomemodulation.
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Table 2: Antitumor activity of pladienolides.

Molecule Cancer type or cell line Effect Reference

Pladienolide B

Breast (BSY-1, MCF-7)
Central nervous system (SF-539)
Colon (HCT-116)
Lung (NCI-H522,
NCI-H460, A549,
DMS273, and DMS114)
Melanoma (OVCAR-3)
Stomach (MKN74)
Prostate (DU-145)

Growth inhibition
Cell viability was evaluated with MTT and alamarBlue assay. The
growth inhibitory activity corresponded to the concentration at
which cell growth was inhibited to 50% of control growth (IC

50
).

The strongest effect was observed for lung and breast cancer cell
lines.

[20]

Pladienolide B

Anticancer drug-resistant cell lines:
P388/CPT, P388/ETP, P388/CDDP,
P388/VCR,
HCT-116/5-FU, and
MES-SA/Dx5

Growth inhibition
Cell viability was evaluated with MTT and alamarBlue reagent and
IC
50
was determined. Pladienolide B showed differential strength

depending on the cell line.

[20]

Pladienolide B
Human tumor xenografts:
BSY-1, PC-3, OVCAR-3, DU-145,
WiDr, and HCT116

Antitumor
Cell suspensions of various human cancer cells were implanted
subcutaneously into female or male BALB/c nu/nu mice.
Tumor volume (TV) and relative body weight (RBW) were
measured for 3 months after the treatment. Pladienolide B showed
strong inhibitory or regressive activities against these xenografts.

[20]

Pladienolide B WiDr and DLD1 human colorectal
cancer cell lines

Antiproliferative
Cells were incubated with 10 nM pladienolide B, 5-fluorouracil,
taxol, or vincristine and then stained with propidium iodide.
Pladienolide B caused a cell cycle arrest in both G1 and G2/M
phases in a time-dependent manner according to FACS analysis.

[21]

Pladienolide B

Gastric cancer cell lines and primary
cultured cancer cells from
carcinomatous ascites of gastric cancer
patients

Antitumor
Using an MTT assay, the mean IC

50
value was 1.2–1.1 nM for

gastric, lung, and breast cancer cell lines.
The mean IC

50
value for primary cultured cells from the 12 cases

studied was 4.9–4.7 nM.
In xenograft models, the tumors completely disappeared within 2
weeks.

[22]

FD-895 Chronic lymphocytic leukemia

Apoptosis
Peripheral blood mononuclear cells from CLL patients were
exposed to 100 nM FD-895. Apoptosis was induced after 2 h
exposure in an irreversible manner as measured by flow cytometry
using a PI/DiOC

6
assay.

[23]

E7107 Lung, breast, and colon tumors

Antineoplastic
Tumor regression in different xenograft models: BSY-1 (breast),
MDA-MB-468 (breast), LC-6-JCK (NSCLC), and NIH:OVCAR-3
(ovary).
The efficacy was limited in 26 patients enrolled for a trial.
Cell-cycle arrest at G1 and G2/M phases was observed by flow
cytometry. Highest efficiency against tumors was accompanied by
functional loss of Rb and an increase of the expression of p16 and
cyclin E.

[24, 25]

The cytotoxic effect of FD-895 involved the apoptosis induc-
tion in a caspase-dependent pathway [23].

4.3. Herboxidiene. Herboxidiene (GEXA1) is a polyketide
[61] with the structure of a tetrahydrofuran with a residue
of acetic acid and a conjugated diene [62]. These structural
characteristics and its biological properties contributed to its
name [63]. This compound was initially identified as a sec-
ondary metabolite from Streptomyces chromofuscus A7841.
This compound was extracted with butanol and purified

usingHPLC. Further structural analysis was completed using
HRFAB-MS and spectroscopic studies (RMN-1H y 13C).

Initial applications for Herboxidiene included its her-
bicide activity [36]. In 2002, six molecules sharing similar
structures were isolated from Streptomyces sp. andwere called
GEX1 (Figure 4). These compounds showed antibiotic and
antitumor activities, GEX 1A being the molecule with the
strongest antiproliferative effect, which was later identified
as Herboxidiene [15, 64]. This cytotoxic activity seems to be
related to cell cycle arrest in G1 and G2/M according to some
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Figure 4: Herboxidiene structure. The characteristic structure of GEXA1 consisting of a tetrahydrofuran with a residue of acetic acid and a
conjugated diene is shown in the left. This natural product was isolated from Streptomyces sp. The derivative Trichostatin is shown at right.

in vitro experiments [65]. Besides the biological activities
mentioned before, Herboxidiene has also shown activity as
anticholesterol agent and as a potent splicing inhibitor.

Due to the multiple biological effects demonstrated for
Herboxidiene, several groups have attempted the chemical
synthesis of the compound. The first total synthesis was
accomplished in 1999, where the relative and absolute config-
urations ofHerboxidienewere confirmed [66]. Later attempts
used several routes, including a stereochemical synthesis in
18 steps [67], an enantioselective synthesis in 16 steps [68],
or an alternative synthesis in 16 steps with a global yield of
3.4% [69]. An additional chemical synthesis reported was
performed starting from two chiral ketones derived from lac-
tate in 14 steps with a global yield of 8% [70]. A total enantios-
elective synthesis of Herboxidiene was reported in 2014 and
the obtained product showed amild inhibitory activity on the
spliceosome [71]. In that same year, the alternative synthesis
of Herboxidiene and some other analogs like a Pladienolide-
Herboxidiene hybrid was reported, where alternative splicing
was efficiently modulated [72]. These observations sup-
ported the potential role of Herboxidiene analogs as drug
candidates for cancer treatment.

Some molecules with pharmacological activities similar
to those reported for Herboxidiene are Trichostatin and
TMC-49A (Figure 4). These compounds have also shown
anticholesterol activity. However, Herboxidiene has shown
a stronger effect on lowering the amount of cholesterol in
plasma by regulating the LDL (Low Density Lipoproteins)
receptor [73].

It has been shown that Herboxidiene inhibits splicing due
to its ability to bind SAP155, a component of the SF3b com-
plex of the spliceosome, altering its functionality [65]. This
was accomplished using tagged molecules of Herboxidiene
[73].

The effect of Herboxidiene on the splicing of cancer-
related genes has also been demonstrated for a couple of cases.
For example, Herboxidiene inhibits the splicing of p27, gener-
ating an isoform that is unable to bind the E3 ligase, inducing
the accumulation of p27,which is in turn free to recognize and
block the E-Cdk2 complex responsible for the E3-mediated
degradation of p27. Some of the evidence supporting the
role of Herboxidiene in cancer regulation is summarized
in Table 1.

Isoginkgetin
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Figure 5: Structure of Isoginkgetin. The structure of the 7-O-𝛽-
d-glucopyranoside isolated from dried leaves of Gingko biloba is
depicted.

4.4. Isoginkgetin. Isogingketin (7-O-𝛽-d-glucopyranoside) is
a glycosylated biflavonoid (Figure 5) initially isolated from
dried leaves of Gingko biloba, a medicinal plant long utilized
in traditional eastern medicine. General extraction uses
methanol and isolation was performed by column chro-
matography [38] while further characterization was com-
pleted using spectroscopic approaches including IR, UV, HR-
FAB-MS, and NMR [74].

Baker and Ollis started to work on the isolation of a
compound known as Ginkgetin in 1957; however, they were
not able to succeed until later when the molecule was sepa-
rated using a potassium salt using an approach developed in
collaboration with Nakasawa [75]. When applying this tech-
nique, the recovered compound was an isomer of Ginkgetin
and for this reason the molecule was called Isoginkgetin.
From that moment, several studies have been performed
in order to analyze the properties and applications of this
natural compound.

After the initial isolation, Isoginkgetin has been obtained
from other plants including Dysoxylum lenticellare Gillespie
[76], Chamaecyparis obtusa [77], Cephalotaxus koreana [78],
and Cycas circinalis [79] as well as from the fruits of Capparis
spinosa [80], Cyperus rotundus [81], Selaginella [82], and
Podocarpus henkelii [83].
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The biological activity of several biflavonoid compounds
has been analyzed in various studies due to its natural origin
and its abundance in plants, especially in ferns.Demonstrated
activities for the extract of Ginkgo biloba are miscellaneous,
according to the following evidence. The anti-inflammatory
activity has been related to the inhibition of arachidonic
acid [84], the inhibition of COX-2 [85], SOD [86], cAMP
phosphodiesterases [87], and the suppression of lymphocyte
proliferation [88]. Other activities include the neuroprotector
and cytoprotector effects when cells are exposed either to
external or intrinsic factors like UV radiation [89] or the
accumulation of 𝛽-amyloid in neurons [90, 91]. This extract
has also been shown to increase adiponectin secretion [92]
and the activity of AMP-kinases [93]. Considering these
biological activities, Isoginkgetin has been a candidate com-
pound to treat disorders like diabetes, Alzheimer’s disease,
and other neurodegenerative diseases [94].

In relation to the effect of Isoginkgetin in splicing, it has
been shown that the molecule has the ability to inhibit splic-
ing both in vitro and in vivo at similar concentrations (30–
33 𝜇M). Isoginkgetin was identified as a splicing inhibitor
using a cell-based reporter assay in HEK293 cells [95]. In the
same study, it was suggested that the inhibitory effect possibly
occurs due to the prevention of the stable recruitment of the
U4/U5/U6 trismall nuclear ribonucleoprotein. Using HeLa
cells, Isoginkgetinwas applied to study in vivomRNAdynam-
ics, where an accumulation of intron-containingmRNAs was
observed upon the treatment [96]. In this same cell line,
Isoginkgetin mimics the effect of RNA exosome inhibition
and causes accumulation of long human Telomerase RNA
transcripts [97]. The effect of Isoginkgetin on splicing was
also evaluated by studying the expression of interleukin
32 (IL-32) alternative isoforms, where IL-32𝛾 isoform is
overexpressed upon the treatment (Table 1), correlating with
cell death in cell lines derived from thyroid cancer [19].

As observed for other splicing inhibitors, Isoginkgetin
also shows antitumor activity, which has been related to
the inhibition of metalloprotease MMP-9 production and to
the increase of the inhibitors of metalloproteinase TIMP-1,
resulting in a decrease of tumor invasion [18].

Further applications involving the use of splicing
inhibitors can also expand our knowledge concerning the
global regulation of gene expression. In a recent study,
Isoginkgetin was coupled to a modified RNA-Seq method in
order to provide a genome-wide insight into gene expression
and to detect specific defects on splicing and transcription
[96].

5. Mechanistic Insights

It has been demonstrated that Spliceostatin A, Pladienolide
B, and Herboxidiene show the ability to interact directly
with the spliceosome and that the molecular target for this
molecule is the SF3b spliceosome subunit (Figure 6), a sub-
complex of U2 snRNP [13]. The particular details observed
for Pladienolide B are presented here.

Some studies have demonstrated that drug-treated
human tumor xenografts can result in complete loss of
the full-length mRNA for certain genes such as MDM2 in

rhabdomyosarcoma cells. Pladienolide treatment causes
an accumulation of unspliced or incompletely spliced pre-
mRNAs and gives rise to fewer and larger nuclear speckles,
the intranuclear sites where splice factors are stored [98].
Recently, it was demonstrated that splicing inhibition by
Pladienolide B decreased phospho-Ser2 level [99] suggesting
that the alteration of gene splicing may represent a suitable
target for those drugs.

To identify the interaction between Pladienolides and a
splicing protein, Pladienolide-tagged probes were used by
modification of the acetoxy group at position 7 of Pladieno-
lide B. Chemical tags included 3H-labeled, fluorescence-
tagged, and photoaffinity/biotin- (PB-) tagged “chemical
probes” (BODIPY-FL). The chemical probes were used in
the VEGF-reporter gene expression and cell growth inhibi-
tion assays at low-nanomolar to submicromolar IC

50
. Pla-

dienolide B blocks splicing and prompts nuclear export of
intron-containing transcripts as observed by fluorescence
microscopy, where the BODIPY-FL probe was concentrated
in the nuclei of HeLa cells used as expression system
overlapping with the signal obtained of splicing factor SC-
35, a marker of nuclear speckles, where splicing factors are
located [100]. Using immunoprecipitation experiments, the
splicing proteins that interact with Pladienolide B were iden-
tified, such as 2,2,7-trimethylguanosine (TMG), Sm BB&D1
protein, the U2 snRNP-specific protein U2B, spliceosome-
associated protein 120 (SAP120, SF3a subunit 1), spliceosome-
associated protein 155 (SAP155, SF3b subunit 1), and cyclin
E. Therefore, U2 snRNP that functions at the 3 splicing site
(Figure 6) seemed to correspond to the target for Pladienolide
B [21]. Further immunoprecipitation assays allowed the iden-
tification of SAP145 (SF3b subunit 2) and SAP130 (SF3b sub-
unit 3) as Pladienolide B partners. In addition, it was reported
that there is a direct interaction between the Pladienolide B
probe and SAP130. The mechanism by which Pladienolide
impairs in vivo splicing involves SF3b modulation by inter-
actingwith SAP130 in the SF3b complex, but it is also possible
that Pladienolide B shows a partial interactionwith SAP155 or
SAP145. Besides, time- and dose-dependent disturbance of in
vivo splicing with Pladienolide B results in the formation of
enlarged “megaspeckles,” as observed when RNPS1 is overex-
pressed [101]. In a different approach using the CRISPR/Cas9
genome engineering system, it was demonstrated that the
spliceosomal target of Pladienolide B is the SF3b1 subunit
[102]. In the search of themechanismbywhich Pladienolide B
or E-7107 promote the formation of a defective spliceosome,
it was found that E7 blocks ATP-dependent remodeling of
U2 snRNP that exposes the branch point-binding region.
Under this scenario, U2 snRNP fails to bind tightly to the pre-
mRNA without disrupting the U2 particle or its association
with SF3b [49, 103].

The use of the CRISPRCas9 system in HEK293T cells
allowed the observation that some mutations in the subunits
of the SF3b complex I promote higher levels of resistance to
Pladienolide B. It was also found that R1074H mutation in
SF3b1 could have a role in the resistance to Pladienolide [104].
In some reports, it has been proposed thatmutations in SF3b1
are associated with numerous types of cancers such as
acute myeloid leukemia, primary myelofibrosis, chronic
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Figure 6: Molecular mechanism depicted for the natural products that inhibit splicing. (a) It has been demonstrated that FR901464,
Spliceostatin A, Pladienolide B, Herboxidiene, and Meayamycin have the ability to block splicing by binding SAP130, SAP145, and SAP155
subunits of snRNP U2 (green). Besides, these natural products block cell cycle in G1 and G2/M transitions (gray arrows). (b) On the other
hand, Isoginkgetin blocks splicing by inhibiting the incorporation of the tri-snRNP U4/U5/U6 complex to the spliceosome.

myelomonocytic leukemia, breast cancer, chronic lympho-
cytic leukemia, and multiple myeloma [105, 106]. The
sequence of the SF3b1 gene of 2087 patients with myelodys-
plastic syndromes (MDS) showed mutations in 20% of all of
them, where the K700E mutation was the most frequently

found [105]. Finally, the interaction of spliceosome modu-
lators as Pladienolides with the SF3b complex leads to an
imbalance in the splicing program in susceptible cells, which
may induce apoptosis by changing the levels and/or ratios of
essential (and aberrant) proteins in tumor cells [106].
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6. Concluding Remarks

Alternative splicing is responsible for increasing the coding
potential of the human genome and the implication of this
mechanism in human health is starting to be elucidated.
Future studies could analyze particular splicing events related
to a specific genetic disease making the discovery of new
drugs for the treatment of particular disorders possible. In
the case of the treatment of cancer, available molecules that
target the spliceosome have effectively reverted proliferation
of different types of tumors with very low toxicity, suggesting
that splicing modulation is an attractive target for cancer
treatment. Moreover, considering that some of the splicing
inhibitors recently discovered are natural microbial metabo-
lites, it is possible to assume that there are several molecules
with antitumor activity that remain to be discovered. Con-
sidering that the molecular mechanism related to particular
types of cancer is being explored, it could be possible to
develop new drugs that could be oriented to modulate a
precise splicing event in order to treat a special genetic
disease.
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Conjugated linoleic acids (CLA) are positional and geometric isomers of linoleic acid involved in a number of health aspects.
In humans, CLA production is performed by gut microbiota, including some species of potential probiotic bifidobacteria. 128
strains of 31 Bifidobacterium species were screened with a spectrophotometric assay to identify novel CLA producers. Most species
were nonproducers, while producers belonged to B. breve and B. pseudocatenulatum. GC-MS revealed that CLA producer strains
yielded 9cis,11trans-CLA and 9trans,11trans-CLA, without any production of other isomers. Hydroxylated forms of LA were absent
in producer strains, suggesting that themyosin-cross-reactive antigen (MCRA) protein that exerts hydratase activity is not involved
in LA isomerization. Moreover, both CLA producer and nonproducer species bear a MCRA homologue. The strain B. breve WC
0421 was the best CLA producer, converting LA into 68.8% 9cis,11trans-CLA and 25.1% 9trans,11trans-CLA. Production occurred
mostly during the lag and the exponential phase. For the first time, production and incorporation of CLA in biomass were assessed.
B. breveWC 0421 stored CLA in the form of free fatty acids, without changing the composition of the esterified fatty acids, which
mainly occurred in the plasmatic membrane.

1. Introduction

Conjugated linoleic acids (CLA) are a group of positional
and geometric isomers of linoleic acid (LA, cis9, cis12-C18:2)
that have conjugated double bonds. Diverse CLA isomers
have been identified with different position (ranging from
Δ7, Δ9 to Δ12, Δ14) and cis/trans geometry. 9cis,11trans-CLA
and 10trans,12cis-CLA are the major isomers occurring in
human diet, the former being contained mostly in ruminant
meat and dairy products and the latter in hydrogenated oils.
Considerable research has been directed toward understand-
ing the production and the physiological effects of CLA and
there is increasing evidence of their involvement in a number
of health aspects. Potential health-promoting properties of
CLA include anticarcinogenesis, antiatherosclerosis, antidi-
abetes, antiobesity, antiallergy activities, and enhancement of
immune functions [1].

CLA are intermediates of the biohydrogenation of linoleic
acid (LA) and unsaturated fatty acids, a microbial process by

which the fatty acids released by lipolytic enzymes undergo
the progressive saturation. Microbial isomerization of LA
into CLA was firstly described in the gut of ruminants, but
diverse isolates from human feces have been demonstrated to
take part in LA biohydrogenation, indicating that production
of CLA and 11trans-C18:1 (vaccenic acid) occurs in the human
gut as well [2–5]. In fact, humans excrete some linoleic acid
(LA) with feces [6], suggesting that this substrate is available
for microbial production of CLA within the colon. Several
colonic species belonging to Cluster IV, Cluster XIVa, and
Bifidobacterium genus are involved in LA transformation
toward CLA, including 9cis,11trans-CLA and vaccenic acid.

Some species of bifidobacteria, natural colonizers of the
gut, are capable to transform LA into 9cis,11trans-CLA and
into lower amounts of 9trans,11trans-CLA and 10trans,12cis-
CLA. Previous studies suggested that the MCRA protein
of bifidobacteria may be involved in isomerization of LA
to CLA, through hydration of unsaturated fatty acids, for
example, converting palmitoleic, oleic, and linoleic acids to
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the corresponding 10-hydroxy fatty acids [7, 8]. However,
more recent evidences excluded the role of bifidobacterial
MCRA in CLA production [9].

The ability of various bifidobacteria to produce
9cis,11trans-CLA raised the question as to whether CLA
production may be regarded as one of the mechanisms by
which bifidobacteria exert some of their beneficial properties
[10]. In fact, it is known that commensal bifidobacteria exert
a number of beneficial health effects through a variety of
different mechanisms.

For this reason, they are increasingly being used in
functional foods and pharmaceutical products and are gen-
erally regarded as probiotics [11–13].The present study aimed
to identify novel CLA producers among a wide range of
Bifidobacterium species and strains and to explore unedited
aspects of CLA accumulation, such as the effect of LA and
CLA in microbial lipid composition and the accumulation
of hydroxylated forms of linoleic acid, ascribable to MCRA
activity.

2. Materials and Methods

2.1. Chemicals, Strains, and Culture Conditions. All chem-
icals were purchased from Sigma Aldrich (Steinheim Ger-
many) unless otherwise stated. 128 strains of Bifidobac-
terium (Table 1) were obtained from ATCC or from our
culture collection (WC-labeled strains). Bifidobacteria were
cultured in lactobacilli deMan-Rogosa-Sharpe broth (Becton
Dickinson, Franklin Lakes, NJ, USA) supplemented with
0.5 g/L L-cysteine⋅HCl (hereinafter called MRS), at 37∘C in
an anaerobic cabinet (Forma Scientific, Marietta, OH, USA)
under N

2
85%, CO

2
10%, and H

2
5% atmosphere.

The analysis of the biotransformation of linoleic acid
(LA) into conjugated linoleic acid (CLA) was carried out
in MRS broth supplemented with 0.5 g/L LA (hereinafter
calledMRS-LA). A solution of 40mg/mL LA in 20 g/L Tween
80 was prepared, filter sterilized (cellulose acetate, 0.22𝜇m;
Millipore, Billerica, MA, USA), and added to the sterile MRS
in proper amount to obtain 0.5 g/L LA. Bifidobacteria from
16 h MRS cultures were inoculated (10% v/v) into MRS-LA
and incubated at 37∘C for 48 h.

2.2. Kinetic of CLA Production and Bioreactor Operation.
Controlled-pH batch cultures were carried out in laboratory-
scale fermenters (Sixfors, Infors, Bottmingen, Switzerland)
with 500mL of MRS or MRS-LA medium. The bioreactor
was inoculated with 50mL of a 24 h seed culture grown
in MRS or MRS-LA medium, respectively. To investigate
CLA production during stationary phase, LA was added to
MRS cultures after 24 h of growth. Temperature was kept at
37∘C, stirring at 200 rpm, and pH was maintained constant
at 5.5 through the automatic addition of 4M NaOH. The
bioreactor was kept under nitrogen overpressure to main-
tain anaerobiosis conditions. The culture was periodically
sampled to monitor bacterial growth, glucose consumption,
and the concentration of LA and CLA in the broth. The
biomass/substrate yield (𝑌X/S) was expressed as g of dry
biomass g−1 consumed glucose. During the mid-exponential
growth phase and at the entrance of the stationary phase,

Table 1: Bifidobacterium strains screened for CLA production,
by measuring the absorbance of conjugate diene (𝐴

233

) after 24 h
growth in MRS-LA. ∗ indicates species bearing a gene homologue
to MCRA from B. breve NCIMB 702258. The 34 strains that were
selected for GC quantification of CLA and PCR amplification are
underscored.

Species Strains
B. adolescentis∗ ATCC 15703, WC 9806
B. angulatum∗ ATCC 27535

B. animalis subsp. animalis∗ ATCC 25527, WC 0409, WC 9343
WC 0410

B. animalis subsp. lactis∗
ATCC 27536, WC 0411, WC 0412,
WC 0413, WC 0414, WC 0432,
WC 0455, WC 0459, WC 0460,

WC 0469, WC 0471
B. asteroides ATCC 25910
B. bifidum∗ WC 0415, WC 0417, WC 0418
B. boum ATCC 27917

B. breve∗

WC 0420, WC 0421, WC 0422,
WC 0423, WC 0424, WC 9436,
WC 9437, WC 9445, WC 9445,
WC 9446, WC 9449, WC 9491,
WC 9492, WC 9493, WC 9495,
WC 9498, WC 9499, WC 9500,
WC 9501, WC 9504, WC 9505,

WC 9508
B. catenulatum∗ ATCC 27539, WC 0458, WC 0467
B. choerinum ATCC 27686
B. coryneforme ATCC 25911
B. cuniculi ATCC 27916
B. dentium∗ ATCC 27534
B. gallicum ATCC 49850
B. gallinarum ATCC 33777
B. indicum ATCC 25912

B. longum subsp. infantis∗ ATCC 15697, WC 0433,
WC 0434

B. longum subsp. longum∗

ATCC 15707, WC 0435, WC 0436,
WC 0437, WC 0438, WC 0439,
WC 0440, WC 0441, WC 0442,
WC 0443, WC 0444, WC 0473,
WC 9711, WC 9712, WC 9717,
WC 9718, WC 9721, WC 9722,
WC 9724, WC 9741, WC 9742,
WC 9743, WC 9745, WC 9746,
WC 9747, WC 9748, WC 9749,
WC 9751, WC 9752, WC 9753,
WC 9754, WC 9756, WC 9757,
WC 9758, WC 9759, WC 9760,
WC 9761, WC 9762, WC 9763,
WC 9765, WC 9766, WC 9767,
WC 9768, WC 9769, WC 9770,
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Table 1: Continued.

Species Strains
WC 9772, WC 9773

B. longum subsp. suis ATCC 27533
B. magnum ATCC 27540
B. merycicum ATCC 49391
B. minimum ATCC 27538
B. pullorum ATCC 27685

B. pseudocatenulatum∗
ATCC 27919, WC 0400, WC 0401,
WC 0402, WC 0403, WC 0404,
WC 0405, WC 0407, WC 0408,

WC 9359
B. pseudolongum∗ ATCC 25526
B. psychraerophilum NCIMB 13940
B. ruminantium ATCC 49390
B. saeculare ATCC 49392
B. scardovii∗ ATCC BAA-773
B. subtile ATCC 27683
B. thermophilum∗ ATCC 25525

200mL of the culture were collected in order to separate the
biomass and perform on it the analysis of lipid fraction.

2.3. Spectrophotometric Analysis of CLA in the Supernatant.
In order to screen all the bifidobacteria for the capability to
produce CLA, a rapid spectrophotometric method was used,
based onUVabsorption of conjugated double bonds [14].The
culture sample was centrifuged (13,000×g for 5min at 4∘C)
and 1mL of supernatant wasmixed with 2mL of isopropanol.
After the addition of 1.5mL of hexane, the sample was
thoroughly vortexed in order to extract the lipids and then
allowed to stand 5min. The hexane layer was collected and
the absorbance was measured at 233 nm (𝐴

233
).

2.4. Extraction of Lipids and Preparation of Fatty Acyl-Methyl-
Esters. To extract cell-associated lipids, the biomass of
200mL of culture was harvested by centrifugation (9,000×g
for 10min at 4∘C), washed with water, frozen at −80∘C,
and lyophilized (Heto Lyolab 3000, Allerød, Denmark).
Lyophilized biomass was mixed (2% w/v) with a 2 : 1 (v/v)
chloroform :methanol solution and shaken at r.t. for 16 h.The
extract was filtered through celite and anhydrous Na

2
SO
4
,

solvents were removed using a rotavapor apparatus, and
lipids were weighed. To determine the amount of LA and
CLA in the supernatant, 3mL was thoroughly vortexed with
3mL of ethyl acetate. The organic phase was separated and
anhydrified; then the solvent was removed.

The free fatty acids (FFAs) and the esterified fatty acids
(EFAs), such as glycerides and phospholipids, were trans-
formed into the corresponding methyl-esters (FAMEs) to be
analyzed by GC-MS. The FFAs contained in the lipid extract
of the biomass or the supernatant were methylated through
diazomethane reaction [15]. The extract was dissolved in
the ethyl ether solution of diazomethane, freshly prepared
from Diazald, and incubated at r.t. for 10min. Once the

solvent had evaporated, FAMEs were dissolved in 1mL of
ethyl acetate containing 0.5mg/mL methyl undecanoate as
internal standard and analyzed.

The EFAs contained in the lipid extract of the biomass
were transesterified through alkali-catalyzed reaction [16].
The lipid extract was dissolved in 2mL of ethyl ether con-
taining 1mg/mL triundecanoin as internal standard. 50 𝜇L of
3.3M sodium methoxide (methanol solution) was added to
the reaction mixture and the sample was homogenized. After
10min incubation at r.t., the reaction was stopped with 30 𝜇L
of acetic acid.

2.5. GC-MS Analysis. The organic phases containing FAMEs
were injected (0.5 𝜇L) into a GC apparatus (HP5890 Series
II, Agilent,Waldbronn, Germany) equipped with the column
(100m × 0.25mm, 0.25 𝜇m) CP-Select FAME (Varian, Palo
Alto, CA, USA).The injector was kept at 270∘C. To determine
the whole profile of FAs, the oven temperature ramped from
135∘C to 250∘C (2.5∘C/min) and was maintained at 250∘C
for 23min. The same program was followed, starting from
160∘C, when only LA and CLA had to be determined. Elu-
tion was performed with high-purity helium, with constant
column head pressure of 200 kPa. Qualitative analyses of
FAMEs were performed with a MS quadrupole detector
(HP5972, Agilent). Analytes were identified by comparison
with standards (O5632, Sigma Aldrich) and by analysis
of their fragmentation patterns (EI, 70 eV) with the mass
spectrum library NIST 2005 (Gatesburg, USA). Quantitative
analyses were performed with a flame ionization detector
held at 300∘C.

2.6. Alignment Analysis of Putative Bifidobacterium MCRA
Genes and PCR Amplification. In order to verify the presence
of homologues of MCRA from B. breve NCIMB 702258
(Protein ID ADY18551.1) a search was performed among all
the species of Bifidobacterium, using the tblastn program
provided by the National Center of Biotechnology Informa-
tion (http://www.ncbi.nlm.nih.gov/).The available sequences
of putative MCRA gene of Bifidobacterium spp. were
aligned using the Clustal omega program (http://www.ebi.ac
.uk/). To amplify the conserved region of MCRA genes,
the primers MCRAf (5-GCGGSCGCGARATGGACAA-3)
and MCRAr (5-CCGCCGTTGGTGATGAACAC-3) were
designed. These primers anneal with the gene sequence of
B. breve NCIMB 702258 (GenBank accession HQ593838H)
at positions 236–255 and 958–978 and generate amplicons
of 742 bp. Amplification was performed with the following
program: 4min at 94∘C; 30 cycles of 30 s at 94∘C; 30 s at 58∘C;
1min at 72∘C; 1min at 72∘C.

2.7. Statistical Analysis. All values are described by themeans
and the standard deviation of three separate experiments.
Comparisons were performed with one-way ANOVA fol-
lowed by Tukey post hoc comparisons. Differences were
considered statistically significant for 𝑃 < 0.05. Statistical
analysis was done using GraphPad Prism 4.0 (GraphPad
Software, San Diego, CA, USA).



4 BioMed Research International

3. Results

3.1. Spectrophotometric Screening of Conjugated Linoleic Acid
Production. 127 Bifidobacterium strains belonging to 31 dif-
ferent species or subspecies (Table 1) were cultured in MRS-
LA medium, containing 0.5 g/L of free LA. With the excep-
tion of 3 strains belonging to the species B. coryneforme,
B. gallinarum, and B. saeculare, unable to grow in presence
of LA, all bifidobacteria grew in MRS-LA achieving OD

600

ranging between 1.1 and 5.7 after 24 h (data not shown).
To obtain a preliminary estimation of CLA production,

the supernatant of 24 h cultures in MRS-LA was extracted,
and the UV absorbance by conjugated double bonds was
measured at 𝜆 = 233 nm (𝐴

233
). 𝐴
233

ranged between 0 and
2.37 a.u., with the vast majority of the strains (>75%) yielding
an extract with absorbance lower than 0.5 a.u.With the aim to
validate the spectrophotometric assay, total CLA were quan-
tified by GC-MS in the supernatant of 34 strains belonging
to the species B. animalis subsp. lactis, B. bifidum, B. breve,
B. catenulatum, B. longum subsp. infantis, B. longum subsp.
longum, and B. pseudocatenulatum, covering the whole 𝐴

233

range. The dot dispersion of 𝐴
233

against CLA production
revealed that CLA production can be excluded for𝐴

233
< 0.5

(Figure 1(a)). Above this value, higher absorbance roughly
corresponded to higher CLA concentration, although a direct
relationship could not be established (𝑅2 = 0.87).

All the strains belonging to the species B. adolescentis,
B. angulatum, B. bifidum, B. boum, B. choerinum, B. cuni-
culi, B. dentium, B. gallicum, B. indicum, B. magnum, B.
merycicum, B. minimum, B. pullorum, B. pseudolongum, B.
psychraerophylum, B. ruminantium, B. scardovii, B. subtile,
and B. thermophilum and most of the strains belonging to B.
animalis subsp. animalis, B. animalis subsp. lactis, B. longum
subsp. infantis, B. longum subsp. longum, and B. longum
subsp. suis fell into the group of CLA producers (Figure 1(b)).

The species B. breve and the group of B. catenulatum and
B. pseudocatenulatum were the highest CLA producers, even
though wide variability was observed.The extracts of B. breve
presented the highest𝐴

233
(mean = 1.08, median = 0.73), fol-

lowed by those of B. catenulatum and B. pseudocatenulatum
(mean = 0.62,median = 0.45). All the strains with𝐴

233
higher

than the 90th percentile belonged to the species B. breve and
B. pseudocatenulatum (Figure 1(b)). In particular, one strain
of B. pseudocatenulatum and five of B. breve presented 𝐴

233

higher than 2.0 a.u. andwere selected for deeper investigation
of CLA production.

3.2. Search of MCRA Gene in Bifidobacterium Species. A
tblastn search was performed for all the species of Bifidobac-
terium reported in Table 1, in order to verify the presence
of a homologue of MCRA from B. breve NCIMB 702258
(Protein ID ADY18551.1). Of the 31 species, 14 bear a gene
encoding a protein with sequence identity from 55 to 94%:
B. adolescentis, B. angulatum, B. animalis subsp. animalis, B.
animalis subsp. lactis, B. bifidum, B. breve, B. catenulatum, B.
dentium, B. longum subsp. infantis, B. longum subsp. longum,
B. pseudocatenulatum, B. pseudolongum, B. scardovii, and B.
thermophilum. All the 34 strains that were selected for the GC
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Figure 1: UV absorbance (𝐴
233

) of the lipophilic extracts that
were obtained from the supernatants of 24 h MRS-LA cultures
of bifidobacteria. (a) Relationship between 𝐴

233

and total CLA
concentration in the supernatant in a selection of 34 strains. (b)
Screening of 127 Bifidobacterium strains. Boxes represent the range
between 25th and 75th percentiles and the line inside represents
the median. Whiskers denote the range between 10th and 90th
percentiles and asterisks represent outlier values. Strains numbers
are in brackets.

quantification of CLA were positive to MCRA-targeted PCR,
yielding an amplicon of approx. 750 bp (Table 1).

3.3. CLA Production by Selected Strains. Yields and the
composition of CLA were determined in the supernatants
of B. breve WC 0420, B. pseudocatenulatum WC 0403, B.
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Table 2: Residual LA (%) and conversion yield into 9cis,11trans-CLA, 9trans,11trans-CLA, and total CLA (%) by bifidobacteria cultured for
48 h in MRS-LA medium.

LA 9cis,11trans-CLA 9trans,11trans-CLA Total CLA
B. breveWC 0420 86.8a 13.2a 0.0a 13.2a

B. pseudocatenulatumWC 0403 81.5a 14.3a 4.2b 18.5b

B. breveWC 0422 58.2b 37.2b 4.7b 41.8c

B. breveWC 0424 22.7c 70.2c 7.0c 77.3d

B. breveWC 0423 12.4d 80.3d 7.3c 87.6e

B. breveWC 0421 11.9d 81.1d 7.0c 88.1e

Values are means, 𝑛 = 3; SD always < 5%. Means in a column with different superscripts significantly differ (𝑃 < 0.05).

breve WC 0422, B. breve WC 0424, B. breve WC 0423, and
B. breveWC 0421, after 48 h of growth in MRS-LA (Table 2).
Conversion of LA intoCLA ranged between 13.2 and 88.1%.B.
breveWC 0421 and B. breveWC 0423 were the most efficient
CLA producers, with yields of 88.1 and 87.6%, respectively.
9cis,11trans-CLA and 9trans,11trans-CLA were the sole CLA
isomers occurring in supernatants.The former was themajor
product of LA isomerization, accounting for 13.2 to 81.1% of
LA conversion and for 77 to 100% of total CLA isomers. The
latter was generally found in lower amount, never exceeding
the 7.3% of LA conversion and the 23% of total CLA. The
ratio 9cis,11trans-CLA : 9trans,11trans-CLA ranged between
3.4 and 11.6 and increased augmenting the total amount of
CLA produced. None of these strains produced hydroxylated
forms of LA.

3.4. Kinetic of LA Isomerization into CLA by B. breveWC0421.
Constant-pH batch cultures of B. breveWC0421 were carried
out in MRS and MRS-LA. The presence of 0.5 g/L LA caused
an extension of the lag-phase of approx. 6 h, slowed down the
specific growth rate (0.33 and 0.11 h−1 in MRS and MRS-LA,
resp.), and delayed the entrance into stationary phase of 2 h.
Thebiomass/glucose yieldwas lower inMRS-LA than inMRS
(8 and 13%, resp.), whereas the percentage lipid/biomass was
higher in the medium containing LA (7.5% and 2.5%, resp.).
The isomerization of LA into CLA occurred mostly during
the lag and the exponential phases (Figure 2). After 24 hof fer-
mentation, during the exponential phase, the transformation
of LA resulted in the production of 9cis,11trans-CLA (83.6%)
and, at a minor extent, of trans9,trans11-CLA (4.5%). During
the late exponential and stationary phases, LA isomeriza-
tion proceeded slowly and 9trans,11trans-CLA progressively
accumulated at the expenses of 9cis,11trans-CLA. Altogether,
the conversion yield of LA into CLA was 94.3% after 52 h.
In particular, conversion yields into 9cis,11trans-CLA and
9trans,11trans-CLA were 68.8 and 25.1%, respectively. All
other CLA isomers were always negligible throughout the
fermentation.

When 0.5 g/L LA was added to MRS cultures at
the entrance into the stationary phase, the isomerization
occurred at minor extent, resulting in production of the sole
9cis,11trans-CLA isomer with a conversion of 6.1% after 48 h
incubation.

3.5. Lipid Composition of the Biomass. The profile of free and
esterified fatty acids (FFA and EFA) within the lipid fraction
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Figure 2: Time-course of growth and CLA production by B. breve
WC 0421 in MRS medium containing 0.5 g/L LA. ⃝: turbidity
(OD
600

), : LA (%), : 9cis,11trans-CLA (%), and e: trans9,trans11-
CLA (%). The results are representative of the three independent
experiments.

of B. breve WC 0421 biomass was investigated (Table 3).
In MRS, lipids were dominated by EFA (ca 93% of total
lipids), while FFA were found in low amounts (≤8%). At the
exponential and stationary phases, oleic acid was the most
abundant among both EFA and FFA, occurring formore than
40%. Palmitic and myristic acids and palmitic and stearic
acids represented the other major fatty acids among EFA and
FFA, respectively.

During the cultivation in MRS-LA, B. breve WC 0421
accumulated a high amount of FFA, which accounted for ca
75% of total lipids at the stationary phase. LA occurred in low
amount (<4%) among both EFA and FFA. 9cis,11trans-CLA
dominated the profile of FFA, always accounting for more
than 56%. The composition of EFA was similar in MRS and
MRS-LA.

The supplementation of 0.5 g/L LA at the entrance into
the stationary phase did not cause accumulation of relevant
amounts of CLAas free or esterified fatty acid in themicrobial
biomass. 24 h after LA addition, EFA composition remained
unchanged, while FFA increased up to 70% of the lipid
extract. In this case, FFAweremostly composed of LA (77%),
whereas CLA altogether accounted for ca 4%.
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Table 3: Relative composition (%) of esterified and free fatty acids (EFAs and FFAs, resp.) in the biomass ofB. breveWC0421 at the exponential
and the stationary phase in MRS and MRS-LA.

MRS MRS-LA
Exponential Stationary Exponential Stationary

EFA

EFA/total FA 93a 92a 26b 25b

C10 0.8a 1.7b 1.2a 1.7b

C12 2.8a 4.2b 3.9b 4.2b

C14 8.6a 16.6b 13.7b 15.7b

C16 17.4 21.5 18.9 22
C16:1 1.1 1.9 1.9 2
C17 0.9 0.5 0 0.4
C18 4.2a 3.1a 0.0b 1.7b

C18:1 55.8a 41.3b 50.9a 43.9b

C18:2 LA 2.1 3.2 3.7 3.1
C18:2 9cis,11trans-CLA 1.6 1.2 0.9 1
C18:2 9trans,11trans-CLA 3.6 3.9 5 4
C20 0.3 0.3 0 0.1
C22 0.8 0.5 0 0.4

FFA

FFA/total FA 7a 8a 74b 75b

C10 0 0 0 0
C12 0 0 0 0
C14 3.2a 12.7b 1.2a 0.6a

C16 23.6a 22.0a 5.7b 2.4b

C16:1 0 0 0 0
C17 3.1a 1.6a 0.6b 0.3b

C18 10.4a 6.8a 2.5b 1.2b

C18:1 47.0a 46.2a 13.9b 8.3b

C18:2 LA 0.0a 0.0a 1.7b 2.8b

C18:2 9cis,11trans-CLA 2.1a 2.7a 58.6b 56.6b

C18:2 9trans,11trans-CLA 3.3a 7.1a 15.2b 27.0c

C20 4 0.9 0.2 0.4
C22 3.2 0 0.5 0.3

Values are means, 𝑛 = 3; SD always < 5%. Means in a row with different superscripts significantly differ (𝑃 < 0.05).

4. Discussion

The present study aims to gain further insight into CLA
production by bifidobacteria, since the capability of certain
strains to convert LA into CLA could find application in the
development of specific probiotic strains able to accelerate or
improve in vivo conversion of LA into CLA.

In vivo studies supporting biological activity of CLA
were initially performed using a mixture of CLA isomers,
while purified isomers have been used more recently, sup-
porting the evidence that different isomers have distinct
effect on the major health targets, such as tumorigenesis
and lipid metabolism [1]. However, most of commercial
formulations of CLA still contain both major isomers, whose
biological activity is mediated by diverse signaling path-
ways. 9cis,11trans-CLA isomer exerts an enhancing effect
on the nuclear transmission of PPAR𝛾, a master regula-
tor of adipocyte differentiation, acting as a stimulator of
adiponectin secretion [17]. This mechanism can to some

extent explain the antihypertensive, antihyperlipidemic,
antiarteriosclerotic, anticarcinogenic, and antidiabetic effects
mediated by this CLA [18]. Conversely, trans10,cis12-CLA
increases lipolysis and has the function of diminishing the
synthesis of fatty acids [19] but also presents a linkage with
proatherogenic effects, insulin resistance, and inflammation
[20].

The perspective to exploit specifically selected probiotic
bifidobacteria to produce a definite CLA isomer, such as
the 9cis,11trans-CLA, is quite attractive. The data herein
presented demonstrate that selected strains of bifidobacteria
specifically convert linoleic acid (LA) into 9cis,11trans-CLA
isomer, whereas 10trans,12cis-CLA, forwhich potential harm-
ful biological activities are still debated, is not produced by the
tested strains.

The screening of CLA production among the major
species of bifidobacteria demonstrated that the most effi-
cient CLA producers belong to the species B. breve and B.
pseudocatenulatum. Consistently, B. breve strains have been
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previously identified among the best CLAproducers, whereas
low or negligible activity was found in the strains belonging
to B. adolescentis, B. angulatum, B. bifidum, and B. infantis
[2, 9, 21]. Unlike previous studies that indicated B. pseudo-
catenulatum as almost incapable of LA transformation [2],
our data revealed that some strains of B. pseudocatenulatum
can efficiently accomplish the isomerization of LA.

The data herein presented are in agreement with observa-
tions by O’Connell et al. [9], which excluded that the product
of MCRA gene is involved in LA isomerization to CLA. In
the present study, all the best producers of CLA, belonging to
the species B. breve and B. pseudocatenulatum, were positive
to this gene, yet no hydroxylated forms of LA were detected
in their supernatants or in the biomass of B. breve WC
0421. A further clue hinting that MCRA is not involved in
CLA production is the fact that both MCRA-targeted PCR
and BLAST search for the gene revealed the presence of a
homologue in CLA producer and nonproducer species.

B. breve WC 0421 emerged as the most promising
strain for production of 9cis,11trans-CLA isomer. Our results
associate the production of cis9,trans11-CLA to the lag and
early growth phases, whereas supplementation of LA into
stationary phases resulted in negligible production of CLA.
This result supports the hypothesis that transformation of LA
in CLA can be a strategy of bacteria to detoxify unsaturated
fatty acid that interfere with membrane lipids. These in vitro
experiments have been carried out in batch, with a pure
culture, on a rich medium, with condition very different
from the intestinal ecosystem, where bifidobacteria represent
only a few percent of a complex mixed population. However,
bioproduction of CLA by supplemental probiotic bifidobac-
teria has been previously demonstrated [10]. For this reason,
B. breve WC 0421 may represent a promising candidate for
in vivo production of the specific health-promoting CLA
isomer.

The attention of the scientific community has been
focused on CLA production and absorption in the gastroin-
testinal tract. The analysis of fatty acid profile of biomass
associated lipids revealed that when B. breve WC 0421 was
cultured in presence of LA it accumulated CLA in the form
of free fatty acids, without changing the composition of
its esterified fatty acids, mainly occurring in the plasmatic
membrane.

5. Conclusions

Bifidobacteria are one of the most relevant health-promoting
indigenous species of the human gut microbiota, exerting
beneficial positive effects through a variety of different
mechanisms. Our study strengthened the perspectives on a
more specific use of probiotics, where the intrinsic health-
promoting properties of bifidobacteria can be associated with
peculiar features, such as producing in vivo health-promoting
CLA. Based on the current knowledge [2, 9, 21] and on the
outcome of this study, selected strains of Bifidobacterium,
mostly belonging to the species B. breve, can be exploited as
probiotics for in vivo production of 9cis,11trans-CLA.

The assessment of production and incorporation of CLA
in bifidobacterial biomass is a relevant result of our study.

Since the host-bacteria interaction is mediated by several
surface compounds, it is necessary to investigate the loca-
tion of 9cis,11trans-CLA within bifidobacterial cells and to
examine whether CLA enriched bifidobacteria exert a diverse
biological effect than the corresponding CLA-free cells.
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Sulfated polysaccharides (SPs) extracted from five seaweed samples collected or cultivated in Mexico (Macrocystis pyrifera, Eisenia
arborea, Pelvetia compressa, Ulva intestinalis, and Solieria filiformis) were tested in this study in order to evaluate their effect on
measles virus in vitro. All polysaccharides showed antiviral activity (as measured by the reduction of syncytia formation) and low
cytotoxicity (MTT assay) at inhibitory concentrations. SPs from Eisenia arborea and Solieria filiformis showed the highest antiviral
activities (confirmed by qPCR) and were selected to determine their combined effect. Their synergistic effect was observed at low
concentrations (0.0274𝜇g/mL and 0.011𝜇g/mL of E. arborea and S. filiformis SPs, resp.), which exhibited by far a higher inhibitory
effect (96% syncytia reduction) in comparison to the individual SP effects (50% inhibition with 0.275𝜇g/mL and 0.985 𝜇g/mL of
E. arborea and S. filiformis, resp.). Time of addition experiments and viral penetration assays suggest that best activities of these SPs
occur at different stages of infection. The synergistic effect would allow reducing the treatment dose and toxicity and minimizing
or delaying the induction of antiviral resistance; sulfated polysaccharides of the tested seaweed species thus appear as promising
candidates for the development of natural antiviral agents.

1. Introduction

LatinAmerica has an important and diverse group of seaweed
species [1]. Recent data on seaweed management in this
region have described the main harvest and aquaculture
taking place in Argentina, Brazil, Chile, Peru, andMexico [2].
One of the goals of seaweeds exploitation is to diversify their
application by screening their diverse bioactive compounds,
which remain unexplored in nutraceutical and pharmaceuti-
cal areas [3]. Different chemical compounds have been iso-
lated from algae, including polysaccharides, which have been
subjected to a variety of studies due to their extensive bioac-
tivities and applications [4].

An increasing number of biological activities of seaweed
polysaccharides have been reported in the last decades, where

sulfated polysaccharides (SPs) are among the most studied
compounds [5]. SPs include a complex group of macro-
molecules with numerous activities such as antioxidant [6, 7],
antitumor [8, 9], anticoagulant [6], anti-inflammatory [6, 10],
and antiviral [11, 12].

Antiviral activity of SPs was first reported in 1958 [13] and
over the years a substantial research has been focused on this
field. SP can be obtained from each of the three main classes
of seaweed: fucoidans and alginates from brown algal species,
agaroids and carrageenans from red macroalgae, and ulvans
from green seaweeds [14].

Fucoidans have shown a potent antiviral activity against
numerous enveloped viruses including herpes simplex virus
type 1 (HSV-1) [15], human immunodeficiency virus [16],
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influenza A virus [17], and different kind of paramyxoviruses
such as Newcastle disease virus (NDV) and canine distemper
virus (CDV) [18, 19]. In vitro and in vivo antiretroviral effects
of alginates preventing syncytium formation and reducing
the P24 core antigen level have been demonstrated [20].
Antiviral activity of carrageenans has been demonstrated in
vitro against human papillomavirus (HPV), acting mainly on
the inhibition ofHPV virions binding to cells, and also in vivo
by preventing infection by different HPV genotypes [21, 22].
Recently, antiviral activity against NDV of ulvan from Ulva
clathrata cultivated in Mexico has been reported [23].

Nowadays, combining multiple drugs is a primary
approach for improving antiviral effects within the antiviral
drug therapy field. The advantages of multidrugs combina-
tion are the reduction of individual drugs doses, a decrease in
the side effects of antiviral agents, and the prevention of drug-
resistant viruses emergence. Drug combination theories pro-
vide an ideal tool for this purpose to understand the benefits
of multidrugs combinations therapy [24].

Measles virus (MeV) belongs to the Paramyxoviridae
family of Mononegavirales, is a nonsegmented negative-
strand RNA virus, and causes a highly contagious disease
[25]. Although preventable by vaccination, measles still
remains one of the causes of death among young children
worldwide [26]. Many new antiviral drugs have been licensed
in recent years, most of which are used for the treatment of
HIV infections [27]. The investigation of natural antivirals
isolated frommarine sources is an interesting approach in the
development of new antiviral agents. In the present study, we
tested the antiviral activity of SPs isolated from five Mexican
seaweeds againstMeV.The aimof this researchwas to develop
new candidates of antiviral drugs that could help to control
viral infection diseases.

2. Materials and Methods

2.1. Antiviral Agents

2.1.1. Collection of Seaweed. Five species of macroalgae were
collected from the Mexican coasts and tested for this study:
three brown seaweeds from Baja California (Macrocystis
pyrifera, Eisenia arborea, and Pelvetia compressa), one green
seaweed from Southern Baja California (Ulva intestinalis),
and one red seaweed from Yucatan (Solieria filiformis).

Macrocystis pyrifera (Linnaeus) C. Agardh was collected
in Bahı́a de Ensenada (Manto Jantay) in front of the Sal-
sipuedes beach (31.983–116.815), in January 2013. Eisenia
arborea J. E. Areschoug and Pelvetia compressa (J. Agardh)
De Toni were collected in the Escalera Zone, North of Punta
China (31.520–116.650) in December 2014-January 2015. The
green algaUlva intestinalis (Linnaeus) was collected from the
water drainage channel of the Gran Mar shrimp farm, on the
Baja California West coast (24.434–111.584) in August 2014.

Solieria filiformis (Kützing) P. W. Gabrielson, a red sea-
weed considered as a potential source of 𝜄-carrageenan [28],
was obtained from an aquaculture facility at the Telchac
Marine station-CINVESTAV, Yucatan (Mexico), where it is
periodically cultivated in bimonthly cycles in semiopen tanks
as part of an Integrated Multitrophic aquaculture system.

The sample used came from a batch cultured from April to
May 2014.

Once harvested, the brown and green algae samples were
washed in seawater to eliminate sand, shells, and epibionts
and dried under shade, while the cultivated red algae was
washedwith freshwater and dried in an oven at 60∘C. Prior to
extraction, the samples were cut into small 2-3 cm pieces and
ground to pass through a 0.5mm sieve (Turbomolino Pulvex
200 mill).

2.1.2. Extraction and Purification of Sulfated Polysaccharides.
Polysaccharides extraction was performed after extraction of
polyphenols [29]. Briefly 10 g of alga powder was washedwith
distillated water and dried at room temperature overnight.
The washed powder was extracted with 200mL 50% v/v
ethanol and sonicated for 30min at room temperature,
followed with an extraction period in a bath shaker at
70∘C during 2 hours. The samples were centrifuged for
15min (2500 rpm).The pellet was used for the polysaccharide
extraction according to the procedure described by Tako et al.
2000 and Ale et al. 2012 [30, 31]. Briefly, 200mL of 0.1M HCl
was added to the algae pellet and heated for 1 hour at boiling
temperature and centrifuged at 3500 rpm for 10 minutes.
The supernatant was recovered and absolute ethanol was
added (4 : 1) for polysaccharides precipitation. Once precip-
itated, the polysaccharides were separated from the aqueous
medium by centrifugation at 3500 rpm for 10 minutes; the
supernatant was discarded and the pellet was washed three
times with 96% ethanol to remove residual pigments and
finally resuspended in a minimum amount of distilled water
for a 72-hour dialysis with stirring. The dialyzed product
was precipitated with absolute ethanol (4 : 1). Polysaccharide
extracts were lyophilized and weighed to calculate their yield.

2.1.3. Characterization of Selected Polysaccharide Extracts

(1) FT-IR Spectra Analysis. IR spectra of aqueous extracted
polysaccharides from Solieria filiformis and Eisenia arborea
were obtained using diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS). Scans were performed at
room temperature in the infrared region between 4000 and
400 cm−1 on a Thermo Nicolet Nexus 670 FT-IR spectrome-
ter.The infrared spectra of commercial available carrageenan
(𝜄-carrageenan C1138, 𝜅-carrageenan C1013), fucoidan from
Fucus vesiculosus (F5631), alginic acid (A7003) from Sigma-
Aldrich (St. Louis,MO,USA), and 𝜆-carrageenan fromCeltic
Colloids Inc. (B. Blakemore) were included for comparison.

(2) NMR Spectra Analysis. 13C-NMR spectra were acquired
on a Varian 600 spectrometer. The extracts were exchanged
twice with 99.8% deuterium oxide (D2O) with intermediate
lyophilization and dissolved at 10mgmL−1 in D2O. Sodium
[3-trimethylsilyl 2,2,3,3-2-H4] propionate (TSP-d4) was
used as an internal reference to 0.00 ppm.

(3) Carbohydrate Determination. For determination of total
sugars in the samples acid hydrolysis of the extracts was
performed. A solution with 25mg of polysaccharide extract
in 100mL of 1MH

2
SO
4
was prepared and boiled for 3 hours;
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subsequently, an aliquot of 1mL of each extract was taken.
Anthrone reagent (5mL) was added to the aliquot, placed in
a water bath for 12 minutes, and cooled down at room tem-
perature. Absorbance was read at 630 nm. Quantification was
performed against a calibration curve of a stock solution of
fucose.

(4) Sulfate Content Determination. The analysis was per-
formed using the turbidimetric method of Jackson and
McCandless, 1978 [32]. Briefly, this quantification of sulfates
was determined by measuring turbidity as barium sulfate
when adding 1.2mL of TCA 8% and 0.6mL of 0.01% reaction
reagent (agarose/barium chloride) to the sample; reaction
was homogenized by stirring for 35 minutes. The turbidity
was determined at 500 nm in a ShimadzuUV-Vis spectropho-
tometer 1601. The calibration curve was performed with
potassium sulfate (K

2
SO
4
) with a concentration of 0 to 100 𝜇g

of SO
4

−2/mL. SP extracts of Solieria filiformis and Eisenia
arboreawere weighed (7mg), and 1mL of 1N HCl was added
and heated at 105∘C for 12 hours in a thermoblock (Lab line).
A dilution was performed with 10mL of deionized water;
samples were then filtered using a microfilter with Whatman
paper of 1.2 𝜇m and an aliquot of 1.1mL of the samples was
taken for quantification.Analysiswas performedby triplicate.

2.2. Cells and Virus. Vero cells were grown at 37∘C in a
5% CO

2
atmosphere in Dulbecco’s Modified Eagle Medium

Nutrient Mixture F-12 (DMEM/F12, Gibco Invitrogen, USA)
supplemented with 5% fetal bovine serum (FBS, Gibco
Invitrogen, USA) and 1% antibiotic (Gibco Invitrogen, USA).

Measles virus (Edmonston strain) was purchased from
ATCC (ATCC�VR-24�). Virus was propagated onVero cells
and viral titers were determined by cytopathogenic effect and
expressed as 50% tissue culture infectious dose (TCID50)/
mL. Aliquots of viral stock were stored at −80∘C until use.

2.3. Cytotoxicity Assays. The effect of SPs on cell viability
of Vero cells was determined by MTT assay. The cells were
cultured in 96-well plates at a density of 1.5 × 104 cells/well
at 37∘C in an atmosphere of CO

2
. After 1 day of incubation,

increasing concentrations of SPs diluted in DMEM were
added; after 48 h of incubation the media were replaced with
22𝜇L of 2.5mg/mL MTT dissolved in phosphate-buffered
saline (PBS). After 1 h 30min 150 𝜇L of DMSOwas added and
incubated at room temperature for 15min.Theoptical density
(OD450 nm) was measured using a microplate reader (Mul-
tiskan FC,Thermo, USA). Cell viability was expressed by per-
centage as the mean value of three independent experiments
considering control cells absorbance as 100%viable. CC

50
was

the concentration of the test substances that inhibited the
Vero cells growth by 50% compared with the growth of the
untreated cells.

2.4. Syncytia Reduction Assays. The antiviral activity of the
SPs was evaluated by syncytia reduction assays. Vero cells
seeded in 12-well plates were treated with different concen-
trations of SPs (0.01–5𝜇g/mL) and infected with MeV (1 ×
103.5 TCID50 of Edmonston strain) at the same time. After

virus adsorption for 1 h at 37∘C the medium was removed
and monolayers were washed with PBS, after which the
corresponding concentrations of SPs were added again.
Each concentration was tested using three culture wells
per PS concentration per experiment; the experiments were
performed by triplicate. After incubation of 48 or 72 h at
37∘C in a 5% CO

2
incubator monolayers were fixed with

methanol : acetone (1 : 1) and stained with 1% crystal violet.
Syncytia were counted and the result was expressed as a per-
centage of the number of syncytia observed in viral control
monolayers (untreated cultures); IC

50
was determined from

dose-response curves. The selectivity index (SI) values were
calculated as CC

50
/IC
50
. SPs showing the best SI were selected

for the subsequent experiments.

2.5. Quantitative Real-Time PCR. Total RNA was isolated
from treated Vero cells using RNAzol� RT (MRC Inc.,
USA). Reverse transcription was performed using the High
Capacity cDNA Reverse Transcription Kit (Applied Biosys-
tems, USA) and the viral genome was amplified with spe-
cific primers (MeVF: 5 GAGGGTCAAACAGAGTCGAG 3,
MeVR: 5 CGGTTGGAAGATGGGCAG 3) that amplified
a 95 nt fragment. The real-time PCR was carried out using
SensiFAST� SYBR� No-ROX Kit (BIOLINE, USA) and the
Chromo4� Real-Time PCR Detector (Bio-Rad, USA) with
the following procedures: 95∘C for 2min, followed by 50
cycles of 95∘C for 2 s, 60∘C for 10 s, and 72∘C for 20 s. The
number of viral copies was calculated by using a standard
curve. Serial 10-fold dilutions of a synthetic oligonucleotide
encompassing the target measles gene were used to establish
the standard curves.

2.6. Evaluation of SPs Synergy. Potential synergistic effects
of selected SPs on MeV infection were evaluated using
syncytia reduction assays. Each combination was tested on
its corresponding IC

75
, IC
50
, and IC

25
values. The synergistic

effect of SPs was calculated by using a combination index
(CI) described previously by Chou [33] and CompuSyn
software. CI was calculated from the data as a measure of the
interaction among drugs. CI values lower than 0.9 indicate
synergy, CI values from 0.9 to 1.1 indicate an additive effect,
and CI values higher than 1.1 indicate antagonism. Combina-
tions with synergistic antiviral effect were selected and qPCR
assays were performed in order to confirm the inhibitory
effect as described above.

2.7. Time of Addition Assay. Vero cell monolayers were
infected with MeV. SPs were added at a concentration of
5 𝜇g/mL at different times of infection: 60min before infec-
tion and 0, 15, 30, 60, and 120min after infection. Thereafter,
for each treatment, cells were incubated with SP for 1 h and
then washed three times with PBS. Monolayers were fixed
withmethanol : acetone after incubation for 48 or 72 h at 37∘C
and 5% CO

2
and stained with 1% crystal violet; syncytia were

counted subsequently.

2.8. Viral PenetrationAssay. Virus penetration intoVero cells
was evaluated according to the method reported by Huang
and Wagner [34] with some modifications [18]. Vero cell
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Figure 1: Confirmation of antiviral activity of Eisenia arborea (a) and Solieria filiformis (b) SPs at their best inhibitory concentrations by
syncytia reduction and qPCR assays. Syncytia count and viral RNA copies number are given in % of the untreated control values.

monolayers precooled at 4∘C for 3 h were infected with MeV
at 4∘C for 1 h in the absence of SP. After washing three times
with ice-cold PBS, different concentrations of SP were added
to the monolayers, and the temperature was shifted to 37∘C.
After 1 h of incubation at 37∘C, the cells were treated with
40mM citrate buffer (pH 3.0) to inactivate unpenetrated
viruses. Buffer was replaced by culture medium and the cells
were incubated for 48 or 72 h at 37∘C and 5%CO

2
and stained

with 1% crystal violet; syncytia were counted subsequently.

2.9. Statistical Analysis. The variables (tested by triplicate in
each experiment that were in turn repeated at least three
times) were submitted to a one-way analysis of variance
followed by Dunnett’s test (SPSS software, 𝛼 = 0.05). CC

50

and IC
50
values were determined by probit regression analy-

sis.

3. Results

3.1. Cytotoxicity and Antiviral Activity of SPs. TheMTT assay
indicated no cytotoxicity for any of the SPs at concentrations
from 0.1 to 1500 𝜇g/mL up to 2 days (data not shown).

Antiviral activity of SPs against MeV was evaluated by
syncytia reduction inhibition assays at concentrations of 0.01,
0.1, 1, and 5 𝜇g/mL of each compound (data not shown).
All tested compounds showed significant antiviral activity,
but only compounds with the best SI values were selected
for the subsequent experiments. As shown in Table 1, SPs
of Eisenia arborea and Solieria filiformis exhibited antiviral
activity at the lowest concentrations (IC

50
0.275 𝜇g/mL and

0.985 𝜇g/mL, resp.) without cytotoxic effect at concentrations
of 0.1 to 1500𝜇g/mL. Therefore, SPs of Eisenia arborea and
Solieria filiformiswere selected based on their SI and antiviral
activity for the combination experiments.

Table 1: Cytotoxic effect, antiviral activity, and selectivity index of
SPs.

Algaea CC
50

(𝜇g/mL)b IC
50

(𝜇g/mL)c SId

Macrocystis pyrifera >1500 1.00 >1500
Eisenia arborea >1500 0.275 >5454.54
Pelvetia compressa >1500 1.00 >1500
Ulva intestinalis >1500 3.6 >416.7
Solieria filiformis >1500 0.985 >1522.84
aAlgal sulfated polysaccharide extract. bConcentration of test compound
(𝜇g/mL) that reduced Vero cell viability by 50%. cConcentration of a test
compound that reduced the number of MeV syncytia in Vero cells by 50%.
dSelectivity index value.

Antiviral effect of selected SPs was confirmed by qPCR
assays, as shown in Figure 1. Inhibitory effect of Eisenia
arborea and Solieria filiformis SP was tested at the best
inhibitory concentrations (1𝜇g/mL and 5 𝜇g/mL for both
SPs). Results of qPCR assays were consistent with the results
observed by syncytia reduction inhibition assays.

3.2. Characterization of SPs. Infrared spectroscopy has been
used for the qualitative characterization of carrageenans and
has proven to be a valuable tool for the characterization
of sulfated oligosaccharides [35]. FT-IR and NMR spectra
analyses of selected SPs extracts were performed. The FT-IR
spectrum of Solieria filiformis extract (Figure 2(a)) indicates
the presence of a typical 𝜄-carrageenan type. Characteristics
signal bands are indicated: 3,6 anhydrogalactose-2-sulfate
(804 cm−1) characteristic of 𝜄-carrageenan; galactose-4-
sulfate (846 cm−1) signal present in 𝜅- and 𝜄-carrageenan.The
signal between 1210 and 1260 cm−1 is common to all types of
compounds containing sulfate.
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Figure 2: (a) Infrared spectra of (A) Solieria filiformis aqueous extract, (B) 𝜄-carrageenan, (C) 𝜅-carrageenan, and (D) 𝜆-carrageenan. (b)
Infrared spectra of (A) Eisenia arborea aqueous extract, (B) fucoidan, and (C) alginic acid.

13C-NMR spectroscopy has been highly recommended
for distinguishing the polysaccharides of the agar and car-
rageenan group [36]. Spectrum and expansion 13C-NMR of
the S. filiformis extract (Figure 3(a)) showed signals at 20
and 60 ppm typical of residual ethanol. Carbohydrates sig-
nals (63.79–104.66 ppm) observed, particularly two upfield-
shifted signals (94.51 and 104.66 ppm), suggest that the
molecule has two anomeric carbons. Overall its spectrum
showed the presence of the 𝜄-carrageenan. The next assign-
ment is the mapping of the carbon signals of the molecule.
Carbons of 2-sulfate-3,6-anhydrogalactose are 94.51 (C1),
77.44 (C2), 80.25 (C3), 80.84 (C4), 79.49 (C5), and 72.33
(C6) ppm [37]. Carbons of 4-sulfate-galactose are 104.66
(C1), 71.68 (C2), 79.27 (C3), 74.51 (C4), 77.27 (C5), and 63.79
(C6) ppm [37]. Sulfate content of S. filiformis showed 21.14%
(±0.056) of total sulfate and total polysaccharide determina-
tion resulted in 91% of polysaccharide.

The FT-IR spectrum of Eisenia arborea extract (Fig-
ure 2(b)) indicates the presence of a mixture of fucoidan
and alginic acid. Characteristics signal bands are indicated:
carboxylate vibrations (1627 and 1410 cm−1) can be attributed
to uronic acids. Stretching vibrations at 1039–1041 cm−1 can
be assigned to pyranose ring from guluronic andmannuronic
acid residues. The broad band at 1244 cm−1 indicates the
presence of sulfated ester groups, which are characteristic
in fucoidans. 13C-NMR spectrum of E. arborea extract
(Figure 3(b)) showed typical signals of alginate ranging from
66.04 to 177.68 ppm.The signal at 66.04 ppm is characteristic
of carbon-2 of guluronic acid (G) [38]. The signals at 72.51,
72.79, 74.07, 78.90, 80.82, 102.81, 102.93, and 177.68 ppm corre-
spond to repeating blocks of mannuronic (M) and guluronic
acid [39]. The signals at 102.81 and 102.93 ppm may indicate
the presence of two repeating units, one ofMMMand another
of GMM [39]. Sulfate content of E. arborea showed 12.85%
(±0.346) of total sulfate.

3.3. Combined Antiviral Effect of SPs. The combined effect
of SPs of Eisenia arborea and Solieria filiformis on MeV
infections was examined: each SP was tested at different con-
centrations combining its corresponding IC

25
, IC
50
, and IC

75

values. E
25
, E
50
, and E

75
correspond to IC

25
, IC
50
, and IC

75

values of Eisenia arborea SPs and S
25
, S
50
, and S

75
correspond

to the respective values of Solieria filiformis SP (Table 2).
Syncytia reduction assay results were expressed in relative
syncytia percentage according to the number of syncytia in
viral control. Best inhibitory effect was observed for E

50
-S
25

combination.
The evaluation of drug synergism based on a median-

effect equation has been extensively used in the literature.
CI values of SPs combinations were calculated as described
previously using the CompuSyn software and are given
in Table 2. Median-effect and the normalized isobologram
generated with the software determined the presence of three
synergistic combinations, represented by points below the
lines at normalized isobologram (Figure 4).

Results showed strong synergistic effects at low concen-
trations combinations (E

50
-S
25
, E
25
-S
50
, and E

25
-S
25
) and

antagonism at high concentrations combinations (E
25
-S
75
,

E
50
-S
50
, E
50
-S
75
, E
75
-S
25
, E
70
-S
50
, and E

75
-S
75
). Combinations

with synergistic effect were selected and qPCR assays were
performed. As shown in Figure 5 the inhibitory effect of
the synergistic combinations was confirmed. These data
were consistent with results observed by syncytia reduction
inhibition assays.

3.4. Effect of SPs on Viral Infection at Different Times of
Addition. In order to determine which step of the MeV cycle
was targeted by SPs, “time of addition” experiments were
performed in Vero cells infected withMeV and exposed to PS
at different times of infection.Themost efficient inhibition by
S. filiformis was observed in early phases of infection, 0 and
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Figure 3: (a) Spectrum and expansion 13C-NMR of the aqueous extract of S. filiformis. (b) 13C-NMR spectrum of the aqueous extract of E.
arborea.
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Table 2: Synergistic effects of SPs on MeV infection.

Compounds
combination

Compound concentration (𝜇g/mL) % relative syncytia formation in presence of
the different SPs combinations SD CI Description

Eisenia arborea Solieria filiformis
IC
75

-IC
75

2.98 3.027 34.5 4.4 10.59 Antagonism
IC
75

-IC
50

2.98 0.985 26.4 5.6 3.08 Antagonism
IC
75

-IC
25

2.98 0.011 33 7.3 1.47 Antagonism
IC
50

-IC
75

0.275 3.027 28.4 4.1 3.71 Antagonism
IC
50

-IC
50

0.275 0.985 32 5.9 1.88 Antagonism
IC
50

-IC
25

0.275 0.011 4 3.2 0.001 Synergism
IC
25

-IC
75

0.01 3.027 22.5 6.6 1.85 Antagonism
IC
25

-IC
50

0.01 0.985 16.7 7.1 0.31 Synergism
IC
25

-IC
25

0.01 0.011 39.4 2.5 0.05 Synergism

2
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Figure 4: Analysis of Eisenia arborea and Solieria filiformis combinations. (a) Median-effect plot for combinations of Eisenia arborea and
Solieria filiformis was generated with the CompuSyn software (𝐹

𝑎

, affected fraction; 𝐹
𝑢

, unaffected fraction; 𝐷, concentration of SP used; Sf
Solieria filiformis SP; Ea, Eisenia arborea SP; Comb, Eisenia arborea and Solieria filiformis combinations). (b) Normalized isobologram plots
for Sf and Ea at nonconstant combination ratios. For each SP different combinations of various concentrations based on IC

25

, IC
50

values
were tested and combination index (CI) values were determined using the CompuSyn software. CI values, represented by points below the
lines, indicate synergy.

15min after infection (Figure 6); syncytia inhibition before
infection and 30min after infection was not significant. E.
arborea showed the most efficient inhibition 1 hour before
infection and 0 and 15min after infection. At 30, 60, and
120min after infection, a minimal syncytia inhibition by E.
arborea was still observed.

3.5. Effect of Fucoidan on Viral Penetration into Host Cells.
Viral penetration assays were performed to determine
whether entry events downstream of virus binding were
inhibited by SPs. Vero cells were plated and incubated with
MeV at 4∘C for 1 h to allow virus binding but prevent viral

internalization. Unbound virus was inactivated and SPs
(1 𝜇g/mL or 5𝜇g/mL) were added to the cells and incubated
at 37∘C. Figure 7 shows that SP from S. filiformis (5 𝜇g/mL)
significantly decreased viral infection by 58%, while SPs from
E. arborea (5 𝜇g/mL) decreased viral infection only by 24%,
when compared with the findings in infected cells in the
absence of treatment.

4. Discussion

Since the first studies by Gerber in 1958 showing the inhi-
bition of mumps and influenza B virus by marine algae
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Figure 6: Time of addition experiments. Antiviral activity of SP
was tested at different times of infection and analyzed by syncytia
inhibition assays. SPs were added at 60min before infection and
0, 15, 30, 60, and 120min after infection. The data are expressed
as relative syncytia count (%) compared to that of untreated virus-
infected control cells, which was defined as 100%. The data shown
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polysaccharides, increased efforts and research have been
carried out in this field [13]. Previous studies have also
demonstrated no cytotoxicity of SPs isolated fromcertain sea-
weed species [40].The absence of cytotoxicity to the host cells
is one of the principal challenges in the development of new
antivirals.

Eisenia arborea, an edible brown alga used in folk
medicine in Japan, is the kelp species with the largest and
most southerly latitudinal distribution on the North Pacific
East Coast [41, 42]. Researches on Eisenia biological activities
have been focused on the evaluation of their polyphenolic
compounds [43]. To our knowledge, the antiviral effects of

0

20

40

60

80

100

120

Untreated 1 5

%
 sy

nc
yt

ia
 co

un
t

Concentration (𝜇g/mL)

Solieria filiformis
Eisenia arborea

Figure 7: Effect of SPs on viral penetration. Vero cells were infected
with MeV at 4∘C in the absence of SPs and then shifted to 37∘C
to permit penetration of the adsorbed virus in the presence of SPs.
Antiviral effect of SPs was evaluated using syncytia inhibition assays.
The data shown are the mean ± SD of triplicate experiments.

Eisenia arborea extracts have never been tested before. In
this study, the extract of Eisenia arborea is rich in fucoidans
and alginates and also showed the best SI of the five seaweed
extracts (Table 1). Previous chemical characterization of
Mexican E. arborea extracts also reported the presence of
alginates, with higher yields than the one reported in this
study [44]. Alginates with antiviral effects have been previ-
ously tested against HIV, IAV, and HBV, showing a potent
antiviral activity [4]. Antiviral activity of fucoidan has been
also reported in vitro and in vivo againstmanyRNA andDNA
viruses such as HIV, HSV1-2, dengue virus, and influenza
virus [39, 45–47].

Macrocystis pyrifera has been harvested since 1956 along
the Pacific coast of Baja California and exported to theUnited
States for the production of alginates [48]. SPs extracts of
Mexican Macrocystis pyrifera showed a significant antiviral
effect but were not selected for subsequent assays because
of their IC

50
value (Table 1). Previous studies with crude

dialyzed extracts ofMacrocystis pyrifera have shown antiviral
effects against VSV, with the fucoidan being responsible for
these results [49].

In this study, antiviral effects of the extract from Solieria
filiformis display the second lowest IC

50
among the analyzed

extracts. In vitro studies have reported antiviral properties of
carrageenans againstDNAandRNAviruses [21, 50]. Recently
it has been shown that carrageenan (Rong Yuan F.F.I. Co.,
Ltd.) can inhibit influenza virusA/Swine/Shandong/731/2009
H1N1 (SW731) responsible for the influenza pandemic of
2009. Carrageenans can significantly inhibit SW731 replica-
tion by interfering with different steps of viral replication,
including adsorption, transcription, and expression of the
viral proteins; however, they act especially by inhibiting the
interactions between the viral receptor (HA) and the target
cell [51]. Sulfate content analysis and total polysaccharide
determination of S. filiformis extract resulted in 21.14%
(±0.056) total sulfate and 91% polysaccharide; these data are
consistent with previous reports [52]. Degree of sulfation has
a major impact on the antiviral activity of polysaccharides,
including carrageenans [53].
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In relation to the combination therapy approach used
in this study, results showed a strong synergistic effect at
low concentrations combinations of SPs and antagonism at
high concentrations combinations. Our results determined
that low concentrations combinations (0.0274 𝜇g/mL and
0.011 𝜇g/mL of E. arborea and S. filiformis, resp.) exhibited
the higher inhibitory effect (96%) in comparison to the indi-
vidual effect of SP (50% of inhibition with 0.275𝜇g/mL and
0.985 𝜇g/mL of E. arborea and S. filiformis, resp.). Synergistic
effect observed in this study has been also reported for the
sulfated polysaccharides from Fucus vesiculosus in combina-
tion with AZT against HIV [54]. Furthermore, this effect has
been also observed with acyclovir in combination with 3, 19-
isopropylideneandrographolide against herpes simplex virus
(wild type) and drug-resistant strains. Low concentrations
of these compounds were required for a complete inhibition
of DNA replication and late protein synthesis of HSV-1 wild
type and drug-resistant HSV-1 [55]. The combined effect of
nitazoxanidewith neuraminidase inhibitors against influenza
A viruses tested in vitro suggests that regimens that combine
neuraminidase inhibitors and nitazoxanide exert synergistic
anti-influenza effects [56]. In contrast, antagonistic effects
at high concentrations were observed in our study; this
antagonism of SPs was previously observed in a combination
of ulvan and fucoidan against NDV infection [23]. Partic-
ular chemical features of SPs like chain ramifications could
explain antagonism effects of SPs. Moreover, carbohydrate to
carbohydrate interactions could be responsible to adhesion
events; these aggregates have been previously observed in
marine sponges [57].

To understand if a synergistic effect was related to differ-
ent modes of action of the tested SPs, viral penetration and
time of addition assays were performed. Results suggested
the possibility that SP from S. filiformis inhibits postbinding
events, because best inhibition effect was observed at 0 and 15
minutes after viral infection (Figure 6). To support this idea, a
viral penetration assay was performed (Figure 7), and results
show the best antiviral effect after viral adsorption. Our
results are in agreement with those observed by Elizondo-
Gonzalez et al. [18], who demonstrated the ability of fucoidan
fromC. okamuranus to be responsible for the antiviral activity
against Newcastle disease virus, suggesting that fucoidan
inhibits viral penetration into host cells, must probably by
blocking the F protein.

Similar results were also observed by Bouhlal et al. [58],
who suggested that carrageenans can inhibit DENV repli-
cation by interfering viral entrance, but they also suggested
that SPs could avoid viral adsorption into the cell as a second
mode of action. This mode of action could be similar to the
mechanism observed with SPs of E. arborea. Alginates and
fucoidan of E. arborea were able to show the best antiviral
effect 1 hour before infection and this effect lasted up to 0–15
minutes after infection. Although both SPs, from S. filiformis
and E. arborea, exhibited antiviral activity at 0 and 15min
after infection, only E. arborea showed inhibitory effect at
60min.This result suggests the capability of these SPs to avoid
viral adsorption to the cell; these data were confirmed by viral
penetration assays where we observed less antiviral activity
after viral attachment to the cell. More recent studies have

demonstrated that fucoidans exhibit their antiviral activity
when the compound is present during the virus adsorption
period by blocking the interaction of viruses to the cells [59].

SPs tested in this study exhibit the best antiviral effect
at different stages of infection: viral penetration and viral
adsorption (S. filiformis and E. arborea, resp.). Multiple-drug
antiviral therapy with two or more drugs that target different
proteins or act in different stages of infection may decrease
drug resistance and may enhance clinical outcomes by
allowing a reduction of individual drug doses, thus decreas-
ing dose-related drug toxicity [60].

5. Conclusions

In this study sulfated polysaccharides from Mexican sea-
weed showed antiviral activity against measles virus. Due
to the lack of cytotoxicity at inhibitory concentrations, as
indicated by the selectivity index, potential application can
be found for these SPs. Eisenia arborea and Solieria filiformis
extracts showed the higher antiviral activity andwere selected
to determine their combined effect. Synergistic effect was
observed at the lowest concentrations tested for each SP of
these species. Results suggest that SPs combined in this study
are acting at different level of first stages in viral infection.
Synergistic therapeutic effect allows dose and toxicity reduc-
tion and would minimize or delay the induction of antiviral
resistance. Sulfated polysaccharides of Mexican seaweed are
potential candidates for the development of new antiviral
drugs that can help to control viral infection diseases.
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“Seaweeds: an opportunity forwealth and sustainable livelihood
for coastal communities,” Journal of Applied Phycology, vol. 26,
no. 5, pp. 1939–1951, 2014.

[3] L. Wang, X. Wang, H. Wu, and R. Liu, “Overview on biological
activities and molecular characteristics of sulfated polysaccha-
rides from marine green algae in recent years,” Marine Drugs,
vol. 12, no. 9, pp. 4984–5020, 2014.

[4] A. Ahmadi, S. Zorofchian Moghadamtousi, S. Abubakar, and
K. Zandi, “Antiviral potential of algae polysaccharides isolated



10 BioMed Research International

from marine sources: a review,” BioMed Research International,
vol. 2015, Article ID 825203, 10 pages, 2015.

[5] S. Kraan, “Algal polysaccharides, novel applications and out-
look,” in Carbohydrates—Comprehensive Studies on Glycobiol-
ogy and Glycotechnology, InTech, 2012.

[6] C. M. P. G. Dore, M. G. D. C. Faustino Alves, L. S. E. Pof́ırio
Will et al., “A sulfated polysaccharide, fucans, isolated from
brown algae Sargassum vulgare with anticoagulant, antithrom-
botic, antioxidant and anti-inflammatory effects,”Carbohydrate
Polymers, vol. 91, no. 1, pp. 467–475, 2013.

[7] B. W. S. Souza, M. A. Cerqueira, A. I. Bourbon et al., “Chemical
characterization and antioxidant activity of sulfated polysaccha-
ride from the red seaweed Gracilaria birdiae,” Food Hydrocol-
loids, vol. 27, no. 2, pp. 287–292, 2012.

[8] V. Suresh, N. Senthilkumar, R. Thangam et al., “Separa-
tion, purification and preliminary characterization of sulfated
polysaccharides from Sargassum plagiophyllum and its in vitro
anticancer and antioxidant activity,” Process Biochemistry, vol.
48, no. 2, pp. 364–373, 2013.

[9] P. Shao, X. Chen, and P. Sun, “Chemical characterization,
antioxidant and antitumor activity of sulfated polysaccharide
from Sargassum horneri,” Carbohydrate Polymers, vol. 105, no.
1, pp. 260–269, 2014.

[10] C. O. Coura, I. W. F. de Araújo, E. S. O. Vanderlei et al.,
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Streptococcus mutans, with the ability of high-rate acid production and strong biofilm formation, is considered the predominant
bacterial species in the pathogenesis of human dental caries. Natural products which may be bioactive against S. mutans have
become a hot spot to researches to control dental caries. LongZhang Gargle, completely made fromChinese herbs, was investigated
for its effects on acid production and biofilm formation by S. mutans in this study. The results showed an antimicrobial activity of
LongZhang Gargle against S. mutans planktonic growth at the minimum inhibitory concentration (MIC) of 16% and minimum
bactericidal concentration (MBC) of 32%. Acid production was significantly inhibited at sub-MIC concentrations. Biofilm
formationwas also significantly disrupted, and 8%was theminimumconcentration that resulted in at least 50% inhibition of biofilm
formation (MBIC

50
). A scanning electron microscopy (SEM) showed an effective disruption of LongZhang Gargle on S. mutans

biofilm integrity. In addition, a confocal laser scanning microscopy (CLSM) suggested that the extracellular polysaccharides (EPS)
synthesis could be inhibited by LongZhang Gargle at a relatively low concentration.These findings suggest that LongZhang Gargle
may be a promising natural anticariogenic agent in that it suppresses planktonic growth, acid production, and biofilm formation
against S. mutans.

1. Introduction

Dental caries is a chronic, progressive, and infectious disease
which happens to the hard tissue of the teeth [1]. It is one of
the most prevalent chronic human infectious diseases world-
wide [2, 3].The progress begins with extensive destruction of
the enamel and dentin, followed by cavitation, inflammation
of the pulp, and periapical tissue, even ending with tooth
loss [4]. Unlikemost infectious diseases exhibiting classic vir-
ulence factors such as endotoxin (lipopolysaccharide, LPS),
the etiologic factors of dental caries are initiated with the
bacterial adherence to the tooth surface and dental plague
biofilm formation. After that, cariogenic bacteria within
dental plague biofilm produce acid by metabolizing carbohy-
drates ingested from the host, leading to demineralization of
enamel surfaces and the development of caries [5, 6].

Streptococcus mutans (S. mutans) has been identified as
the major pathogen of human dental caries [5, 7], although
additional microorganisms may be involved [8, 9]. Reasons
are as follows: S. mutans can easily adhere to enamel surfaces,
it can synthesize extracellular polysaccharides (EPS) in the
presence of carbohydrate, which mediates the irreversible
adhesive interaction between bacterial cells and forms a high-
cell-density biofilm [10], and it exhibits a high-rate acid
production and is highly aciduric, which allows it to survive
and continue to produce acids in low pHmicroenvironments
[11, 12].

Many products are being developed for caries control.
Among them, the most effective and widely used cariostatic
agent is fluoride. It prevents dental caries by inhibiting
demineralization and enhancing remineralization on the
enamel surface. However, side effects such as fluorosis limited
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its use for public health [13, 14]. The antimicrobials including
chlorhexidine and antibiotics have also been used to prevent
dental caries. However, they may cause tooth and tongue
discoloration, host cytotoxicity, pathogen drug resistance,
and disturbance of oral flora [15–17]. Therefore, alternative
agents for caries control with minimal adverse effects are
promising.

In recent years, natural products which may be bioac-
tive against S. mutans have been of great interest to the
researchers in the field of caries control, mainly due to
their few side effects. Currently, many cariostatic natural
products have been identified, typical natural products such
as ginkgoneolic acid [4], epigallocatechin gallate [18, 19], and
cranberry polyphenols [20]. LongZhang Gargle, completely
made from Chinese folk herbs, was created and used by
Miao people, who are the ethnic minorities mainly living in
Southwest China. Industrially, it has been manufactured by
Guiyang Xintian Pharmaceutical Company, Guizhou, China,
for nearly 20 years. The components of the Gargle include
the root and leaves of Toddalia asiatica (L.) Lam., Cortex
Lycii, and Cimicifuga foetida. Toddalia asiatica (L.) Lam.
(T. asiatica), as the main component of LongZhang Gargle,
belongs to the familyRutaceae and is a woody liana that
grows in tropical and subtropical areas of the world. It is
widely recognized as a medicinal plant in China, India,
Japan, and Africa. All parts of the plant are believed to
have medicinal properties, and its root and leaves have
been processed to treat many diseases, such as rheumatism,
influenza, malaria, indigestion, stomachache, and toothache
[21, 22]. Currently, the pharmacological effects of T. asiatica
considered mainly include antipyretic, antinociceptive, anti-
inflammatory, and antimicroorganism. For example, a study
showed the antinociceptive and anti-inflammatory effects
of its root extract on Swiss albino mice [23]. Some studies
also demonstrated the antibacterial and antifungal activities
of T. asiatica extracts by measuring the planktonic growth
of various kinds of microorganism, such as Staphylococcus
aureus, Staphylococcus epidermidis, Escherichia coli, Pseu-
domonas aeruginosa, Klebsiella pneumoniae, and Candida
albicans [22, 24–26]. At present, LongZhang Gargle is mainly
applied for treating gingivitis, periodontitis, and oral ulcer
on clinic [27, 28]. It can also significantly reduce bacteria
in root canals and act as an effective root canal disinfectant
[29]. Although there are many clinical researches confirming
the value of LongZhang Gargle for curing oral diseases,
studies on pharmacological mechanism of it are still scarce.
Moreover, the studies of T. asiatica on microorganism have
all been performed in planktonic cultures and the existing
researches completely ignore the effect of T. asiatica on oral
biofilms. In addition, cariogenic bacteria such as S. mutans
have never been studied either.

Considering the antimicrobial effect of T. asiatica and
LongZhang Gargle as previous studies showed, we suppose
that the gargle can inhibit the growth of S. mutans in
planktonic culture. Our research also aims to explore the
effects of LongZhangGargle on virulence factors of S. mutans
including biofilm formation and acid production. The study
contributes to the finding of a new natural medication
treatment of dental caries without any significant side effects,

as well as the finding of the multiple uses of LongZhang
Gargle, so as to promote LongZhangGargle at a wider clinical
application.

2. Materials and Methods

2.1. Chemicals, Bacterial Strains, and Growth Conditions.
The agent of LongZhang Gargle was provided by Guiyang
Xintian Pharmaceutical Co. Ltd., Guizhou, China. S. mutans
UA159 was provided by State Key Laboratory of Oral
Diseases, Sichuan University, Chengdu, China. Brain-heart
infusion (BHI) broth was used for investigating the mini-
mum inhibitory concentration (MIC),minimumbactericidal
concentration (MBC), and acidogenicity. For the biofilm for-
mation, 1% (wt/vol) sucrose was added to BHI (BHIS). Alexa
Fluor 647-labeled dextran conjugate, as a red fluorescent stain
for EPS, was bought from Invitrogen, Carlsbad, CA, USA.
SYTO 9, as a green fluorescent nucleic acid stain, was bought
from Molecular Probes, Eugene, OR, USA. The bacterium
was grown at 37∘C under anaerobic conditions (5% CO

2
).

2.2. Minimum Inhibitory Concentration (MIC) and Minimum
Bactericidal Concentration (MBC). The MIC and MBC of
LongZhang Gargle against S. mutans were determined by
liquid medium double dilution method modified from that
of Lombardo Bedran et al. [30]. The wells of a 96-well
tissue culture plate, each containing 190 𝜇L of serially diluted
LongZhang Gargle (1%, 2%, 4%, 8%, 16%, 32%, and 64%)
in BHI culture media, were inoculated with 10 𝜇L of an
overnight culture of S. mutans diluted in fresh BHI broth
to obtain an OD

600
of 0.2 (about 108 CFU/mL). Each con-

centration contained three parallel samples and BHI broth
without gargle was used as a control.TheMIC was the lowest
concentration of the gargle that no bacteria were grown in
the broth. To determine the MBC, the 200 𝜇L cultures with
10 𝜇L of S. mutans and 190 𝜇L of BHI at a drug concentration
aboveMICwere aspirated into BHI agar plates and incubated
at 37∘C for 24 h.TheMBCwas the lowest concentration of the
gargle that no bacteria could be observed on the agar plate.

2.3. Effect of LongZhang Gargle on Biofilm Formation. The
effect of LongZhang Gargle on S. mutans biofilm formation
was measured by the method modified from that of Li et
al. [31] and Assaf et al. [32]. Overnight-grown S. mutans
was diluted in BHI broth to obtain an OD

600
of 0.2 (about

108 CFU/mL). The wells of a sterile 96-well tissue culture
plate, each contained 10 𝜇L of such cell suspension and 190𝜇L
of BHIS broth with different LongZhang Gargle concentra-
tions below the MIC (1%, 2%, 4%, and 8%), were incubated
for a biofilm formation. Each concentration contained three
parallel samples and BHIS broth without gargle was used as a
control. After 24 h, supernatant from each well was aspirated,
and the biofilm in each well was fixed with methanol for
15min, stained with crystal violet (0.5%) for 30min, and
washed three times with distilled deionized water to remove
the unbound crystal violet. After that, 200𝜇L of 100% ethanol
was added to each well to dissolve the crystal violet on
the biofilm. The plate was rocked at room temperature
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for 20min, and the absorbance was read at 600 nm by a
spectrophotometer.

2.4. Effect of LongZhang Gargle on Biofilm Morphology. The
structure of S. mutans biofilms formed in the presence
of LongZhang Gargle was observed by scanning electron
microscopy modified from that of Bitoun et al. [33] and
Jongsma et al. [34]. Briefly, 100 𝜇L of overnight-grown
S. mutans suspension diluted in fresh BHI at an initial OD

600

of 0.2 and 1900𝜇L BHIS broth with different concentrations
of LongZhang Gargle below the MIC (1%, 2%, 4%, and 8%)
was added to the wells of a 24-well tissue culture plate.
Each concentration contained three parallel samples and
BHIS broth without gargle was used as a control. Glass
coverslips (5mm in diameter) were prefixed in each well.
After incubation for 24 h, the biofilm-coated glass coverslips
were immersed in 2.5% glutaraldehyde at 4∘C overnight,
washed three timeswith distilled deionizedwater, dehydrated
using ascending graded serious of ethanol (30%, 50%, 70%,
80%, 85%, 90%, 95%, and 100%), and coated with gold. The
samples were then examined by SEM.

2.5. Effect of LongZhang Gargle on Extracellular Polysaccha-
ride (EPS) Synthesis and Bacterial Viability. The S. mutans
biofilms were observed for the volume of their major
components (EPS and bacteria) by confocal laser scanning
microscopy modified from Xiao and Koo [35] and Qiu et
al. [36] as described previously. 100𝜇L overnight-grown S.
mutans diluted in fresh BHI at an initial OD

600
of 0.2 was

added to the wells of a 24-well tissue culture plate and grown
in 1900 𝜇L BHIS with 0, 1%, 2%, and 4% of LongZhang
Gargle, respectively. Sterile slides were prefixed in each well.
1 𝜇L of 2.5𝜇M Alexa Fluor 647-labeled dextran conjugate
was added to each well during the formation of biofilms.
After incubation for 24 h, the biofilms were washed three
times with PBS and stained with 50𝜇L of 2.5𝜇M SYTO 9
green fluorescent nucleic acid stain at 4∘C for 30min. Then
the samples were examined by a confocal laser scanning
microscope (CLSM) under 63x oil immersion objectives
(Figure 3). Two samples and three fields per sample were
observed for each group.

2.6. Effect of LongZhang Gargle on Acidogenicity. The effect
of LongZhang Gargle on acidogenicity of S. mutans was
examined by a standard pH drop. We modified the measure
from that of Xu et al. [19]. Bacteria were harvested at mid-
logarithmic phase, washed with phosophate-buffered saline
(PBS), and grown in potassiumphosphate bufferwith glucose
(contained 0.5mMK

2
HPO
4
, 0.5mMKH

2
PO
4
, 37.5mMKCl,

1.25mMMgCl
2
, and 1%wt/vol glucose, initial pH was 6.50).

The initial optical density (OD) of the mixture at 600 nm
was 0.5. LongZhang Gargle was then added to reach different
concentrations below the MIC (1%, 2%, 4%, and 8%), as
well as a nontreated control. The decrease in pH, as a result
of glycolytic activity of S. mutans UA159, was monitored at
15min intervals over a period of 120min.

2.7. Statistical Analysis. All the experiments were repeated at
least three times. Differences between the experiment group

and the untreated control group were statistically analyzed
by SPSS (version 20.0 for Windows). One-way ANOVA
and post hoc Tukey’s multiple-comparison test were applied
for the comparison of multiple means. The chosen level of
significance was set at 𝑃 < 0.05.

3. Results

3.1. LongZhang Gargle Exhibits Antimicrobial Activity against
S. mutans. We determined the antimicrobial effect of
LongZhang Gargle by measuring MIC and MBC against S.
mutans.The results showed that LongZhang Gargle inhibited
the growth of planktonic S. mutans UA159 at a MIC of 16%
and MBC of 32%.

3.2. S. mutans Biofilm Is Susceptible to LongZhang Gargle.
The effect of LongZhang Gargle on biofilm formation by
S. mutans was determined by measuring the absorbance at
600 nm in crystal violet assay. As is shown in Figure 1, the
results were 0.860, 0.798, 0.648, 0.529, and 0.189 relative light
units at the concentrations of 0, 1% (1/16MIC), 2% (1/8MIC),
4% (1/4MIC), and 8% (1/2MIC), respectively. Statistical anal-
ysis indicated that LongZhang Gargle significantly inhibited
S. mutans biofilm formation at 2% (𝑃 < 0.05), 4% (𝑃 < 0.05),
and 8% (𝑃 < 0.01). No significant difference was found
between control (0%) and 1%. Furthermore, differences are
significant between 1% and 2% (𝑃 < 0.05), 2% and 4% (𝑃 <
0.05), and 4% and 8% (𝑃 < 0.001). This demonstrated that
the inhibitory effect was dosage dependent.The percentage of
inhibition was calculated using the following equation: (1 −
𝐴
600

of the test group/𝐴
600

of blank control) × 100%. And the
inhibition percentages are 38.5% for concentration of 4% and
78.0% for 8%. So 8% was considered as MBIC

50
which meant

theminimumconcentration that resulted in at least 50% inhi-
bition of biofilm formation compared with that in control.

The morphology alteration of S. mutans biofilm was
observed by SEM.As is shown in Figure 2, thick and relatively
thick biofilm was formed in control (without the gargle).
However, biofilm integrity was disrupted when treated with
different concentrations of LongZhang Gargle. With a con-
centration of 8% (MBIC

50
), only scattered bacteria could be

seen.
Themajor components of S. mutans biofilms are EPS and

bacteria. However, crystal violet assay and scanning electron
microscopy cannot accurately differentiate one from the
other.Therefore, we conducted the CLSM study to investigate
how these two components were affected by LongZhang
Gargle. As is shown in Figure 4, the control group (without
the gargle) witnessed a high density of both EPS and bacteria
cells. The intensity of fluorescence, red for EPS and green
for bacteria cells, was both significantly decreased when
LongZhang Gargle added. A higher concentration seemed to
contribute a sharper decrease for the volume of both EPS and
bacteria. To conclude, the results of crystal violet assay, SEM,
and CLSM all suggest that LongZhang Gargle could inhibit
the formation of S. mutans biofilm.

3.3. LongZhang Gargle Reduces Acid Production of S.
mutans. We determined the effect of LongZhang Gargle on
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Figure 1: Effect of LongZhang Gargle on biofilm formation. S.
mutans was incubated in BHIS broth for 24 h with LongZhang
Gargle at concentrations of 0, 1% (1/16 MIC), 2% (1/8 MIC), 4% (1/4
MIC), and 8% (1/2 MIC). ∗𝑃 < 0.05, ∗∗𝑃 < 0.01.

acidogenicity of S. mutans by monitoring the glycolytic pH
drop in planktonic culture. As is shown in Figure 4, the acid
production of S. mutans UA159 was inhibited by LongZhang
Gargle at sub-MIC levels. Higher concentration (1/2 MIC,
8%) contributed a more obvious inhibitory effect on pH drop
than other concentrations. Also, the initial 30min showed the
highest pH drop.

4. Discussion

Natural products are a rich source for discovery of new
antimicrobial agents [37]. Yet we know very little about
an antimicrobial effect of LongZhang Gargle, a traditional
Chinese herbal compound. In this study, we found that
LongZhang Gargle showed an antimicrobial effect on S.
mutans in planktonic culture. Diluted LongZhang Gargle
at concentration of 16% could effectively and completely
inhibit the growth of S. mutans and at the concentration
of 32% showed an obvious bactericidal activity. Considering
that high concentration of the drug may cause side effects,
the MIC and MBC may help to determine the appropri-
ate concentration for applying it. However, the bacteria in
human mouth exist in biofilms rather than planktonic form,
and other oral bacterial species in biofilms probably also
contribute to oral diseases. Therefore, we conducted the
crystal violet assay, SEM and CLSM, to explore the effects
of LongZhang Gargle on S. mutans biofilm formation as
described above. For further study, other common cariogenic
bacteria and biofilms formation could also be similarly
investigated.

Dental caries is caused by oral microorganisms through
metabolizing carbohydrate, producing acid, and demineraliz-
ing the tooth surface. Thus, the reduction of acid production
is a logical approach to prevent dental caries. However,
previous studies completely ignore the effects of LongZhang
Gargle on acid production of oral bacteria. In our research, S.
mutanswas examined at mid-logarithmic phase to guarantee

a best state of acidogenicity. The results showed that concen-
tration of 1% (1/16 MIC) of LongZhang Gargle could inhibit
acid production of S. mutans. This finding suggested that
acidogenicity of S. mutans in biofilms could probably also be
inhibited. Therefore, we may conduct further experiment to
measure the influence of LongZhang Gargle on the change
of pH of the S. mutans biofilmmodel. Moreover, complicated
dental plaque naturally formedwill also be the research object
to be tested. Furthermore, since the acidogenicity inhibition
concentration was very low (1/16 MIC), we hypothesize that
the mechanism of the suppression may be attributed to the
inhibition of enzymes that related to acid production, rather
than bactericidal activity of the drug.

S. mutans is a bacterium primarily adhering to dental
surface in dental plaque in the mouth. Biofilms provide
protection against the action of antibiotics and supply a
barrier to prevent or reduce the penetration of antimicrobial
agents through the matrix [38] and are also considered as
the initiating factor for dental diseases [39]. Therefore, the
reduction of stable biofilm formation is an effective way to
prevent dental caries. To the best of our knowledge, the effect
of LongZhang Gargle on the S. mutans biofilm has not yet
been documented. In this study, we identified that the biofilm
of S. mutans was susceptible to LongZhang Gargle. In crystal
violet assay, we found that biofilm formationwas significantly
suppressed at the concentration of 2% LongZhang Gargle,
and this effect was dosage dependent. Moreover, we also
found that the MBIC

50
(8%) was lower than MIC (16%),

and this result indicated that the gargle was more effective
to inhibit aggregation of cells and reduce biofilm formation,
compared with its bacteriostatic activity. In addition, under
scanning electron microscopy, we observed that the biofilm
was relatively thick and homogeneous without the gargle
compared with those samples treated with gargle at different
concentrations. As the concentration of the gargle increases,
the biofilm integrity and structure is gradually being dis-
rupted. Moreover, this disruption to biofilm integrity was
also dosage dependent. At a concentration of 8%, S. mutans
biofilm became very sparse and could not cover the surface
of the slips, and the bacteria cluster became much smaller
compared with the control group. Furthermore, for the con-
focal laser scanning microscopy, we found that the volume of
EPS and bacterial cells became much less when adding the
gargle, even though the concentration was relatively low. As
we described above, the synthesis of EPS is a vital process for
dental caries as it mediates irreversible adherence between
bacteria and tooth surface, as well as aggregation between
bacterial cells. Therefore, LongZhang Gargle can reduce the
adherence and aggregation of the bacteria, followed by the
inhibition of local pH drop on tooth enamel, which leads to
dental caries.

Recently, anticariogenic-active natural products are grad-
ually being studied. It has become a hot spot for researchers
to explore traditional Chinese herbs that can prevent dental
caries [40, 41]. LongZhang Gargle, completely made from
traditional Chinese herbs, has been widely used since being
manufactured 20 years ago, mainly applied for treating gin-
givitis, periodontal disease, and oral ulcer. Our study revealed
the prospect of LongZhang Gargle as an anticariogenic
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Figure 2: Effect of LongZhang Gargle on biofilm morphology. S. mutans was incubated for 24 h in BHIS broth, with LongZhang Gargle at
concentrations of 2%, 4%, and 8%.The control group without drug was also conducted.Magnification was 2000x, 5000x, 10000x, and 20000x,
respectively, for each concentration.

treatment in vitro. Therefore, we suppose it can logically
reduce caries incidence rate for susceptible population. If this
speculation is correct, LongZhang Gargle will be an inte-
grated drug to prevent and cure the common oral diseases,
including dental caries, gingivitis, periodontal disease, and
oral ulcer. To confirm our speculation, more clinical studies
of LongZhang Gargle need to be conducted.

5. Conclusion

This study has identified that LongZhang Gargle owns an
antimicrobial effect against S. mutans, and it is the first to
identify the inhibitory effects on acid production and biofilm
formation. This indicates that LongZhang Gargle might act
as a promising way to control dental caries. However, further
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LongZhang Gargle at concentrations of 0, 1% (1/16MIC), 2% (1/8MIC), and 4% (1/4MIC) for 24 h. EPS was labeled red (Alexa Fluor 647) and
bacterial cells were labeled green (SYTO 9) under a confocal laser scanning microscope. Magnification was 63x for oil immersion objective.
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Figure 4: Effect of LongZhang Gargle on the acid production of
S. mutans. S. mutans was incubated in BHI broth with LongZhang
Gargle at concentrations of 0, 1% (1/16 MIC), 2% (1/8 MIC),
4% (1/4 MIC), and 8% (1/2 MIC). Glycolytic acid production
was determined by monitoring the pH drop in glucose solution
(1%wt/vol) at 15min intervals over a period of 120min.

andmore studies should be considered in future, for example,
the effects on other cariogenic bacteria, such as Actinomyces
viscosus, and the clinical study on dosage, efficacy, and side
effects of LongZhang Gargle.
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The aim of the present studywas to evaluate antioxidant, antimicrobial, anti-HIV, and cholinesterase inhibitory activities of aqueous
and alcoholic extracts from leaves, stems, and flowers of Euphorbia characias. The extracts showed a high antioxidant activity
and were a good source of total polyphenols and flavonoids. Ethanolic extracts from leaves and flowers displayed the highest
inhibitory activity against acetylcholinesterase and butyrylcholinesterase, showing potential properties against Alzheimer’s disease.
Antimicrobial assay showed that leaves and flowers extracts were active against all Gram-positive bacteria tested. The ethanolic
leaves extract appeared to have the strongest antibacterial activity against Bacillus cereus with MIC value of 312.5𝜇g/mL followed
by Listeria monocytogenes and Staphylococcus aureus that also exhibited good sensitivity withMIC values of 1250 𝜇g/mL.Moreover,
all the extracts possessed anti-HIV activity.The ethanolic flower extract was themost potent inhibitor ofHIV-1 RTDNApolymerase
RNA-dependent and Ribonuclease H with IC

50
values of 0.26 and 0.33 𝜇g/mL, respectively.The LC-DADmetabolic profile showed

that ethanolic leaves extract contains high levels of quercetin derivatives. This study suggests that Euphorbia characias extracts
represent a good source of natural bioactive compounds which could be useful for pharmaceutical application as well as in food
system for the prevention of the growth of food-borne bacteria and to extend the shelf-life of processed foods.

1. Introduction

There has been a remarkable increment in scientific articles
dealing with research of antioxidant molecules because of
their protective action from the damage induced by oxidative
stress. It causes serious cell and tissue damage leading it to
be the major cause of the pathogenesis of several disease
processes like cancer, diabetes, aging, and cardiovascular
and neurodegenerative diseases. Plant materials represent
a great source of antioxidant and bioactive compounds
which are different in their composition and physical and
chemical properties [1]. Phenolics are broadly distributed in
the plant kingdom and are the most abundant secondary
metabolites of plants. The identification and development

of phenolic compounds or extracts from different plants
has become a major area of health- and medical-related
research. Among these compounds, flavonoids have been
especially highlighted because they have been shown to have
protective roles against many human diseases, due to their
antioxidant capacity, which depends mainly on the number
and position of hydroxyl groups within their structure, and
their anti-inflammatory, anticancer, and antiviral activities
[2]. Their activity as inhibitors of cholinesterase has also
been demonstrated and correlated with their structure and
could be useful for treatment of Alzheimer’s disease (AD)
[3]. AD results from a deficit of cholinergic functions
in the brain. Hence, one of the most promising approaches
for treating this disease is to restore the acetylcholine level
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by inhibiting cholinesterase activity. Acetylcholinesterase
(AChE) and butyrylcholinesterase (BChE) are two cholin-
esterase enzymes that metabolize acetylcholine but differ
in substrate specificity, enzyme kinetics, and activity in
different brain regions. In a healthy brain, AChE is the most
responsible enzyme in regulating acetylcholine levels but, in
patients with AD, AChE activity gradually decreases with the
concomitant increase of BChE. Thus, both AChE and BChE
are legitimate therapeutic targets for treatment of cholinergic
deficit characteristic of AD. Effective therapeutic options for
AD are limited up to now; thus there is a demand for new
natural drugs without side effects.

Moreover, the demand for bioactive compounds from
natural sources as an alternative to synthetic molecules is
continuously increasing also because of the emerging prob-
lem of the multidrug resistance of microorganisms related
to antibiotics and their extensive use. Thus, several studies
related to plant antimicrobials have demonstrated their effi-
cacy towards a large number of pathogens and food-borne
agents causing disease [4–6] as well as viral infections [7–
10]. Although many plant-derived compounds are currently
being used for the treatment of infectious diseases and for the
preservation and extension of the shelf-life of foods, several
medicinal and aromatic plants present worldwide remain still
unexplored.

Euphorbiaceae is a large flowering plant family (300
genera and 8,000 species) widely distributed all around the
world and composed of all sorts of plants (large woody
trees, climbing lianas, or simple weeds) with a wide variety
of chemical substances, many of them with a medicinal
application. Some extracts from Euphorbiaceae plants have
been characterized and patented as modern drugs [11].
Among Euphorbiaceae, the species Euphorbia characias, a
nonsucculent shrub commonly occurring in vast areas of the
Mediterranean region, has been analyzed and several biolog-
ical active compounds were identified [12]. The plant latex
has been the object of several researches and its screening
has revealed the presence of natural rubber and numerous
enzymes some of which interact in a common metabolism
[13–22]. On the other hand, only little attention has been paid
to the other parts of the plant [23–25].

Thus, the objective of this research was to evaluate
antioxidant, antimicrobial, and anticholinesterase properties
of the aqueous and ethanolic extracts of leaves, stems, and
flowers from E. characias in order to find a novel potential
source of bioactivemolecules.Moreover, the antiviral efficacy
of E. characias extracts was also evaluated on the human
immunodeficiency virus type 1 (HIV-1) reverse transcriptase-
(RT-) associated RNA-dependent DNA polymerase (RDDP)
and RibonucleaseH (RNaseH) activities. Both RT-associated
functions are essential for viral replication and are validated
drug targets for which new drugs are still needed [26, 27].

2. Materials and Methods

All chemicals were obtained as pure commercial products
and used without further purification. Acetylcholinesterase
(AChE) from Electrophorus electricus, acetylthiocholine

Figure 1: The Mediterranean shrub Euphorbia characias subsp.
characias.

iodide, 2,2-azinobis-(3-ethylbenzothiazoline-6-sulfonic
acid) (ABTS), aluminum nitrate, butyrylcholinesterase
(BChE) from equine serum, S-butyrylthiocholine chloride,
3-O-caffeoylquinic acid (chlorogenic acid), catechin, 2,2-
diphenyl-1-picrylhydrazyl radical (DPPH∙), 5,5-dithiobis(2-
nitrobenzoic acid) (DTNB), ellagic acid, Folin-Ciocalteu
phenol reagent, ferric chloride, galantamine hydrobromide,
gallic acid, 4-hydroxybenzyl alcohol, 6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid (Trolox), myricetin,
2,4,6-tris(2-pyridyl)-1,3,5-triazine (TPTZ), and quercetin
were purchased from Sigma Aldrich (Milan, Italy). LC-MS
grade acetonitrile and formic acid were purchased from
Merck (Darmstadt, Germany). Standards of myricetin-3-
O-glucoside, quercetin-3-O-glucoside, and acacetin were
purchased from Extrasynthese (Genay, France). HPLC
grade water (18MΩ⋅cm) was prepared by using a Millipore
(Bedford, MA, USA) Milli-Q purification system.

Spectrophotometric determinations were obtained with
an Ultrospec 2100 spectrophotometer (Biochrom Ltd., Cam-
bridge, England) using cells with a 1 cm path length.

2.1. Plant Material. E. characias subsp. characias (Figure 1)
was identified by Professor Annalena Cogoni and a voucher
specimen has been deposited in the Department of Sci-
ences of Life and Environment, University of Cagliari, Italy
(number 1216/16 Herbarium CAG). The different parts of E.
characias were collected from February to June, in southern
Sardinia (Dolianova, CA, Italy). The GPS coordinates were
39∘2419.0N and 9∘1257.6E.

Leaves, stems, and flowers were immediately frozen
at −80∘C and then lyophilized in intact condition. The
lyophilized plant materials (1 g) were reduced in powder
and 10mL of water (aqueous extract) or ethanol (ethanol
extract) was added to the dried samples. The extraction was
carried out in the dark at room temperature for 24 h under
continuous stirring. Ethanol extracts were diluted 10-fold
with water in order to freeze and then lyophilize the samples
[24]. Before use, 1mg of dried powders was dissolved in
water or 10%ethanol (1mL), for aqueous and ethanol extracts,
respectively. For antimicrobial and antiviral activity dried
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powderswere dissolved inDMSO (100%) as solvent.The yield
(%, w/w) from all the dried extracts was calculated as follows:
yield (%) = (𝐴1 × 100)/𝐴2, where 𝐴1 is the weight of the
dried extract (after lyophilization) and𝐴2 is the weight of the
plant powder.

2.2. Antioxidant Assays. In every extract total free radi-
cal scavenging molecules were determined by ABTS∙+ and
DPPH∙ methods using Trolox as antioxidant standard, as
previously reported [28, 29]. For both free radical meth-
ods, antioxidant activity was expressed as Trolox equivalent
antioxidant capacity (TEAC; mmol/g dw). The FRAP (ferric
reducing antioxidant power) assay was performed as previ-
ously described [30]. Quantitative analysis was performed
according to the external standard method (FeSO

4
, 0.1–

2mmol/L, 𝑟 = 0.9997) and results were expressed as mmol
Fe2+/g dw.

2.3. Determination of the Total Polyphenols and Flavonoids.
Total content of polyphenols and flavonoids in the extracts
was determined as previously reported [29]. Polyphenol
concentration was calculated using gallic acid as a referred
standard and was expressed as mg of gallic acid (GAE) per 1 g
of dry weight (dw). Flavonoid concentrationwas expressed as
mg of quercetin equivalent (QE) per 1 g of dry extract.

2.4. Acetylcholinesterase and Butyrylcholinesterase Activity.
Acetylcholinesterase from Electrophorus electricus and equine
serum butyrylcholinesterase were used for the inhibitory
assays. AChE activity was measured using Ellman’s reagent
according to the method previously reported [31]. Briefly, the
reaction mixture contained 0.1M phosphate buffer (pH 8.0),
1.5mM 5,5-dithiobis-2-nitrobenzoate (DTNB), acetylthio-
choline iodide (1.5mM), and extract at the desired con-
centrations or solvent alone (control) in a final volume of
1mL. Finally, enzyme was added to the reaction mixture
and the absorbance immediately monitored at 405 nm. For
butyrylcholinesterase assay, the same procedure was followed
except for the use of enzyme and substrate, which were
BChE and S-butyrylthiocholine, respectively. Galantamine
was used as the standard cholinesterase inhibitor. Results
were expressed as IC

50
values calculated as concentration of

extracts that produces 50% cholinesterase activity inhibition.

2.5. Microbial Strains, Culture Conditions, and Antimicro-
bial Activity. Staphylococcus aureus ATCC 6538, Bacillus
cereus ATCC 11178, Listeria monocytogenes ATCC 19115,
Escherichia coli ATCC 35150 (serotype O157:H7), Salmonella
typhimurium ATCC 14028, Candida albicans ATCC 10231,
Saccharomyces cerevisiae ATCC 2601, Aspergillus flavus
ATCC 46283 (aflatoxin producer), and Penicillium chryso-
genum ATCC 10135 were obtained from the American Type
Culture Collection (ATCC, Rockville, MD, USA) and used
as indicators strains. All bacterial strains were stored on
nutrient broth (NB, Microbiol, Cagliari, Italy) plus 20% (v/v)
glycerol at −20∘C except yeasts and molds strains which were
maintained in potato dextrose broth (Microbiol) with 15%

(v/v) glycerol. Before use, they were subcultured twice in
appropriate medium.

Minimum inhibitory concentrations (MICs) and mini-
mum bactericidal/fungicidal concentrations (MBCs/MFCs)
of the E. characias extracts were determined by a broth
microdilution method [5]. All tests were performed with NB
for bacteria and RPMI 1640 (Sigma, Milan, Italy) buffered
to pH 7.0 with morpholinepropanesulfonic acid (MOPS,
Sigma) for yeasts and molds. The extracts were dissolved in
DMSO (5% v/v). Serial doubling dilutions of each extract
were performed in a 96-well microtiter plate ranging from
19.5 to 5000𝜇g/mL. Overnight broth cultures were prepared
in NB or RPMI and adjusted so that the final concentra-
tion in each well following inoculation was approximately
5.0 × 105 cfu/mL. The concentration of each inoculum was
confirmed using viable counts on Tryptic Soy Agar (TSA,
Microbiol) plates for bacteria, Sabouraud Dextrose Agar
(SDA, Microbiol) for yeasts, and potato dextrose agar (PDA,
Microbiol) for molds. The controls included sterility of NB
and RPMI broths, sterility of the extracts, control culture
(inoculum), and control DMSO to check the effect of solvent
on the growth of microorganisms. Furthermore, gentamicin,
ketoconazole, and amphotericin B were used as positive
controls for bacteria, yeasts, and molds, respectively.

The MICs and MBCs were determined after 24 h incu-
bation of the plates at 37∘C for bacteria and 30∘C for fungi.
Microbial growth was indicated by the presence of turbidity
and a “pellet” on the well bottom. MICs were determined
presumptively as the first well, in ascending order, which
did not produce a pellet. To confirm MICs and to establish
MBCs, 10 𝜇L of broth was removed from each well and
inoculated on TSA, SDA, or PDA plates. After incubation
under the conditions described above, the number of sur-
viving microorganisms was determined. The MIC was the
lowest concentration which resulted in a significant decrease
in inoculum viability (>90%) while the MBC/MFC was the
concentration where 99.9% or more of the initial inoculum
was killed.

All tests were conducted in triplicate and with three
replications, and the modal MIC and MFC values were
selected.

2.6. HIV-1 RT-Associated Functions Biochemical Assays. HIV-
1 RT gene subcloned into the p6HRT prot plasmid was
kindly provided by Stuart LeGrice (NationalCancer Institute,
Frederick, USA). Protein expression and purification was
performed in E. coliM15 strain as described [32]. The HIV-1
RT-associated RDDP and RNase H activity were measured as
previously described [33, 34].

2.7. LC Detection and Quantitative Analysis of
Phenolic Compounds

2.7.1. (HR) LC-ESI-Orbitrap-MS and (HR) LC-ESI-Orbitrap-
MS/MS. The electrospray ionisation (ESI) source of a
Thermo Scientific LTQ-Orbitrap XL (Thermo Scientific,
Germany) mass spectrometer was tuned in negative ion
mode with a standard solution of kaempferol-3-O-glucoside
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Table 1: Yield and antioxidant and antiradical properties of E. characias extracts. DPPH and ABTS values are expressed as mmol TEAC/g
dw; FRAP value is expressed as mmol Fe2+/g dw.

Extracts Yield (w/w%) ABTS DPPH FRAP

Leaves Aqueous 20.4 ± 1.5 2.52 ± 0.18b 1.8 ± 0.21b 2.70 ± 0.17c

Ethanolic 24.9 ± 2.6 4.68 ± 0.49a 6.73 ± 0.70a 4.57 ± 0.12a

Stems Aqueous 12.3 ± 1.4 0.10 ± 0.01d 0.17 ± 0.02c 0.89 ± 0.04f

Ethanolic 15.2 ± 1.8 0.85 ± 0.10c 0.88 ± 0.09c 1.36 ± 0.07e

Flowers Aqueous 17.6 ± 2.3 0.62 ± 0.05cd 0.53 ± 0.05c 1.95 ± 0.02d

Ethanolic 20.6 ± 1.9 0.91 ± 0.10c 0.58 ± 0.05c 3.49 ± 0.09b

Results are expressed as mean ± standard deviation of three independent experiments. Means followed by distinct letters in the same column are significantly
different (𝑝 < 0.05).

(1 𝜇g/mL) infused at a flow rate of 5 𝜇L/min with a syringe
pump. In the FT experiment, resolution of the Orbitrap
mass analyzer was set at 30000. The mass spectrometric
spectra were acquired by full range acquisition covering
𝑚/𝑧 120–1200 in LC-MS. The data recorded were processed
with Xcalibur 2.0 software (Thermo Fisher Scientific). Initial
calibration of the instrument was performed using the stan-
dard LTQ calibration mixture with caffeine and the peptide
MRFA, dissolved in 50 : 50 (v/v) water/acetonitrile solution.
LC/ESI/LIT-Orbitrap-MS was performed using a Finnigan
Surveyor HPLC (Thermo Finnigan, San Jose, CA, USA)
equipped with a Waters (Milford, MA, USA) Xselect CSH
C18 3.5 𝜇m column (150mm × 2.1mm i.d.) and coupled to a
hybrid Linear Ion Trap- (LIT-) Orbitrap mass spectrometer
(Thermo Scientific). Linear gradient elution with a mobile
phase comprising water acidified with 0.1% formic acid
(solvent A) and acetonitrile acidified with 0.1% formic acid
(solvent B) starting from 95% A was converted in 65% A in
45min, from 65% to 0% (A) in 1min, remaining 0% A for 4
minutes, and then from 0% to 95% (A) followed by 10min
of maintenance. The mobile phase was supplied at a flow rate
of 200𝜇L/min keeping the column at room temperature, and
the effluent was injected directly into the ESI source. The
mass spectrometer was operated in negative ion mode. ESI
source parameters were as follows: capillary voltage −12 V;
tube lens voltage −121.47V; capillary temperature 280∘C;
sheath and auxiliary gas flow (N

2
) 30 and 5; sweep gas 0;

and spray voltage 5V. MS spectra were acquired by full range
acquisition covering𝑚/𝑧 120–1600. LC-ESI-LIT-MS/MS data
were obtained by applying a data dependent scan experiment,
by directing to fragmentation the two highest peaks obtained
in LC-ESI-Orbitrap-MS trace. Each parent ion was submitted
to fragmentation with energy of 30% to produce an MS/MS
spectrum in the MS range specific relative to its mass. 1
mg of dried extract obtained from ethanolic extract from E.
characias leaves was dissolved in 10mL of a mixture of water
in acetonitrile and 10 𝜇L was injected in the LC-MS system.

2.7.2. LC-DAD. Detection and quantitative analysis of phe-
nolic compounds were carried out using an HPLC-DAD
method [30]. Chromatograms and spectra were elaborated
with a ChromQuest V. 2.51 data system (ThermoQuest,
Rodano, Milan, Italy). Flavonols were detected and quan-
tified at 360 nm and all the other compounds at 280 nm.

Stock solutions were prepared at 1mg/mL dissolving pure
standards in methanol: water (50 : 50, v/v). The calibration
curves for each compound were calculated by regression
analysis, by plotting the peak area obtained after standards
injection (3 replicates at each concentration) against the
known standard concentrations. The stock solutions were
diluted with methanol in order to obtain work solutions and
the correlation values were 0.9992–0.9998. E. characias leaves
extract was dissolved and injected in the LC-DAD system
with the same condition of the LC-MS analysis.

2.8. Statistical Analysis. Data are reported as mean ± stan-
dard deviation of three independent experiments. The data
were analyzed using one-way analysis of variance (one-way
ANOVA) and Tukey’s posttest. Statistical analysis was per-
formed with GraphPad Prism 7 software (GraphPad Soft-
ware, San Diego, California, USA). A difference was consid-
ered statistically significant at 𝑝 < 0.05.

3. Results and Discussion

3.1. Antioxidant Activity, Polyphenol and Flavonoids Content,
and Cholinesterase Activity Inhibition. Total free radical scav-
enging capacities determined with ABTS and DPPH assays
are reported in Table 1. Comparable TEAC values of each
extract were detected using the two methods. Leaves extracts
exhibited significantly higher free radical scavenging activity
(𝑝 < 0.05) than other extracts, with ethanolic extract showing
the highest activity. Antioxidant activity was also examined
with FRAP assay, confirming that ethanolic extract of leaves
possessed the significantly highest antioxidant activity (𝑝 <
0.05), followed by flower ethanolic extract.

The polyphenol and flavonoid content of the extracts,
expressed as mg of gallic acid or quercetin equivalent,
respectively, are reported in Figure 2. Total phenolic con-
tent varied widely among analyzed parts of the plant and
the highest value was found in leaves in both aqueous
and ethanolic extracts. In fact, the amount of phenolic
compounds in leaves aqueous extract (680mgGAE/g dw)
was about 6- and 2.3-fold higher than the same extract
from stems (102.1mgGAE/g dw) and flowers (289.2mgGAE/
g dw), respectively (Figure 2(a)). Moreover, these results
showed that ethanolic extract of leaves is rich in polyphenols
content (815.7mgGAE/g dw) with a value about 1.5-fold
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Figure 2: Polyphenol and flavonoid content in aqueous (Aq) and ethanolic (Et) leaves, stems, and flowers extracts from E. characias. (a)
Polyphenol amount is expressed as mg of gallic acid equivalent (GAE) per g of dry weight (dw); (b) the amount of flavonoids is expressed as
mg of quercetin equivalent (QE) per g of dry weight (dw). All data are expressed as mean of three measurements ± standard deviation.

−2

0

2

4

6

A
BT

S 
TE

AC
 (m

m
ol

/g
 d

w
)

200 400 600 8000
GAE (mg/g dw)

r = 0.8448

y = 0.0055x − 1.1362

(a)

−2

0

2

4

6

8

D
PP

H
 T

EA
C 

(m
m

ol
/g

 d
w

)

200 400 600 8000
GAE (mg/g dw)

r = 0.7346

y = 0.0070x − 1.6991

(b)

Figure 3: Correlation between phenolic content and antioxidant capacity of E. characias extracts. (a) ABTS assay; (b) DPPH assay. TEAC:
Trolox equivalent antioxidant capacity; GAE: gallic acid equivalents.

higher than the same extract from stems and flowers (about
544.6mgGAE/g dw for each extract). Polyphenols have been
reported to have antioxidant activity mainly based on their
redox properties which have a key role in scavenging free
radicals and chelating oxidant metal ions. High phenolic
content in all E. characias extracts resulted in high TEAC
values determined by ABTS or DPPH methods, which could
indicate that phenolic compounds were capable of function-
ing as free radical scavengers. Good correlation was found
between TEAC values for both ABTS and DPPH (𝑟 = 0.8448
and 𝑟 = 0.7346, resp.) of the different plant extracts and their
phenolic contents (Figure 3), confirming a strong relationship
between antioxidant capacity and phenolic content.

Among phenolic compounds, flavonoids are ubiquitous
plant compounds with an important role as attractants to

pollinators, as sunscreens to protect against UV irradia-
tion, and as antimicrobial and antiherbivory factors [37].
Content of flavonoids is shown in Figure 2(b). Flavonoid
content of flowers ethanolic extract was about 2-fold higher
(241.7mgQE/g dw) than the correspondent extract from the
other part of the plant (∼62mgQE/g dw). This extract also
showed the highest ratio of total flavonoids (TFC) and
phenolic content (TPC) being 0.44, indicating that flavonoids
were almost 40% of the total phenolic content. However,
aqueous extracts of both leaves and stems exhibited the lowest
amounts of total flavonoids (33.2mg and 18.1mgQE/g dw,
resp.), with aqueous extract from leaves showing the lowest
TFC/TPC ratio of 0.05.

Compounds like flavonoids, alkaloids, terpenoids, and
coumarins are known to have the capacity to inhibit
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Table 2: Inhibition of AChE and BChE by E. characias extracts.

Extracts IC
50
values (mg/mL)

AChE BChE

Leaves Aqueous 4.2 ± 0.25c —
Ethanolic 0.6 ± 0.056d 0.39 ± 0.04c

Stems Aqueous 6.9 ± 0.71a —
Ethanolic 5.8 ± 0.43b —

Flowers Aqueous 5.25 ± 0.35b 4.2 ± 0.39a

Ethanolic 0.6 ± 0.045d 1.22 ± 0.08b

Galantamine 0.27 ± 0.07 𝜇g/mL 8.12 ± 0.61 𝜇g/mL
Results are expressed as mean ± standard deviation of three independent
experiments. Means followed by distinct letters in the same column are
significantly different (𝑝 < 0.05).

cholinesterase types, key enzymes in the cholinergic nervous
system [38]. This inhibitory activity is usually the first of a
number of requirements for the development of medicines
for treating some neurological disorders such as Alzheimer’s
disease.

Table 2 shows the acetylcholinesterase and butyrylcholin-
esterase inhibitory activities of the E. characias extracts,
compared with those of standard inhibitor galantamine. A
survey on IC

50
values revealed that all the extracts exhibited

acetylcholinesterase inhibitory activity while only few of
them inhibited butyrylcholinesterase. This is not surprising
because AChE and BChE enzymes display distinct substrate
and inhibitor specificities. Most of the other IC

50
values

were about three orders of magnitude higher compared to
the results obtained with galantamine. However, ethanolic
leaves extract showed the significantly highest (𝑝 < 0.05)
butyrylcholinesterase inhibition that is about 50 times less
than the effect of galantamine. This is a good result since the
standard inhibitor is a singlemolecule, whereas plant extracts
are a mixture of numerous compounds and might contain
only few active components.

3.2. Antimicrobial and Anti-HIV Activities. Tables 3(a) and
3(b) report the antagonistic activity of E. characias extracts
against a panel of microorganisms including Gram-negative,
Gram-positive, and spore-forming bacteria, yeast, and mold
species. As can be observed, the leaves extracts appeared to
have the strongest antibacterial activity followed by flow-
ers and stems extracts. Gram-negative bacteria, yeasts, and
molds were the least sensitive, being resistant to all extracts
at the maximum concentration tested (5000𝜇g/mL). Leaves
extracts exhibited antibacterial activity towards all Gram-
positive bacteria tested. B. cereus ATCC 11778 was the most
susceptible strain being totally inhibited by the ethanolic
leaves extract at the concentration of 312.5 𝜇g/mL (MIC
equivalent to MBC). L. monocytogenes ATCC 19115 and S.
aureus ATCC 6538 also exhibited a good sensitivity to the
ethanolic leaves extract as they both showed MIC values
of 1250 𝜇g/mL. Higher MIC values were observed for the
aqueous leaves extracts towards these bacterial strains. As
regards the flowers extracts, all Gram-positive strains tested
were moderately inhibited by both aqueous and ethanolic

extracts withMIC values equal to or greater than 2500𝜇g/mL
with the exception of B. cereus strain which was more
sensitive to the ethanolic extract (MIC 1250 𝜇g/mL). Stems
extracts showed the lowest activity, with ethanolic extract
slightly inhibiting the abovementioned bacterial strains (MIC
5000 𝜇g/mL). Our findings are in agreement with those
reported by Lin et al. for Euphorbia macrorrhiza species
[39], who observed inhibitory activity against S. aureus but
no effect towards E. coli and C. albicans strains tested. In
contrast, Perumal et al. [40] observed antimicrobial effect
for Euphorbia hirta ethanolic extracts towards both Gram-
positive and Gram-negative bacteria with MIC values lower
than those observed in this work. On the other hand, the
antagonistic effect of plants extracts even within the same
species is variable and depends on several factors such as
the concentration of active components due to different
tissue composition, variation in the extraction protocol and
technique used to detect antimicrobial activity, and resistance
of the test microorganisms [41–43].

Finally, E. characias extracts were also tested for their
ability to inhibit the HIV-1 RT-associated RDDP and RNase
H functions using the known nonnucleoside RT inhibitor
efavirenz [27] and the diketo acid derivative RDS1759 [33] as
control for RDDPandRNaseH inhibition, respectively. Inter-
estingly, all extracts were able to inhibit both RT functions
(Table 4). In all cases, ethanolic extractsweremore active than
aqueous extracts and the flower extracts were themost potent
on both enzyme activities.

3.3. LC-ESI-Orbitrap-MS, LC-ESI-Orbitrap-MS/MS, and LC-
DAD Analysis of E. characias Ethanolic Leaves Extract. Con-
sidering all the antioxidants and biological activities of the
extracts, ethanolic extract from leaves appeared to be the
most active extract.Thus, this extract was selected for further
study by liquid chromatography (LC). It was analyzed by
an analytical method developed in LC-ESI-Orbitrap-MS and
LC-ESI-Orbitrap-MS/MS, in negative ionmode.Thenegative
LC-MS profile highlighted the presence of a large group of
compounds corresponding to the deprotonated molecular
ions of different flavonoids and ellagitannin derivatives (Fig-
ure 4). Individual components were identified by comparison
of their 𝑚/𝑧 values in the Total Ion Current (TIC) profile
with those of the selected compounds described in literature
(Table 5). Additional LC-ESI-Orbitrap-MS/MS experiments
were carried out in order to select and submit these ions
to fragmentation experiments using the parameters previ-
ously chosen by ESI-MS and ESI-MS/MS direct infusion
experiments. Bymatching experimental MS/MS spectra with
those reported in literature and/or with those reported in
a public repository of mass spectral data called MassBank
[35], compounds 1–16 were identified, with the exception of
compounds 3, 5, and 8 (unknown compounds).

Table 5 reports identification of compounds, based on
high resolution mass spectrometric data, chemical for-
mula derived by accurate mass maturation, retention times,
MS/MS results, and references used for identification. Com-
pounds 1 and 2 were identified by the diagnostic [M −
H]− ion shown in HR ESI-MS analysis, compared with
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Table 3: Antimicrobial activity of E. characias aqueous (a) and ethanol (b) extracts. MIC and MBC/MFC values are expressed in 𝜇g/mL.

(a)

Target microorganisms Leaves Stems Flowers
MIC MBC/MFC MIC MBC/MFC MIC MBC/MFC

E. coli >5000 — >5000 — >5000 —
S. typhimurium >5000 — >5000 — >5000 —
S. aureus 5000 >5000 >5000 — 5000 >5000
B. cereus 1250 1250 5000 >5000 2500 5000
L. monocytogenes 2500 2500 >5000 — 2500 >5000
C. albicans >5000 — >5000 — >5000 —
S. cerevisiae >5000 — >5000 — >5000 —
A. flavus >5000 >5000 >5000 — >5000 >5000
P. chrysogenum >5000 >5000 >5000 — >5000 >5000

(b)

Target microorganisms Leaves Stems Flowers
MIC MBC/MFC MIC MBC/MFC MIC MBC/MFC

E. coli >5000 — >5000 — >5000 —
S. typhimurium >5000 — >5000 — >5000 —
S. aureus 1250 2500 5000 >5000 5000 >5000
B. cereus 312.5 312.5 5000 >5000 1250 2500
L. monocytogenes 1250 1250 5000 >5000 5000 >5000
C. albicans >5000 — >5000 — >5000 —
S. cerevisiae >5000 — >5000 — >5000 —
A. flavus >5000 — >5000 — >5000 >5000
P. chrysogenum >5000 — >5000 — >5000 >5000
Positive controls: ampicillin MICs (S. aureus ATCC 6538: 2.5𝜇g/mL, B. cereus ATCC 11778: 10𝜇g/mL, and L. monocytogenes ATCC 19115: 2.5𝜇g/mL);
gentamicinMICs (E. coliATCC 35150: 10𝜇g/mL, S. typhimuriumATCC 14028: 10 𝜇g/mL); ketoconazoleMICs (C. albicansATCC 10231: 2.5𝜇g/mL, S. cerevisiae
ATCC 2601: 2.5 𝜇g/mL); amphotericin B MICs (A. flavus ATCC 46283 and P. chrysogenum ATCC 10135: 5 𝜇g/mL).

Table 4: Effects of E. characias extracts on HIV-1 RT-associated
functions.

Extracts
IC
50
(𝜇g/mL)∗

HIV-1 HIV-1
RDDP RNase H

Leaves Aqueous 0.785 ± 0.003c 1.95 ± 1.03a,b

Ethanolic 0.75 ± 0.028c 0.685 ± 0.155b,c

Stems Aqueous 6.87 ± 0.81a 2.235 ± 0.245a

Ethanolic 3.05 ± 0.2b 1.615 ± 0.035a,b,c

Flowers Aqueous 1.03 ± 0.0c 1.51 ± 0.53a,b,c

Ethanolic 0.26 ± 0.08c 0.33 ± 0.1c

Efavirenz 0.0016 ± 0.0003∗∗ ND∗∗∗

RDS1759 ND 7.1 ± 0.5∗∗
∗Extracts concentration required to inhibit HIV-1 RT-associated functions
by 50%.
∗∗Values expressed in 𝜇M concentration.
∗∗∗Not done.
Means followed by distinct letters in the same column are significantly
different (𝑝 < 0.05).

standards and literature, and from the MS/MS data obtained
working in LC-ESI-Orbitrap-MS/MS in Product Ion Scan
in negative ion mode, and the compounds were identified

by MassBank as gallic acid and catechin and confirmed
by standard analysis. Compounds 7, 9, 10, 11, and 15 were
identified by the diagnostic [M −H]− ions shown in HR ESI-
MS analysis, their fragmentation profiles obtained in LC-ESI-
(Orbitrap)-MS/MS in Product Ion Scan in negative ionmode,
compared with literature data, and resulting compounds
previously reported in E. characias leaves [25]. They are
derivatives of quercetin. Compounds 4 and 6were tentatively
identified by the diagnostic [M − H]− ions shown in HR
ESI-MS analysis, their fragmentation profiles obtained in LC-
ESI-Orbitrap-MS/MS in Product Ion Scan in negative ion
mode, compared with MassBank data. They were proposed
as myricetin derivatives. The identity of compound 12 was
hypothesized from the MSMS data obtained working in
LC-ESI-Orbitrap-MS/MS in Product Ion Scan in negative
ion mode, and the compound was tentatively identified by
MassBank, as dicaffeoylquinic acid. Compounds 13 and 14
were tentatively identified by the diagnostic [M − H]− ion
shown in HR ESI-MS analysis and from the MS/MS data
obtained working in LC-ESI-Orbitrap-MS/MS in Product
Ion Scan in negative ion mode, compared with literature.
These compounds were not described in E. characias, but in
another plant of the same genus, Euphorbia pekinensis [36].

From a quantitative point of view, the most significant
polyphenolic compounds were flavonoids, mainly quercetin
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Figure 4: Identification of polyphenolic compounds in E. characias leaves using LC-ESI-Orbitrap-MS/MS in negative ion mode.
Chromatographic conditions are described in the text. A list of compounds is reported in Table 5.

derivatives (Table 5). Quercetin-3-(2-O-acetyl)-arabinoside
(15) and quercetin-3-O-rhamnoside (11) were themost abun-
dant compounds (39.99 ± 2.52 and 31.88 ± 2.75 g/L, resp.),
followed by quercetin-3-O-arabinoside (10) and quercetin-
3-O-xyloside (9). These findings are in agreement with the
results of previous investigations on the aerial part of E.
characias [25]. For the first time other compounds such as
gallic acid (1), catechin (2), myricetin derivatives, and ellagic
acid derivativeswere quantified inE. characias leaves extracts.
Some of these compounds such as gallic acid, catechin, and
quercetin-3-O-rhamnoside were isolated from other plant
sources and displayed cholinesterase inhibitory activity [44–
46]. Several compounds are derivatives of myricetin (4 and
6) and quercetin (7, 9–11, and 15), two flavonoids which
showed anti-HIV-1 activity [8, 47]. Finally, previous studies
indicated that quercetin derivatives possess antimicrobial
properties and the mechanisms of these compounds were
attributed to their ability to form complexeswith extracellular
and soluble proteins and bacterial cell walls [48]. This might
explain the lack of activity or the minor susceptibility of
the Gram-negative bacteria and the greater inhibition of
E. characias extract against Gram-positive bacteria. In fact,
Gram-negative bacteria possess an effective permeability bar-
rier represented by the outer lipidic membrane which could

restrict the penetration of plant extracts.The next step will be
the isolation of pure compounds of the extract and the evalua-
tion and characterization of their biological activities in order
to find new bioactive compounds from a natural source.

4. Conclusions

The results of this study indicate that E. characias aerial parts
are a good source of antioxidant, antimicrobial, antiviral,
and anti-ChE compounds. Leaves extracts exhibited the
strongest antioxidant activities and the highest amount of
polyphenols and cholinesterase inhibitors molecules, while
flowers extracts seemed to be the best sources of flavonoids
and exerted the best antiviral activity. Extracts also exhibited
acetyl- and butyrylcholinesterase inhibition and these are
promising results since ChE inhibitors represent the standard
therapeutic approach to the treatment of Alzheimer’s disease.

Analyzing all results, extraction with ethanol was more
efficient than use of plain water. In fact ethanol extracts
were found to provide the highest antioxidant and anti-
ChE activity and phenolic and flavonoids contents compared
with the correspondent aqueous extract. The same result was
found for antimicrobial assays since ethanol extracts were
found to bemore effective towards the food-borne pathogens
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Table 5: Identification of polyphenolic compounds in E. characias leaves ethanolic extract using LC-ESI-Orbitrap-MS/MS in negative ion
mode and quantification by LC-DAD.

Putative identification RT (min) g/L (mean ± SD) MW [M −H]− Molecular
formula MS/MS References

1 Gallic acida 7.17 0.94 ± 0.23 170.0215 169.1195 C
7
H
6
O
5

125.02 [35]

2 Catechina 14.75 0.65 ± 0.04 290.2680 289.0715 C
15
H
13
O
6

245.05
205.04
125.02

[35]

3 Unknown 20.39 NQ 951.0734 932.70 —
4 Myricetin-hexoseb 23.16 0.02 ± 0.00 480.0904 479.0824 C

21
H
19
O
13

317.06 [35]
5 Unknown 24.56 NQ 960.789 913.01 —
6 Myricetin-deoxyhexoseb 26.49 0.01 ± 0.00 464.0954 463.0873 C

21
H
19
O
12

317.06 [35]
7 Quercetin-3-O-glucosidea 27.52 1.94 ± 0.09 464.0954 463.0873 C

21
H
19
O
12

301.07 [25]
8 Unknown 28.97 NQ 469.0516 C

22
H
13
O
12

393.07 —
9 Quercetin-3-O-xylosidec 29.20 2.25 ± 0.16 434.0849 433.0771 C

20
H
17
O
11

301.07 [25]
10 Quercetin-3-O-arabinosidec 30.18 9.54 ± 0.36 434.0849 433.0771 C

20
H
17
O
11

301.07 [25]
11 Quercetin-3-O-rhamnosidea 31.02 31.88 ± 2.75 448.1005 447.0924 C

21
H
19
O
11

301.25 [25]

12 Di-O-caffeoylquinic acidd 31.07 0.02 ± 0.00 516.0962 515.0800 C
17
H
23
O
18

353.10
191.02 [35]

13 3,3-Dimethyl ellagic acid pentosee 31.53 0.01 ± 0.00 462.0798 461.0877 C
22
H
19
O
12

329.02 [36]
14 3,3-Dimethyl ellagic acid deoxyhexosee 35.70 0.01 ± 0.00 476.0954 475.0877 C

22
H
19
O
12

329.02 [36]
15 Quercetin-3-(2-O-acetyl)-arabinosidea 35.74 39.99 ± 2.52 476.0954 475.0877 C

22
H
19
O
12

300.08 [25]
16 Acacetin glucuronidef 39.84 0.50 ± 0.02 460.1005 459.0923 C

22
H
19
O
11

283.27 [35]
aQuantified using corresponding authentic standard; bquantified as equivalent of myricetin-3-O-glucoside; cquantified as equivalent of quercetin-3-O-
glucoside; dquantified as equivalent of chlorogenic acid; equantified as equivalent of ellagic acid; fquantified as equivalent of acacetin; NQ: not quantified.

L. monocytogenes, S. aureus, and B. cereus. HPLC-DAD and
LC-ESI-MS chromatogram revealed that leaves ethanolic
extract showed the presence of several phenolic and flavonoid
compounds known for their antioxidant activity and that
could be responsible for the biological activity of the extract.
Further studies will be performed for the isolation and
characterization of single active compounds, which could be
used for pharmaceutical application as well as in food system
for the prevention of the growth of food-borne bacteria.
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19 Streptococcus thermophilus with high exopolysaccharide production were isolated from traditional Chinese fermented dairy
products. The exopolysaccharide and viscosity of milk fermented by these 19 isolates were assayed. The strains of Streptococcus
thermophilus zlw TM11 were selected because its fermented milk had the highest exopolysaccharide content (380mg/L) and
viscosity (7716mpa/s). Then Streptococcus thermophilus zlw TM11 was combined with Lactobacillus delbrueckii subsp. bulgaricus
3 4.5 and the combination was named SH-1. The quality of the yogurt fermented by SH-1 and two commercial starter cultures
(YO-MIX 465, YF-L711) were compared. It was shown that the exopolysaccharide content of yogurt fermented by SH-1 was similar
to that of yogurt fermented by YF-L711 and significantly higher than YO-MIX 465 (𝑝 < 0.05). In addition, the yogurt fermented
by SH-1 had the lowest syneresis (8.5%) and better texture and sensory than the samples fermented by YO-MIX 465 and YF-L711.
It manifested that the selected higher exopolysaccharide production starter SH-1 could be used as yogurt starter and reduce the
amount of adding stabilizer, which can compare with the imported commercial starter culture.

1. Introduction

Yogurt has been an integral part of everyday diet for centuries,
rising as the second most popular snack among children in
the world [1]. Textural properties of yogurt, such as viscosity
[2], smoothness and thickness [3], and structural resistance to
stress [4], are important attributes to determine its consumer
acceptance, and these attributes nowadays are accompanied
with certain health benefits [5]. Many methods have been
used to improve the quality of the yogurt, such as increasing
the solids in milk (adding fat, proteins, or sugars such as
sucrose and fructose), addition of stabilizers (pectin, starch,
alginate, and gelatin) [6, 7]. However, these approaches
did not satisfy the consumers demand for products with
as few food additives as possible. Exopolysaccharide (EPS)
produced by LAB with GRAS (generally recognized as safe)
status is an important source of natural alternatives. Recently,
EPS produced by LAB have gained considerable attention
in the fermented dairy industry because of their potential

application as viscosifiers, texturizers, and emulsifying agents
[8]. It had been reported that EPS produced by yogurt
starter cultures could affect the texture of yogurt and improve
sensory characteristics such as mouthful, shininess, clean
cut, ropiness, and creaminess [5]. Furthermore, the yogurt
cultures producing EPS may decrease the extent of syneresis
(the lower whey separation) [9]. Syneresis is considered
as a major defect in yogurt and connected with extensive
rearrangements of the gel network [10]. Presently, EPS plays a
major role in the production of fermented dairy products in
Northern Europe, Eastern Europe, andAsia [6]. However, the
EPS of LAB are in a great variety, which depends on the type
of LAB strains, culture conditions, and medium composition
[9, 11]. It is significant to select the strains with higher EPS
production.

Streptococcus thermophilus and Lactobacillus delbrueckii
subsp. bulgaricus are the mainly strains used in the yogurt
starter culture and used for yogurt production. Unfortu-
nately, some of strains of Lactobacillus delbrueckii subsp.
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bulgaricus and Streptococcus thermophilus did not produce
EPS or produce only low yields of EPS, which may affect the
end products quality [12–14]. Presently, most of the yogurt
starter cultures were imported from Denmark Danisco or
Chr Hansen in China. And Chinese own authority starter
culture was scarcity.

In China, there are many traditional fermented dairy
products. Therefore, screening LAB from natural sources has
been one of the powerful means to obtain strains for the
food industry. We have already screened LAB from Chinese
traditional fermented dairy products and some properties
have been characterized in our previous work [15, 16]. In
this study, it was mainly focused on the exopolysaccharide
production strains by Streptococcus thermophilus. The aim
of this work was to select the starter culture with higher
exopolysaccharide production to improve the yogurt quality
and develop our own authority yogurt starter culture. The
selected higher exopolysaccharide production starter will
reduce the amount of additives addition and can be compa-
rable with the imported starter culture.

2. Materials and Methods

2.1. Materials. The commercial yogurt starters, YO-MIX 465
and YF-L711, were obtained from Danisco and Chr. Hansen
(Denmark). The whole cow raw milk was purchased from
supermarket (Harbin, China). Skimmilkwas purchased from
Nestle Company,Heilongjiang, China. All the chemicals used
in this paper were of analytical grade.

2.2. Exopolysaccharide Producing Strains Selection. 19 Strep-
tococcus thermophilus were screened from traditional Chi-
nese fermented dairy products. The above 19 isolates were
inoculated into the sterilized (121∘C, 15min) reconstituted
skim milk (12%), respectively. The inoculate rate was 2% and
incubated at 42∘C until pH attained to 4.7. The fermented
samples were cooled at 4∘C for 12 h. Then the content of
exopolysaccharide and viscosity in fermented milks were
detected. The Streptococcus thermophilus, which produced
higher exopolysaccharide and had higher viscosity, was
selected. The pH of each sample was determined directly
using a digital pH meter (PB-10, Sartorius, Germany) cali-
brated with standard buffer solutions. Three replicates were
performed.

2.3. Yogurt Starter Culture. The selected Streptococcus ther-
mophilus with higher exopolysaccharide production was
combined with Lactobacillus delbrueckii subsp. bulgaricus 3
4.5, which was screened from Chinese traditional fermented
dairy products and identified by Biolog identification system
and analysis of 16S rDNA gene sequence. The direct vat
starter (DVS) SH-1 which was composed by these two stains
(the fermented characteristic about the combined starter
culture was reported in our previous work [16]) was used
to ferment the cow milk. The fermented cow milk produced
by the commercial yogurt starter, YO-MIX 465 and YF-L711,
was used as contrasts. Then the exopolysaccharide content,

texture, syneresis, and sensory of fermented cow milk were
evaluated.

2.4. Yogurts Preparation. Raw fresh cow milk consisted of
3.14% protein, 3% fat, lactose 4.92%, and 11.81% total solids,
was analyzed by MilkoScan FT1 (Denmark), and then pre-
heated to 65∘Cand homogenized.Thehomogenizedmilkwas
pasteurized at 65∘C for 30 minutes and cooled to 42∘C and
portioned to three equal batches.The batcheswere inoculated
with about 3mg/L starter cultures (YO-MIX 465, YF-L711,
and SH-1) that were determined by the initial viable counts of
yogurt. The initial viable counts of each batches were about
107 CFU/mL measured by spread plate count method and
incubated at 42∘C until the pH reached 4.6 (about 4 to 4.5 h).
Then yogurt samples were put into the refrigerating chamber
(4∘C) for 12 h to detect the EPS production, appearance
viscosity, texture, syneresis, and sensory of yogurts. Each test
has three replications.

2.5. Exopolysaccharides Detection. EPS was isolated from the
fermented sample, according to amodifiedmethodof Lin and
Chien [8]. The fermented sample was added with an equal
volume of trichloroacetic acid (40%); the precipitated protein
and bacteria were removed by centrifugation (2200 g for
35min at 4∘C).The supernatant was thenmixedwith an equal
volume of ethanol, stored at 4∘C for 24 h, and centrifuged as
described above to collect the precipitated EPS. The EPS was
then dissolved in water. The total neutral glycoside content
was determined by the phenol-sulphuric acid method [17].

2.6. Viscosity Measurement. Viscosity measurement was car-
ried out at 4 ± 1∘C by Brookfield Programmable DV-
E Viscometer (Brookfield Engineering Laboratories, Inc.,
Middleboro,MA, USA) equipped with S63 spindle at 20 rpm.

2.7. Texture Analysis. The texture of yogurt was determined
by penetrationmeasurements (TA.XTplus, TextureAnalyzer,
Stable Micro Systems Ltd., England). The instrument was
adjusted to the following conditions: cylindrical probe, probe
diameter: 35mm; penetration speed: 1.0mm/s; penetration
distance, 20mm into surface. The software used was Expo-
nent (Stable Micro Systems, 2006, version 5.0). 100mL of
yogurt sample was analyzed in each cup. Four parameters
were evaluated, the firmness (g) (maximum force, i.e., exerted
on the sample), defined as the force necessary to attain a
given deformation; the cohesiveness (g/s) (adhesive force),
defined as forces of internal bonds, which keep the product
complete; the viscosity (g); and the adhesiveness (g/s) (total
negative area); the work is necessary for overcoming the force
of attraction between the area of foodstuff and other solids
coming to contact with them.

2.8. Syneresis Measurement. Syneresis index of different
yogurt samples was determined according to the methodol-
ogy proposed by Farnsworth et al. [18] with modifications.
Yogurt (20 g)was prepared in centrifuge cups and centrifuged
at 350×g (model K-24; Sigma Laborzentrifugen GmbH,
Osterode am Harz, Germany) for 10min at 4∘C. The clear
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supernatant was collected and weighed and syneresis was
calculated according to the following equation [18, 19]:

Syneresis (%) =
weight of supernatant (g)

weight of yogurt sample (g)

× 100%.

(1)

2.9. Sensory Evaluation. Twenty trained panelists (fourteen
women and six men, aged 22–45) were asked to evaluate the
sensory attributes of yogurt. The ratings were presented on
a 9-point hedonic scale ranging from 9 (“like extremely”)
to 1 (“dislike extremely”). Yogurt sensory parameters were
evaluated by thickness, smoothness, fermented odor, finished
flavor, and taste quality. To minimize bias, all groups were
three digits coded. The yogurts were served to panelists after
the cooling process. Result was given on averages of the three
trials for each type of yogurt [20].

2.10. Statistical Analysis. Statistical analyses were performed
using SPSS 14.0 software (SPSS Inc.; Chicago, IL, USA). Sig-
nificant differences among treatmentswere tested byANOVA
followedbyTukey’s testwith a level of significance at𝛼 = 0.05.
Data were expressed as mean values ± standard deviation
(S.D.). For analyzing the relationship of exopolysaccharide
production and viscosity of fermented milk, the correlate
bivariate analysis was used to determine the correlation
coefficient. All experiments were performed in duplicate and
repeated three times.

3. Results and Discussion

3.1. Exopolysaccharide Production Strains Selection. The
exopolysaccharide production and the viscosity of fermented
cow milk produced by the 19 Streptococcus thermophilus
isolated from traditional Chinese fermented dairy products
were assayed. In Table 1, it showed that different strains had
different exopolysaccharide production and viscosity. For the
fermented milk produced by Streptococcus thermophilus zlw
TM11, the exopolysaccharide and viscosity were significantly
higher than that of the other strains (𝑝 < 0.05). The
relationship of exopolysaccharide production and viscosity
of fermented milk was analyzed by SPSS software correlate
bivariate analysis. The results showed that the correlation
coefficient between exopolysaccharide production and vis-
cosity was 0.841 (𝑝 < 0.01). It suggested the strains
producing higher exopolysaccharide might contribute to the
higher viscosity of fermented milk. Guzel-Seydim et al. [9]
reported that exopolysaccharide filaments attached mucous
bacteria to the protein matrix and thus caused more viscous-
like behavior. Many researchers also reported that yogurts
made with polysaccharide producing cultures had higher
viscosity values than the yogurts made with none of the
polysaccharide production cultures [21, 22]. Therefore, the
higher exopolysaccharide producing strains of Streptococcus
thermophilus zlw TM11 were selected to combine with Lacto-
bacillus delbrueckii subsp. bulgaricus 3 4.5. The combination
was named SH-1 and was used as starter to make yogurt.

Table 1:The content of exopolysaccharide and viscosity for different
Streptococcus thermophilus fermented milk (values are means ± SD
for 𝑛 = 3).

Strains EPS (mg/L) Viscosity (mPa/s)
zlwTM11 384 ± 22a 7716 ± 608.80A

zlwB9-3 255 ± 43b 5960 ± 1716.77B

zlwQ 175 ± 54c 4360 ± 685.85C

zlwA1 155 ± 2cd 4240 ± 58.89C

zlwA2M17 141 ± 29cde 4198 ± 340.33C

zlw17YA 128 ± 5de 3450 ± 42CDE

zlwCH9.9 4.0 127 ± 7de 3804 ± 27.50CD

zlw3 121 ± 5de 3562 ± 101.17CD

zlwLBH 120 ± 5de 2920 ± 203.15DEF

zlw1703Ca 115 ± 3de 2870 ± 84.92DEF

zlwCH9-94.5 101 ± 57dfg 2210 ± 206.14F

zlw94.3 99 ± 2efg 2726 ± 97.73EF

zlwSP1.1 93 ± 10fgh 2726 ± 383.26EF

zlw1703F 85 ± 34fgh 2722 ± 1084.76EF

zlw1 73 ± 6ghi 1206 ± 64.90G

zlwDV 56 ± 12ghi 2194 ± 272.35F

zlw1703D 54 ± 16hi 2556 ± 33.41EF

zlwSH94.3 47 ± 13i 2303 ± 121.39F

zlwSH94.5 45 ± 7i 1092 ± 43.27G

a, b, c, d, e, f, g, h, and i: values with different letters within the same column
differ significantly (𝑝 < 0.05) for exopolysaccharide. A, B, C, D, E, F, and G:
values with different letters within the same column differ significantly (𝑝 <
0.05) for viscosity.

3.2. Content of Exopolysaccharides in Yogurt. Theexopolysac-
charide content in each yogurt samples was showed in
Figure 1. For yogurt sample produced by SH-1, the contents
of exopolysaccharide and viscosity were significantly higher
than that of sample produced by YO-MIX 465 (𝑝 < 0.05)
and had no significant difference with YO-MIX 711 (𝑝 >
0.05). Starter YO-MIX 711 had the higher exopolysaccharide
production and also had higher viscosity in fermented milk
compared with YO-MIX 465, although there was no signifi-
cant difference for the fermented milk viscosity (𝑝 > 0.05). It
was verified in the result of Table 1 that the strains with higher
exopolysaccharide production had the higher viscosity. And
it also indicated that the exopolysaccharide production was
different from the types of starter culture [11].

3.3. Texture Properties. The textures properties of the yogurts
fermented by different starter cultures were showed in
Figure 2. The concentration of exopolysaccharide of SH-1
was the highest (423.05mg/L), corresponding to the highest
firmness (55.77 g), highest cohesiveness (715.31 g⋅s), highest
viscosity (27.83 g), and highest adhesiveness (364.30 g⋅s),
respectively. The YF-L711 has the lowest firmness (36.70 g),
cohesiveness (457.86 g⋅s), viscosity (18.63 g), and adhesiveness
(212.10 g⋅s). These factors are significantly lower than starter
SH-1 (𝑝 < 0.05). For YF-L711, the firmness (36.70 g) and
cohesiveness had no significantly different with YO-MIX
465 (𝑝 > 0.05). While viscosity (18.63 g) and adhesiveness
were significantly lower than YO-MIX 465 fermented yogurt
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Figure 1: The concentration of exopolysaccharide in yogurt fermented by different starter culture. Mean values (𝑛 = 3), 465 was the starter
of YO-MIX 465, 711 was the starter of YF-L711, and SH-1 was the screened starter. A, B, and treatments with different letters are different at
𝑝 < 0.05. Error bars indicate standard deviation.
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Figure 2:The texture of different starter cultures fermented yogurt. (a)The firmness of yogurt; (b) the cohesiveness of yogurt; (c) the viscosity
of yogurt; (d) the adhesiveness of yogurt. 465 was the starter of YO-MIX 465, 711 was the starter of YF-L711, and SH-1 was the screened starter.
A, B, and C: treatments with different letters are different at 𝑝 < 0.05. Error bars indicate standard deviation.
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(𝑝 < 0.05). The content of exopolysaccharide in YF-L711
fermented yogurt was a little higher than that of YO-MIX
465 fermented yogurt, though no significant difference (𝑝 >
0.05) was observed. It was inferred that a little increase of
exopolysaccharide might have great effect on viscosity and
adhesiveness.

Many researchers reported that the exopolysaccharide
could improve the texture of yogurt, because exopolysaccha-
ride produced by LAB interacts with the free water in the gel-
like structure [9, 23, 24]. In this study, the yogurt fermented
by SH-1 had the highest content of exopolysaccharide and the
best texture than the yogurt fermented by the other starter
cultures. It suggested that the selected starter SH-1 could
reduce some stabilizer addition and replace the imported
commercial starters. Similar results were found by Patel et
al. [22]. They reported that exopolysaccharide could improve
the quality of yogurt, while having no effect on flavor of
yogurt. Therefore, it could replace some stabilizer. However,
the concentration of polysaccharide and the texture of yogurt
had no linear correlation. It was assumed that the texture of
yogurt could be affected by starter types and the structure of
exopolysaccharide [25].

3.4. Syneresis of Yogurt. The syneresis of samples fermented
by different starters was showed in Figure 3. There were no
statistical differences for these three samples (𝑝 > 0.05).
Among them, starter SH-1 had the highest exopolysaccha-
ride content (423mg/L), corresponding to the lowest whey
separation (8.51%). For commercial starters YO-MIX 465 and
YF-L711, the syneresis was 10.70% and 12.12%, respectively. It
seemed that the higher content of exopolysaccharide would
contribute to the lower whey separation. Similar results
had also been reported by other studies [2]. This might be
due to the high water-binding capacity of EPS as well as
modifications of yogurt microstructure by EPS cultures [24,
26]. Thus, the yogurts made from EPS producing starters
showed better textural characteristics.

3.5. Sensory Evaluation. The scores for sensory characteris-
tics of the yogurt samples were presented in Figure 4. For
thickness, the selected starter culture SH-1 was better than
YO-MIX 465 and similar to YF-L 711. For smoothness, the
starter SH-1 was similar to YO-MIX 465 and YF-L 711. For
taste quality, the scores of selected starter SH-1 were higher
than YF-L 711 but lower than YO-MIX 465. For the finished
flavor, selected starter SH-1 has no significant difference from
YF-L 711 and YO-MIX 465 (𝑝 > 0.05). As regards to the
fermented odor, the starter SH-1 was no better than YO-MIX
465 and YF-L 711. The results of sensory evaluation indicated
that the selected starter SH-1 had the potential to replace the
imported commercial starter.

4. Conclusion

The starter culture type affected the qualities of yogurt
samples. The selected starter SH-1 had the similar content
of exopolysaccharides to the commercial starter YF-L 711
and significantly higher than YO-MIX 465. The higher
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Figure 3: The syneresis of yogurt fermented by different starter
culture. 465 was the starter of YO-MIX 465, 711 was the starter of
YF-L711, and SH-1 was the screened starter. There are no significant
differences at 𝑝 > 0.05. Error bars indicate standard deviation.
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Figure 4: Sensory value for different starter fermentedmilk. 465was
the starter of YO-MIX 465, 711 was the starter of YF-L711, and SH-1
was the screened starter.

exopolysaccharides could provide better texture of yogurt
and lower whey separation. On the other hand, the sensory
evaluation of yogurt using selected culture SH-1 was better
than or similar to the other commercial starter cultures,
except for the fermented odor which was a little lower than
the other two commercial starters. These implied that our
own authority starter SH-1 could produce the yogurt with
similar or better quality compared with the commercial
starters.
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Pterospartum tridentatum and Mentha pulegium are largely used in Portuguese folk medicine to treat several human disorders
and inflammatory processes but without any consistent evidence for those beneficial pointed properties. Thus, the aim of the
current work is to evaluate its benefits and phytochemicals related to those beneficial properties. A distinct polyphenol profile
between P. tridentatum andM. pulegium was found. Taxifolin, myricetin, ginestin, ginestein, and ginestein derivatives, biochanin
A-glucoside, and biochanin A were identified in P. tridentatum, whilst in M. pulegium the luteolin-7-rutinoside, diosmin, and
apigenin and respective derivatives were most representative polyphenols. These variations had implications in the antiradical and
antibacterial activity and the P. tridentatum exhibited the highest antibacterial activity against methicillin-resistant andmethicillin-
sensitive Staphylococcus aureus MSSA, which was mainly dose-dependent. This antibacterial activity seems to be related to high
content of flavonols, flavones, and isoflavones, which can act synergistically with each other against this type of bacteria. Our results
showed consistent evidence that Pterospartum tridentatum andMentha pulegium are an important reservoir of phytochemicals with
antiradical activity and antibacterial capacity and thus they might be used in a preventive way or in a combined pharmaceutical
and antibiotic therapy against pathogenic bacteria.

1. Introduction

Nowadays, one key problem in human health is the less effec-
tiveness of commercial antibiotics against several pathogenic
bacterial isolates. One of them is the Staphylococcus aureus,
a gram-positive bacterium from Staphylococcaceae family,
and considered one of the world’s most important infec-
tious agents causing disease outbreaks related to food con-
sumption, badly treated wounds, and hospital-associated
infections [1, 2]. S. aureus is often reported as being for a
variety of human and animal diseases and its epidemiological
relevance is mainly due to their ability of becoming highly
resistant to common antimicrobials such as tetracycline,

vancomycin, penicillin G, and methicillin [3, 4] and to a less
degree to oxacillin, lincomycin, clindamycin, erythromycin,
streptomycin, cefoxitin, kanamycin, chloramphenicol, and
gentamicin [5, 6].

In the last decades, evolution of resistance, for example, to
methicillin, has become an enormous problem for treatment
of S. aureus infections. Thus, the health authorities have
increased the research programs to develop new and more
effective antimicrobial molecules and several plants have
been used in different ways to extract potential antimicrobial
compounds. Different authors have shown that plants have
naturally bioactive compounds that could act alone or in
synergy with antibiotics against bacterial isolates [7, 8] and
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the aromatic and medicinal plants have been one of the most
studied plants and found useful as antibacterial, antifungal,
and antihelminthic [9–11] among other beneficial properties.
However there is still a lack of information about either their
phytochemical composition, their antimicrobial activity, or
even how the phytochemicals act against microorganisms.
Two common plants highly present in native flora ofMediter-
ranean areas particularly in the Iberian Peninsula are the
Mentha pulegium, normally called European pennyroyal, and
Pterospartum tridentatum (L.) W. K. & Lge. (Syn.: Genista
tridentata L. subsp. cantabrica (Spach) Nyman), frequently
named as “Carqueja.” M. pulegium is an aromatic herb that
belongs to the family Lamiaceae, naturalized in America, and
thrives in western, southern, and central Europe, Asia, Iran,
Arab countries, and Ethiopia [12]. Its essential oil and dry
parts have been traditionally used in medicine (digestive,
liver, and gallbladder disorders, amenorrhea, gout, colds,
increased micturition, skin diseases, and abortifacient), gas-
tronomy (culinary herb), aromatherapy, and cosmetics [13].
P. tridentatum is a small shrub belonging to the Leguminosae
family and Papilionoideae subfamily [14], and its flowers
are traditionally used in folk medicine as depurative and
hypoglycaemic and for throat irritation conditions [15]. Most
studies performed so far onM. pulegium and relatedMentha
species were carried out with their essential oil in different
regions of the world, including Tunisia [16], Greece [17],
Turkey [18], and Portugal [19], and focused mainly on their
chemical composition. There is still a lack of information
about their phytochemical composition related to functional
capacity and antimicrobial activity. Thus, we set this study
in which we evaluate the phytochemical composition of P.
tridentatum andM. pulegium and its effect on the antioxidant
activity and antimicrobial potential against different isolates
of Staphylococcus aureus, an important pathogen highly
associated with outbreak diseases and antibiotic resistance
phenomena.

2. Material and Methods

2.1. Sampling. The sampling process was done according to
previous works conducted in our lab and already published
[20], but with the same modifications. One kilogram of
fresh Pterospartum tridentatum and Mentha pulegium was
collected in natural open fields in Portugal.TheP. tridentatum
(Carqueja) samples were collected in Vila Real Region (alti-
tude of 400meters) near the Natural Park of Alvão (Northern
Portugal) (N 41∘1735.538, W 7∘4429.6268), whilst M.
pulegium (pennyroyal) samples were collected in Santarem
Region (Central Portugal). These species are largely present
in open fields of Portugal as native flora, but in the northern
region Carqueja is more common whilst in the south the
predominance goes to Pennyroyal. After harvest, the samples
were botanically identified by the Botany Services of Univer-
sity of Trás-os-Montes and Alto Douro (UTAD), Vila Real,
Portugal. After this identification, fresh samples were dried
in a freeze-dryer system (UltraDry Systems�, USA), milled
and reduced to a fine powder, and stored in dark flasks at 4∘C
in a dark environment until extraction. Fresh and dry weights
were registered and the level of dry matter was determined.

2.2. Extraction. Dried powder of each sample (200 g) was
extracted in triplicate with methanol 70% (methanol : water,
v/v) in a warm bath at 70∘C in 30 minutes with intermit-
tent agitation. After that, methanolic extracts were filtered
(WhatmanNo. 1), centrifuged at 4000 rpm during 15min 4∘C
(Kubota, 2000). Hydroalcoholic extracts were then evapo-
rated until complete dryness in a rotary evaporator under
vacuum (40∘C, 178mbar). Yields of extraction were calcu-
lated. The final concentration achieved was 5mg⋅mL−1 dry
weight. The concentration was prepared diluting the solid
residue with dimethyl sulfoxide (DMSO) (Sigma-Aldrich,
Taufkirchen, Germany). These extracts were used for the
phytochemical analysis and in vitro bioassays of antioxidant
and antimicrobial activity.

2.3. Phytochemical Analysis HPLC-DAD-UV/VIS. Polyphe-
nols generally named phenolic compounds are the group
of secondary metabolites frequently found in extracts of
aromatic and medicinal plants and they are often reported
as having antimicrobial and antioxidant activity. The iden-
tification and quantification of phenolics in P. tridentatum
and M. pulegium samples were performed using HPLC-
DAD-UV/VIS. From the previous extracts, an aliquot of
1mL was overnight evaporated until complete dryness under
continuous nitrogen flux.The dried extracts were then resus-
pended with 1mL of 70% methanol (methanol : water, v/v)
and filtered (Spartan Ø 0.13) to HPLC amber vials (to avoid
degradation by light) and stored at −20∘C until injection
in HPLC. The eluent was composed of water with 1% of
trifluoroacetic acid (TFA) (solvent A) and acetonitrile with
1% TFA (solvent B). Elution was performed at a flow rate
of solvent of 1mL⋅min−1, with gradient starting with 100%
of water, and the injection volume of 20 𝜇L. Chromatograms
were recorded at 280, 320, 370, and 520 nmwith aC18 column
(250 × 46mm, 5 𝜇m). Phytochemicals were identified using
peak retention time, UV spectra, and UV max absorbance
bands and through comparison with external commercial
standards (Extrasynthese, France). The external standards
were freshly prepared in 70% methanol (methanol : water)
in a concentration of 1.0mg⋅mL−1 and analysed by HPLC-
DAD-UV immediately before the samples.. Methanol and
acetonitrile were purchased from Panreac Chemistry (Lis-
bon, Portugal) and Sigma-Aldrich (Taufkirchen, Germany),
respectively. The aqueous solutions were prepared using
ultrapure water (Milli-Q, Millipore).

2.4. Evaluation of Functional Properties

2.4.1. Free Radical Scavenging of 2,1-Diphenyl-2-picrylhydrazyl
Free Radical (DPPH∙). The scavenging capacity of DPPH
of methanolic P. tridentatum and M. pulegium extracts was
determined using a spectrophotometric 96-well microplate
assay [21] with several modifications as follows: 20 𝜇L of
sample extract and 280𝜇L of 60 𝜇M methanolic radical
DPPH solution freshly prepared added to each well.Then the
plate was left to stand at room temperature in 30min. After
that, the reduction in absorbance was measured at 517 nm
with a spectrophotometer (Multiskan� FC Microplate Pho-
tometer, USA). The free radical scavenging activity as
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Table 1: Isolates of Staphylococcus aureus used in the in vitro
antibacterial assay.

Reference Type Source
MJMC021 Methicillin-resistant strains Clinical
MJMC024 Methicillin-resistant strains Clinical
MJMC026 Methicillin-resistant strains Clinical
MJMC025 Methicillin-sensitive strains Clinical
MJMC027 Methicillin-sensitive strains Clinical
MJMC029 Methicillin-sensitive strains Clinical

expression of antioxidant activity (AA) was calculated as
percentage inhibition of the DPPH radical, according to
the following equation: 𝐼 (%) = [((solvent absorbance −
sample absorbance)/solvent absorbance) × 100]. The com-
pound butylated hydroxytoluene (BHT) (Sigma-Aldrich,
Taufkirchen, Germany), a synthetic analog of vitamin E, was
used as positive control of AA in order to compare the results
for the samples. Also the inhibition concentration at 50%
inhibition (IC

50
) was determined in order to compare the

AA between the extracts themselves and extracts and positive
control, and lower IC

50
means better free radical scavenging

activity, thus higher AA. All determinations were performed
in triplicate.

2.4.2. In Vitro Antibacterial Activity

(1) Bacterial Isolates. Seven gram-positive isolates of Staphy-
lococcus aureus (3 methicillin-resistant Staphylococcus aureus
and 3methicillin-sensitive Staphylococcus aureusMSSA, plus
one standard control strain from the American type culture
collection (ATTC)) were obtained from Maria José Saavedra
(Ph.D.) core collection located in Microbiology Laboratory
of Veterinarian Science Department of UTAD (Table 1). The
isolates were previously and properly identified by standard
biochemical classification techniques [22] usingAPI 20E,API
20NE, API Staph-Ident, and API Step (BioMerieux), accord-
ing to the procedure previously described [23], followed by
genetic identification through 16S rRNA sequencing. When
tested, the isolates were prepared freshly, sowed in Petri
plates (92 × 16mm, Sarstedt, Germany) with BHI (Brain
Heart Infusion, Oxoid, England) media, and incubated at
37∘C overnight in order to obtain fresh and pure bacteria
cultures. Then, bacterial suspension (5 × 106 cfu⋅mL−1) of
each isolatewas prepared adjusting to an optical density range
of 0.5–1.0 measured at OD

620 nm and used in the bioassays in
order to obtain in each well 5 × 105 cfu⋅mL−1 inoculum final
concentration.

(2) Determination of a Minimum Inhibitory Concentration
(MIC). Phytochemicals are routinely classified as antimicro-
bials on the basis of susceptibility assays that produce a MIC
within the range of 100–1000 𝜇g⋅mL−1 [24] and the MIC
was defined as the lowest concentration of an antimicrobial
compound which can maintain or reduce the growth of a
microorganism after 24 hours of incubation [25]. In the cur-
rent study, the antibacterial activity was assessed by MIC and
the P. tridentatum andM. pulegiummethanolic extracts were

prepared with a maximum concentration of 5000𝜇g⋅mL−1
dry weight in 10% DMSO in a microplate bioassay [26].
After that, 100𝜇L of each extract and 1000 𝜇g of standard
antibioticwere added into the first rowof 96-wellmicroplates,
followed by serial dilutions on the additional wells containing
100 𝜇L of nutrient broth. Positive and negative controls
were included: a column with gentamicin (Oxoid, England)
as positive control and three negative controls (a column
without bioactive compounds, a columnwithout the bacterial
solution (20𝜇L of nutrient broth instead), and a column
with DMSO solution). After this mixture the optical densities
(OD) were measured at 620 nm (Multiskan FC Microplate
Photometer, USA) that were automatically recorded. Then,
themicroplates were placed at 37∘C during 24 hours and then
the OD were measured again at 620 nm. These absorbance
valueswere subtracted from those obtained before incubation
to deplete the effect of color interference. The MIC was
considered the lowest concentration in which the final OD
was inferior to the initial OD. To classify the antibacterial
effect we adopted the following scale: strong (+++), if MIC
values ≤100𝜇g⋅mL−1, moderate (++) when 100 < MIC ≤
500𝜇g⋅mL−1, weak (+) when 500 <MIC ≤ 1000𝜇g⋅mL−1, and
null (−) (without effect) when MIC > 1000 𝜇g⋅mL−1.

2.5. Statistical Analysis. The results were expressed as mean
values and standard deviation (SD) of three replicates. The
results were analyzed using one-way ANOVA followed by
Duncan multiple range test, based on confidence level equal
to or higher than 95% (𝑝 < 0.05). Software SPSS V.17 (SPSS-
IBM, Orchard Road, Armonk, New York, NY, USA) was used
to carry out this analysis.

3. Results and Discussion

The polyphenol profile and respective chemical structures
of phenolics identified in the current study of hydroalco-
holic extracts from P. tridentatum and M. pulegium are
presented in Figures 1 and 2. The respective data (retention
time, 𝜆max in the visible region) and average content of
each polyphenol, expressed as mg⋅g−1 dry weight (dw),
are presented in Tables 2 and 3. It was possible to assess
that P. tridentatum had high content taxifolin, ginestin,
ginestein, and ginestein derivatives, biochanin A-glucoside,
and biochanin A, whilstM. pulegium exhibited higher diver-
sity with luteolin-7-rutinoside, diosmin, and apigenin and
respective derivatives have the most representative phenolics
identified. P. tridentatum was richer in isoflavones, whilst
M. pulegium present high but similar content in flavones
and hydroxycinnamic acids. These results have shown an
important class of phytochemicals in both plant species. The
presence of high levels of taxifolin, ginestin, and ginestein,
all frequently associated with antioxidant, antimicrobial, and
anthelmintic activity [27–31], made this plant extract very
interesting from bioactive point of view. Taxifolin, a flavanol
subclass of flavonoids [28], is abundant in several types of
plants and is an interesting potential component of dietary
supplements or antioxidant-rich functional food [29]. Genis-
tein is an isoflavone [28] known by its anti-inflammatory
and antioxidant properties [30] and has been shown to
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Figure 1: Continued.
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Figure 1: UV spectra of polyphenols detected in Pterospartum tridentatum.

interact with animal and human estrogenic receptors. This
compound is often mentioned as responsible for wound
healing properties [31], which is one of the main reasons
because plants with high content of such compounds are
largely used in traditional medicine, even if in the majority of
the cases there is no scientific evidence for that. In fact, native
floras have been used in folk medicine for thousands years,
even if their biological effects and chemicals responsible for
those properties were poorly understood. Only in the recent
years, the therapeutic value of several herbs and the direct
relation between their bioactive potential and their content
in some specific essential oils (EOs), alkaloids, terpenoids,
glucosinolates, and phenolics, among other compounds, were
properly established. Our results showed that P. tridentatum
and M. pulegium have important phenolics often associ-
ated with anti-inflammatory, antioxidant, and antimicrobial
properties [32], reinforcing the scarce information available
until now about these two herbs. Works about the phyto-
chemical composition of these two native plants are very
scarce but some of them [32, 33] seem to be in agreement
with our results. Quercetin, genistein, and bioachanin-A
and related isomers have been found by other authors in P.
tridentatum [32], whilst in different types ofMentha [33] the
presence of catechin and catechins derivatives, rosmarinic
acid, quercetin, luteolin, and apigenin was detected as we
found in this study. This difference could be related not
only to genetic factors but also to agroclimatic conditions,
since these herbs were collected in two different Portuguese
regions: theP. tridentatumwas collected inNorthern Portugal
(more temperate and wet) whilst M. pulegium was collected
in Centre-South of Portugal (more dry and hot). As con-
sequence, both profile and average content of phenolics of
these two herbs were different. This difference may explain
the difference noted in their bioactivity.

The results for the evaluation of functional properties
expressed as free radical (2,1-diphenyl-2-picrylhydrazyl free
radical (DPPH∙)) activity and in vitro antibacterial activity
are presented in Figure 3 and in Table 4, respectively. We
observed that biological P. tridentatum andM. pulegium have
high levels of AA, even higher than the positive control
(BHT) used in this assay (Figure 3). Despite this similarity, a

different trend in the phenolic influence onAAwas observed.
In theP. tridentatum the highAA seems to be explained by the
high content of isoflavones and flavanols (49 and 42% of total
phenolics identified, resp.), whilst in M. pulegium the AA
seems to be explained by the synergism between phenolics
acids (32% of total phenolics), flavones, and flavanones (31
and 17% of total phenolics, resp.). This difference is under-
standable since all of these compounds are often reported
[27, 29, 30, 32, 33] as having important antioxidant activities.
The presence of several phenolic acids, flavones, isoflavones,
and flavanols in both extracts, with potential to scavenge free
radicals such as superoxide and nitric oxide [29], can thus
explain the high antioxidant potential exhibited by these two
herbs. However, based on the average content of phenolics
(Tables 2 and 3) the expectation was to have higher AA in
P. tridentatum extracts but was not the case. In fact, based
on the values of IC

50
(Figure 3) the AA in M. pulegium was

higher compared to P. tridentatum, which seems to contradict
the previous finding, but we must be aware that other com-
pounds, besides the phenolics such as pigments, alkaloids,
and carotenoids (not determined in thiswork), often reported
as being present in high concentrations in these two herbs
[34], might have contributed to high levels of AA observed
in this type of extract. In addition, the higher presence of
phenolic acids such as hydroxybenzoic acid, chlorogenic acid,
caffeic acid, ferulic acid, and rosmarinic acid, all based on
–CH=CH–COOH groups, widely recognizable for forming
easily complexes with DPPH [35] seems to be one of themain
reasons for M. pulegium extracts having the lowest IC

50
and

thus the highest AA. Therefore, based on the current work
it seems that the higher proportion of phenolic compounds
with hydroxyl groups on the aromatic ring is responsible
for the higher AA exhibited by M. pulegium extracts, which
is in agreement with the previous findings [35] in which
the positions of hydroxyl groups were found extremely
important for the bioactivity of polyphenols, including their
antioxidant capacity. Despite these differences, the high AA
found for both extracts are critical and determinant for their
therapeutic value and this may be in part responsible for
their reputation as anti-inflammatory, hypotensive, hypo-
glycemic, and depurative agent. It seems that they can reduce
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Figure 2: UV spectra of polyphenols detected inMentha pulegium.

Table 2: Average content of polyphenols and respective retention time (Rt) and wavelengths of maximum absorption in the visible region
(𝜆max) in P. tridentatum extracts (by elution order)†.

Polyphenols Rt (min) UV (nm) UV-DAD/VIS bands (nm)
in 70% methanol

Class Mg⋅g−1 dry weight

Taxifolin 17.48 280 290, 327sh Flavanol 21.76 ± 0.030

Genistin 19.79 320 259, 323sh Isoflavone 16.75 ± 0.040

Genistein 22.73 320 259, 332sh Isoflavone 12.01 ± 0.030

Quercetin-3-O-rutinoside 23.88 370 256, 266sh, 351 Flavonol 1.58 ± 0.030

Quercetin-3-O-glucoside 23.99 370 255, 266sh, 348 Flavonol 1.23 ± 0.010

Ferulic acid 24.32 320 244, 296sh, 324 Hydroxycinnamic acid 0.27 ± 0.002

Biochanin A-glucoside 30.66 320 265, 322sh Flavone 1.37 ± 0.002

Apigenin 32.65 370 229, 267sh, 341 Flavone 0.44 ± 0.002

Biochanin A 34.88 320 265, 323sh Flavone 2.89 ± 0.004

Total of hydroxycinnamic
acids

0.27 ± 0.002

Total of flavonols 24.57 ± 0.100

Total of flavone 4.70 ± 0.008

Total of isoflavone 28.76 ± 0.070

Total of polyphenols identified 58.30 ± 0.180
†Values expressed as mean ± standard deviation of three replicates.
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Table 3: Average content of polyphenols and respective retention time (Rt) and wavelengths of maximum absorption in the visible region
(𝜆max) inM. pulegium extracts (by elution order)†.

Polyphenols Rt (min) UV (nm) UV-DAD/VIS bands (nm)
in 70% methanol Class Mg⋅g−1 dry weight

p-Hydroxybenzoic acid 13.46 280 227, 260sh, 295 Hydroxybenzoic acid 0.212 ± 0.004
Chlorogenic acid 17.95 320 242, 300sh, 327 Hydroxycinnamic acid 0.387 ± 0.004
(+)-Catechin 18.10 280 231, 280 Flavan-3-ols 0.212 ± 0.004
Caffeic acid 21.32 320 243, 296sh, 324 Hydroxycinnamic acid 0.230 ± 0.001
Quercetin-3-O-rutinoside 22.96 370 256, 266sh, 351 Flavonol 0.144 ± 0.003
Quercetin-3-O-glucoside 23.63 370 255, 266sh, 348 Flavonol 0.140 ± 0.002
Neohesperidin 24.84 280 283, 326 Flavanone 0.628 ± 0.001
Luteolin-7-O-glucoside 25.31 370 254, 266, 349 Flavone 0.201 ± 0.004
Diosmin 26.04 370 253, 268, 339 Flavone 0.623 ± 0.006
Rosmarinic acid 26.78 320 249, 299sh, 330 Hydroxycinnamic acid 0.287 ± 0.006
Ferulic acid 27.55 320 241, 296sh, 324 Hydroxycinnamic acid 0.277 ± 0.003
Apigenin 32.65 370 235, 267sh, 341 Flavone 0.323 ± 0.002
Total of hydroxybenzoic acids 0.212 ± 0.004
Total of hydroxycinnamic
acids 1.181 ± 0.014

Total of flavan-3-ols 0.212 ± 0.004
Total of flavonols 0.284 ± 0.005
Total of flavones 1.147 ± 0.012
Total of flavanones 0.628 ± 0.001
Total polyphenols identified 3.664 ± 0.040
†Values expressed as mean ± standard deviation of three replicates.

Table 4: Minimum inhibitory concentration (MIC) of P. tridentatum and M. pulegium aqueous and methanolic extracts expressed as
𝜇g⋅mL−1†.

Isolate Reference Type Gentamicin (commercial antibiotic) P. tridentatum M. pulegium
S. aureus ATCC 13565 Standard <39 (+++) 312.5 (++) 2500 (−)
S. aureus MJMC021 MRSA <39 (+++) 78.1 (+++) 2500 (−)
S. aureus MJMC024 MRSA <39 (+++) 78.1 (+++) 2500 (−)
S. aureus MJMC026 MRSA <39 (+++) 78.1 (+++) 2500 (−)
S. aureus MJMC025 MSSA <39 (+++) 39.1 (+++) 39.1 (+++)
S. aureus MJMC027 MSSA <39 (+++) 39.1 (+++) 78.1 (+++)
S. aureus MJMC029 MSSA <39 (+++) 39.1 (+++) 39.1 (+++)
†Inside brackets there is the classification of the antibacterial activity effect: strong (+++), if MIC values ≤ 100𝜇g⋅mL−1, moderate (++) when 100 < MIC ≤
500𝜇g⋅mL−1, weak (+) when 500 <MIC ≤ 1000𝜇g⋅mL−1, and null (−) (without effect) when MIC > 1000𝜇g⋅mL−1.

oxidative stress, a key factor in the progression of chronical
inflammatory diseases. Further investigations should be done
in order to determine the action keys on the pathways of
the inflammatory mechanisms. Based on these results it
seems very clear that the traditional usage of P. tridentatum
and M. pulegium as medicinal plants associated with anti-
inflammatory and depurative processes is correct and thereby
these plants serve as natural sources of antioxidants for food
and medicinal purposes.

Although the results with DPPH∙ free radical scavenging
activity have shown that P. tridentatum andM. pulegium have
similar values of AA, the antibacterial activity was very differ-
ent. P. tridentatum exhibited the highest antibacterial activity
due to lowerminimum inhibitory concentration levels found.

The MSSA isolates were more affected than MRSA isolates,
as we expected. This activity was mainly dose-dependent
and in general according to the classification criteria adopted
(Table 4) the antibacterial activity was strong and in some
isolates similar to the antibacterial activity observed for the
antibiotic used as positive control. As similar to AA, the
higher antimicrobial activity for P. tridentatum can be the
consequence of two effects: (i) the higher content of flavonols
and isoflavones and (ii) the additive effect of different types
of phenolics, which seems to boost the antimicrobial efficacy
of such extracts. Isoflavones such as genistin and genistein
(and respective isomers) have been reported as having anti-
inflammatory, antiproliferative, and antibacterial effects [36].
Also, phenolics like rutin, isoquercetin, and quercetin can
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Figure 3: % free radical DPPH scavenging activity of Pterospartum
tridentatum andMentha pulegiummethanolic extracts.

play an important role as antimicrobial agents due to their
capacity of interference on bacterial mechanisms of nucleic
acid synthesis, cytoplasmic membrane, energy metabolisms,
and being particularly effective against gram-positive bacte-
ria [37] such as S. aureus studied in the current work. The
antimicrobial activity of P. tridentatum extracts and in a less
extension M. pulegium might be due to one of the mecha-
nisms of action mentioned above. The richness of flavonols
and isoflavones on P. tridentatum can be responsible for the
increment in antibacterial activity exhibited for this extract
compared to the M. pulegium. In fact, the high presence of
compounds such as taxifolin, genistin, and biochanin often
reported as having antibacterial activity [38] can be responsi-
ble for depletion of bacteria resistancemechanisms leading to
increment in their susceptibility to these compounds. Also, it
was observed that taxifolin and respective isomers extracted
from Hypericum japonicum Thunb. ex. Murray (Guttiferae)
delayed the protein synthesis of S. aureus (including the
MRSA strains), affecting the synthesis of nucleic acids and
enzymatic systems needed for bacteria growth [39]. This
action is responsible for increasing the membranes perme-
ability to drugs, leading to a decrease in bacteria survival,
suggesting that these compounds might have a bacteriostatic
effect rather than a bactericidal activity. Moreover it was
noted that, in general, flavonoids and oligomers of flavonoids,
particularly those with high grade of hydroxylation (such as
flavonols, flavones, and flavanones), have a strong ability to
link with bacteria cell walls from complexes [40, 41], affecting
the bacteria growth and survival. Thus, plant extracts with
high content of such compounds, like P. tridentatum, can
be very useful when used in a complementary therapy with
commercial drugs due to their bacteriostatic effect.

The majority of the studies available in literature about
the antimicrobial activity of P. tridentatum and M. pulegium
report mainly the effects of their essential oils (EOs) [19, 39–
41] and very few about the effect of their hydroalcoholic
extracts [41–43], and thus they attribute their antibacterial
efficacy essentially to the EOs, and fewer conclusions are

made about the importance of other bioactive compounds
such as polyphenols. Moreover, their effects against S. aureus
MSSA and MRSA have been scarcely explored. Thus, our
results seem to be important because they not only reinforce
the idea that richness of polyphenols is also critical for
the antimicrobial capacity of any plant, but also show the
bioactivities of these two herbs, proving that they can be used
to extract bioactive compounds with antimicrobial activity
against MSSA and MRSA.

4. Conclusion

P. tridentatum and M. pulegium are two important herbs
from Mediterranean native flora and might be used to
extract important and effective bioactive compounds against
epidemiological important pathogenic bacteria, particularly
against S. aureus, one of the most important pathogenic
bacteria, often associated with foodborne outbreak diseases
and hospital/clinical environment infections. Our results
have shown that both extracts can be effective against MRSA
andMSSA due to high content of different class of flavonoids,
particularly flavonols, flavones, and isoflavones compounds,
which can act synergistically with each other against those
bacteria. Further research is needed to elucidate accurately
the pathways and mechanisms used by these compounds
against bacteria.
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Polyphenols from diverse sources have shown anti-inflammatory activity. In the context of atherosclerosis, macrophages play
important roles includingmatrixmetalloproteinases synthesis involved in degradation ofmatrix extracellular components affecting
the atherosclerotic plaque stability. We prepared a propolis extract and pinocembrin in ethanol solution. Propolis extract was
chemically characterized using LC-MS. The effect of treatments on gene expression and proteolytic activity was measured in vitro
using murine macrophages activated with LPS. Cellular toxicity associated with both treatments and the vehicle was determined
using MTT and apoptosis/necrosis detection assays. MMP-9 gene expression and proteolytic activity were measured using qPCR
and zymography, respectively. Thirty-two compounds were identified in the propolis extract, including pinocembrin among its
major components. Treatment with either ethanolic extract of propolis or pinocembrin inhibits MMP-9 gene expression in a dose-
dependent manner. Similarly, an inhibitory effect was observed in proteolytic activity. However, the effect showed by ethanolic
extract of propolis was higher than the effect of pinocembrin, suggesting that MMP-9 inhibition results from a joint contribution
between the components of the extract. These data suggest a potential role of polyphenols from Chilean propolis in the control of
extracellular matrix degradation in atherosclerotic plaques.

1. Introduction

Matrix metalloproteinases (MMPs) are a family of prote-
olytic enzymes involved in physiological processes associated
with homeostasis regulation, host defense, and tissue repair.
These proteins belong to a family of calcium-dependent,
zinc-containing endopeptidases that degrade proteins and
proteoglycan components of extracellular matrix (ECM)
[1]. Diverse cellular types, including connective tissue cells,
proinflammatory cells, osteoblasts, endothelial cells, neu-
trophils, lymphocytes, and macrophages, express MMPs.
Regularly, the expression of these enzymes in physiological
mechanisms is under strict control, playing an important
role in ECM remodeling under normal conditions such
as fetal tissue development and postnatal tissue repair [2].

In pathological events, deregulation of MMPs is frequent
[3], and excessive breakdown of ECM is observed in con-
nective tissue destruction and remodeling associated with
cancer invasion and metastasis [4], cartilage destruction in
arthritis [5], and atherosclerotic plaque rupture [6]. More
specifically, the deregulation of MMP-9 expression has been
associated with tumor invasiveness [4, 7, 8], atherosclerotic
plaque rupture in animals with advanced lesions [9], and
acute coronary syndrome in humans [10]. MMP-9 or 92-
kDa gelatinase is expressed by activated macrophages and
foam cells in atheroma plaque [11] and is specialized in the
digestion of basement membrane collagens and elastin, facil-
itating macrophage extravasation [12, 13]. MMP-9 expression
is increased in inflammatory, malignant, and degenerative
diseases, particularly in acute coronary syndrome in humans,
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where circulatingMMP-9 levels are increased [10], suggesting
that inhibition of MMP-9 activity might have a therapeutic
potential.

Propolis is a polyphenol-rich resinous substance collected
by honeybees from a variety of plant sources as trees and
shrubs. Its colour is variable depending on the plant from
which is collected, and its smell is intense and aromatic
[14]. It is generally composed by fats, aliphatic and aromatic
hydrocarbons, flavonoids, alcohols, terpenes, sugars, and
esters. Its chemical composition is very complex and varies
according to geographic origin depending on the local flora
fromwhich it was produced [15, 16], as well as bee species that
performed the collection [17].This variability results in differ-
ences between the biological properties showed by different
extracts [18]. Propolis has been used as a complementary
medicine since ancient times [19], demonstrating biological
activity such as lipid lowering effects and antibacterial, antitu-
mor, and anti-inflammatory effects [20–24]. In our country,
there are reports of antifungal activity against Candida spp.
[25] and hepatoprotective [26] and antioxidant activities
[27]. Chemical characterization of Chilean propolis has
identified pinocembrin among its main components, which
also showed biological activity as an isolated compound
[28–30]. Pinocembrin (5,7-dihydroxyflavanone) is one of the
primary flavonoids in propolis, can be extracted as a pure
compound, and has been incorporated in pharmaceutical
industry for its wide range of pharmacological effects [30],
including antimicrobial, anti-inflammatory, antioxidant, and
anticancer activities [31–33].

Considering these antecedents, the aim of the present
study was to evaluate the effect of polyphenols from Chilean
propolis and pinocembrin on MMP-9 gene expression and
gelatinolytic activity in activated macrophages.

2. Materials and Methods

2.1. Ethanolic Extract of Propolis (EEP) and Pinocembrin.
An ethanolic extract was prepared from a propolis sample
obtained from southern Chile (Cunco, La Araucanı́a). The
sample was desiccated and frozen at −20∘C. Then, the
propolis (150 g) was pounded and macerated in 80% ethanol
(v/v) protected from light for 30 minutes at 60∘C under con-
stant shaking. The resulting solution (EEP) was centrifuged
(5000×g for 5 minutes) and filtered using first an AP20 pre-
filter (Millipore, USA) and then a 0.2𝜇m hydrophobic filter
(Millipore, USA), both in a vacuum filtration system. Later,
the solvent was removed using a rotary evaporator. Finally,
the resulting material was dissolved in a reduced volume of
80% ethanol (v/v) in order to obtain an EEP in which the
solvent does not exceed 0.02% v/v of final concentration in
the culture medium. Pinocembrin (Sigma-Aldrich Chemie
GmbH, Schnelldorf, Germany) was dissolved using the same
solvent as EEP.

2.2. EEP Chemical Characterization. The EEP was charac-
terized by liquid chromatography coupled to diode array
detection andmass spectrometry (LC-DAD-MS). Chromato-
graphic separation was achieved in a Shimadzu Prominence

(Kyoto, Japan) using a C-18 column (250 × 3.0mm, 5 𝜇m;
Luna C-18(2), Phenomenex, CA, USA) at 40∘C. Gradient
elution employed (A) water and (B) methanol both with
0.1% formic acid (30 to 60% B in 80min, 0.5mL/min).
Mass spectrometry data was acquired with an Esquire HCT
(Bruker Daltonics, MA, USA) after electrospray ionization
in positive and negative modes. UV absorption profiles and
fragmentation results (MS/MS) were compared to literature
for compound assignments.

2.3. Cell Culture. RAW 264.7 cells were maintained in RPMI
1640 supplemented with 10% heat-inactivated fetal bovine
serum (FBS), 2.0 g/L sodium bicarbonate, 16.5mmol/L
HEPES, and 1x antibiotic/antimicotic mixture at 37∘C in a 5%
CO
2
humidified atmosphere.

2.4. Cell Viability. To evaluate the effect of treatments on
cell viability, we used the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT) reduction assay. RAW
264.5 cells (5.0 × 103/well) were seeded in a 96-well plate
in the conditions above described, 12 hours before the
experiment. The cells were treated with EEP or pinocembrin
at concentrationswithin 1–10𝜇g/mL in presence or absence of
LPS stimuli (100 ng/mL) during 12 hours.The effect of vehicle
was also tested using it like treatments. Then, the medium
was replaced by RPMI-without phenol red containing MTT
(1mg/mL, Sigma Chemical Company, St. Louis, MO, USA)
and the cells were incubated for 3 hours. After supernatant
discarding, the precipitate was dissolved with dimethyl sul-
foxide and the optical density was measured at 580 nm using
a spectrophotometric microplate reader. Relative viability
percentage with respect to the control cells was calculated.

2.5. Necrosis/Apoptosis Detection. As a complementary assay
to evaluate cell viability, we performed necrosis/apoptosis
detection in cells exposed to EEP, pinocembrin, or vehicle.
RAW 264.5 cells (3.0 × 105/well) were seeded in a 24-well
plate in the conditions described above, 12 hours before the
experiment. The cells were treated with EEP or pinocembrin
at concentrations between 1 and 10 𝜇g/mL under LPS stimuli
(100 ng/mL) during 12 hours. The effect of the vehicle was
also tested. As a positive control of cell death, we used
cells exposed to 5% dimethyl sulfoxide. Treated cells were
washed and then resuspended in reaction buffer. Annexin
V-FITC and propidium iodide were added following the
manufacturer’s instructions (Sigma Chemical Company, St.
Louis, MO, USA). The cells were incubated for 15 minutes
at room temperature and were protected from light. Finally,
cells were analyzed using a FACS Canto flow cytometer (BD
Biosciences, San José, CA, USA). Data analysis was per-
formed using FlowJo version 9.5.1 software (TreeStar). Cells
without fluorescence emission were considered to calculate
the relative viability percentage with respect to the control.

2.6. Gene Expression. RAW 264.7 cells (4.0 × 105 cells/well)
were plated and incubated in the conditions above described
during 12 hours to allow cells adherence. Then, the fetal
bovine serum content on culture media was reduced to 1%
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and the cells were stimulated with LPS 100 ng/mL (Sigma,
USA) during 12 hours and were coincubated with noncy-
totoxic concentrations of EEP, pinocembrin, and the corre-
sponding concentration of vehicle. At the end of treatment
period, total RNA was obtained using Trizol� reagent fol-
lowing the manufacturer’s indications (Invitrogen, Life Tech-
nologies, USA) and then quantified using a NanoDrop� 1000
spectrophotometer (Thermo Scientific, USA). 1 𝜇g of total
RNA was reverse-transcribed using High Capacity RNA-to-
cDNA Master Mix (Applied Biosystems. Inc., USA). PCR
assays were performed using a 7300 Real-Time PCR System
(Applied Biosystems. Inc., USA) in a reaction containing
50 ng of reverse-transcribed RNA, 200 nM concentration of
each primer, and 10 𝜇L of 2x Fast SYBR� Green Master Mix
(Applied Biosystems. Inc., USA) on a final volume of 20 𝜇L
under cycling conditions recommended by themanufacturer.
Primers used were MMP-9F 5-TG CCC ACC GTC CTT
TCTTGTT-3, MMP-9R 5-TGCTCGGATGCATCTGCA
ACT-3, Rpl13aF 5-TCC TCA AGA CCA ACG GAC TCC
T-3, and Rpl13aR 5-AAC CTT TGG TCC CCA CTT CCC
T-3 for MMP-9 and Rpl13, respectively. The relative gene
expression was analyzed using the qPCR database [28] in
which the corresponding Cq was obtained using the Miner
algorithm [29]. Rpl13a was used as reference gene.

2.7. Gelatinolytic Activity. RAW 264.7 cells (4.0 × 105 cells/
well) were plated and incubated in standard conditions dur-
ing 12 hours.Then, the cells were washed and culturemedium
was replaced by serum-free media. The cells were activated
with LPS (100 ng/mL) and coincubated with EEP, pinocem-
brin, or vehicle during 24 hours. The supernatant medium
was collected and the protein concentration was measured
using Modified Lowry Protein Assay Kit (Pierce Biotech-
nology Inc.). Then, 50𝜇g of proteins was electrophoresed
in a 10% acrylamide gel containing 1mg/mL gelatin. After
separation, gels were washed with 2.5% Triton X-100 and
incubated for 18 hours in a reaction buffer (0.05M Tris–HCl
(pH 8), 5mmol/L CaCl

2
, and 5mmol/L ZnCl

2
). Finally, gels

were stained with Coomassie Brilliant Blue R250. Clear areas
indicating gelatin lysis were quantified using the imageJ 1.46r
software (National Institute of Health, USA).

2.8. Statistical Analysis. Results were analyzed using Graph-
Pad Prism version 5.0a (GraphPad Software, San Diego CA,
USA). Data are presented as mean ± SD. Differences between
groups involving continuous variables were evaluated by one-
way ANOVA with Dunnett’s posttest in those comparisons
when significant differences were detected. Statistical signifi-
cance was set at 𝛼 = 0.05.

3. Results

3.1. Ethanolic Extract of Propolis Content and LC-DAD-
MS Analysis. An ethanolic extract of propolis (EEP) was
prepared from a propolis sample obtained from southern
Chile (Cunco, La Araucanı́a). The chemical characterization
of EEP by liquid chromatography coupled to diode array
detection and mass spectrometry (LC-DAD-MS) detected
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Figure 1: Chromatogram at 290 nm showing the main components
found in the ethanolic extract of Chilean propolis. 1: caffeic acid;
2: p-coumaric acid; 3: ferulic/isoferulic acid; 4: 3,4-dimethylcaffeic
acid; 5: pinobanksin-5-methyl ether; 6: p-coumaric methyl ester;
7: quercetin; 8: pinobanksin; 9: quercetin-3-methyl ether; 10:
pinocembrin-5-methyl ether; 11: apigenin; 12: luteolin-5-methyl
ether; 13: cinnamyliden acetic acid; 14: pinobanksin derivative; 15:
isorhamnetin; 16: pinocembrin; 17: caffeic acid benzyl ester; 18: caf-
feic acid isoprenyl ester; 19: pinobanksin-3-O-acetate; 20: caffeic acid
isoprenyl ester; 21: chrysin; 22: caffeic acid phenethyl ester (CAPE);
23: galangin; 24: chrysin methyl ether; 25: p-coumaric benzyl
ester; 26: caffeic acid derivative; 27: pinobanksin-3-O-propionate;
28: caffeic acid cinnamyl ester; 29: pinobanksin-3-O-pentenoate;
30: p-coumaric cinnamyl ester; 31: pinobanksin-3-O-butyrate; 32:
pinobanksin-3-O-pentanoate/2-methylbutyrate; ∗: unknown.

the presence of 36 compounds, successfully identifying 32
of them. The major components found in the extract were
pinocembrin and derivatives of caffeic acid and pinobanksin
(Figure 1).

3.2. EEP Treatment Does Not Affect Cell Viability in RAW
264.7 Cells. RAW 264.5 cells were treated with EEP or
pinocembrin at concentrations within 1–10 𝜇g/mL in pres-
ence or absence of lipopolysaccharide (LPS, 100 ng/mL) stim-
uli.The effect of treatment on cell viability was evaluated by 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazoliumbromide
(MTT) reduction assay. Figure 2 shows the relative viability
of RAW 264.7 cells under experimental conditions described
above. The activation of macrophages using LPS did not
show variationswith respect to control cells. Similarly, vehicle
exposition did not alter the cell viability in either presence
or absence of LPS stimuli. Regarding treatment exposition
of activated RAW 264.7 cells, EEP and pinocembrin did
not show significant variations at explored concentrations.
Additionally, we assessed cell viability relative to control using
a necrosis/apoptosis detection assay, in which no differences
were observed up to 7.5 𝜇g/mL of EEP. In pinocembrin and
vehicle treated cells, no significant changes were observed
(Figure 3).

3.3. Inhibition of MMP-9 Expression by EEP Treatment in
RAW 264.7 Cells. ThemRNA expression of MMP-9 in RAW
264.7 cells was evaluated by quantitative real-time PCR (qRT-
PCR). The vehicle did not affect MMP-9 gene expression in
conditions of LPS-stimulation and unstimulated cells. More-
over, treatment with EEP showed a significant reduction in a
dose dependent manner with higher inhibition at the highest
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Figure 2: MTT cell viability assay for ethanolic extract of polyphenols, pinocembrin, or vehicle exposed cells. (a) Cell viability of vehicle
exposed RAW 264.7 cells in presence or absence of LPS stimuli (100 ng/mL). (b) and (c) Effect of EEP and pinocembrin on cell viability of
RAW 264.7 cells under LPS stimulus.
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Figure 3: Necrosis/apoptosis detection in activated RAW 264.7 cells exposed to ethanolic extract of propolis, pinocembrin, and vehicle. (a)
Effect of EEP (1–10𝜇g/mL) on cell viability by necrosis/apoptosis detection. (b) Effect of pinocembrin treatment (1–10 𝜇g/mL) on cell viability
by necrosis/apoptosis detection in RAW 264.7 cells under LPS stimulus. ∗ANOVA: 𝑝 = 0.004; Dunnett’s multiple comparison test: 𝑝 < 0.05.
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Figure 4: Effect of ethanolic extract of propolis, pinocembrin, and vehicle on relative gene expression of MMP-9. (a) Vehicle induced effect
on MMP-9 gene expression in presence or absence of LPS stimulus. (b) Effect of EEP on MMP-9 relative gene expression. (c) Effect of
pinocembrin on MMP-9 relative gene expression. Different letters indicate significant differences. ∗ANOVA: 𝑝 < 0.0001; Tukey’s Multiple
Comparison Test: 𝑝 < 0.05.

concentrations of treatment. Similarly, pinocembrin treated
cells showed an inhibitory effect on MMP-9 mRNA expres-
sion. However, the effect exerted by pinocembrin treatment
was lesser than the effect showed by the EEP treatment
(Figure 4).

3.4. Inhibition of MMP-9 Activity by EEP Treatment. Finally,
we evaluated the effect of EEP and pinocembrin on the gelati-
nolytic activity ofMMP-9 secreted by activatedmacrophages.
In cells treated with EEP, we observed a significant reduc-
tion of collagen degradation starting at 2.5𝜇g/mL, with an
increasing effect at higher EEP concentrations. Pinocembrin
treated cells also showed a significant reduction of collagen
degradation, but to a lesser extent than EEP, affecting the
gelatinolytic activity from 7.5 𝜇g/mL of treatment (Figure 5).

4. Discussion

Biologic activity of polyphenols from several sources has
been widely studied. Among the common sources, propolis

offers complex mixtures to evaluate the joint effect of its
constituents. The chemical composition of propolis sam-
ples is determined by factors as botanical and geograph-
ical origin [34]. These factors define a characteristic pat-
tern of compounds, referred to as propolis fingerprinting
[35]. South American propolis contains certain predominant
compounds as Artepillin C and p-Coumaric acid found
in Brazilian propolis [36, 37] and pinocembrin in Chilean
propolis [28, 29]. In the present study, we used a propolis
sample collected from southern Chile. As aforementioned,
pinocembrin was one of the predominant components.
However, considering the large amount of caffeic acid and
pinobanksin derivatives, probably these two compounds
could also influence its biological activities and should be
studied separately.

Evidence of biological activity of Chilean propolis has
been shown in previous works by our group [38–41].
The present study demonstrates an inhibitory effect of EEP
and pinocembrin on both gene expression and gelatinolytic
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Figure 5: Effect of ethanolic extract of propolis, pinocembrin, and vehicle on gelatinolytic activity of MMP-9. (a) Effect of EEP on MMP-
9 relative proteolytic activity. (b) MMP-9 relative proteolytic activity of pinocembrin treated cells. Different letters indicate significant
differences.

activity of MMP-9 using a cellular model of activated
macrophages (LPS 100 ng/mL). LPS stimuli result in the
induction of numerous inflammatory mediators as cytokines
and chemokines including TNF-𝛼, IL-1, IL-6, and MCP-1.
This effect is associated with the activity of inflammation-
related transcription factors as NF-kappa B [42], also
involved in MMP-9 expression [43]. In atherosclerosis devel-
opment, matrix metalloproteinases are mainly secreted by
macrophages.These enzymes are involved in vascular remod-
eling allowing the adaptation of affected vessel to the
vascular injury in order to maintain the lumen diameter,
mechanism modulated by wall components and extracellu-
lar matrix, especially by its degradation. However, MMP-9
proteolytic activity has been associated with the progression
of atherosclerotic plaques to a vulnerable state and conse-
quently to the development of ischemic events [10, 44–47].
Matrix metalloproteinases are also involved in other disease-
associated processes such as cell invasion and metastasis
in cancer [48]. In this context, using an in vitro model
of hepatocellular carcinoma, treatment with polyphenols
from propolis in concentrations similar to those used in
the present work did inhibit the activity of MMP-9, similar
to the effect associated with caffeic acid phenethyl ester
treatment obtained from the propolis sample [49]. This
effect on MMP-9 has also been demonstrated by other
isolated compounds as kaempferol, apigenin, resveratrol, and
quercetin [50, 51]. Pinocembrin exhibits antibacterial, anti-
inflammatory, anticancer, and neuroprotective activities [30],
and the anti-inflammatory effect exerted by pinocembrin
has been associated with suppression of I𝜅B𝛼, JNK, and
p38MAPK activation [30, 52], signaling pathways involved in
MMP-9 induction in LPS-stimulated macrophages [53, 54].
Our study compared the effect of pinocembrin and EEP,
obtaining an inhibitory effect on both gene expression and
proteolytic activity. However, the modulation demonstrated

using this particular flavonoid as treatment was lesser than
that exhibited by EEP, which has, among its components,
detectable amounts of all compounds listed above except
for resveratrol. So, the observed effect can be a product of
the joint activity of identified compounds. In conclusion,
polyphenolic components of Chilean propolis show a signif-
icant inhibition of MMP-9 gene expression and activity, sug-
gesting a potential role in the control of extracellular matrix
degradation in atherosclerotic plaques and subsequently on
plaque stability.

5. Conclusion

In summary, our results indicate that components of Chilean
propolis showed a significant inhibition of MMP-9 gene
expression and activity, suggesting a potential role in the
control of extracellular matrix degradation in atherosclerotic
plaques and subsequently on plaque stability.
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Hyperoside, an active compound found in plants of the genera Hypericum and Crataegus, is reported to exhibit antioxidant,
anticancer, and anti-inflammatory activities. Induction of hepatic stellate cell (HSC) apoptosis is recognized as a promising strategy
for attenuation of hepatic fibrosis. In this study, we investigatedwhether hyperoside treatment can exert antifibrotic effects in human
LX-2 hepatic stellate cells. We found that hyperoside induced apoptosis in LX-2 cells and decreased levels of 𝛼-smoothmuscle actin
(𝛼-SMA), type I collagen, and intracellular reactive oxygen species (ROS). Remarkably, hyperoside also inhibited the DNA-binding
activity of the transcription factor NF-𝜅B and altered expression levels of NF-𝜅B-regulated genes related to apoptosis, including
proapoptotic genes Bcl-Xs, DR4, Fas, and FasL and anti-apoptotic genes A20, c-IAP1, Bcl-𝑋

𝐿
, and RIP1. Our results suggest that

hyperoside may have potential as a therapeutic agent for the treatment of liver fibrosis.

1. Introduction

Liver fibrosis is a major cause of morbidity and mortality
worldwide due to chronic viral hepatitis and, more recently,
from fatty liver disease associated with obesity [1]. Hep-
atic fibrosis is largely asymptomatic. However, progressive
fibrosis resulting in cirrhosis can cause distortion of the
liver parenchyma and vascular architecture [2], of which
major clinical consequences are impaired liver function,
an increased portal hypertension, and the development of
hepatocellular carcinoma [3]. An epidemiological analysis
has identified liver cirrhosis as a leading cause of disease-
related death worldwide [4].

Liver fibrosis is a reversible, progressive pathological
process characterized by excess accumulation of extracellular

matrix (ECM) proteins. Hepatic stellate cells (HSCs) are
quiescent, nonproliferative, vitamin-A storing cells; they are
localized to the space of Disse and function as the principal
storage sites of retinoids in normal liver. HSCs are the princi-
pal cell type involved in liver fibrogenesis, and the survival of
activated HSCs is the hallmark feature of liver fibrosis. Upon
activation, HSCs proliferate and undergo transdifferentiation
from quiescent cells to activated myofibroblast-like cells
secreting excess ECM proteins [5]. Antifibrotic drug research
focuses on the inhibition of HSC activation or proliferation
and the promotion of apoptosis in activated HSCs [6, 7].
Given the current lack of successful treatment options for
liver fibrosis, new strategies for slowing this process are
urgently needed.
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In addition to the activation of fibroblasts and immune
cells, fibrosis-inducing events also cause release of profibrotic
metabolites such as reactive oxygen species (ROS). ROS are
critical intermediates in both liver physiology and pathol-
ogy. Recent research indicates that oxidative stress and the
antioxidant system may also be critical for the development
and persistence of fibrosis [8]. In addition to ROS, the
transcription factor nuclear factor-kappa B (NF-𝜅B) is also
essential for liver cell survival and liver homeostasis [9]. The
regulation of cell death, inflammation, and wound healing
by NF-𝜅B not only emphasizes the role of this transcription
factor in the progression of liver diseases, but also highlights
the mechanistic links between liver injury, inflammation,
fibrosis, and hepatocellular carcinoma [10]. Several studies
have indicated that NF-𝜅B inhibition is a potent mechanism
for the induction of HSC apoptosis [11, 12]. Hence, when NF-
𝜅B activation is prevented or inhibited, apoptosis of activated
HSCs is enhanced.

Natural products have recently attracted much attention
in drug research because they have frequently served asmajor
sources of chemical diversity for novel biomedical agents and
pharmaceutical discovery. Flavonoids are plant polyphenols
found in vegetables, fruits, and plant-based beverages and
are well known for their physiological antipyretic, analgesic,
and anti-inflammatory activities [13]. Hyperoside (also called
quercetin 3-O-b-d-galactoside; Figure 1(a)), a major phar-
macologically active component from the genera Hyper-
icum and Crataegus [14], has been demonstrated to possess
numerous biological functions, including cardioprotective
[15], antiredox [16], and anti-inflammatory activities [17].
Hyperoside also displays antiviral activity against hepatitis B
in HepG2 cells transfected with hepatitis B viral genome, via
the suppression of hepatitis B antigen secretion [18].However,
little research has been conducted on the potential roles and
mechanisms of hyperoside in the treatment of liver fibrosis.
In the present study, we utilized the human HSC line LX-
2, which preserves key features of primary HSCs critical
for liver fibrosis research [19], to investigate the molecular
mechanisms of the proapoptotic effects of hyperoside.

2. Materials and Methods

2.1. Cell Culture. LX-2 cells were gifted by Dr. Zhigang
Bai, Liver Research Center, Beijing Friendship Hospital,
Beijing, China. Cells were cultured in RPMI-1640 medium
(Thermo Fisher, Beijing, China) containing 10% fetal bovine
serum at 37∘C in a 5% CO

2
incubator. Hyperoside (Biopu-

rify, Chengdu, China) was dissolved in dimethyl sulfoxide
(DMSO, Solarbio, Beijing, China) and added at the concen-
trations indicated.

2.2. Cell Viability Assay. 3-(4,5-Dimethyl-2-thiazolyl)-2,5-
diphenyl-2H-tetrazolium bromide (MTT, Sigma, M5655,
USA) was used as an indicator of cell viability. Cells were
grown in 96-well plates at a density of 5 × 103 cells/well. After
24 h, the cells were washed with fresh medium, followed by
treatment with hyperoside. After a 24 h or 48 h incubation
period, the cells were washed, and 100 𝜇L of MTT (1mg/mL)
was added, followed by incubation for 4 h. Finally, DMSO

(150 𝜇L) was added in order to solubilize the formazan salt
formed, and the amount of formazan salt was determined
by measuring the OD at 540 nm using a microplate reader
(Synergy HT; BioTek Instruments).

2.3. Apoptosis Quantification. Detection of apoptosis was
performed with an Annexin V-FITC/PI kit (BD Biosciences,
New Jersey, USA) according to the manufacturer’s instruc-
tions. Cells were seeded in 6-well plate (1 × 106 cells/well)
and treated with different concentrations (0.5𝜇M, 1.0 𝜇M, or
2.0 𝜇M) of hyperoside at 37∘C for 24 h or 48 h. Cells were
harvested, washed twice with ice-cold PBS, and resuspended
in 1mLbinding buffer. Resuspended cells (100 𝜇L)were trans-
ferred to a 1.5mLEP tube and 5𝜇LAnnexinV-FITCplus 5𝜇L
PI was added. The tube was gently vortexed and incubated
for 15min at room temperature in the dark. Binding buffer
(400 𝜇L) was then added and the cells were analyzed imme-
diately by flow cytometry. Percentage of Annexin V-FITC+
cells was represented as apoptosis rate [20].

2.4. Western Blotting Analysis. Protein was extracted from
LX-2 cells prepared with ice-cold lysis buffer (P1016, Solarbio
Science and Technology, Beijing, China). Protein concen-
tration in cell lysates was determined with a BCA protein
kit (Beyotime, Shanghai, China). Samples containing equal
amounts of protein (20 g) were mixed with loading buffer
containing 5% 2-mercaptoethanol, heated for 5min at 95∘C,
loaded onto a 10% SDS-PAGE gel, and then transferred to
polyvinylidene difluoride (PVDF) membranes. After block-
ing with 5% milk and 0.1% Tween 20 in Tris-buffered saline
(TBS), membranes were incubated overnight at 4∘C with
primary antibody. Antibodies against 𝛼-SMA (BM0002) and
collagen I (BA0325) were purchased from Boster (Wuhan,
China); 𝛽-tubulin (CW0098) was purchased from CWBIO
(Beijing, China). Membranes were then incubated with the
appropriate horseradish peroxide conjugated secondary anti-
body at room temperature. Protein bandswere detected using
ECL (WBKLS0100,Millipore, Billerica,MA,USA), according
to the manufacturer’s protocols. Experiments were repeated
three times.

2.5. Intracellular Reactive Oxygen Species Assay. The produc-
tion of intracellular reactive oxygen species was measured
by DCFH oxidation. The DCF-DA reagent passively enters
cells, where it is deacetylated by esterases into nonfluorescent
DCFH. Inside the cell, DCFH reacts with ROS to form
DCF, a fluorescent product. For this assay, 10mM DCF-DA
(S0033, Beyotime, Jiangsu, China) was dissolved in methanol
and diluted 1000-fold in RPMI-1640 medium to give a final
concentration of 10𝜇M DCF-DA. Hyperoside treated LX-
2-enriched cultures seeded (5 × 104/well) in 96-well plates
were then incubated with DCFH-DA for 20 minutes at 37∘C.
Immediately after incubation, DCF fluorescence was read at
485 nm excitation and 530 nm emission by flow cytometry.

2.6. NF-𝜅BDNA-Binding Activity. TheTrans-AMNF-𝜅B p65
Transcription Factor Assay kit (Active Motif North America,
Carlsbad, CA)was used to quantify theDNA-binding activity
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Figure 1: Structure of hyperoside and its inhibitory proliferation effect on LX-2 cells. (a) Chemical structure of hyperoside. (b) Effect of
hyperoside on the growth of LX-2 cell lines for 24 h. (c) Effect of hyperoside on the growth of LX-2 cell lines for 48 h. Cell proliferation
was analyzed using MTT assay. Cells were treated with different concentration of hyperoside (0, 0.125, 0.25, 0.5, 1.0, and 2.0mM/L). Results
represent the mean ± SEM from three independent experiments (∗∗means compared with the control group, 𝑃 < 0.001).

of NF-𝜅B in LX-2 cells, according to the instructions of the
manufacturer. Briefly, nuclear extracts were prepared with
NE-PER nuclear and cytoplasmic extraction reagents (Pierce
Biotechnology Rockford, IL). Protein content in the two frac-
tions was quantitated using a Bradford assay. Nuclear extracts
were incubated in 96-well plates coated with immobilized
oligonucleotide (5-AGTTGAGGGGACTTTCCCAGGC-3)
containing a consensus (5-GGGACTTTCC-3) binding site
for the p65 subunit of NF-𝜅B. NF-𝜅B binding to the target
oligonucleotide was detected by incubation with primary
antisera specific for the activated form of p65. The ELISA
assay was developed with anti-IgG horseradish peroxidase
conjugate and developing solution provided with the kit.
Optical density (OD) was determined at 450 nm with a
reference wavelength of 655 nm. Background binding was
subtracted from the value obtained for binding to the con-
sensus DNA sequence.

2.7. Quantitative RT-PCR. Total RNAwas extracted fromLX-
2 cells using TRIzol Reagent (Invitrogen, Carlsbad, CA). A

10 𝜇g aliquot of each RNA sample was reverse transcribed
into cDNA using oligo-dT random primers and reverse
transcriptase. Quantitative real-time PCR was performed
using SYBR Premix Ex Taq� II (Takara, Japan). The primers
used are shown in Table 1. 18s was used as a housekeeping
gene.

2.8. Statistical Analysis. Data are expressed as mean ± SEM,
representing at least three independent experiments. Statisti-
cal analysis was conducted using SPSS software (SPSS version
14.0, SPSS Science, Chicago, IL, USA). One-way analysis of
variance (ANOVA) was followed by least significant differ-
ence (LSD) test. A 𝑃 value of less than 0.05 (𝑃 < 0.05) was
considered to indicate statistical significance.

3. Results

3.1. Hyperoside Inhibits LX-2 Proliferation. The chemical
structure of hyperoside is shown in Figure 1(a). The fibro-
genic activities of HSCs are based on their activation and
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Table 1: Primers of quantitative real-time PCR.

Primers Sequence Annealing temperature (∘C)
Forward (from 5 to 3) Reverse (from 5 to 3)

18s CAGCCACCCGAGATTGAGCA TAGTAGCGACGGGCGGTGTG 60
𝛼-SMA AGGTAACGAGTCAGAGCTTTGGC CTCTCTGTCCACCTTCCAGCAG 60
Collagen I GAGCGGAGAGTACTGGATCG GTTCGGGCTGATGTACCAGT 60
A20 GTCCGGAAGCTTGTGGCGCT CCAAGTCTGTGTCCTGAACGCCC 55
Bcl-Xs GCAGTAAAGCAAGCGCTGAG GTTCCACAAAAGTATCCTGTTCAAAG 60
DR4 CTGAGCAACGCAGACGCGCTGTCCAC ACAGCATCAGAGTCTCAGTGGGGTCAGC 60
Fas ATTCTGCCATAAGCCCTGTC TTGGTGTTGCTGGTGAGTGT 55
FasL GTTCTGGTTGCCTTGGTAGG TGTGCATCTGGCTGGTAGAC 55
c-IAP1 TTGTCAACTTCAGATACCACTGGAG CAAGGCAGATTTAACCACAGGTG 60
Bcl-XL AGTTCCCTTGGCCTCAGAAT AGGGTTGCACCAATCAGGTA 55
Rip1 GTCAAATTCAGCCACAGAACAGCC CCCTTTAGCCTTCCCTCATCACC 55

proliferation. To explore the potential antifibrotic effects of
hyperoside, the viability of LX-2 cells following hyperoside
treatment was determined by MTT assay. As shown in
Figures 1(b) and 1(c), hyperoside treatment for both 24 h
and 48 h significantly reduced LX-2 cell viability in a dose-
dependent manner. The 50% inhibitory concentration (IC

50
)

values for hyperoside were determined as 1.16mM for 24 h
treatment and 0.78mM for 48 h treatment.

3.2. Hyperoside Promotes Apoptosis in LX-2 Cells. To deter-
mine whether the decrease in cell viability we observed in
hyperoside treated LX-2 cells was attributable to the induc-
tion of apoptosis, we examined the rate of LX-2 apoptosis
using Annexin V-FITC/PI labeling. Figure 2 showed that
hyperoside treatment induced apoptosis in a concentration-
dependent manner in LX-2 cells. The rate of apoptosis did
not increase significantly in cells treated for only 24 h, while
48 h of hyperoside treatment significantly increased the rate
of apoptosis in LX-2 cells. After 48 h of hyperoside treatment,
the curvilinear response had an inflection point at the 0.5mM
dose, at which apoptosis rate was significantly increased.
Because of these findings, we used hyperoside at a concentra-
tion of 1mM in subsequent experiments involving the LX-2
cell line.These results indicate that growth inhibition of LX-2
cells by hyperoside is associated with apoptosis.

3.3. Hyperoside Downregulates Endogenous 𝛼-SMA and ECM
Protein Levels in LX-2 Cells. The major phenotypical trans-
formation that follows HSC activation is the transdiffer-
entiation into 𝛼-smooth muscle actin- (𝛼-SMA-) positive
myofibroblasts that have increased cell proliferation and
produce large amounts of ECM proteins such as collagen
I [5]. The effect of hyperoside on expression of the HSC
activation markers 𝛼-SMA and type I collagen was evaluated
bywestern blotting. LX-2 cells were exposed to hyperoside for
48 h, and total protein was isolated for subsequent analysis.
As depicted in Figure 3(a), secretion of 𝛼-SMA was inhibited
by hyperoside, but the effect was not statistically significant
until treated with 2.0𝜇M hyperoside. Treatment with 0.5 𝜇M
hyperoside slightly suppressed the expression of collagen I

levels, and the protein levels markedly decreased when the
hyperoside is 1.0 𝜇M. As depicted in Figure 3(a), treatment
with 0.5𝜇M or 1.0 𝜇M hyperoside slightly decreased 𝛼-SMA
and collagen I levels. Treatment with 2.0𝜇M hyperoside
markedly decreased 𝛼-SMA and collagen I protein levels.

Next, we quantified mRNA levels of 𝛼-SMA and collagen
I using quantitative RT-PCR. As illustrated in Figure 3(b),
𝛼-SMA mRNA levels were significantly decreased in LX-2
cells treated with 2.0𝜇M hyperoside. A significant decrease
in collagen I gene expression was also observed.These results
are consistent with the decreased protein levels shown in
Figure 3(a).

3.4. Hyperoside Attenuates Intracellular ROS Production in
LX-2 Cells. Flavonoids are broadly recognized for their
natural antioxidant properties [21], while ROS have been
associated with fibrosis in several organs, especially in the
liver [22, 23]. When we treated LX-2 cells with hyperoside
at multiple concentrations and measured intracellular ROS
levels by DCF-DA fluorescence, we found that hyperoside
drastically reduced intracellular ROS production in activated
liver fibrosis cells (Figure 4(a)). Quantitative evaluation of
DCF fluorescence (Figure 4(b)) found that this inhibitory
effect on intracellular ROS production was reduced by
approximately 60% compared to control levels. We are the
first to report that hyperoside attenuates intracellular ROS
production in LX-2 cells.

3.5. Hyperoside Blocks NF-𝜅B Activation in LX-2 Cells. To
evaluate the NF-𝜅B-inhibiting effects of hyperoside, nuclear
extracts were prepared from pretreated LX-2 cells and the
subcellular localization of theNF-𝜅BRelA/p65DNA-binding
complex was examined. As shown in Figure 5(a), TNF-𝛼 was
effective in inducing NF-𝜅B DNA-binding activity. Nuclear
extracts from control LX-2 cells demonstrated high levels of
NF-𝜅B DNA-binding activity, which was reduced by nearly
50% after hyperoside treatment when compared to the TNF-
𝛼 induced group. This finding demonstrates that hyperoside
can markedly attenuate TNF-𝛼 induced NF-𝜅B activation in
LX-2 cells.
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Figure 2: Hyperoside induced proapoptosis effect and its statistical representation of data. The apoptosis rate of Lx-2 cells was analyzed
by flow cytometry (Annexin V-FITC/PI). Cells were treated with different dose of hyperoside (0, 0.5, 1.0, and 2.0mM/L) for 24 h and 48 h,
respectively. Results represent the mean ± SEM from three independent experiments (∗∗means compared with the control group, 𝑃 < 0.001,
𝑛 = 3).

3.6. Hyperoside Induces HSC Apoptosis by Mediating NF-
𝜅B-Dependent Genes. The NF-𝜅B transcription factor com-
plex regulates genes governing a wide range of biological
functions; these genes include regulators of apoptosis and
cell proliferation such as Fas, FasL, DR4, and Bcl-𝑋

𝐿
[24,

25], and NF-𝜅B mediates cell death by the upregulation or
downregulation of these target genes. To gain further insight
into the effects of hyperoside on the regulation of NF-𝜅B
target genes in LX-2 cells, we assayed the expression of several
proapoptotic genes (Bcl-Xs,DR4,Fas,FasL) and antiapoptotic
genes (A20, c-IAP1, Bcl-𝑋

𝐿
, RIP1) by real-time PCR following

hyperoside treatment. As shown in Figure 5(b), we detected

a dose-dependent upregulation of proapoptotic genes after
48 h of hyperoside treatment, with the largest increases in
mRNA levels observed in DR4 and FasL. Conversely, the
expression of antiapoptotic genes Bcl-𝑋

𝐿
, c-IAP1, and Rip1

decreased with increasing doses of hyperoside.

4. Discussion

Recently, naturally occurring plant compounds have become
attractive subjects of research into novel therapeutic strate-
gies for liver fibrosis. In particular, dietary flavonoids such
as morin [26], hesperidin [27], and silymarin [28] have
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with DCF-DA and subjected to fluorescence microscopy. (b) Intracellular ROS was detected with flow cytometry.
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Figure 5: Hyperoside induces HSC apoptosis by blocking NF-𝜅B activation and mediating NF-𝜅B-dependent genes. (a) Hyperoside blocks
NF-𝜅B activation in Lx-2 cells. The effect of hyperoside on NF-𝜅B DNA-binding activity in LX-2 cells was evaluated by ELISA. LX-2 cells
were incubated for 48 hours in the absence or presence of TNF-𝛼 (20 ng/mL) and hyperoside (1mM/L). Nuclear protein was extracted and
subjected to ELISA for measurement of NF-𝜅B DNA-binding activity. (b) Relative expression of NF-𝜅B mediating proapoptotic target genes.
(c) Relative expression ofNF-𝜅Bmediating antiapoptotic target genes (∗means comparedwith the control group,𝑃 < 0.05; ∗∗means compared
with the control group, 𝑃 < 0.001, 𝑛 = 3).

been reported to attenuate the process of fibrosis. Hyper-
oside has been shown to have pleiotropic pharmacological
effects, which include antithrombotic activities [29], protec-
tive effects on cardiomyocytes [30], and anti-inflammatory
activities [31]. A recent report suggested that hyperoside
exhibits hepatoprotective effects against CCl

4
-induced liver

injury and suppresses inflammation, but the mechanisms
by which it protects against liver cirrhosis still need to
be elucidated [32]. In the present study, we demonstrated
that hyperoside induced culture-activated HSCs to undergo
apoptosis due to downregulation of intercellular ROS and
thereby inhibition of NF-𝜅B.

NF-𝜅B signaling plays an active role in a number of
chronic liver diseases [10, 33]. There is evidence of NF-𝜅B
activity in activated HSCs [6, 34] and the inhibition of HSC
apoptosis promotes liver fibrosis [7, 11, 35]. Inhibition of
NF-𝜅B signaling is usually connected with the induction of
apoptosis in activatedHSCs and the resolution of experimen-
tally induced liver fibrosis [36]. For example, gliotoxin [7]
and resveratrol [37] can induce HSC apoptosis both in vitro
and in vivo through the inhibition of NF-𝜅B signaling and
altered regulation of NF-𝜅B-dependent gene transcription
[38]. Consistent with these reports, we observed that when
hyperoside was administered to LX-2 cells for 48 h, late
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apoptotic and necrotic cells (Figure 2) were increased signif-
icantly. In the early apoptosis stage, cells trigger ultimate loss
of the mitochondrial membrane potential and translocation
of phosphatidylserine. Early apoptotic cells can be rescued
from the apoptotic program if the apoptotic stimulus is
removed [39]. In our study, for early and median apoptotic
cells, there is slighter change in 24 h than in 48 h perhaps for
LX-2 cells 24 h hyperosdie treatment is not as effective as 48 h,
which is consistent with the result of cell viability assay that
for 48 h IC

50
is lower than that in 24 h. As a consequence of

NF-𝜅B signaling inhibition, active markers for HSCs 𝛼-SMA
and type I collagen were reduced by hyperoside in LX-2 cells.

Theoretically, ROS represent a serious hazard for the
cell, as not only can they oxidize macromolecules—thus
damaging proteins, lipids, and DNA [40]—but they are
also key secondary messengers in numerous signaling path-
ways including proliferation, metabolism, and apoptosis [41].
In the liver, ROS contribute to hepatic fibrosis triggered
by numerous liver injuries, including alcohol abuse, HCV
infection, iron overload, and chronic cholestasis [42, 43].
Importantly, several studies have found that ROS influence
intracellular NF-𝜅B signaling [44] and stimulate collagen
gene induction in HSCs, contributing to the pathogenesis
of liver fibrosis [45]. Interestingly, studies have revealed the
existence of a reciprocal, negative feedback loop betweenNF-
𝜅B and ROS [41]. Hyperoside is a quercetin-3-O-galactoside
compound with a catechol group in the B-ring. Based on
established structure-antioxidant activity relationships [46],
we hypothesized that hyperoside would exert the suppressive
capacity of intercellular ROS in HSCs. As expected, our
experimental results indicate that hyperoside attenuates the
generation of intracellular ROS and decreases the activation
of NF-𝜅B.

Collectively, our results suggest that the antifibrotic effects
of hyperoside on cultured LX-2 cells are mediated by the
inhibition of canonical NF-𝜅B signaling and the induction of
apoptosis in activated HSCs. Hyperoside can be regarded as a
potential candidate in the search for pharmacological agents
to combat liver fibrosis, although the precise mechanisms
involved remain to be discovered, and extensive preclinical
experiments are still required. Plants possessing the hyper-
oside compound are abundant in China [47], and many of
these are considered to be atoxic and edible according to
traditional Chinese medicine. This study adds support to the
notion that the development of novel medicines and health-
promoting foods based on hyperoside is a viable strategy,
especially in China, and represents a valuable research goal
because liver cirrhosis arising from viral hepatitis remains a
serious global health issue.
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Tooth decay is an infectious disease, whose main causative agent identified is Streptococcus mutans (S. mutans). Diverse treatments
have been used to eradicate this microorganism, including propolis. To date, it has been shown that polyphenols from Chilean
propolis inhibit S. mutans growth and biofilm formation. However, the molecular mechanisms underlying this process are unclear.
In the present study, we assessed the effect of Chilean propolis on the expression and activity of the glycosyltransferases enzymes
and their related genes. Polyphenol-rich extract from propolis inhibited gene expression of glycosyltransferases (GtfB, GtfC, and
GtfD) and their related regulatory genes, for example,VicK,VicR, andCcpA. Moreover, the treatment inhibited glucosyltransferases
activity measured by the formation of sucrose-derived glucans. Additionally, an inhibitory effect was observed in the expression
of SpaP involved in sucrose-independent virulence of S. mutans. In summary, our results suggest that Chilean propolis has
a dose-dependent effect on the inhibition of genes involved in S. mutans virulence and adherence through the inhibition of
glucosyltransferases, showing an anticariogenic potential of polyphenols from propolis beyond S. mutans growth inhibition.

1. Introduction

Streptococcus mutans (S. mutans) is considered to be the
principal causative agent of human dental caries among a
wide variety of microorganisms detected in the oral cavity [1,
2]. Although the etiology and factors related to dental caries
development are well known, this pathology remains a public
health issue due to its increased prevalence in recent reports
[3]. Therefore, the search for new therapeutic strategies
holds great interest. Polyphenols from different botanical
sources have emerged as promissory therapeutic agents due
to their wide range of biological activities [4]. Propolis

is a resinous substance collected by bees (Apis mellifera)
from different vegetable species [5]. Several pharmacological
properties have been described for the extracts of propo-
lis, such as antidiabetogenic, antiatherogenic, antimicrobial,
and antifungal properties, which are related mainly to the
polyphenols content of propolis samples [6–9]. Since chem-
ical studies have determined a relationship between propolis
composition and the region from where propolis is collected
together with the plant source of each area [10, 11], the bio-
logical activities of propolis can vary depending on the same
conditions aforementioned. We have previously reported
antimicrobial activity of Chilean propolis for S. mutans [7]

Hindawi Publishing Corporation
BioMed Research International
Volume 2016, Article ID 4302706, 7 pages
http://dx.doi.org/10.1155/2016/4302706

http://dx.doi.org/10.1155/2016/4302706


2 BioMed Research International

and the inhibition of biofilm formation by these microor-
ganisms [12]. However, the underlyingmolecularmechanism
involved in this inhibitory effect by Chilean propolis remains
unclear.

The capacity of S. mutans to form a biofilm on the teeth
surface is considered to be the most important virulence
mechanism related to its cariogenicity, which involves
sucrose-dependent and sucrose-independent processes.
Glucosyltransferases (Gtfs) are involved in the sucrose-
dependent mechanism, allowing S. mutans the synthesis of
both water-soluble and water-insoluble glucans from sucrose
[13, 14]. These sucrose-derived glucans favor bacterial adhe-
sion to the tooth enamel by binding to hydroxyapatite miner-
als (HA) and enabling the interaction between microorgan-
isms. Gtfs from S. mutans differ on the types of glucans they
can synthetize and the roles performed in biofilm formation.
GtfB synthetizes insoluble glucans with 𝛼-1,3-linkages that
facilitates cell aggregation in stable biofilms by mediating
the interaction between S. mutans bacteria. In contrast, GtfD
formsmainly soluble glucans with 𝛼-1,6-linkages that contain
an hydrophobic domain, allowing the interaction with
salivary proteins in the pellicle. GtfC produces both soluble
and insoluble glucans showing the highest affinity for HA
among other Gtfs [15]. The expression of Gtfs is influenced
by environmental factors of the oral cavity, for example, pH
and carbohydrate availability, but it is also affected by the
expression of other regulatory genes such as vicR/vicK, which
belongs to the vicRKX operon in the S. mutans chromosome
[16], and the catabolite control proteinA (CcpA) [17]. Regard-
ing the sucrose-independent mechanism, it is less important
than sucrose-dependent mechanisms, but it also participates
in the primary adherence process in biofilm development,
involving the interaction between salivary agglutinins and the
surface protein adhesin SpaP (I/II antigen) on the S. mutans
bacterial wall, which is encoded by the SpaP gene [18, 19].

The present study aimed to evaluate the effect of sub-
bactericide concentrations of polyphenol-rich extract from
Chilean propolis on the expression of glucosyltransferases
and regulatory genes as a possible mechanism underlying the
propolis inhibitory effect on S. mutans.

2. Materials and Methods

2.1. Polyphenol-Rich Extract from Propolis. Propolis was col-
lected in spring of 2008 from La Araucanı́a, Chile. The
sample was crushed in cold, 30 grams was dissolved in
100mL of ethanol (70%) and mixed in constant agitation
for 7 days at room temperature. Subsequently, polyphenol-
rich extract of propolis (PEP) was filtered with Whatman
2.0 and centrifuged at 327 g. for 20 minutes at 4∘C. Later
the solvent evaporated in 60∘C for 2 hours in a Rotavapor
evaporator (Büchi, R-210, Germany) and dissolved for 24 h
with sterile DMSO to obtain 50% w/w extract concentrate
propolis extract (EP).

2.2. Determination of Total Phenolic Content. To quantify
the total phenolic content of polyphenol-rich extract from
propolis, we used the colorimetric Folin-Ciocalteu assay.

Briefly, 100 𝜇L of sample (PEP or calibrator solution) was
mixed with 100 𝜇L of distilled water and 2mL of Folin-
Ciocalteu reagent (Merck, Germany). The resultant solution
was gently mixed and incubated during 8 minutes. Finally,
3mL of sodium carbonate 20% (w/v) was added in a 25mL
flask and incubated for 2 hours. The absorbance of the
solution was at measured 760 nm in a microplate reader.
For the calibration curve, we used standard solutions of
pinocembrin-galangin in a proportion of 2 : 1 [11]. Thus,
the results of quantification are expressed in equivalents of
pinocembrin-galangin mixture (𝜇gmL−1).

2.3. Streptococcus mutans Isolation and Culture Conditions.
Streptococcus mutans strains were obtained from salivary
samples of children with active tooth decay.The samples were
cultured in petri plates with Columbia agar enriched with
sucrose (1%) in an anaerobic container (Becton, Dickinson
andCompany, NY,USA).Then, culture plates were incubated
at 37∘C and 5% of CO

2
for 24 hours. Finally, S. mutans

was identified using polymerase chain reaction (PCR) as
previously described [20].

2.4. Quantification of Relative Gene Expression in S. mutans
Cultures under Polyphenol-Rich Extract Treatment. To eval-
uate the activity of the PEP on glucosyltransferases and
other virulence-related genes, S. mutans was cultured in
trypticase soy broth and treatments were applied using a
macrodilution sensitivity test scheme with PEP concentra-
tions ranging between 0.1 and 1.6𝜇gmL−1.Moreover, cultures
exposed to DMSO and chlorhexidine were used as a vehicle
control and positive control, respectively. S. mutans cultures
were incubated during 24 hours in the conditions above
described [21]. Total RNA was isolated from cultures using
TRIzol reagent (Ambion, USA) according to manufacturer’s
instructions. Then, cDNA was synthesized using a reverse
transcriptase reaction starting from 1 𝜇g of total RNA and
using 200 ng of random primers and 200U of RevertAid M-
MuLV Reverse Transcriptase (Promega, Madison, WI, USA)
in a final volume of 20𝜇L. Glucosyltransferases B, C, and D
and VicK, VicR, SpaP, and CcpA genes were amplified using
real time PCR in a StepOne Real Time PCR System (Life
Technologies, USA).

For real time PCR amplification, we used 0.5𝜇L of each
forward and reverse primers (200 nM); 12.5 𝜇L of Fast SYBR�
Green Master Mix (Life Technologies, USA); 1 𝜇L of cDNA
sample and RNAse-free water up to complete 25 𝜇L of final
volume. The amplification program was performed in the
following conditions: initial denaturation at 95∘C for 10
minutes and 40 cycles of 15 seconds at 95∘C,with an extension
stage at 60∘C for 1 minute. Results were analyzed by the
comparative cq method (2−ΔΔCq) [22] using the 16S rRNA
of S. mutans as reference gene. All these experiments were
completed by triplicate and results were expressed as relative
expression in arbitrary units. The sequence of primers used
for this analysis was: GtfB: 5-AGC AAT GCA GCC AAT
CTA CAA AT-3 and 5-ACG AAC TTT GCC GTT ATT
GTC A-3; GtfC: 5-CTC AAC CAA CCG CCA CTG TT-3
and 5-GGT TTA ACG TCA AAA TTA GCT GTA TTA-3;
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GtfD: 5-CTT TGGTTCAGACGGTGTTG-3 and 5-CTG
CTT TTGACT TGT TTT CCG-3; SpaP: 5-CAG TACCTG
ACTTGATAATAACACC-3 and 5-TCCCTGCAAGAA
TCA CTC AGA A-3; VicR: 5-CGC AGT GGC TGA GGA
AAA TG-3 and 5-ACC TGT GTG TGT CGC TAA GTG
ATG-3; VicK: 5-CAC TTT ACG CAT TCG TTT TGC C-3
and 5-CGT TCT TCT TTT TCC TGT TCG GTC-3; CcpA:
5-CCG TGAAGCGGGAGTGTCCA-3 and 5-TGCCAA
ACC ACG CGC CAC AG-3; 16S rRNA: 5-TGG AAA CGA
TAG CTA ATA CCG CAT A-3 and 5-TAA TAC AAC GCA
GGT CCA TCT ACT A-3.

2.5. Estimation of Glucosyltransferases Enzymatic Activity. To
obtain a crude extract of glucosyltransferases from cultures,
the cells were suspended in a potassium phosphate buffer
(20mM) at pH 6.8 and then centrifuged at 10 000 g at
4∘C. The enzymes were precipitated with 80% sulfate of
ammonium solution. The pellet was resuspended in 500 𝜇L
of buffer potassium phosphate for later ultrafiltration in a
10KDa and 3000 MWCO Vivaspin500 (GE Healthcare Life
Science, USA). Finally, a phenylmethanesulfonyl fluoride
solution PMSF (1mM) and sodium azide at concentration of
0.02% were added [23]. For the enzymatic reaction, 50 𝜇L of
crude glucosyltransferases extract and 50 𝜇L of sterile sucrose
(0.1M) in potassium phosphate buffer containing PEP in
concentrations ranging from 0.1 to 1.6𝜇gmL−1 were added.
These solutions were incubated at 37∘C for 6 hours in 96-
well microplates. After incubation, the content of each well
was transferred to a microtube and centrifuged at 10 000 g
during 10 minutes. For estimation of water-soluble glucans,
the centrifugated liquid was transferred into a microplate
and mixed with 10 𝜇L of concentrate sulfuric acid and 10 𝜇L
of phenol. Finally, the microplates were incubated at 95∘C
and the absorbance was quantified at 490 nm in a microplate
reader. For water-insoluble glucans assessment, the pellet
obtained after centrifugation was dissolved in 300 𝜇L of
sodium hydroxide (1M) and the absorbance was quantified
in the same conditions [24]. These assays were performed
by triplicate and results were expressed as means ± standard
deviation.

2.6. Statistical Analysis. Statistical analyses were performed
using computational software package Prism 5 (Graph Pad
Software Inc., San Diego, USA). The values for comparison
of multiple means of individual experiments were estimated
by statistical analysis of variance (ANOVA). Significant dif-
ferences were considered at 𝑝 < 0.05.

3. Results

3.1. Total Polyphenols Content of Polyphenol-Rich Extract from
Propolis. The total phenolics content in PEP was quantified
in equivalence of pinocembrin-galangin mixture by the
Folin-Ciocalteu reaction to obtain the starting concentration
and perform appropriate treatment dilutions for gene expres-
sion and glucosyltransferases assays. Thus, PEP solution was
determined to contain a concentration of 137753𝜇gmL−1 of
total polyphenols.

3.2. Effect of Polyphenol-Rich Extract from Propolis on Relative
Gene Expression in S. mutans Cultures. To evaluate the effect
of treatment with polyphenols on gene expression of gluco-
syltransferases and regulatory genes, cultured S. mutans was
treated using four noninhibitory concentrations of PEP (0.1,
0.2, 0.4, and 0.8 𝜇gmL−1) and one bactericide concentration
(1.6 𝜇gmL−1) as death control. Values were selected consider-
ing the minimum inhibitory and bactericide concentrations
obtained for the same extract [12]. Moreover, chlorhexidine
was used as positive control due to its well-known bactericide
effect on S. mutans strains. As expected, chlorhexidine and
bactericide concentration of PEP showed a significant reduc-
tion on glucosyltransferases or regulatory genes expression,
and no effect of vehicle was observed on the expression of
all evaluated genes. Moreover, all remaining concentrations
of PEP used as treatments inhibited the expression of GtfB,
GtfC, GtfD, and SpaP (Figure 1). Similarly, the expression of
regulatory genes VicK and CcpA was reduced in S. mutans
under PEP treatment at all tested concentrations. However,
that inhibitory effect was significant only from 0.2𝜇gmL−1
for VicR gene (Figure 2).

3.3. Effect of Polyphenol-Rich Extract from Propolis on For-
mation of Water-Soluble and Water-Insoluble Glucans by S.
mutans Cultures. The formation of water-soluble and water-
insoluble glucans by S. mutans under PEP treatment was
assessed in supernatant and pellet of treated cultures. In both
cases, glucans formationwas significantly reduced at all tested
concentrations compared with vehicle-treated cells used as
control (Figure 3).

4. Discussion

Different studies have been conducted evaluating the effect
of polyphenolic compounds with the ability to inhibit Strep-
tococcus mutans growth to describe novel therapeutic alter-
natives for dental caries treatment. These polyphenols have
been obtained from several botanical resources including
plants [25], fruits [26], green tea [27], and propolis [28, 29].
The antibacterial effect of Chilean propolis has been previ-
ously determined, showing minimal inhibitory concentra-
tions (MIC) and minimal bactericide concentrations (MBC)
of about 0.9 and 1.3 𝜇gmL−1, respectively. Moreover, it was
reported that polyphenols from propolis inhibited biofilm
formation by S. mutanswhen using subinhibitory concentra-
tions, which probably involves the regulation of physiological
mechanisms related to S.mutans virulence [12]. In the present
study, we evaluated the effect of subinhibitory concentrations
of a polyphenol-rich extract from propolis, previously used
to inhibit biofilm growth and formation by S. mutans, on the
expression of virulence genes and glucan formation by Gtfs
enzymes. The most important virulence factor of S. mutans
is its ability to accumulate on dental plaque by formation
of biofilm, which is mediated by three distinct Gtfs (GtfB,
GtfC, and GtfD) acting by extracellular water-soluble and
water-insoluble glucans synthesis from diet sucrose. Teeth
colonization occurs by using different pathways, in which the
bacteria can generate an attachment on the tooth surface by
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Figure 1: Effect of polyphenol-rich extract from propolis on the expression of genes related with S. mutans virulence. (a) GtfB; (b) GtfC; (c)
GtfD; (d) SpaP. Statistical significance was determined by ANOVA and Dunnett’s multiple comparison test using nontreated cells as control.
∗

𝑝 < 0.05.

the antigenic protein SpaP (cPAc or antigen I/II) together
with the development of acidic conditions in the oral cavity
through Gtfs activities by glucan synthesis, allowing mineral
tooth dissolution and cellular aggregation in biofilm structure
[30, 31]. After exposition to polyphenols, gene expression
of glucosyltransferases showed different levels of repression
depending on the concentration of polyphenols tested. The
expression of genes encoding GtfB and GtfC showed a
stronger inhibition in our model, being repressed more than
40% and 60%, respectively, at concentrations between 0.1 and
up to 0.8 𝜇gmL−1, with a dose-dependent effect. Similarly, S.
mutans cultures exposed to polyphenols showed that GtfD
was inhibited in approximately 40% or more at subinhibitory
concentrations starting from 0.2𝜇gmL−1. Since these Gtfs
are decisive in biofilm formation through the synthesis of
insoluble glucans in virulent phenotypes, its inhibition can
result in reduced biofilm formation, which is consistent with

what is previously published for Chilean propolis treatment
[12, 32, 33]. Gtfs are regulated at the transcriptional level
in response to environmental conditions such as pH, car-
bohydrate availability, and cell density. Moreover, S. mutans
displays open reading frames (Orf) for Gtfs regulation; these
regulatory factors are associated with two-component regu-
latory systems (TCSs) as VicK/VicR [34, 35]. Concordantly,
PEP treatment results in the inhibition of VicK and VicR
expression; however, the effect was not dose-dependent,
suggesting thatGtfs inhibitionmight involve other regulatory
mechanisms. VicK, that corresponds to a membrane-bound
sensor histidine kinase (HK), showed a highly decreased
expression in approximately more than 50% compared to
control in gene expression quantification assays. HKs com-
ponents are bifunctional proteins having both kinase and
phosphatase activities. VicR belongs to the OmpR family of
RRs; it is conformed by a helix-turn-helixDNAbindingmotif



BioMed Research International 5

∗ ∗ ∗ ∗
∗ ∗Re

lat
iv

e e
xp

re
ss

io
n 

(A
U

)

0.0

0.5

1.0

D
M

SO

C
on

tro
l

Ch
lo

rh
ex

id
in

e 0.2 0.4 0.8 1.60.1

Polyphenols (𝜇g mL−1)

(a)

∗

∗

∗
∗

∗

Re
lat

iv
e e

xp
re

ss
io

n 
(A

U
)

0.0

0.5

1.0

D
M

SO

C
on

tro
l

Ch
lo

rh
ex

id
in

e 0.2 0.4 0.8 1.60.1

Polyphenols (𝜇g mL−1)

(b)

∗∗∗

∗

∗

∗

Re
lat

iv
e e

xp
re

ss
io

n 
(A

U
)

0.0

0.5

1.0

D
M

SO

C
on

tro
l

Ch
lo

rh
ex

id
in

e 0.2 0.4 0.8 1.60.1

Polyphenols (𝜇g mL−1)

(c)

Figure 2: Effect of polyphenol-rich extract from propolis on the expression of regulatory genes involved in S. mutans virulence mechanisms.
(a) VicK; (b) VicR; (c) CcpA. Statistical significance was determined by ANOVA and Dunnett’s multiple comparison test using nontreated
cells as control. ∗𝑝 < 0.05.

and it is involved upstream in virulence genes, including
GtfB, GtfC, and GtfD. The biochemistry of the VicR/VicK
TCS is important to understand antimicrobial resistance
mechanisms and for the development of new potential
therapies [36]. Carbon Catabolite Repression (CCR) genes
such as CcpA can also regulate S. mutans metabolism and
adherence on tooth colonization and biofilm formation, inte-
grating complex regulatory networks that activate or silence
some genes in response to carbon source and availability
[37]. Gene expression of S. mutans showed important CcpA
inhibition following PEP treatment, reaching under 30% of
expression in relation to control cells, at low concentrations
of PEP in a dose-dependent manner. CcpA is critical for
gtfB and gtfC expression, because CcpA inactivation results
in a marked decrease in the levels of Gtfs promoter activity
[38], suggesting that inhibitory dose-dependent effect of PEP
on Gtfs expression might be triggered by its repression.

Moreover, enzymatic activity of Gtfs estimated by insoluble
and soluble glucans formation was also affected by PEP at
subinhibitory concentrations, confirming a functional effect
of Gtfs inhibition. SpaP expression was also reduced by PEP
treatment, contributing to biofilm inhibition by a sucrose-
independent mechanism, and may lead to the anticariogenic
action of polyphenols [18, 19].

The polyphenolic compounds contained in Chilean
propolis are diverse and include a variety of flavonoids and
phenolic acids [12]. Among the principal components found
within Chilean propolis, pinocembrin stands out for its high
content [7]. This compound has been identified as a promis-
ing pharmacological candidate, mainly for being described
with numerous biological activities including antimicrobial,
anti-inflammatory, antioxidant, and anticancer effects [39].
Since the present study did not include the evaluation of
individual polyphenols, additional studies are required to
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Figure 3: Effect of polyphenol-rich extract from propolis on the
metabolic activity of glucosyltransferases. Statistical significance
was determined by ANOVA andDunnett’s multiple comparison test
using nontreated cells as control. ∗𝑝 < 0.05.

identify the compound responsible of the modulatory effects
shown by PEP treatment.

5. Conclusion

In summary, our results suggest that Chilean propolis has
a dose-dependent effect on the inhibition of genes involved
in S. mutans virulence and adherence through the inhibition
of glucosyltransferases, showing an anticariogenic potential
of polyphenols from propolis beyond S. mutans growth
inhibition.
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