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Abstract

Plants contain a broad spectrum of small molecules with potential antimicrobial properties. Here, we review the antimicrobial activities of
plant extracts against enterotoxic bacteria encoding AB toxins, including Vibrio cholerae, Shigella dysenteriae and enterotoxic Escherichia
coli strains. Several plant extracts have strong antimicrobial effects and the potential to boost Oral Rehydration Therapy, which is the first

line of treatment for acute diarrhea.
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1. Introduction

The World Health Organization (WHO) prepares
yearly reports on the global status of diarrheal diseases
(http://www.who.int/topics/diarrhoea/en/). In addition
to reporting statistics for the number of cases and fatali-
ties, the WHO identifies actions to reduce the spread
of disease and improve treatments. In developed, rich
countries, diarrhea is usually associated with poor
hygiene standards in the food industry but in poor coun-
tries the majority of cases are related to a lack of clean
water supplies and underdeveloped medical networks.

Diarrheal symptoms can be caused by multiple
inflammatory bowel diseases such as ulcerative colitis,
Crohn’s disease or irritable bowel syndrome. However,
symptoms can also be caused by a wide range of bacte-
ria (Campylobacter sp., Clostridium sp., Staphylococcus
aureus, Vibrio cholerae, Shigella dysenteriae, entero-
toxic strains of Escherichia coli), viruses (rotaviruses,
noroviruses) and parasites (Giardia lamblia, Entamoeba
histolytica and Cryptosporidium sp.). Because of the
difficulties in diagnosis and the need of rapid therapy to
prevent water and ion loss, rehydration therapy is used
as a first line of action.

Oral Rehydration Therapy (ORT) provides a simple
and rapid treatment that can be given by any adult to

a suffering individual, either adult or a child, to improve
recovery from diarrhea. ORT solutions are usually com-
posed of water, sodium chloride, glucose, potassium
ions and citrate and the formulation currently recom-
mended by the WHO has an osmolarity of 245 mmol/L
(Anonymous, 2002). In contrast, intravenous rehydra-
tion requires a nurse while drugs require a doctor and
a significant period of time to start working. It must
be stressed that ORT alleviates the symptoms and aids
recovery but does not cure the source of the diarrheal
episode. The treatment of diarrhea depends on the ini-
tial source, which often is not known. It has been sug-
gested that the use of antibiotics for the treatment of
diarrhea worsens the problem in cases related to infec-
tions with bacteria carrying phages encoding endo-
toxins (Prins, 1994). Therefore, ORT is of particular
importance where the infectious agent has already been
removed by the diarrheal episode.

Edible plants are traditionally used by many socie-
ties to alleviate and cure diarrhea. The properties of
traditional plant extracts are worth exploring as they
can stop or kill bacterial growth, neutralize or deacti-
vate enterotoxins, are cheap and readily available, can
give a better flavor to ORT, provide useful microele-
ments and vitamins, and last, but not least, edible plants
do not require the same level of extensive testing or
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regulatory approval as new drugs. This review cov-
ers the scientific literature relevant to the use of plant
extracts to treat enterotoxic bacterial disease, particu-
larly diarrhea caused by the AB, family of enterotoxins
(V. cholera, S. dysenteriae and enterotoxin producing
strains of E. coli). Together, the organisms that produce
AB, enterotoxins result in more than 200 million epi-
sodes of diarrhea per year and around 2 million deaths.
The plants reviewed here provide potential leads for
improving ORT formulations and properties.

2. Mode of action of enterotoxic bacteria

AB, enterotoxins are originally encoded by pro-
phages STX1 or STX2 of Shigella sp. (Herold, 2005), or
by phage CTX¢ of Vibrio sp. (McCloud, 2004). Strains
of the bacteria that do not express enterotoxins, which
are a majority, are usually benign. Phages can undergo
horizontal transfer and infect/transfer the toxin to other
bacterial species and this is the case for the STX1 and
STX2 prophages with E. coli. The primary role of AB,
molecules is not known. Recently it’s been suggested

that AB, enterotoxin is a weapon against protozoa and
immune system cells such as nucleophiles and their
production is activated by reactive oxygen species.

Enterotoxic bacterial infection proceeds from the
ingestion of contaminated water or food. Sufficient
numbers of bacteria must survive passage through the
stomach and into the intestine, where they anchor to
the intestinal wall. Here, they colonize the intestinal
wall and grow without any great ill-effects to the host.
Once the bacterial colony reaches a certain number of
cells, enterotoxin production is switched on. The assem-
bled enterotoxin is secreted via the type II secretion
system. Recent developments in research on strategies
of V. cholerae to maintain fitness in different ecological
niches and protein production are described in a recent
review by Sikora (Sikora, 2013).

Cholera is a model bacterial disease caused by
microorganisms producing AB,.-type enterotoxins
(Beddoe etal., 2010). The molecular structure of the
toxin is formed from a proper toxin — A subunit and
donut-like ring of five B-subunits, Figure 1. The B-subu-
nits, which recognize GM, gangliosides in human cells,
act as a chaperone/delivery vehicle for the A-subunit
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Fig. 1. Primary and 3D structural data for cholera toxin (PDB accession code 1XTC).

A) Protein sequence of cholera toxin subunit A. The first 18 residues (italics) constitute a signal sequence that is removed during secretion. The
Al domain is separated from the A2 domain by ‘nicking’ - an exogenous human protease breaks the backbone chain between residue Ser212 and
Met213. The A2 domain is denoted in italics and bold text. The Al and A2 remain joined through a Cys-Cys linkage denoted by a line. B) Protein
sequence of the cholera toxin subunit B. The signal peptide (italics) is removed during secretion from V. cholerae. C) Structure of cholera toxin (PDB:
1XTC) as a cartoon representation of the secondary structure elements of cholera toxin. The five B-subunits are colored in green-blue shades. The
A2 subunit (magenta) forms a long helical element that is embed in the center of the donut-shaped B-subunit pentamer. The A2 subunit is linked to
the A1 subunit (yellow) through disulfide bonds. B) schematic representation of the enterotoxin structure. The GM,-binding sites are situated in the
B-subunits and on the opposite face of the A1 subunit.
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that sits on the opposite face of the donut. The B-sub-
units of different enterotoxic bacteria have similar sec-
ondary and tertiary structures, as well as similar modes
of binding to GM , although their primary amino acid
sequences are quite distinct. The A-subunit is formed
from two polypeptide chains: a long alpha-helical A2
domain that anchors the A1 domain into the hole of
the B5 structure. The Al domain, crosslinked to the
A2 domain through disulfide bonds, is processed in the
endoplasmic reticulum and released to the cytoplasm.

The introduction of the toxin to human cells fol-
lows a specific path involving initial endocytosis of the
GM, -toxin complex followed by transport to the Golgi
and endoplasmic reticulum. The toxin is processed
in the endoplasmic reticulum and the Al subunit is
released into the cytoplasm where subunit Al binds
to, and activates, ADP-ribosylation factor 6 (Arf6).
This unwanted stimulation interferes with a range of
cellular processes involving cAMP. In particular, the
disregulation of cAMP levels results in the opening of
ion channels and rapid loss of ions and water from the
human cell which forms the diarrheal episode (Kopic
and Geibel, 2010).

The multi-step process of the bacterial life cycle,
involvement of a bacteriophage, toxin production,
transport and action provides several potential tar-
gets where the disease process can be mediated/modi-
fied. Plant extracts can inhibit the initial anchoring
of bacteria to the digestive system (Birdi et al., 2010),
down-regulate toxin production in bacteria (Birdi
etal., 2010; Brijesh et al., 2009), inhibit the binding of
toxin to GM, (Birdi et al., 2010; J.-C. Chen et al., 2006;
2007; 2009;), close toxin-activated ion channels (Fischer
etal., 2004) etc.

Despite this, the majority of the reported research
focuses almost exclusively on the antimicrobial prop-
erties of plants (Table I). However, it needs to be noted
that concentration of studied antimicrobial plant
extracts is usually much higher and expressed as mini-
mal inhibitory concentration (MIC) in mg/ml range
than those observed for antibiotics — usually in pug/ml
(http://www.eucast.org/mic_distributions/).

Plants have been used as a treatment and source of
active substances for millennia with Ayurvedic prac-
tice and the roots of Chinese medicine providing the
best established, documented and known examples.
Ethnopharmacists collect the remaining local folk
knowledge in various worldwide regions such as India
(Dey and De, 2012; Tetali et al., 2009), Indonesia (Gros-
venor, Supriono and Gray, 1995) or Nigeria (Tekwu,
Pieme and Beng, 2012). In the majority of cases, little
or no scientific validation has been provided for the
efficacy of plant extracts against disease. Experienced
practitioners of plant medicine take careful note on the
method of collection and storage of the plant material,

as well as the preparation and use of the plant extract.
Still, there is often a lack of validated identification of
the bacterial species, treatment process, plant used,
or use of placebo controls. This is best exemplified by
making a simple internet search that often results in
general list of diseases that can be cured by a particular
plant, very often without any useful details on how to
prepare or use the plant material.

Scientists have validated the beneficial effects of
many plant extracts, including those against enterotoxic
bacteria, particularly the more common and readily
available plants. The antimicrobial active ingredients
are often hydrophobic in nature and are most efficiently
obtained by organic solvent extraction such as ethanol,
methanol or acetone requiring a chemical laboratory
(e.g- Rajan, Thirunalasundari and Jeeva, 2011). Data are
also collected for simple aqueous extracts or decoctions
- basically equivalent to a cup of herbal tea or broth.
While ethanol extracts might support the effects of
alcoholic beverages popularly used as digestives, they
are clearly unsuitable for children less than five years
old who represent one of the most sensitive groups
of diarrhea patients. The use of methanol or acetone
as a solvent raises safety issues. While the production
of essential oils through steam distillation is an energy
and time consuming process, unwanted solvents can
be avoided and a safer product can be produced. They
also potentially work in much lower concentrations
then aqueous extracts and so they make an interesting
alternative. Still, in our opinion, the ideal, active plant
extracts should be available from a simple cold or hot
water extract. Considering this point, the reviewed lit-
erature is focused towards the use of aqueous extracts.

3. Examples of active plants, plant parts
and mode of preparation

Folk medicine provides the starting point for many
investigations and the selection of plants and part of
the plants to study. However, we must recognize that
the properties of plants that have been cultivated and
selected over the millennia may change. For example
1000 year old Anglo-Saxon recipes were used to test
the antibacterial properties of plants such as Potentilla
reptans (European cinquefoil) against wound infections
and modern experiments found that plant extracts have
stronger antimicrobial properties against gram negative
intestinal bacteria such as E. coli than wound-infecting
bacteria (S. aureus) (Watkins et al., 2012). This makes
the extracts useful for a possible treatment of diarrhea,
and maybe less suitable in their original use to treat
skin lesions.

Indian Ayurvedic medicine is based on phytome-
dicinal properties practiced over several millennia.
Studies on Ayurvedic recipes revealed that an aqueous
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decoction of guava leaves (Psidium guajava) and unripe
bael fruit (Aegle marmelos) was found to have weak bac-
teriostatic/bacteriocidal properties (Birdi et al., 2010;
Brijesh etal., 2009). The study also included tests of
adherence/invasion potential of different bacterial spe-
cies producing enterotoxins to human cells in the pres-
ence of plant extract. Because extracts of both plants
inhibited the adherence and invasion of bacteria, they
could play a positive role in the treatment of bacterial
infection by inhibiting the initial colonization of the
digestive system by the bacteria. This is a very impor-
tant but rarely studied phenomena despite the fact that
disruption of attachment - the first stage of bacterial
infection - is a key property to prevent disease onset.
Finding and using plants with this properties could be
crucial in case of infections caused by hemolytic strains
causing bloody diarrhea that are the most damaging
and difficult forms of diarrhea to treat, requiring hos-
pitalization, antibiotic treatment and which cannot cur-
rently be alleviated by ORT alone.

The method in which plant extracts are prepared
contributes greatly to its efficacy. Prolonged heat treat-
ment might degrade active ingredients present in the
initial plant extract or lead to chemical modifications
and an increase in the concentration of active ingredi-
ents. Examples of different treatment outcomes depend-
ing on the extract preparation were described by Rahim
etal. and Birdi (Rahim et al., 2010; Birdi et al., 2010).
Birdi etal. found that extract of guava (P.guajava)
leaves were more effective against antibiotic-resistant
V. cholerae strains than Birdi, however, Rahim prepared
a cold water extract of the guava leaves whereas Birdi
heated and reduced the plant extracts (Rahim etal,
2010; Birdi et al., 2010). This suggests that heating may
destroy part of the antibacterial properties of the guava
leaves although Rahim et al. did not find that heating
of their samples reduced their efficacy (Rahim etal.,
2010). Variable antimicrobial properties of particular
plant extracts can be commonly found in the literature,
which stresses the fact that careful attention must be
paid to sample collection, storage and preparation, as
well as the bacteria strains used in subsequent studies.

The specificity of antimicrobial activities of plant
extracts towards pathogenic bacterial strains as com-
pared with benign strains are rarely tested. An example
of a study addressing this issue is the test of 26 Mexican
plant extracts against non-pathogenic E. coli and the
enterotoxic E. coli O157:H7, amongst others (Alanis
etal., 2005). The aqueous extracts used in these studies
showed a much better specificity for the pathogenic
E. coli O157:H7 strain over a non-pathogenic E. coli
strain when compared to methanolic extracts. Carica
papaya (papaya), Ocimum basilicum (basil), Matricaria
chamomilla (chamomile) and Thymus vulgaris (thyme)
are commonly known plants reported with such anti-

microbial specificity. Patient recovery rates and rees-
tablishing gut flora, which can take several weeks fol-
lowing hospitalization, are an important consideration
with respect to diarrhea. The retention of any beneficial
bacteria in the digestive system by the selective action
of plant extracts has much to be recommended.

Organic solvents, chiefly ethanol and methanol,
are often used to obtain active ingredients from plant
extracts but using them in the treatment of patients
with acute diarrhea is highly questionable. A refluxed
ethanolic extract of cinnamon (Cinnamomum zey-
lanicum) inhibited the growth of Listeria inocua and
E. coli O157:H7 but an aqueous extract was ineffective
(Muthuswamy, Rupasinghe and Stratton, 2007). The
50-fold dilution of the ethanolic extracts means that
the final solution still contains 2% ethanol, which is
unsuitable for the treatment of dehydrated patients,
particularly children. Senhaji found that the essential
oil of the same plant, obtained without organic solvents,
was effective against E. coli O157:H7 (Senhaji, Faid and
Kalalou, 2007). In this case pure essential oil could be
a second choice for studies, after simple water extracts.

Plant metabolite concentrations often vary dur-
ing the growth cycle and in different parts of the plant
so a consistent level of therapeutic molecules is an
important consideration. For Nepeta cataria (catnip),
the antibacterial properties of essential oils distilled
at three different stages of plant growth were tested
(Zomorodian etal., 2012). In this case, consistent
results were obtained across the growth stages which
uphold specificity for S. aureus and Shigella sp. over
E. coli. It is worth noting that the essential oil content
of catnip tea will be much lower than the levels of essen-
tial oils reported to have an antibacterial effect and also
that catnip tea is not recommended for women during
pregnancy or lactation (Ernst, 2002).

A range of European berries (blueberry, raspberry,
lingonberry, blackcurrant, strawberry, cloud berry,
sea buckthorn berry and cranberry) were found to be
more active against E. coli and other pathogenic bacte-
ria compared to Lactobacillus sp. (Puupponen-Pimia
etal., 2001). However, the samples were first extracted
with 70% acetone and processed to remove sugars. It
is not possible to estimate the amount of fruit required
providing equivalent levels of active material and if
a low concentration of fruit extract could replace part
of the sugar component in ORT. Positive data for rasp-
berry fruit and cordial at 10% dilution has also been
reported (Ryan, Wilkinson and Cavanagh, 2001). While
neat fruit juices are generally not recommended for
the treatment of diarrhea, these studies support the
potential inclusion of natural, rather than artificial, fruit
flavors in ORT formulas.

Publications naturally report positive antimicrobial
properties of plant extracts but it is not always easy to
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gauge their effectiveness. Plant extract yields and other
essential data are often unreported and this adds to
difficulties in comparing the different experimental
methods used between publications. Mathabe surveyed
the effect of plant extracts on several bacterial species,
including V. cholerae and Shigella sp. (Mathabe et al.,
2006). They used extracts from different parts of 21,
locally used plants. Punnica granatum (pomegranate),
as clearly stated in the abstract, was the best known
plant to give positive data. However, it is only on read-
ing the full paper that it is pomegranate root that pro-
vided the positive data and not the juice or fruit. The
reported MIC for the hot water extract of pomegranate
root (0.156 pg/ml) is a lower concentration than would
be expected from a teabag (1-2 g of plant material) in
a mug of hot water (about a third of a liter) although
exact extract yields were not reported. The cold water
extract of tamarind (Tamarindus indica) fruit was very
effective against a range of bacteria, including clinical
isolates of E. coli that caused infantile diarrhea (Nwodo
etal, 2011). A cold water extract from 1 g plant mate-
rial (1teabag) per liter of water (about 3 mugs) was
sufficient to achieve a bacteriocidal effect against
E.coli (Nwodo etal., 2011). Extracts of mango ker-
nel (Mangifera indica), including a cold water extract,
were effective against S. dysenteriae (Rajan, Thirunal-
asundari and Jeeva, 2011). The abstract of this paper
is unambiguous as it states clearly that the data were
obtained with mango kernel. The cold water extract
was effective at a concentration of 1.5 g dry plant mate-
rial per liter of water (Rajan, Thirunalasundari and
Jeeva, 2011). Hajlaoui found that essential oil from
cumin (Cuminum cyminum) was active against Vibrio
sp. and E.coli (Hajlaoui etal, 2010). However, the
extraction yields and MICs suggest a high concentra-
tion of plant material is required to obtain an effective
extraction (>15 g/liter means at least three teabags in
a mug of water).

Pairs of aqueous plant extracts can have a greater
efficacy than their single counterparts (Han and Guo,
2012). The common traditional Chinese medicine pair
of Angelica sinensis and Sophora flavescens was tested
against four different bacteria. Neither plant had sig-
nificant antibacterial properties when used alone but
did so when used together. Specific interactions and
effects of foods on pharmaceutical action are known.
The adverse effect of grapefruit juice on a wide range of
drugs is well documented (Hanley et al., 2011).

Essential oils of thyme and oregano were effective
against E. coli O157:H7 in disk diffusion and microplate
(MIC) assays although this was the only bacterium
tested (Burt and Reinders, 2003). This means that we
cannot rule out a general antimicrobial effect that will
also kill beneficial bacteria in the digestive tract. The
principal ingredient of thyme oil, thymol, is used in

mouthwashes as an antibacterial and antifungal agent
but there are no safe recommendations about its use
in food. Oregano oil is generally recognized as safe by
the FDA at a consumption level of 200 mg a day (Food.
Listing of Food Additive Status Part II. US Food and
Drug Administration Web Site. http://www.fda.gov/
Food/FoodIngredientsPackaging/FoodAdditives/
ucm191033.htm#ftnO). The bacteriostatic and bacte-
riocidal properties of oregano varied with the presence
of other added ingredients (agar and soy lecithin).

Garlic is considered beneficial for a wide range of
medical problems. Included as a 1% additive to media,
garlic was active against several bacteria, including
E. coli O157:H7 (Sasaki et al., 1999). Fresh garlic extract
and allicin, the principal compound in garlic suspected
of carrying antimicrobial properties, had equal or better
activity than five tested antibiotics against a range of
antibiotic resistant strains of Shigella sp., eneterotoxic
E. coli and V. cholerae. (Ahsan etal., 1996). Allicin is
an unstable molecule and the effectiveness of garlic is
highly dependent on the source of the plant material,
method of preparation, as well as the ages of the plant
material and extract. Allicin is not the only active com-
ponent of garlic, Politi et al. identified a polysaccha-
ride component isolated from garlic that binds to the
B-subunit of cholera toxin to confer antitoxin proper-
ties (Politi et al. 2006).

4. Avenues for future research

The majority of published works in the field focus
on the antimicrobial properties of plant extracts. Few
studies test the specificity of plant extracts for infec-
tious over benign bacterial strains. The toxicity of plant
extracts to humans should also be considered, particu-
larly when highly concentrated fractions are used, or
parts of the plant that are not normally ingested. Phar-
maceutical practice focuses on developing one drug
or treatment to target a specific and weak point in the
disease mechanism. In principal, a mixture of plant
extracts may present a synergistic effect against several
stages of the infection cycle, specificities against a wide
range of bacteria and overall lead to obtaining a more
effective remedy for diarrhea.

The search for beneficial plant extracts would ben-
efit from multi-disciplinary, collaborative, large-scale
screening approaches. The first task is to select plant
materials that are generally considered safe for human
consumption (including children and pregnant/lac-
tating women) as based on literature searches. Plant
material should be collected at different growth stages
and from different varieties of plant. Screening of fresh,
stored and dried plant materials should be performed.
Plant extracts should be prepared with cold water, hot
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water and boiling/refluxing extractions - toxic sol-
vents should be avoided. The long-term stability of the
extracts in solution and/or as freeze-dried powders
should be compared.

Antimicrobial screens should be based around well-
established protocols to measure bacteriostatic and bac-
teriocidal properties of the plant extracts. However, it
is important to test a range of enterotoxic and benign
strains of bacteria in order to obtain ideas on the speci-
ficity of plant extracts. Advanced protocols based on
mammalian cell cultures to test the anti-adhesion and
anti-invasion properties of plant extracts on bacte-
rial cell cultures are critical to the discovery of plant
extracts that can counter hemolytic strains of entero-
toxic bacteria. Protocols to measure the downregula-
tion of toxin production (rtPCR) and toxin secretion
by plant extracts are worth carrying out to ascertain if
plant extracts are capable of slowing diarrheal episodes.

Returning to sample selection, combinations of
optimal plant extracts should be tested in combina-
tion to ensure that their full activity is maintained or
synergy obtained. The final aim is to have ready-to use
ORT in solution and sachets of dried ORT to be dis-
solved in clean water. These products fulfill the aim of
treating diarrhea but prevention and control of the dis-
ease might be aided with sachets of dried plant extract
(without added salt and sugar) or teabags filled with
mixed plant materials.

The strategy outlined above means a change from
the current approach of validating plant extracts on an
individual or regional basis towards a more multidisci-
plinary, collaborative effort. We have recently instigated
a projected targeted towards AB,-producing bacteria,
establishing a range of protocols in three different labs.
Our antimicrobial data corroborate existing published
data for a number of hot water plant extracts and reveal
new, include toxicity studies on human cell lines and
a number of anti-toxin properties. However, we still do
not employ a full range of protocols or have instigated
animal or human trials to test our suggested mixes of
plant extracts. Furthermore, the AB, family of entero-
toxins represents just one group of enterotoxic patho-
gens that can be studied using the same set of protocols.

5. Conclusion

It is not possible to compare datasets for a particular
plant due to different plant sources, extract preparations
and microbial screens. However, the wide variability
indicates that these points are very important being
very important in determining if a particular plant
extract will be effective or not. A plant extract, or more
likely a mixture of plant extracts, that provide a wide
spectrum of antimicrobial and anti-toxin properties

would provide a powerful boost to ORT formulations. It
is important in such a case that a suitable antimicrobial
screen is used to assay the plants before distribution or
sale. A second point is that several screens are required
to test plant effects against different aspects of micro-
bial colonization, toxin release and toxicity. It is this
point that is largely overlooked in favor of traditional,
plate-based antimicrobial screens. Future studies would
benefit from large-scale collaborative screening with an
aim of improving ORT.
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