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Urinary tract infections (UTIs) are highly prevalent
with frequent recurrent episodes. With advances in
research and development of modern tools, the patho-
genesis of uropathogens is well understood and vari-
ous associated virulent features have been identified.
These include, adherence and invasion of epithelial
cells, biofilm formation, quorum sensing, production
of certain metabolic enzymes/pigments and release of
cytotoxins. Due to increasing reports on antibiotic
resistance in UTIs, emphasis is being made on ‘non-
antibiotic’ approaches for treatment of UTL In recent
years, research on traditional plants has gained popu-
larity and medicinal plants are being considered as
promising alternatives. Based on the available litera-
ture, this review compiles reports on plants and/or their
compounds that affect virulent parameters of uropatho-
gens to combat UTIL Along with the virulent features,
the immunomodulatory effect of plants to eradicate pa-
thogens is also briefly covered. The use of plants to tar-
get virulent mechanism(s), in order to prevent or treat
UTI would minimize the increasing drug resistance as
well as prevent disruption of healthy gut microbiota.

Keywords: Immunomodulation, medicinal plants, uri-
nary tract infections, virulence.

URINARY tract infections (UTIs) arise due to the presence
of microbial pathogens in the urinary tract. Amongst the
several infections that are prevalent globally, UTIs are
most common and affect people, especially women,
across all age groups. About 50% women suffer from
UTI at least once in their life span and recurrent infec-
tions are common'?. UTI is a complex infection and
clinically classified under two broad categories — compli-
cated and uncomplicated’.

Gram-negative, Gram-positive bacteria as well as some
fungi cause UTIs". Though organisms such as Proteus
mirabilis, Pseudomonas aeruginosa, Klebsiella pneumo-
niae, Enterococcus faecalis, Staphylococcus saprophyti-
cus, group B Streptococcus (GBS), Staphylococcus
aureus, Candida albicans are the common causative
agents associated with UTI, the bacterium uropathogenic
Escherichia coli (UPEC) is frequently reported’. Antibio-
tics are generally prescribed for treating UTI, often lead-
ing to not only emergence of drug resistant strains, but
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also alteration of the vaginal and gastrointestinal tract
microbiota®. Researchers globally are now pointing to-
wards the diminishing ‘golden era’ of antibiotics and
emphasis is being made towards targeting alternative
approaches. With increased information, especially through
applications of newer molecular tools (for e.g. transcrip-
tome sequencing)’, combined with information from basic
sciences and animal models (for e.g. catheter-associated
bladder infection murine model ‘CAUTI’ for characteri-
zation of virulence parameters of Enterococcus fecalis)®,
there is now a better understanding of virulence features
of uropathogenic organisms.

It is well acknowledged that bacteria causing UTI
express different virulence determinants which include
those essential for the initial adhesion and then subsequent
colonization of mucosal surfaces’. The bacteria also invade
the host tissues for overcoming the defence mechanisms
resulting in persistent and at times chronic infections. The
virulent parameters include surface factors (type 1 and P
pili, fimbriaec and adhesins) as well as secreted factors
(polysaccharide coatings, toxins, metabolic enzymes).
Biofilm formation and quorum sensing are also the key
features associated with UTI pathogenesis™’.

Targeting the key virulence factors associated with
uropathogens to combat UTIs seems a promising ap-
proach®'’. As a probable promising alternative to antibio-
tics, traditional medicine usage is also being explored'’.
Available reports illustrate that extracts (aqueous/organic)
from different parts of medicinal plants and/or their sec-
ondary metabolites have been studied for treatment and/or
prevention of UTIs'>'*. Several of these describe the anti-
microbial activity of plant extracts as their mode of
action. However, plants have varied mechanism of action
such as reducing bacterial colonization/toxin production
and not necessarily limited to their antimicrobial effect'.
Controlling the virulence of pathogenic bacteria is consi-
dered as a key feature in microbiology and medicine'®.

The present review is a compilation of available litera-
ture on the effect of plants on the virulence of uropathogen-
ic bacteria to appreciate the alternative targets available to
combat UTIs. Since the host’s immunity also has a crucial
role in UTI, the immunomodulatory effect of plants is also
briefly covered in this review. The review highlights that
plants can be promising in case of non-antibiotic
approach for combating UTIs which can also minimize
drug resistance and maintain healthy gut/vaginal flora.
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Methodology
Literature survey

A comprehensive literature search using databases like
Google Scholar, Science Direct and PubMed was under-
taken. Articles published in English language in peer re-
view journals between January 2011 and March 2018
were screened for laboratory studies reporting the non-
antibiotic potential of medicinal plants, namely, effect of
plants on virulence of uropathogens and/or affecting host
immunity for preventing/treating UTI. Information on
possible phytoconstituents, if any, contributing towards
the activity was also extracted from the same reports. For
plants shortlisted for inclusion in the review, further lite-
rature was screened for traditional uses and antimicrobial
action (not necessarily restricted to uropathogens) to add
credence as well as for better appreciation of their effica-
cy. However, though recent references were preferred to
compile this additional information (as shown in Table
1), the citations were not restricted to any timeline. As
the numbers of articles found were large, only representa-
tive studies have been included to comprehend the
breadth of work undertaken with plants for UTI with re-
spect to their varied mechanisms of action.

A mention of cranberry (alone or its formulations/
compounds derived from it) was often found in context of
its prophylactic applications and immunomodulation and
hence a separate section for its known uses is included at
the end of this review.

Before discussing the effect of plants on virulence fea-
tures of uropathogens, the antibiotic treatment in UTIs is
briefly mentioned. This also addresses some of the issues
associated with antibiotic usage thereby necessitating re-
search on alternative targets including medicinal plants
which is the focus of this review.

Antibiotics in UTI

Antibiotics are the primary treatment for UTIs. Broad
spectrum drugs such as fluoroquinolones and cephalospo-
rins are commonly used. Antibiotic therapy in UTI is often
empirical at times leading to treatment failures'”'®, Ram-
pant and irrational use of antibiotics causes antibiotic resis-
tance and increasing reports of drug resistant uropathogens
are being documented'®*'. The high infection rate coupled
with antibiotic resistance also results in recurrent UTI epi-
sodes. Due to increased resistance to standard drugs, treat-
ment of UTI poses a challenge and there is a possibility that
UTIs may become untreatable occasionally*>>. The scarci-
ty of newer drugs is also a cause of concern®.

Alternative therapies for combating UTI

Because of the above mentioned issues associated with
antibiotics in UTI, researchers across the globe have been
exploring different ‘non-antibiotic’ alternatives***.

1460

Efforts in this direction have identified various approaches
which include nutraceuticals, phytotherapy (including use
of Chinese traditional medicine), use of simple interven-
tions like vitamin C, lactobacilli (and other probiotics),
cranberry products, acupuncture as well as advanced
interventions such as D-mannose, vaginal estrogens,
gastrointestinal decolonization of multi-resistant bacteria
and vaccinations (urovac, ro-vaxom)> .

Targeting virulent mechanisms as an approach
for combating UTI

Another approach towards minimizing resistance is the
use of ‘anti-virulence’ compounds (for e.g., Bicyclic 2-
pyridones, a potential inhibitor of pili formation)*®. These
target the important stages in disease process and inter-
fere with crucial factors of pathogenesis®’. With regards
to UTI, uropathogens are equipped with several virulence
factors that permit them to successfully establish infec-
tion in the urinary tract (Table 1). Key bacterial virulence
parameters include adhesive fimbriae, which facilitate
them to adhere to specific receptor(s) on the uroepithe-
lium, and flagella that permit bacteria to swim across the
urinary tract. Uropathogens are also capable of secreting
toxins (e.g. haemolysin) which disrupt the epithelial bar-
rier to gain access to the underlying tissues. Besides
these, biofilm formation, quorum sensing, production of
metabolic/cytolytic enzymes (e.g. urease, protease, li-
pase), pigment production (such as prodigiosin) also aid
in successful infection*’. As discussed in the subsequent
sections, medicinal plant extracts as well as their phyto-
constituents have these ‘non-antibiotic’ potential and thus
they can be promising alternatives.

Plant names, virulent mechanism(s) of uropathogens
affected, the phytoconstituent(s) attributed, traditional
uses and antimicrobial reports are listed in Table 1 as a
summary of the review.

Effect of plants on virulence mechanisms of
uropathogens

Plants affecting bacterial adhesins

Adherence is an important initial stage in infectious dis-
eases. Likewise, this parameter is a significant determi-
nant of virulence of uropathogens. The cell surface
appendages like type IV pili, flagella and fimbriae are
crucial for the adhesion of several pathogens over differ-
ent surfaces’. Models using bladder cell lines 5637 and
T24 are frequently used to study the in vitro anti-adhesive
properties.

Zea mays L.’s stigmata and Agropyron repens L.’s rhi-
zome — two traditional plants used in UTI, were observed
to decrease the adhesion of UPEC strain 2980 (ref. 30).
The bladder cell line T24 was used for the study, and
interaction of the plant extracts with proteins associated
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with the bacterial outer membrane was documented to be
the mechanism. Urtica spp. leaves, Betula spp. Orthosiphon
stamineus Benth., also included in the same study exhibited
anti-adhesive effects by directly interacting with T24 cells.

Two plant secondary metabolites namely, ursolic acid
and asiatic acid were also studied for their anti-adhesion
properties®’. These metabolites not only decreased the
adherence of UPEC but also altered the morphology of
the epithelial cells leading to changes in hydrophobicity
related to bacterial cell surface.

Galium odoratum L. and Urtica dioica L., two plants
used traditionally in Poland were reported to alter the cell
surface hydrophobicity of UPEC (a clinical isolate), the-
reby impeding the bacterial colonization®”. Betula pendu-
la Roth. and Vaccinium vitis-idaea L., part of the same
study could inhibit the erythrocyte haemagglutination by
the bacterial strain indicating dysfunctioning of P fimbriae
thereby preventing its adherence to host cells™”.

Plants affecting bacterial invasion

Bacterial adherence is followed by intracellular growth
and bacterial invasion plays a crucial role in infectious
diseases. Similar to adherence assay, the human bladder
cell lines 5637 and T24 are good models for studies
related to the invasion of uropathogens also.

The decoction prepared from seeds of Citrus reticulata
Blanco., a traditional plant from Vietnam, was observed
to decrease invasion of UPEC to bladder cell lines™. A
reduction in the expression of Sl integrin was proposed
as its mechanism of action.

Clinopodium bolivianum Benth., a plant from South
America was reported to reduce not only the invasion of
bladder epithelial cells but also adherence and biofilm
development by uropathogenic E. coli No. 12 (ref. 34).
Reduction in bacterial (UPEC strain CFT073) invasion to
epithelial cells T24 and 5637 by Labisia pumila var. alata,
a traditional plant used by women in Malaysia was demon-
strated®. The concerned authors concluded that reduction in
the bacterial invasion, as well as induction of apoptosis, were
the mechanisms by which this plant could eliminate UTI.

Extract from the rhizomes of Agropyron repens L.,
exhibited effect on bacterial adherence as well as
invasion®®. In another study, the Vietnamese dandelion
(Lactuca indica L.) was observed to reduce the coloniza-
tion of a clinical strain of E. coli No. 12 using three
human bladder epithelial cell lines, viz. TERT-NHUC,
5637 and T24 (ref. 37). The decrease in colonization was
attributed to modifications of cellular structures impli-
cated with bacterial adherence/invasion and focal adhe-
sion kinase (FAK) phosphorylation related inhibition.

Plants having anti-biofilm and anti-quorum sensing
activity

Polymicrobial aggregates following successful colonization
in the form of ‘sludge’, ‘mats’ result in ‘biofilms’. The bio-
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films are thus communities of microbial populations of sur-
face-attached cells surrounded by an extracellular matrix
that is self produced. A complex regulatory system, ‘quo-
rum sensing’, regulates a cell-to-cell synchronized commu-
nication along with inter- and intracellular signalling of the
bacteria within the biofilm to bypass the host immune
response. Quorum sensing triggers expression of genes con-
tributing to pathogenicity, virulence and survival of patho-
gens™. The anti-biofilm and quorum sensing inhibitory
activity of several plants to tackle UTIs are well reported.

Hibiscus sabdariffa L. tea, used as an herbal drink in-
hibited the biofilm formation of a clinical isolate of Can-
dida albicans which was resistant to fluconazole®. Urtica
dioica L., Betula pendula Roth., Vaccinium vitis-idaea
L., Equisetum arvense L., Galium odoratum L., Hernia-
ria glabra L., which are folk remedies of Poland were
found to inhibit the biofilm formation by UPEC??.

Tinospora cordifolia Willd, Psidium guajava L., Zingi-
ber officinale Rosc., Syzygium aromaticum L. are reported
to have inhibitory effect on quorum sensing in the com-
mon pathogen, P. aeruginosa®”**. Leaves of Vitex trifolia
L. have also been studied to stall the biofilm formation by
a clinical isolate of Serratia marcescens®.

Anethum graveolens L., a popular spice and an aromatic
herb, has been studied for its potential inhibition of bio-
film formation and anti-quorum sensing properties of a
clinical isolate of S. marcescens**. It was demonstrated
that the methanol extract of the seeds of this plant could
downregulate the expression of genes coding for initial
adhesion and bacterial motility as well as interfere with
the signalling of quorum sensing system.

Plants affecting bacterial motility/swarming,
metabolic enzymes, cytotoxins and pigments

Parameters such as anti-swimming/anti-swarming motility
(mediated by flagella), reduction of metabolic enzymes
(urease, protease, lipase), inhibition of cytotoxic hemoly-
sin, production of pigments are known to be controlled by
quorum sensing®”*’. These allied factors contribute to
pathogenesis of UTI. For example, haemolysin has a cyto-
toxic effect on epithelial cells in the urinary tract and
prodigiosin pigment is said to have anti-proliferative and
immunosuppressive properties*®*’. The existing detailed
studies showing inhibition of these parameters in con-
junction with effect on biofilms/quorum sensing as well
as independent studies documenting the inhibition of these
parameters by plant extracts are discussed below™ >,

Punica granatum L. (rind extract) inhibited motility of
strain CFT073, a UPEC strain®. Anti-motility effect of
Cuminum cyminum L. and Urena lobata L. root against S.
marcescens, P. mirabilis, P. aeruginosa and cephalosporin
resistant Proteus spp. respectively, have also been stu-
died®™.

Extracts from Emblica officinalis Gaertn., Acacia niloti-
ca L., Rosa indica L., Terminalia chebula Retz., P. guajava
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were found to have anti-urease activity against different
bacterial strains such as P. vulgaris, K. pneumoniae, E.
coli, P. aeruginosa® . Allicin, a natural product isolated
from the plant Allium sativum L. (garlic) too was found to
inhibit the urease activity of P. mirabilis**.

Bark of Tamarindus indica L. (alcoholic extract) was
reported to inhibit haemolysis of P. vulgaris and the
researchers concluded that polyphenols present in the
extract inactivated the oxidizing groups on bacterial toxin
to exert inhibition’.

Anethum graveolens L. showed inhibitory action
against biosynthesis of prodigiosin pigment, production
of protease and lipase enzymes by a clinical isolate of
S. marcescens™.

Hyptis suaveolens L. extract was reported to hinder the
biofilm formation and allied virulence factors like haemo-
lysis inhibition, production of protease/prodigiosin as
well as bacterial motility in different uropathogens E.
coli, P. vulgaris, P. mirabilis, K. pneumoniae and S. mar-
cescens”’. A major flavonoid monomer (baicalein)
present in roots of the plant Scutellaria baicalensis L., a
well known Chinese medicine, was documented to reduce
bacterial motility and biofilm formation during P. aeru-
ginosa infection™. In addition, this study showed the in-
hibitory effect of this flavanoid on allied virulence factors
such as thamnolipids, pyocyanin, elastase and protease.

Effect of plants on immune response in UTI

The urinary tract has a well organized and effective adap-
tive and innate immune system capable of overcoming
the bacterial attack. Modulating the immune response
could thus play an important role in UTIs*®. Immune me-
chanisms revolving around the role of pattern recognition
receptors — toll like receptors (TLR) such as TLR4, sig-
nalling pathways, recruitment of chemokines/cytokines in
UTI towards expulsion of bacteria from urinary tract, are
well defined”’.

Traditionally used plants such as Tinospora cordifolia
can act as immunomodulators and help eliminate patho-
gens by enhancing the patient’s immunity>®. Gynostemma
pentaphyllum L. (GP), a traditional Chinese medicine,
has been documented to have a favourable impact on the
innate immunity of the urinary tract, thereby combating
bacterial infections™. Using in vitro and in vivo assay
systems, the aqueous extract of GP was found to have a
number of immunomodulatory effects including a reduc-
tion in the production of proinflammatory cytokines by
the bladder epithelial cells upon bacterial infection; mod-
ulation of the expression of antimicrobial peptides, which
could benefit diabetic patients suffering from UTIs.
Echinacea purpurea L. known to be used in a number of
ailments including UTI has been reported to possess anti-
inflammatory and anti-oxidant activities®”. The flavonoid
baicalein from S. baicalensis, was reported to exhibit
anti-inflammatory effects in P. aeruginosa infection
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through activation of MAPK and nuclear transcription
factor (NF xB)-signalling pathways’®. Curcumin, a major
polyphenol from Curcuma longa L., was observed to
improve symptoms of UTI via the reduction of inflamma-
tory responses in a rat model for UTL. It was demonstrat-
ed that this compound affected the expressions of TLR2
and TLR4 mRNA to exert this beneficial effect”’. Various
immunomodulatory features of bearberry (Arctostaphylos
uva-ursi) leaves, another plant used for the treatment of
symptoms related to lower urinary tract, including anti-
inflammatory action and effects on pro-cytokines have
been reported®. In an UTI mouse model using E. coli as
the test organism, the immunomodulatory effect of Persi-
caria capitata (Buch.-Ham. ex D. Don) was proposed to
be the reason for effectiveness of this plant in UTIs. A
possible metabolic reprogramming in tricarboxylic acid
(TCA) cycle and enhanced macrophage activation were
postulated to be the likely mechanisms®. The immuno-
modulatory effect of roselle (Hibiscus sabdariffa) was
examined by Riaz and Chopra®. It was reported that the
drink of this plant could down-regulate pro-inflammatory
products such as interleukin-6 (IL-6), tumour necrosis
factor (TNF-) and NF&B pathways in lipopolysaccha-
ride-(LPS)-induced mouse model of renal inflammation.
Indications of immunomodulation by V. trifolia have also
been obtained from anti-inflammatory studies including
expression of inducible nitric oxide synthase and modula-
tion of cytokines with aqueous extract of leaves of this
plant®®. A similar mechanism of action against UPEC in-
fection was noted with plant Andographis paniculata®. As
stated in the earlier section on plants affecting bacterial
invasion, a decrease in fl integrin expression in uroepi-
thelial cell model for UPEC invasion by Citrus reticulata
seed decoction and Labisia pumila, support the effect of
these plants on innate immunity to prevent/treat UTIs>*~.

Studies with cranberries

Cranberries (Vaccinium macrocarpon L.), are a good
source of dietary flavonoids (proanthocyanins and
anthocyanins). Their use has been largely reported for
UTIs especially in women. A number of laboratory inves-
tigations and clinical studies have been undertaken to
demonstrate the varied mechanisms of actions including
their ability to prevent adherence of UPECs to uroepi-
thelial cells and suppression of inflammatory responses
(reviewed by Vasileiou er al.%®). It has been speculated
that one of the possible modes of action of cranberry is
the modification of bacterial P fimbriae or linkage with
bacterial cells. This was based on the studies with puri-
fied proanthocyanidins derived from dried cranberry juice
on in vitro adherence to the bladder and vaginal epithelial
cells of P-fimbriated E. coli strains, both sensitive and
multidrug resistant®’. A detailed study by Wojnicz et al.*®
reported that cranberry extract restricts bacterial growth,
affects bacterial hydrophobicity, inhibits synthesis of
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lecithinase, gelatinase, haemolysin, lipase and DNase as
well as arrests biofilm formation. Studies by Maisuria et
al.”’ demonstrated the activity of proanthocyanidins derived
from cranberry to affect quorum sensing in P. aeruginosa.

Discussion and conclusion

UTIs are a cause of global health concern as they signifi-
cantly affect public health. The economic burden asso-
ciated with the treatment of UTIs is also disturbing and
the annual estimated cost in the United States is said to be
as high as $1.5 billion (ref. 4). UTIs not only affect the
quality of life; the mortality rates associated with this
infection are also alarming — documented to be as high as
3% in women and 1% in men**.

Though antibiotics are necessary and generally pre-
scribed, development of resistance is common and hence
‘non-antibiotic’ approaches are being worked out. These
include simple interventions such as vitamin C, probiotics
to complex ones like use of vaginal estrogens. However,
though these interventions look promising, more in depth
studies are required.

A rich legacy of traditional knowledge exists world
over and India alone is home to time honoured systems of
medicine such as Ayurveda, Unani and Siddha. Plants
exhibit a number of biological properties and have been
investigated for their varied efficacy. Plants being rich in
phytoconstituents are chemically complex and often two
or more compounds may act synergistically. Moreover,
different compounds may have different targets. The syn-
ergism and multi-targeting not only increases the efficacy
but also minimizes the possibility of pathogens develop-
ing resistance'>"".

As a promising non-antibiotic approach, this review
collates information on medicinal plants and also their
constituents for their effect on virulent features of uropa-
thogens and immunity in UTI. As seen from Table 1,
plants can affect all important stages of infection and
phytoconstituents mainly phenolics are commonly attri-
buted. Interestingly, in some studies the cited plants did
not directly arrest the growth of pathogens (e.g. Zea
mays, Citrus reticulata, Anethum graveolens) and thus
strongly illustrate the alternative mechanisms — effect on
bacterial virulence factors and immunomodulation to
combat uropathogens. This non-antibiotic potential of
plants in turn would generate a lesser amount of pressure
towards the evolution of antimicrobial resistance’'. It
may however be noted that targeting virulence parameters
with herbals would pose challenges when laboratory find-
ings need to be translated for treatment of UTI in clinics.

In conclusion, this review highlights the multi-
dimensional potential of medicinal plants used in tradi-
tional and complementary medicine and their possible
application in developing treatment/preventive strategies
for UTI. The non-antibiotic, rather ‘beyond antibiotic’
approach needs to be explored in order to minimize the
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threats of drug resistance related to the use of antibiotics.
Such strategies will be beneficial not only as adjunct
therapies to antibiotics but also in restoring homeostasis,
particularly related to the gut microbiota.
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