
Urinary tract infections (UTIs), which are defined 
microbiologically as the inflammatory response of 
the urothelium to microbial pathogens, are among the 
most common bacterial infections affecting an esti-
mated 150 million people each year worldwide1. The 
true incidence is difficult to accurately define (owing 
to differences in reporting methods and diagnostic 
criteria), but half of all women have been estimated 
to experience a UTI in their lifetime, and up to 50% of 
these will have recurrent infection within the following 
6-month period2,3. Observational studies have found 
an average recurrence rate in women of 2.6 infections 
per year4. The incidence of UTI in men is considera-
bly lower than that in women, with an estimated life-
time prevalence of 13.7%. In 2007, UTI recurrence 
accounted for 10.5 million outpatient consultations and 
2–3 million emergency department visits in the USA 
alone5. In addition, UTIs are the most common cause of 
infection in hospitalized patients, accounting for 17.2% 
of all nosocomial infections in England6. Furthermore, 
UTIs result in considerable patient morbidity and time 
off work; hence, the management of this condition 
incurs large financial costs, estimated at $3.5 billion in 
the USA per year7,8.

No definition of recurrent UTI is universally accepted, 
but it is commonly defined as at least two episodes of 
symptomatic infection (dysuria, frequency, urgency, 
suprapubic pain or haematuria), with pyuria or positive 
bacterial culture, in the past 6 months or three infections 

in the past 12 months. Recurrent UTI is associated 
with short-​term morbidity, with a questionnaire-​based 
study of college-​aged women reporting an estimated 
6.1 days of symptoms, 2.4 days of restricted activity  
and 1.2 days of time off work as a result of a UTI episode9.

UTIs are highly prevalent, account for large numbers 
of outpatient and emergency department consultations 
and are the leading cause of hospital-​acquired infec-
tion and subsequent morbidity, thereby incurring large 
financial costs to health-​care systems, highlighting the 
public health burden of this condition. However, more 
important than these factors is the growing risk of anti-
microbial resistance as a result of our current method 
of managing these patients as ~25% of all antibiotic 
prescriptions are for UTIs10. Antimicrobial resistance 
is now one of the most substantial threats to patient 
safety worldwide10. The European Centre for Disease 
Prevention and Control has estimated that antimicro-
bial resistance costs the European Union $1.5 billion in 
health-​care expenses and lost productivity each year11, 
and infection with antimicrobial-​resistant bacteria can 
lead to more severe infections, longer hospital stays and 
increased mortality12.

This Review describes the pathogenesis of uncom-
plicated UTI and the need for nonantibiotic treatments 
and explores the nonantibiotic management options for 
the prevention and management of recurrent UTI in 
patients with a history of uncomplicated recurrent symp-
tomatic UTI. The evidence for their use is described and 
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discussed, and gaps in our current knowledge and future 
directions for research are highlighted.

Pathophysiology
The pathogenesis of uncomplicated UTIs in women is 
thought to begin with contamination of the vaginal and 
periurethral areas with uropathogens that usually reside 
in the gut. In support of this theory, a study of vaginal 
introital cultures from 140 women found a significantly 
higher rate of vaginal Escherichia coli colonization in 
women with recurrent UTI than in those without (35% 
versus 11%; P < 0.01)13. These vaginal E. coli isolates 
from women with recurrent UTI have also been shown 
to possess the same virulence factors as uropathogenic 
E. coli (UPEC) isolated from the urinary tract (such as 
P pili)14. Adherence of these uropathogens to vaginal 
epithelial and urothelial cells, migration to the bladder 

and colonization and internalization into urothelial 
cells with the subsequent formation of intracellular 
bacterial communities (IBCs) all depend on a complex 
host–pathogen interaction. Once internalized, bacteria 
can rapidly replicate within urothelial cells, forming 
communities that can evade host defence mechanisms, 
resulting in quiescent intracellular reservoirs15 (Fig. 1). 
In mouse models, these bacteria can lie dormant in the 
urothelial cells of the bladder for many months without 
being detected and could be a source of chronic, recur-
rent UTI15,16. Evidence in human trials is limited, but 
studies of urine cytology in women with recurrent UTI 
have shown the presence of IBCs17. The key molecular 
mechanisms involved in the formation of IBCs have 
been extensively studied7, and successful infection of 
the urinary tract is determined by the strength of bac-
terial virulence factors relative to the host’s natural 
defence mechanisms.

The need for nonantibiotic management
The armamentarium of effective antibiotics is rapidly 
diminishing, and the size of this problem cannot be 
overstated18. Resistance to amoxicillin is now 100% 
among urinary isolates of E. coli in some countries in 
Africa, and high levels of resistance to many commonly 
prescribed antibiotics have been identified worldwide19. 
Resistant strains of E. coli, such as ST131 (O25:H4), are 
associated with outbreaks of UTI, and the widespread 
emergence and spread of carbapenem-​resistant Entero
bacteriaceae (CRE) is a global public health threat18,20.  
Transmissible resistance in Enterobacteriaceae is now 
emerging against colistin (via mcr-1) with the potential to 

Key points

•	Rising rates of antimicrobial resistance, fuelled by the overuse of antibiotics in 
humans, are a serious threat to global public health.

•	Alternatives to antibiotics for the prevention of recurrent urinary tract infection (UTI) 
are attractive options to reduce the risks of antimicrobial resistance.

•	The most commonly studied nonantibiotic management options for recurrent UTI 
include cranberries, probiotics, d-​mannose, methenamine hippurate, estrogens, 
intravesical glycosaminoglycans and immunostimulants.

•	Studies of novel vaccines targeting the adherence mechanisms of uropathogenic 
bacteria seem promising, but human trials are required to determine the efficacy  
of this approach.

•	Evidence for the nonantibiotic measures is hampered by considerable heterogeneity, 
and further placebo-​controlled randomized trials of these agents are needed.
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Fig. 1 | Pathogenesis of urinary tract infection. First, colonization of the vaginal and periurethral areas with uropathogens, 
such as uropathogenic Escherichia coli (UPEC), which usually reside in the gut, occurs (step 1). Second, these uropathogens 
migrate to the bladder (step 2). Third, UPEC type 1 pili adhere to uroplakins on superficial umbrella cells, leading to bacterial 
internalization (step 3). Fourth, UPEC multiply to form intracellular bacterial communities (IBCs) (step 4). Fifth, efflux of 
UPEC from IBCs results in reinvasion of neighbouring cells and the formation of quiescent intracellular reservoirs in 
transitional cells, which can remain viable for months (step 5).
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rapidly spread21. This development means that our drug 
of last resort for treating infections caused by multidrug-​
resistant Gram-​negative bacteria is failing, and infection 
with these multidrug-​resistant strains might, therefore, 
be untreatable with currently available antibiotics.

Rising antibiotic resistance, fuelled by increasing 
use of antibiotics in humans and animals, has occurred 
through the emergence of a combination of resistance 
mechanisms22,23. Resistance occurs owing to succes-
sive mutations, emerging chromosomal mutations, 
mobile genetic elements (MGEs) or a combination of 
these factors. MGEs, such as plasmids and transpos-
ons, enable rapid spread of resistance between bacteria 

(Fig. 2). Such resistance through all of these mechanisms 
increases under antibiotic pressure via positive selec-
tion. Resistance mechanisms can act to inactivate an 
antibiotic, alter the concentration available at the point 
of action or modify the target of the antibiotic24.

Since the first β-​lactamase (an enzyme that provides 
resistance to β-​lactam-based antibiotics) was discov-
ered in E. coli in 1940 (ref.25), >2,000 similar enzymes 
have been discovered, including extended-​spectrum  
β-​lactamases (ESBLs), AmpC β-​lactamases (AmpCs) and  
carbapenemases (such as KPC, NDM, IMP, VIM 
and OXA)25,26. Combinations of β-​lactam antibiotics 
with inhibitors of β-​lactamase, such as piperacillin–
tazobactam, can prevent inactivation of the antibiotic 
in some cases, but this defence is often eventually over-
come, as bacteria evolve further resistance mechanisms. 
ESBLs are generally encoded by plasmids, which can 
be easily spread between organisms. The expression 
of AmpC genes is often caused by induction or dere-
pression of chromosomal genes. Carbapenemases 
encoded on MGEs have rapidly spread between bac-
terial species, leading to major outbreaks of infection 
with CRE and increased mortality as the prevalence of 
CRE rises26. Alteration of the concentration of antibiotic 
reaching its target within the bacterium is controlled 
through efflux mechanisms and porin loss, and antibi-
otic pressure contributes to the induction of resistance 
mechanisms27. Porin loss in AmpC-​producing and ESBL- 
​producing Enterobacteriaceae can lead to carbapenem 
resistance in the absence of carbapenemases. However, 
this resistance has a fitness cost and might not spread as 
rapidly as MGE carbapenemases28. Efflux pump muta-
tions, such as oqxAB, can confer resistance to nitro-
furantoin in addition to nitrofuran reductase mutations. 
Modification of the antibiotic target is commonly 
seen in resistance to aminoglycosides and quinolones 
through alteration of the ribosome or DNA gyrase,  
respectively22 (Table 1).

Single resistance mechanisms occurring in isolation 
can usually be overcome by alternative antimicrobials. 
However, increasingly, Gram-​negative pathogens with 
complex backgrounds exist, in which multiple mech-
anisms of resistance coexist in the same organism, 
leading to the emergence of multidrug-​resistant uro-
pathogens. Coexistence of resistance mechanisms can 
occur together on a single plasmid. For example, armA, 
which confers resistance to aminoglycosides via ribo-
some methylation and alteration of the target site, has 
been found to be associated with the ESBL gene CTX-​M 
in Klebsiella pneumoniae29. The prevalence of multidrug-​
resistant E. coli identified in urinary samples from out-
patients in the USA rose from 9% in 2001 to 17% in 
2010 and continues to rise30. Predictors of resistance 
include prescription of the antibiotic within the previous  
6 months and exposure to a geographical area with 
highly resistant organisms31.

We are facing a future in which combination therapy 
for UTI treatment will be routine, as resistance rates to 
single agents rise to unacceptable levels worldwide and 
untreatable UTIs present a real concern. This problem 
is exacerbated by the overuse of antibiotics, both in 
humans and in veterinary medicine. To control this crisis 

Chromosome

Transposon

Plasmid

Phage

Horizontally transferred
gene conferring antimicrobial
resistance

Donor cell

Conjugation

Transduction

Transformation

Recipient cell

Release
of phage

Release
of free
DNA

Fig. 2 | Mechanisms of antimicrobial resistance by 
mobile genetic elements. Mobile genetic elements  
such as plasmids and transposons enable rapid spread of 
resistance between bacteria. Such resistance through  
these mechanisms increases under antibiotic pressure via 
positive selection. Conjugation requires cell-​to-cell  
contact to transfer DNA from one bacterial cell to another. 
In transduction, bacterial DNA is transferred from one cell 
to another by phages. In transformation, DNA released from 
one bacterial cell is taken up by another. Transduction and 
transformation do not require cell-​to-cell contact.
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in antimicrobial resistance, nonantibiotic approaches 
are crucial in providing a means of reducing symptoms 
without resorting to antibiotic use.

Alternatives to antibiotics for the treatment, augmen-
tation of treatment or prevention of recurrent UTI are 
attractive options to reduce the risks of antimicrobial 
resistance.

Behavioural measures
One of the key natural defence mechanisms against UTI is 
the presence of numerous different commensal organisms 
in the vaginal and periurethral areas, most commonly 
Lactobacillus species32. These commensal organisms 
are able to bind to vaginal epithelial cells (thereby pre-
venting colonization of the vaginal and periurethral 
area by uropathogens) alter the local vaginal environ-
ment through changes in pH and release directly toxic 
chemicals (such as hydrogen peroxide), thereby reduc-
ing the potential for colonization by uropathogenic  
bacteria33,34. Factors that affect normal vaginal microbiota 
can, therefore, increase the risk of developing UTIs.

Studies have shown that sexual intercourse within 
the past week is a risk factor for UTIs in premenopau-
sal women, probably owing to increases in vaginal and 
bladder colonization with UPEC13,35–37. In a case–control  
study of almost 500 premenopausal women, those who 
experienced recurrent UTI (n = 229; defined as the pres-
ence of symptoms in association with microbiological 
confirmation in at least two of the episodes) were tenfold 
more likely to have had sexual intercourse more than 
nine times in the previous month, and twice as likely 
to have had a new sexual partner or used spermicide 
contraception in the previous year, than a control group 
of women who had no history of recurrent UTI (n = 253; 
defined as no history of UTI in the previous 12 months 
and no history of more than one UTI in any 12-month 
period)38. Similar findings were reported in a prospec-
tive observational study of 78 postmenopausal women 
who had a threefold to fourfold increased risk of symp-
tomatic UTI 2 days after sexual intercourse39. However, 
another study of 316 healthy women aged 40–65 years 
failed to show an increased risk of UTI after sexual inter-
course, and risk factors for UTI could not be explained  

by menopausal status alone40. In this study, a number 
of other factors were shown to predispose postmen-
opausal women to UTI, including a history of UTI  
in the past year, urinary incontinence, antibiotic use in 
the previous 2 weeks and exposure to cold (defined by 
a positive answer to the question “In the past 2 weeks, 
have your hands, feet, back or buttocks been exposed to 
cold, and felt very cold to you for 30 minutes or more?”). 
In another case–control study of 149 postmenopausal 
women with a history of recurrent UTI compared with 
a control group of 53 women with no history of UTI, risk 
factors for UTI were incontinence, presence of elevated 
postvoid residual urine and cystocoele41. Thus, the risk 
factors for UTI in postmenopausal women are differ-
ent from those seen in premenopausal women and are 
not linked to menopausal status alone. Anal intercourse 
would probably increase vaginal colonization with bowel 
flora, such as E. coli, increasing the risk of UTI, although 
this risk factor has not been well studied42. Careful dis-
cussion of sexual practices in the clinic is important, as 
avoidance of activity that is deemed to be a risk factor 
for UTI could prevent recurrence43.

The evidence for spermicide-​based contraceptives 
(such as coated condoms, diaphragms and cervical caps) 
as a risk factor for recurrent UTI is strong35. The main 
active ingredient in spermicides (nonoxynol-9) is toxic to 
lactobacilli but not to E. coli, thereby potentially increas-
ing vaginal colonization with potentially uropathogenic 
bacteria. In a study of premenopausal women, introital  
E. coli colonization was found to be significantly increased 
in 75 women using diaphragm–spermicide contraception 
(from 15% at baseline to 48% at week 1; P = 0.001), with 
no change in E. coli colonization in 103 women using oral 
contraceptives44. The risk is highest for spermicide-​coated 
condoms, but the use of condoms without spermicide has 
also been shown to increase the risk of developing UTIs. 
In a nested case–control study of sexually active premen-
opausal women with and without UTI, those exclusively 
using condoms coated with nonoxynol-9 (n = 23) had 
an OR for developing UTI of 2.2 (95% CI 1.0–4.8), and 
those using exclusively nonspermicidal condoms (n = 8) 
had an OR of 1.6 (95% CI 0.6–4.5)45. Thus, women pre-
senting with recurrent UTI should be counselled about 
alternative methods of contraception.

A number of other behavioural factors are widely 
quoted in the lay press as increasing the risk of UTI 
(such as wiping back to front and douching). However, 
evidence is currently insufficient to quantify the risk 
that these behaviours pose. One case–control study 
based on a questionnaire survey did not find any statis-
tically significant differences in voiding habits (such as 
delayed voiding, no voiding before or after intercourse 
or reduced daytime frequency) or personal hygiene 
practices (including wiping back to front, douching, 
tampon use or use of cotton underwear) between those 
with and those without recurrent UTI (P > 0.05), but a 
significant risk of recall bias was observed and, therefore, 
behavioural measures require further study in prospec-
tive trials38. In terms of voiding, a study of 366 women 
showed a significant reduction in the rate of UTI (from 
9.8% to 1.6%; P < 0.001) following an educational inter-
vention, which consisted of disseminating knowledge 

Table 1 | Mechanisms of resistance against commonly used antibiotics

Antibiotic Mechanism of resistance

Aminoglycosides • Decreased uptake of antibiotic by alteration of the 30S 
ribosomal subunit

• Antibiotic inactivation by production of aminoglycoside-​
modifying enzymes

β-​Lactams • Modification of penicillin-​binding proteins to prevent binding  
of antibiotic

• Antibiotic inactivation by production of penicillinase

Mannosides • Decreased uptake of antibiotic by alteration of the 50S subunit

Quinolones • Reduced binding of quinolones by modification of DNA gyrase 
and topoisomerase IV

• Efflux pumps exporting antibiotics out of the cell

Nitrofurantoin • Efflux pumps exporting antibiotics out of the cell
• Mutations in nitrofuran reductase preventing antibiotic action

Trimethoprim • Efflux pumps exporting antibiotics out of the cell
• Mutations in dihydrofolate reductase target enzyme
• Natural insensitivity
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of UTI preventive strategies at new employee orienta-
tion, placing posters in the workplace and e-​mail and 
oral communications. This reduction in UTI rate was 
associated with significant increases in water intake and 
urine voiding (P < 0.001), suggesting that voiding habit 
is linked to hydration and both might be protective in 
reducing UTI recurrence46.

On the basis of current evidence, sexual practices 
and use of spermicidal contraceptives are known risk 
factors for developing recurrent UTI, and patients 
should be counselled about the increased risk. Alter
native contraceptive measures should be sought and 
behavioural measures such as voiding before and after 
intercourse should be discussed, although further 
evidence regarding voiding habits in this setting are 
required47 (Box 1).

Dietary measures
The role of simple dietary modification to prevent the 
development of UTI remains unproven, but the best-​
studied dietary measures are adequate hydration and 
the use of vitamin C (Box 1).

Hydration
The role of hydration in preventing UTI has been the sub-
ject of a number of observational studies, but the majority 
of these investigations were published over 30 years ago. 
These studies are small, use various methodology and 
provide mixed results. Thus, confidently drawing any 
firm conclusions about the role of hydration in UTI pre-
vention is not possible. Adatto and colleagues48 studied 
the fluid intake and voiding habits of 84 premenopausal 
women with a history of recurrent UTI and compared 

Box 1 | Evidence for nonantibiotic agents in preventing recurrent urinary tract infection in premenopausal women

Behavioural
Recent sexual intercourse within the past week and use of spermicide 
contraceptives have been shown to increase the risk of developing 
urinary tract infection (UTI) in case-​controlled and observational studies38. 
Evidence for voiding habit, douching and wiping back to front have not 
been well studied and require further assessment.

Dietary
Hydration and urinary concentration have been poorly studied as a way 
to reduce UTI recurrence. Evidence from survey-​based studies has 
suggested that fluid restriction increases the risk of UTI49, but further 
study of fluid intake and modification of urinary pH and osmolality is 
required. Evidence for the role of ascorbic acid in UTI prevention is 
lacking.

Phytotherapy
Chinese herbal medicine
Studies of Chinese herbal medicine are small with a high risk of bias56. 
Further studies are required before this approach can be recommended 
for the prevention of recurrent UTI.

Cranberry products
Cranberry products might be effective in reducing recurrent UTI in 
women with a history of recurrent UTI. A Cochrane review has reported 
no statistically significant benefit for cranberry products85, but the level 
of heterogeneity among studies is high, and well-​conducted, 
randomized, double-​blind, placebo-​controlled trials have reported 
positive results88,90, supported by a meta-​analysis84. Further well-​powered 
randomized trials with strict inclusion criteria and consistent dosing  
are required.

NSAIDs
Ibuprofen has been studied in two double-​blind randomized controlled 
trials against antibiotics for the treatment of acute UTI with promising 
results107,108, but has not been studied as a prophylactic agent to prevent 
UTI recurrence.

Probiotics
A Cochrane review of seven randomized controlled trials has concluded 
that probiotics have no benefit over placebo in reducing UTI recurrence 
rates141. However, studies have high heterogeneity, and further large 
randomized trials using well-​characterized Lactobacillus strains are 
warranted.

d-​Mannose
d-​Mannose has been studied as a prophylactic agent in one randomized 
controlled trial156, which reported positive results. This agent seems 
promising as a prophylactic agent in the prevention of recurrent UTI. 
However, this promise needs to be confirmed in larger, well-​powered 
randomized trials.

Methenamine hippurate
A Cochrane review of 13 studies164 concluded that methenamine 
hippurate is associated with a reduction in the risk of recurrent UTI in 
patients with normal renal tracts. Only one of these randomized 
controlled trials evaluated methenamine hippurate as a prophylactic 
agent in the prevention of recurrent UTI, and the data are from small, 
poorly conducted trials. A large randomized trial is currently underway169.

Estrogens
The use of vaginal estrogens has been shown to reduce UTI recurrence 
rates in postmenopausal women in a Cochrane review of five randomized 
controlled trials — three against placebo and two against antibiotic 
prophylaxis191.

Intravesical glycosaminoglycans
Two small randomized controlled trials of intravesical hyaluronic acid and 
chondroitin sulfate have reported positive results in reducing UTI 
recurrence rates211,212. Large well-​powered studies are required to confirm 
these findings.

Immunostimulants
Uro-​Vaxom
Uro-​Vaxom (OM-89) has been found to reduce UTI recurrence in a meta-​
analysis of four randomized controlled trials96 but is effective only for 
Escherichia coli UTIs.

Solco-​Urovac
Solco-​Urovac has been shown to have a modest beneficial effect in UTI 
prevention in three randomized controlled phase II trials96, but larger 
randomized phase III studies are required before a conclusion can be 
reached regarding its efficacy.

Uromune
Uromune has shown excellent efficacy in retrospective cohort series232,233, 
but results from randomized placebo-​controlled trials are awaited before 
recommendations on its use can be made.

Vaccines
Vaccines against various virulence factors of uropathogenic E. coli (such as 
fimbriae and toxins) have been studied in preclinical studies237–243, but only 
ExPEC4V has been investigated in a phase I trial in humans with promising 
results245. Studies in humans are required before these agents can be 
recommended for UTI prevention.

Competitive inoculation
The intravesical instillation of less-​pathogenic E. coli into the bladder to 
prevent infection with more virulent strains has been studied with 
promising results in patients with indwelling catheters and incomplete 
bladder emptying246,247, but this method of UTI prevention requires further 
investigation in larger randomized controlled trials.
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the results with a control group of 84 women with no 
history of UTI. No difference in fluid intake or number of 
micturitions between the groups was observed. However, 
another study of 791 women with a mean age of 43 years 
(range 22–73 years) reported a 2.21-fold increased risk 
of UTI in the group with voluntary fluid restriction com-
pared with those without49. However, important details 
were not studied, such as the mean volume of fluid intake 
in each group and the urinary osmolality. These types 
of omission limit the findings of the majority of studies 
in this area. Hydration and urinary osmolality are also 
poorly studied in relation to prophylaxis against recurrent 
UTI. A small study of 17 premenopausal women who 
experienced recurrent UTI (defined as two positive mid-
stream urine (MSU) samples in the previous 6 months) 
showed that regular self-​monitoring of urine osmolality 
resulted in improved hydration, reduced osmolality and 
fewer UTIs over a 4-month period, but further study 
is required to confirm these results50. Further research 
into the modification of urinary pH or osmolality as  
prophylaxis against UTIs is warranted.

Ascorbic acid
Ascorbic acid (vitamin C) was originally thought to pre-
vent UTIs by acidification of the urine51. In a study of  
12 hospitalized patients, 2.5 g of ascorbic acid in divided 
doses over 24 hours reduced mean urinary pH to 5.3 
compared with a mean urinary pH of 7.4 in the pla-
cebo group52. However, in six patients with spinal cord 
injury (four men and two women), 500 mg supplemental 
ascorbic acid four times a day had no significant effect 
on urinary pH (P > 0.05)53. Studies of urinary acidifica-
tion with ascorbic acid and its role in UTI prevention 
are limited by their small sample sizes, lack of control 
for confounding dietary factors that might alter urinary 
pH or lack of a placebo group. Hence, no conclusions 
can be drawn on the role of urinary acidification in the 
treatment or prevention of recurrent UTI. Thus, the pre-
ventive effect of ascorbic acid is unknown, and evidence 
for its use in this setting is lacking, but randomized trials 
with large numbers of participants examining the effect 
of ascorbic acid on urinary pH would help to determine 
the role of urinary acidification in the prevention of  
recurrent UTI (Box 1).

Phytotherapy
The use of plants or plant components to treat medical 
conditions dates back centuries. In relation to the treat-
ment and prevention of UTI, Chinese herbal medicine 
(CHM) and cranberry-​containing products have been 
best studied.

Chinese herbal medicine
The plants used in CHM have been studied in ran-
domized controlled trials both for the treatment of 
acute UTI and as prophylaxis to prevent recurrent UTI. 
In vitro, Chinese herbs, such as Huang Lian (Coptis chin-
ensis Franch), have inhibitory activity against a number 
of uropathogenic bacteria (including E. coli) in addi-
tion to anti-​inflammatory effects. Other herbs, such as 
Compound Salvia Plebeia Granules (CSPG), have been 
shown to reduce E. coli adherence to bladder urothelial 

cells. In a study of male rats, intragastric administra-
tion of 20–40 g/kg of CSPG was found to have diuretic, 
antipyretic and analgesic effects, and it was also found 
to inhibit growth of E. coli with a minimal inhibitory 
concentration of 0.25 g/ml (ref.54). An in vitro study 
evaluated the antimicrobial properties of three differ-
ent berberine alkaloids (the major active component of 
C. chinensis Franch) and found that the growth rate con-
stant of E. coli was reduced with all berberine alkaloids 
studied (berberine, coptisine and palmatine)55. In stud-
ies of women with recurrent UTI, the most commonly 
studied CHM are Er Xian Tang, Bai Tou Weng Tang and 
San Jin Wan. A Cochrane review of seven randomized 
controlled trials with a total of 542 women evaluated 
the role of CHM in the treatment and prevention of 
recurrent UTI56. Three studies compared CHM with 
antibiotic treatments57–59, two compared CHM in com-
bination with antibiotics with antibiotics alone60,61 and 
two compared two different CHM regimes62,63. The stud-
ies comparing CHM with antibiotic prophylaxis found 
that those receiving CHM had a considerably lower 
rate of recurrent UTI (relative risk (RR) 0.28, 95% CI 
0.09–0.82)56. The addition of CHM to antibiotic proph-
ylaxis was also shown to be more effective in reducing 
recurrent UTI rates than antibiotic prophylaxis alone 
(RR 0.53, 95% CI 0.35–0.80)56. However, a number of 
substantial limitations must be taken into account when 
interpreting these findings. Studies were heterogeneous, 
included small numbers of patients and had a high risk 
of bias. All studied were classified as very low quality on 
the basis of the GRADE Quality of Evidence criteria64, 
and the risk of bias was high predominantly owing to 
inadequate blinding of participants and personnel as 
well as unclear descriptions of allocation concealment; 
blinding of outcome assessment; and selective report-
ing. Furthermore, five of the seven studies evaluated 
postmenopausal women57–60,62; thus, the evidence in the 
premenopausal population is limited. For these reasons, 
the use of CHM cannot be recommended until larger, 
higher-​quality, well-​conducted randomized trials are 
undertaken (Box 1).

Cranberry
Evidence for the use of cranberries and cranberry-​based 
products for the prophylaxis of UTIs remains mixed, 
and little evidence exists for its role in the treatment 
of an acute UTI. Cranberry is a plant from the family 
Ericaceae and is known as Vaccinium macrocarpon, 
Vaccinium oxycoccos and Vaccinium erythrocarpum. The 
berries are composed predominantly of water (88%), fol-
lowed by a complex mixture of organic acids, fructose, 
ascorbic acid, flavonoids, anthocyanidins, proanthocy
anidins, catechins and triterpenoids65,66. Anthocyanidins 
and proanthocyanidins are tannins (polyphenols) that 
function as a natural plant defence system against micro-
bial infection and are the components thought to be most 
clinically relevant in preventing UTIs in women67.

Initially used during the 17th century for various 
therapeutic indications including gastric and hepatic 
disorders, scurvy and cancer, cranberry has been a pop-
ular therapy for UTIs for almost 100 years, particularly 
before the advent of antibiotics68,69.
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Proposed mechanism of action. To date, no definitive 
mechanism of action has been elucidated to explain the 
prophylactic properties of cranberries in preventing 
recurrent UTI. Pure cranberry juice is very acidic, with 
a pH of <2.5 (ref.65). On the basis of this acidity, acidifi-
cation of urine was initially hypothesized to contribute 
to the antibacterial effect of cranberry68. However, this 
hypothesis was rejected >20 years ago when in vitro 
studies established the importance of one of its key com-
ponents — proanthocyanidins70. Adherence to urothelial 
cells is a critical event in the initiation of UTIs caused 
by E. coli, and this process is facilitated by adhesins 
(namely, type 1 fimbriae and P fimbriae (pyelonephri-
tis fimbriae)), which enable bacteria to bind to the car-
bohydrate receptors on the surface of urothelial cells69. 
Almost all uropathogenic strains of E. coli express type 1 
fimbriae, which bind to mannose-​like receptors71. Strains 
of E. coli with increased virulence, isolated from patients 
with recurrent UTI and/or pyelonephritis, possess other 
variants of fimbria, notably P fimbriae67. Cranberries 
contain fructose, which has been found to have a role in 
inhibiting the adherence of E. coli with type 1 fimbriae to 
urothelial cell receptors in vitro, and proanthocyanidins, 
which affect adherence of P fimbriated E. coli72 (Fig. 3). 
The presence of proanthocyanidins is thought to be the 
most important factor in mediating the clinical effect 
of cranberries in UTI prevention owing to their inhib-
itory effect on the motility of Pseudomonas aeruginosa,  
E. coli and Proteus mirabilis, as well as their antiadher-
ence effect73,74. Proanthocyanidins are composed of oli-
gomers and polymers of flavans. These oligomers and 
polymers are most often linked by a single bond (B-​type), 
but a unique structural feature of proanthocyanidins in 
cranberries is the presence of a second bond (A-​type 
linkage), and this A-​type linkage has been predomi-
nantly implicated in the inhibitory effect of cranberry 
on E. coli adherence. This implication is based on a study 
assessing the bacterial antiadhesion activity of other 
proanthocyanidin-​containing foods (such as grape juice, 
apple juice, green tea and dark chocolate) compared with 

that of proanthocyanidin from cranberry75. In this study, 
the urine from human volunteers who had consumed 
cranberry juice demonstrated increased antiadhesion 
activity compared with those who had consumed other 
proanthocyanidin-​containing foods, and this effect was 
confirmed in vitro75. The primary difference was the 
presence of A-​type linkages in the proanthocyanidins 
from cranberry juice compared with B-​type linkages in 
those from grape juice, apple juice, green tea and dark 
chocolate. This observation suggests that the A-​type 
linkage is responsible for the inhibitory effect of cran-
berries on E. coli adherence; this inhibitory effect might 
be caused by the fact that A-​type linkages are similar in 
structure to the bacterial-​binding receptors on urothe-
lial cells and, therefore, these proanthocyanidins bind to 
bacterial fimbriae, preventing adherence of the bacteria 
to the urothelial cell75 (Fig. 4).

The precise mechanism through which cranberry 
components exert an antiadhesion effect remains 
unclear. Cranberry compounds might act as receptor 
analogues, competitively inhibiting E. coli adhesion to the 
urothelium by binding to the fimbrial tips67. Cranberry 
components might alter the cell surface properties of 
bacteria (such as a reduction in fimbrial length and den-
sity), thereby decreasing adherence to urothelial cells. 
Prolonged exposure to cranberry can result in morpho-
logical changes to E. coli from rod shaped to spherical, 
resulting in increased repulsion by urothelial cells76.

Vasileiou and colleagues77 suggested that other 
cranberry components (such as ursolic acid, a penta
cyclic triterpenoid) have a complementary or synergistic 
role to the proanthocyanidin polyphenols in the antiad-
hesion process by causing differential gene expression 
in E. coli, resulting in inhibition of biofilm formation78. 
An in vitro study evaluated the effect of the plant extract 
ursolic acid on E. coli biofilm formation. Using 96-well 
plates and a flow chamber, 10 μg of ursolic acid was 
found to inhibit E. coli biofilm formation by 6–20-fold 
more than controls78. DNA microarray analysis was 
used to study the gene expression profiles of E. coli in 
response to ursolic acid, and genes involved in chemo-
taxis and mobility (cheA, tap, tar and motAB) and heat 
shock response (hslSTV and mopAB) were shown to be 
consistently induced, suggesting that increased motility 
prevents the formation of a mature biofilm78.

Mode of ingestion. Cranberry can be administered in 
several forms, including fresh whole berries, tablets, 
juice cocktails and extracts, and the concentration 
of proanthocyanidins varies between preparations. 
However, as expected, the complex mixture of bioactive 
components is found only in whole cranberry fruit79. 
The amount of cranberry juice cocktail required to 
prevent adhesion of UPEC to the urothelium has been 
suggested to be 240 ml. This suggestion is based on an 
in vitro study of 39 UPEC isolates from the urine of 
premenopausal women with culture-​confirmed UTI, 
showing that after consumption of 240 ml of cranberry 
juice cocktail, urine prevented adhesion of 80% of E. coli 
isolates, and the effect lasted up to 10 hours after inges-
tion80. A randomized controlled trial comparing a daily 
intake of 300 ml of a commercially available cranberry 

Renal epithelial cell Bladder urothelial cell

Escherichia coli

Proanthocyanidins
Fructose

P fimbriae
Mannose-sensitive
uroplakin receptorsType 1 fimbriae

Mannose-insensitive GAL
glycolipid receptors

Fig. 3 | Mechanisms of action of cranberry components in prevention of urinary 
tract infection. Fructose inhibits the binding of type 1 fimbriae to uroplakin receptors. 
Proanthocyanidins prevent binding of P fimbriae to glycolipid receptors.
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juice (containing 36 mg of proanthocyanidins) with 
placebo in 153 elderly women (mean age 78.5 years) 
showed that the odds of bacteriuria and pyuria in the 
cranberry group were 42% lower than the control group 
(P = 0.04), suggesting that 300 ml is the optimal daily 
dose81. However, Howell and colleagues82 concluded 
that 72 g of proanthocyanidins daily is required to offer 
protection against bacterial adhesion and virulence in 
the urinary tract82. In this study, ex vivo UPEC antiad-
hesion activity was evaluated in a randomized trial of 
urine from 32 volunteers receiving different doses of 
cranberry powder (18 mg, 36 mg or 72 mg) or placebo. 
Urine from volunteers who had consumed cranberry 
had significantly increased antiadhesion activity com-
pared with placebo (P < 0.001), and this inhibition was 
prolonged for up to 24 hours with 72 mg of proanthocy-
anidins82. Currently, the optimal concentration, dosage, 
regimen and formulation remain unknown; thus, no 
recommendation can be made83,84.

Clinical evidence in comparison with placebo. Several 
randomized controlled trials have been conducted 
assessing the efficacy of cranberries in the prevention 
of UTI recurrence in different patient cohorts using 
different formulations of cranberry (such as juice, tab-
lets, capsules, syrup and fruit powder), and they have 
mixed results. In addition to this heterogeneity, the 
data are difficult to compare owing to differences in 
the thresholds used to define bacteriuria between stud-
ies, unclear definitions of symptomatic UTI, different 
comparator groups and lack of reporting of the doses 
of proanthocyanidins studied. Three meta-​analyses of 
different studies have led to different conclusions, and 
the risk of bias in a number of these studies is high, 
predominantly owing to attrition bias (with a high with-
drawal or dropout rate), incomplete outcome reporting 
and small sample sizes with lack of power to detect a 
significant difference between groups. Furthermore, 
most studies did not report the amount of proantho-
cyanidin contained in the trial product84–86. Stothers87 
compared the use of cranberry juice or cranberry tab-
lets with placebo in a randomized double-​blind study.  
A total of 150 sexually active women who had at least 

two microbiologically confirmed symptomatic UTIs 
in the past year aged 21–72 years, were included. 
Women were randomized to receive placebo juice plus 
placebo tablets (n = 50), placebo juice plus cranberry 
tablets (n = 50) or cranberry juice plus placebo tablets 
(n = 50). Tablets were taken twice a day, and 250 ml of 
juice was taken three times a day. A significant reduc-
tion was observed (>50% decrease) in the proportion 
of women experiencing symptomatic UTI during the 
12-month follow-​up period in the cranberry juice and 
cranberry tablet groups compared with placebo — to 
20% with cranberry juice and to 18% with cranberry 
tablets compared with 32% with placebo (P < 0.05). 
The mean number of UTIs in the year after treatment 
was 0.72 in the placebo group, 0.30 in the cranberry 
juice group (P < 0.05) and 0.39 in the cranberry tablet 
group (P < 0.05). No significant difference in the rate of 
reported UTIs was observed when comparing the cran-
berry juice and cranberry tablet groups87. The overall 
risk of bias was judged by the investigators to be low 
in this study, but the dose of proanthocyanidins was 
not specified, and the investigation was not adequately 
powered to detect a meaningful difference between the 
treatment and control groups.

In another double-​blind, randomized, placebo-​
controlled trial, Vostalova and colleagues88 compared 
the use of cranberry fruit powder (with a clearly defined 
proanthocyanidins dosage) with placebo. Overall,  
182 women aged 18–75 years with a history of two symp-
tomatic UTIs in the previous year were included, and 83 
were randomized to receive 500 mg of cranberry fruit 
powder (containing 2.8 mg of proanthocyanidins) per 
day or to receive placebo. During the 6-month follow-​
up period, the proportion of women having more than 
one UTI was significantly lower in the cranberry group 
(10.8%) than in the placebo group (25.81%) (P = 0.04). 
These findings corresponded to a RR reduction of 58% 
in the cranberry group compared with placebo, and 
this study had a low risk of bias88. Maki and colleagues89 
reported the results of a 24-week, multicentre, double-​
blind, randomized, controlled trial comparing 240 ml of 
cranberry juice per day (n = 185) with placebo (n = 188) 
in women with a history of recurrent UTI. Recurrent 
UTI was defined as two or more episodes of self-​
reported UTI without microbiological confirmation.  
A 39% reduction in clinical UTI episodes with cran-
berry juice and a 37% reduction in clinical UTI with 
pyuria episodes were observed. No difference in the rate 
of microbiologically confirmed UTIs was observed, and  
overall one UTI was prevented for every 3.2 person-​
years89. Kontiokari and colleagues90 compared the 
effect of cranberry–lingonberry juice or Lactobacillus 
GG drink with placebo in 150 women with a history 
of one UTI caused by E. coli (>105 colony-​forming 
units (CFU)/ml E. coli). Patients were treated with 
antibiotics for the acute infection and had subsequent 
confirmation of a negative urine culture before being 
randomized 1:1:1 to receive cranberry–lingonberry 
juice, Lactobacillus GG drink or placebo. Patients were 
monitored for 12 months, and cranberry–lingonberry 
juice resulted in a 20% reduction in the absolute risk of 
recurrence compared with placebo (P = 0.023), whereas 
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Fig. 4 | A-​type and B-​type linkages of proanthocyanidins. The A-​type linkage is 
probably responsible for the inhibitory effect of cranberries on Escherichia coli 
adherence; this inhibitory effect might be caused by the fact that A-​type linkages are 
similar in structure to the bacterial-​binding receptors on urothelial cells and, therefore, 
these proanthocyanidins bind to bacterial fimbriae, preventing adherence of the 
bacteria to the urothelial cell75.
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no difference in risk of recurrence was reported between 
the Lactobacillus GG drink and the placebo group. The 
study was intended to run over 12 months, but patients 
in the cranberry–lingonberry juice group were moni-
tored for only 6 months as the manufacturer stopped 
producing this juice. During this 6-month period,  
8 women (16%) in the cranberry–lingonberry group, 
19 (39%) in the Lactobacillus GG drink group and  
18 (36%) in the control group had at least one episode 
of UTI. However, the nonblinded nature of this trial is 
a limitation and source of potential bias, and this study 
reported outcomes specifically in patients with UTIs 
caused only by E. coli.

Trial results on the effect of cranberry on UTI have 
not all been positive. One study compared the use of 
two different doses of cranberry juice (4 oz or 8 oz daily) 
with placebo in 176 premenopausal women with a his-
tory of recurrent UTI (defined as one or more clinically 
diagnosed UTI in the previous year). No difference 
in the number of clinically confirmed or culture-​
confirmed UTIs or difference in time to first UTI was 
reported between the cranberry and placebo groups at 
the 6-month follow-​up point (27.5% and 30.4%, respec-
tively; P = 0.70)91. However, a trend towards a protec-
tive effect of cranberry juice was observed, with the 
proportion of women with P fimbriated E. coli isolates 
considerably reduced in both cranberry groups (43.5% 
in the cranberry groups and 80% in the placebo group, 
P = 0.07). These findings suggest that a cranberry-​related 
protective effect does occur, and the authors suggested 
that larger, well-​powered studies are needed to deter-
mine whether cranberry is effective in reducing UTIs91. 
A large double-​blind, randomized, placebo-​controlled 
trial compared the use of cranberry juice (8 oz twice 
daily) with placebo juice (same colour and taste as the 
cranberry juice, but without any cranberry component) 
in 319 women with a mean age of 21 years. Patients 
were included following one episode of acute uncom-
plicated UTI; thus, participants were not a specific 
group of patients with recurrent UTI. Furthermore, 
all patients were asked to drink 240 ml of fluid twice a 
day (whether in the intervention or control group) as 
part of the study protocol. No significant difference in 
reduction of UTIs was observed92; however, the overall 
recurrence rate in both groups was much lower than 
would be expected from the literature (16.9% compared 
with an expected 30%93). A possible reason for this dis-
crepancy was that the placebo juice contained ascorbic 
acid, and this component might have had a role in pre-
venting UTI recurrence in the placebo group, thereby 
confounding the outcome. Furthermore, the protocol of 
the study might have led to improved hydration in the 
placebo group, possibly reducing UTI recurrence and 
confounding the primary outcome.

Clinical evidence in comparison with antibiotic proph-
ylaxis. Two studies have compared the efficacy of  
cranberry extract with that of low-​dose antibiotics. 
McMurdo and co-​workers found cranberry juice 
capsules to be almost as effective as prophylactic tri-
methoprim in reducing the risk of recurrent UTI 
in a randomized study involving 137 women aged 

>45 years94. Women with recurrent UTI (defined as two 
clinically diagnosed UTIs in the previous 12 months) 
were randomized to receive 500 mg cranberry extract 
daily or trimethoprim 100 mg once daily and were mon-
itored for 6 months. The difference in risk of develop-
ing a UTI between the two groups was not statistically 
significant, with fewer adverse effects in the cranberry 
group. However, a study in younger women (median 
age 34.8 in the cranberry group and 36.1 in the anti-
biotic group) compared the use of cranberry capsules 
with trimethoprim–sulfamethoxazole in a double-​blind, 
randomized trial95. Overall, 221 premenopausal women 
with recurrent UTI (defined as three episodes of self-​
reported UTI in the previous 12 months) were given 
either 480 mg trimethoprim–sulfamethoxazole daily or 
500 mg cranberry capsules twice daily and were moni-
tored for 12 months. Antibiotic prophylaxis was more 
efficacious in reducing the risk of recurrent UTI, but at 
the expense of increasing antibiotic resistance95.

A Cochrane review by Jepson and colleagues85 pub-
lished in 2012 included 24 studies totalling 4,473 
patients. The risk reduction of recurrent UTI with cran-
berry treatment was not statistically significant (RR 0.86, 
95% CI 0.71–1.04), and no benefit was found for any of 
the following subgroups when the data from all studies 
were pooled: women with recurrent UTI, older people, 
pregnant women, children with recurrent UTI, cancer 
patients or people with neurogenic bladder85. However, 
studies were heterogeneous with regard to the defini-
tion of UTI used, the patient population studied and 
the formulation of cranberry investigated, and most 
studies did not report the concentration of the active 
ingredient used. A number of other systematic reviews 
have reported positive results. Wang and co-​workers86 
performed a meta-​analysis of 10 randomized trials 
including 1,494 patients. Cranberry-​containing prod-
ucts were found to be effective in reducing the number 
of UTI in certain cohorts: women with recurrent UTI, 
women in general and children. However, considera-
ble heterogeneity between studies (with regard to the 
population studied, the definition of UTI used and  
the cranberry product investigated) limits the conclu-
sions reached. Beerepoot and Geerlings96 performed a 
systematic review and meta-​analysis of two randomized 
placebo-​controlled trials only in women with recurrent 
UTI (more than three UTIs in the past year). Results 
showed that cranberry products reduced UTI recur-
rence in this specific group (RR 0.53, 95% CI 0.33–0.83). 
Finally, a systematic review and meta-​analysis of 28 stud-
ies including 4,947 patients showed that the use of cran-
berry products significantly reduced (risk ratio 0.6750, 
95% CI 0.5516–0.7965; P < 0.0001) the risk of UTIs, 
especially in patients with a history of recurrent UTI 
(although the definition of recurrent UTI in this review 
was not described)84. However, these findings should be 
confirmed in larger, well-​powered trials before definitive 
conclusions can be made.

Specific population groups. The role of cranberry in 
reducing UTI recurrence has been studied in a number of 
specific populations, including patients with neurogenic 
bladder disorders, elderly individuals (aged >65 years), 
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children and pregnant women. Patients aged >65 years 
in long-​term care facilities were studied by Caljouw and 
colleagues97. Cranberry capsules were effective in reduc-
ing the number of clinically diagnosed UTIs (on the basis 
of the presence of specific and nonspecific micturition-​
related symptoms or signs or a positive urine dipstick test 
for nitrites or leukocytes) in patients with a high risk of 
developing a UTI (those with indwelling catheters for  
>1 month, a history of diabetes mellitus and/or more 
than one UTI in the past 12 months) (62.8 versus 84.8 per  
100 person-​years at risk; P = 0.04), but no difference was 
observed between the cranberry and placebo groups in 
patients without these risk factors (40.3 versus 33.4 per 
100 person-​years at risk; P = 0.30). In the same study, using 
a stricter definition of UTI recurrence by including a MSU 
growth of >105 CFU/ml to define UTI in addition to the 
clinical criteria described above, no statistically significant 
beneficial effect of cranberry over placebo was observed 
(treatment effect 1.02 (95% CI 0.68–1.55; P = 0.91))97. 
Another study of 185 elderly nursing home residents with 
a mean age of 86 years reported no significant improve-
ment in rates of bacteriuria or pyuria with cranberry cap-
sules (containing 72 mg of proanthocyanidins per day) 
compared with placebo at 1 year (29.1% versus 29.0%; OR 
1.01, 95% CI 0.61–1.66; P = 0.984)98. However, the study 
population was fairly small, and the majority of patients 
were not suffering from recurrent UTI.

The role of cranberry in children and pregnant 
women has also been studied. A study performed in 
toilet-​trained children up to age 18 years with a history 
of two or more previous UTIs, in the absence of anatom-
ical urological abnormalities, showed a 65% reduction  
of UTIs with the use of cranberry at 1 year (incidence of 
UTI 0.4 per patient per year compared with 1.15 in the 
placebo group; P = 0.045)99. Another randomized trial 
of 84 girls aged 3–14 years found that consumption of  
50 ml of cranberry juice daily resulted in a signifi-
cant reduction in symptomatic UTIs compared with 
100 ml of Lactobacillus GG drink administered for 
5 days a month or placebo at the 6-month follow-​up 
point (incidence of UTI: 18.5% in the cranberry group, 
42.3% in the Lactobacillus group and 48.1% in placebo 
group; P < 0.05)100. In a study of 188 pregnant women 
<16 weeks into pregnancy, women were randomly allo-
cated to one of three groups: cranberry juice cocktail 
three times a day (n = 58); cranberry juice at breakfast, 
then placebo at lunch and dinner (n = 67); or placebo 
three times a day (n = 63). The rates of symptomatic 
UTI were reduced by 41% in the group taking cranberry 
three times a day, but the study was not adequately pow-
ered to detect a significant difference in this outcome 
measure, and the dropout rate owing to gastrointestinal 
upset was high (39%)101. In terms of safety, a systematic 
review by Dugoua and colleagues102 found no concerns 
to mother or fetus with the antenatal consumption 
of cranberry fruit juice, although its safety and harm 
during breastfeeding is unknown.

In summary, evidence is mixed on the use of cran-
berry and cranberry-​containing products as prophylaxis 
for recurrent UTI (Box 1). The majority of studies have 
small numbers of participants and different formulations 
and doses of cranberry. However, several well-​conducted 

randomized controlled trials suggest that cranberry 
products might be efficacious in specific populations 
(women with recurrent UTI, women in general and 
children). Cranberry products are easily accessible, 
have a low adverse-​effect profile and do not carry the 
same risk of bacterial resistance as antibiotics. Women 
with recurrent UTI should be informed of the mixed 
evidence of efficacy, but low adverse-​effect profile, if 
they wish to use cranberry for the prevention of UTIs.  
However, for strong recommendations to be made, 
larger, well-​designed trials are required.

Nonsteroidal anti-​inflammatories
Early host–pathogen interactions and the severity of 
the host’s acute inflammatory response within the first 
24 hours following infection are likely to determine the 
risk of developing chronic cystitis (persistent symptoms, 
as opposed to the complete resolution of symptoms that 
characterizes acute UTI), as has been demonstrated in 
mouse models103. The presence of severe pyuria, bladder 
mucosal injury and elevated levels of specific cytokines 
(IL-5, IL-6, IL-8 and G-​CSF) are predictors of the devel-
opment of chronic cystitis103. Interestingly, suppression 
of this inflammatory response by preadministration of  
dexamethasone (a corticosteroid) before induction  
of UTI reduced the risk of developing chronic cysti-
tis in mice (2 of 17 versus 13 of 18; P < 0.001)103. The 
chronic bladder inflammation that occurs as a result 
of long-​term exposure to bacteria results in lympho-
nodular hyperplasia and B cell infiltration in the 
bladder submucosa and has been seen in studies of 
patients with neurogenic bladder and recurrent UTI104.  
Levels of serum cytokines and growth factors involved 
in monocyte and macrophage development were found 
to be increased in women with recurrent UTI compared 
with those without105. Furthermore, cyclooxygenase 2 
(Cox2) mRNA expression is increased in mouse mod-
els of UTI by up to 50-fold in the 24 hours following 
E. coli infection, and COX2 expression is increased 
in urine particulates from patients with UTI105,106. 
Inhibition of COX2 in a mouse model led to a signifi-
cant reduction in the severity of pyuria after UTI, with 
reduced bacterial titres in the bladder and a decreased 
incidence of recurrent chronic cystitis (31% (8 of 26)  
versus 77% (20 of 26); P < 0.05)105. These results suggest 
a possible beneficial role for NSAIDs or COX2 inhibi-
tors in the treatment of acute UTI and in preventing the 
development of recurrent UTI.

Clinical evidence
No studies evaluating NSAIDs as a prophylactic agent 
to prevent UTI recurrence have been conducted 
(Box 1). Two randomized controlled trials have evalu-
ated the use of the NSAID ibuprofen for the treatment 
of acute uncomplicated UTIs in women. Bleidorn and 
colleagues107 performed a double-​blind trial compar-
ing ibuprofen with the antibiotic ciprofloxacin, both 
administered for 3 days, in 79 women presenting with 
an acute UTI. On day 4, 58% of patients in the ibupro-
fen group were free of symptoms compared with 52% 
in the ciprofloxacin group (P = 0.744). However, 33% 
of patients in the ibuprofen group required secondary 
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antibiotic treatment for persistent symptoms, com-
pared with 18% in the ciprofloxacin group, and negative 
urine cultures at day 7 were higher in the ciprofloxacin 
group, but this was not statistically significantly (71.9% 
versus 48.5%; P = 0.093). The main limitation of this 
study was the fact that it was not sufficiently powered to 
determine superiority of ibuprofen over ciprofloxacin. 
Another double-​blind study compared ibuprofen with 
the broad-​spectrum antibiotic fosfomycin in 494 women 
with an acute uncomplicated UTI108. The requirement 
for antibiotics by day 28 after UTI was significantly lower 
in the ibuprofen group (35% versus 100%; P < 0.0001), 
and 67% of women in the ibuprofen group recovered 
without antibiotic treatment. However, women receiving 
ibuprofen had a higher burden of symptoms at day 7 
and a higher incidence of developing pyelonephritis than 
women who received antibiotic. Furthermore, previous 
studies have shown that the natural history of UTI is 
one of spontaneous resolution without treatment in 28% 
of patients109, and another randomized trial comparing 
the antibiotic nitrofurantoin with placebo in women 
with acute UTI reported that 54% of patients in the pla-
cebo arm had symptomatic improvement at day 3, and 
40% had a negative MSU at day 7 (ref.110). Thus, results 
regarding the effectiveness of NSAIDs for UTI must be 
interpreted with caution but warrant further investiga-
tion in large randomized trials. Interestingly, the COX2 
inhibitor celecoxib has been shown to reverse multidrug 
resistance and increase the susceptibility of bacteria to 
common antibiotics111. In this in vitro study, celecoxib 
was not bactericidal but was found to increase the sensi-
tivity of bacteria to the antibiotics ampicillin, kanamycin, 
chloramphenicol and ciprofloxacin. Using an ethidium 

bromide efflux assay, the inhibitory effect of celecoxib 
was shown to be caused by blockage of the bacterial 
multidrug resistance efflux pump, thereby increasing 
antibiotic accumulation in bacterial cells. These findings 
suggest a novel intervention for treating UTIs caused by 
drug-​resistant bacteria. This agent requires further study 
in trials of treatment of UTI in women.

Probiotics
Probiotics are live microorganisms that are thought to 
confer health benefits when consumed. The normal 
bacterial flora in humans is thought to be a key defence 
mechanism against infection; thus, augmenting this 
normal flora with probiotics is an attractive strategy to 
prevent infection.

Mechanism of action
In healthy women, the vagina is a balanced ecosystem 
in which normal flora have a critical role in protecting 
it against colonization by pathogenic organisms that 
can cause UTIs. Lactobacillus species are the predom-
inant commensal organisms present in the vaginal and 
periurethral areas and are responsible for preventing 
adherence and migration of pathogens to the bladder 
urothelium112. A significant reduction in vaginal lacto-
bacilli levels has been shown to be associated with an 
increased rate of vaginal E. coli colonization (OR 4.0; 
P = 0.01)13, and a depletion in levels also occurs after sex-
ual intercourse, spermicide use and in postmenopausal 
women, all of which have been shown to be risk factors 
for UTIs13,32,113. Repeated antibiotic use can also adversely 
affect the local lactobacilli composition of the vagina, 
and in a study of 70 women treated with antibiotics for 
UTI, a vaginal swab 4–6 hours after treatment showed 
lactobacilli colonization in only 14% of women114.

Lactobacilli are thought to exert their protective 
effects through many mechanisms (Fig. 5). These organ-
isms compete with uropathogens for vaginal epithelial 
adhesion receptors, thereby preventing uropathogenic 
organisms from colonizing the vagina115. Adhesion can 
be blocked by exclusion (occupying binding sites so 
that uropathogens cannot initially bind), competition 
(directly competing with uropathogens for available 
adhesion receptors on vaginal epithelial cells) or dis-
placement (displacing uropathogens that have already 
bound to vaginal epithelial cells). Coaggregation of 
lactobacilli with uropathogens, thereby creating a 
microenvironment in which the antimicrobial sub-
stances produced by lactobacilli (such as hydrogen 
peroxide, lactic acid and bacteriocin) are concentrated 
near the uropathogens, results in inhibition of bac-
terial biofilm formation and downregulation of pro-​
inflammatory cytokines (such as tumour necrosis factor, 
IL-6, IL-8 and IL-10)116–119. An in vitro study examined 
the antiadherence effects of three Lactobacillus strains 
(Lactobacillus salivarius UCM572, Lactobacillus aci-
dophilus 01 and Lactobacillus plantarum CLC17) on 
uropathogenic bacteria (E. coli ATCCR53503, E. coli 
10791, Enterococcus faecalis 04-1, E. faecalis 08-1 and 
Staphylococcus epidermidis 08–3) to an in vitro model 
of bladder epithelial cells (T24)120. Certain Lactobacillus 
strains (L. salivarius UCM572 and L. acidophilus 01) 
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Fig. 5 | Mechanisms of action of lactobacilli in urinary 
tract infection prevention. Lactobacilli can prevent 
urinary tract infection through many mechanisms, including 
competitive inhibition of uropathogen binding to vaginal 
epithelial cells (step 1); congregation around uropathogens 
(step 2); production of bacteriocins, hydrogen peroxide and 
lactic acid (step 3); acidic environment caused by lactic acid 
(step 4); inhibition of bacterial biofilm formation (step 5); 
and downregulation of pro-​inflammatory cytokines (step 6). 
TNF, tumour necrosis factor.
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were found to prevent the adhesion of common urop-
athogens to the bladder urothelium, thereby indicating 
a role beyond vaginal colonization120. Furthermore, lac-
tobacilli have been shown to have antimicrobial effects 
against ESBL-​producing E. coli as well as multidrug-​
resistant organisms, with the largest effects seen for  
L. plantarum and Lactobacillus fermentum strains121,122. 
In an in vitro study, 11 Lactobacillus isolates were 
screened against multidrug-​resistant uropathogens 
(Candida albicans, K. pneumoniae, P. aeruginosa, E. coli 
and E. faecalis), and all Lactobacillus isolates were found 
to have a growth inhibition zone of >10 mm against all 
the uropathogenic test organisms, with L. plantarum 
and L. fermentum showing the largest effects with 
growth inhibition zones of up to 28 mm121. Another 
in vitro study of six Lactobacillus strains (Lactobacillus 
gasseri HLAB 414, Lactobacillus rhamnosus HY7801,  
L. acidophilus SNUL, L. plantarum AK8‐4, Lactobacillus 
paracasei CH15‐2 and L. acidophilus Antibio300 
screened against four uropathogens (ESBL(−) E. coli, 
ESBL(+) E. coli, Proteus vulgaris and E. faecalis) showed 
similar findings, with an average inhibitory zone size 
between 10.5 and 20.5 mm for Lactobacillus species, 
compared with <6.0–27.5 mm for antibiotics, depend-
ing upon the resistance patterns of the uropathogens122. 
Overall, the antibacterial activity of lactobacilli was less 
potent than the sensitive antibiotics but more potent than 
the resistant antibiotics (P < 0.05). However, these in vitro  
findings need to be confirmed in vivo to understand the 
potential clinical benefits of different lactobacilli strains 
in the prevention and treatment of UTIs.

Competition for nutrients, production of substances 
that are directly toxic to uropathogenic bacteria (such 
as hydrogen peroxide, bacteriocins and bacteriocin-​
like substances) and creation of an acidic vaginal pH 
(through production of lactic acid) are other mecha-
nisms by which lactobacilli have been shown to reduce 
vaginal and urethral colonization with uropatho-
gens112,123. One study has shown that the toxic metabo
lites produced by lactobacilli (hydrogen peroxide and 
lactic acid) act cooperatively to kill uropathogenic 
organisms in vitro, with hydrogen peroxide demon-
strating enhanced killing activity in the presence of 
lactic acid124. A proposed hypothesis to explain this 
finding is that lactic acid increases the permeability of 
the Gram-​negative outer cell membrane to antimicro-
bial compounds (such as hydrogen peroxide), thereby 
increasing their bactericidal effects; using a fluores-
cent probe uptake assay, lactic acid has been shown to 
increase the permeability of the cell membrane of E. coli 
in vitro125. Lactobacilli have also been shown to have a 
role in modulating the host immune system. Lactobacilli 
can activate the Toll-​like receptor (TLR) pathway, pro-
ducing interleukins and myeloid differentiation factor 
88 (MYD88), thereby mounting an immune response 
against uropathogens126. L. rhamnosus GR-1 has been 
shown to specifically potentiate the nuclear factor-​κB 
(NF-​κB) pathway (which is activated by UPEC) by 
releasing various immunomodulatory proteins (such 
as NLP/P60, GroEL and elongation factor Tu)127. These 
immunomodulatory proteins might be novel targets for 
future nonantibiotic drug development.

The relative contribution of all these different antimi-
crobial properties to overall clinical efficacy is unknown, 
as not all Lactobacillus strains possess all of these proper-
ties. An in vitro study assessing 15 different Lactobacillus 
strains found that Lactobacillus crispatus had a greater 
ability to block uropathogen adherence to vaginal epi-
thelial cells than the other lactobacilli studied, whereas 
other strains (such as Lactobacillus jensenii) had a greater 
ability to directly inhibit growth of uropathogens116. 
Another study found that only 82% of all Lactobacillus 
strains studied produced hydrogen peroxide, and only 
68% produced bacteriocin123. Considerable differences 
exist between strains, and these differences are impor-
tant when assessing their potential role as therapeutic 
agents to prevent UTIs.

Clinical evidence
Despite the theoretical benefits of restoring levels of 
normal lactobacilli commensals in patients with recur-
rent UTI, clinical trials have reported mixed results. 
This lack of consistency is caused by the large hetero-
geneity in terms of strain of Lactobacillus used, mode of 
delivery, dosage and length of treatment. Furthermore, 
outcomes might be affected by the type of population 
studied (for example, women of different races might 
have different normal vaginal microbiome composi-
tions128). Thus, different strains might produce differ-
ent clinical outcomes dependent upon many variables.  
The route of delivery, whether vaginal or oral, might 
affect the level of colonization of lactobacilli in the 
vagina. Importantly, clinically significant benefits have  
been reported only for well-​characterized Lactobacillus 
strains irrespective of route of administration; thus, 
clinical trials of lactobacilli compounds should report  
the use of well-​characterized strains. A study of 
47 women using a non-​characterized L. acidophilus 
strain that did not colonize the vagina showed no differ-
ence in reducing UTI rates129. Furthermore, in healthy 
postmenopausal women, daily oral administration of 
yoghurt containing 109 CFU of L. rhamnosus GG for a 
month did not lead to any significant increase in vagi-
nal colonization130. However, using well-​characterized 
strains, L. rhamnosus GR-1 and Lactobacillus reuteri 
RC-14 could be detected in the vagina of a 33-year-​old 
woman with a history of recurrent UTI for >3 weeks 
after the insertion of a single vaginal pessary contain-
ing L. rhamnosus GR-1, and the patient had no further 
UTI during the 7-week study period131. Oral adminis-
tration has also been shown to result in vaginal coloni-
zation after transit through the gastrointestinal tract, 
although the number of lactobacilli that can reach the 
vagina in this way is lower than direct vaginal instilla-
tion and depends on the viability of the strains as they 
pass through the gut132,133. However, an advantage of 
the oral route could be the possible additional effect 
of lactobacilli in reducing the transfer of uropatho-
genic gut organisms from the rectum to the vagina133. 
Mezzasalma and colleagues134 have shown that oral 
administration of antimicrobial multispecies probiotic 
formulations (containing L. acidophilus and L. reuteri, 
or L. plantarum, L. rhamnosus and Bifidobacterium ani-
malis subsp. lactis) leads to their increased presence in 
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the vaginas of 40 premenopausal women when admin-
istered daily for 14 days, which can reduce uropath-
ogenic bacteria and yeast numbers135. A randomized 
placebo-​controlled trial of 64 healthy women with no 
previous history of UTI showed that daily oral admin-
istration of capsules of L. rhamnosus GR-1 and L. reu-
teri RC-14 given together led to a significant increase in 
vaginal lactobacilli numbers at day 28 (log10 increase 
compared with placebo; P = 0.08) and 60 (0.4 log10 
increase compared with placebo; P = 0.05) compared 
with the control group and can convert some women 
from a state of having bacterial vaginosis into not 
having this disorder135.

Oral probiotics. Four randomized controlled trials 
have been conducted on the effects of oral probiotics 
as a prophylactic agent in the prevention of recurrent 
UTI, with mixed results90,100,136,137. Two studies randomly 
assigned patients to a 100 ml L. rhamnosus GG drink, 
50 ml of cranberry juice or control (no intervention)90,100. 
Ferrara and colleagues100 evaluated 84 girls (mean age 
7.5 years, range 3–14 years) with more than one E. coli-​
positive UTI in the previous year. L. rhamnosus GG 
was used at a dose of 4 × 107 CFU and was taken for  
5 days a month for 6 months. Cranberry juice contained 
7.5 g of cranberry concentrate and 1.7 g of lingonberry 
concentrate in 50 ml of water without sugar additives 
and was taken daily for 6 months. The incidence of 
symptomatic UTI was significantly reduced in the 
cranberry juice arm compared with the Lactobacillus 
group (18.5% versus 42.3%; P < 0.05), but no difference 
was seen between the Lactobacillus and control arms. 
In a similar study, 150 adult women with recurrent UTI 
(defined as more than one E. coli UTI in the previous 
year) were randomized to 100 ml L. rhamnosus GG for 
5 days a month for 1 year (at a dose of 4 × 1010 CFU), 
50 ml cranberry–lingonberry juice daily for 6 months or 
control (no intervention)90. At 6 months, a symptomatic 
recurrent UTI was reported in 16% of participants in the 
cranberry–lingonberry group, 39% in the Lactobacillus 
group and 36% in the placebo group, again suggesting 
that Lactobacillus had no benefit in reducing recurrence 
of UTI. However, this result might have been caused by 
the dosing regimen used or the inability of this strain of 
Lactobacillus to colonize the vagina. The lack of effect 
seen in these studies should not, therefore, be general-
ized to all Lactobacillus strains. In support of this recom-
mendation, a study of 120 patients (aged 13–36 years) 
with recurrent UTI (defined as a bacterial growth of 
>103 CFU/ml in suprapubic aspirated urine culture or 
>105 CFU/ml in catheterized urine culture (nontoilet-​
trained children) and clean-​caught urine culture 
(toilet-​trained children)) and primary vesicoureteric 
reflux randomized to oral L. acidophilus or trimeth-
oprim–sulfamethoxazole antibiotic prophylaxis for 
1 year showed that use of Lactobacillus was equivalent 
to antibiotic prophylaxis in reducing UTI recurrence137. 
Another study of 85 boys and girls (aged 3–15 years)  
comparing nitrofurantoin antibiotic prophylaxis 
alone with L. acidophilus and B. animalis subsp. lactis 
plus nitrofurantoin antibiotic prophylaxis found that 
the combination was more effective in reducing the 

incidence of febrile UTI than prophylactic antibiotics 
alone138. Fewer studies of oral probiotics in adult pop-
ulations with recurrent UTI have been conducted than 
those conducted in children. A randomized trial of 252 
postmenopausal women with recurrent UTI (three epi-
sodes of self-​reported UTI in the previous 12 months) 
randomized to oral L. rhamnosus GR-1 and L. reuteri 
RC-14 or antibiotic prophylaxis with trimethoprim 
showed that probiotics reduced the rate of recurrent 
UTI from 6.8 to 3.3 at 1 year (but the study criteria 
for noninferiority of 10% against antibiotic prophy-
laxis were not met). However, no antibiotic resistance 
occurred in the probiotic group, whereas the rate of 
resistance in the antibiotic group was as high as 95% 
after 1 month of treatment136; thus, oral probiotics could 
be a superior option to antibiotics for many patients.

Vaginal probiotics. Use of vaginal Lactobacillus has 
mostly been studied in adults. In one of the earliest ran-
domized controlled trials, Baerheim and colleagues129  
randomly allocated 47 women with recurrent UTI 
(defined as one or more episode of MSU-​proven 
infection) to an intravaginal suppository containing 
≥7.5 × 108 CFU of L. casei var. rhamnosus twice a week 
for 26 weeks or placebo. No significant difference in 
the recurrence rate of UTIs (defined as symptoms 
in addition to >1.0 × 104 CFU/ml or any quantity of 
Staphylococcus saprophyticus) was found between the 
two groups. However, this observation was not sur-
prising as no difference was observed in the rate of 
periurethral colonization with this non-​characterized 
Lactobacillus between the groups. Using two well-​
characterized strains, L. casei var. rhamnosus GR-1 and 
L. fermentum B-54, Reid and colleagues139 randomly 
allocated 41 adult premenopausal women (mean age 
23 years) who had just been treated for an acute UTI to 
a vaginal suppository containing 1.6 × 109 organisms per 
capsule twice a week for 2 weeks, then once a month for 
2 months (n = 19), or to a sterilized skimmed milk pla-
cebo capsule in the same regime (n = 21). UTI recurrence 
was reduced at 6 months in the treatment group com-
pared with the placebo group (21% compared with 47%, 
risk ratio 0.46 (95% CI 0.15–1.40)). In another study, 100 
adult premenopausal women (aged 18–40 years, median 
age 21 years) with a history of recurrent UTI (at least one 
symptomatic UTI in the previous year) were randomly 
assigned on a 1:1 basis to a vaginal suppository contain-
ing 1 × 108 CFU/ml of L. crispatus once daily for 5 days 
then weekly for 10 weeks or placebo140. At 10 weeks, a 
considerable reduction was observed in the number of 
UTIs in the Lactobacillus group compared with the pla-
cebo group (15% versus 27%; RR 0.5, 95% CI 0.2–1.2). 
Furthermore, the increased vaginal colonization with  
L. crispatus correlated with reduced risk of UTI during 
the follow-​up period.

A 2015 Cochrane review of all randomized controlled 
trials or quasi-​randomized controlled trials comparing 
probiotics with no therapy, placebo or other prophylac-
tic interventions (such as antibiotics) concluded that 
vaginal probiotics provided no significant benefit over 
placebo141 (Box 1). However, significant heterogeneity 
among the trials was noted, data were derived from 
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small studies and methodological reporting was poor in 
many. Another meta-​analysis suggested that probiotics 
were safe and effective in preventing recurrent UTI, but 
a definitive recommendation could not be made owing 
to the small numbers of patients and studies involved142. 
The use of well-​characterized strains of Lactobacillus 
seems promising, and larger trials are required in order 
to enable firm conclusions to be made regarding their 
use. An understanding that not all probiotic strains are 
the same is important, and clinical efficacy needs to be 
demonstrated for each particular strain that is being 
recommended to patients.

d-​Mannose
Mechanism of action
d-​Mannose is a monosaccharide isomer of glucose 
and is involved in the glycosylation of certain proteins 
(for example, monoclonal antibodies). Absorption 
of d-​Mannose is rapid when administered orally, and 
it is detectable in the plasma ~30 minutes after con-
sumption and ultimately is excreted in the urinary 
tract143. Virulence factors of enteric bacteria, such as 
E. coli, include type 1 fimbriae or pili, which are pro-
teinaceous appendages extending from the bacterial 
cell and are integral for attachment144. The type 1 pili 
are composed of Fim proteins with a FimH adhesion 
molecule at the tip of the fibrillum. The FimH adhesion 
lectin domain enables it to bind to mannosylated host 
proteins (the terminal mannose units of uroplakin 1a, 
Tamm–Horsfall glycoprotein and β1 and α3 integrins) 
on the surface of the urinary tract145–148 (Fig. 6). Mouse 
models of UTI caused by E. coli have shown FimH 
to be critical in its pathogenesis; thus, FimH would 
be a good therapeutic target for future treatments149.  
As d-​mannose is similar in structure to the binding site 
of urothelial glycoprotein receptors (such as uroplakin), 
in sufficient concentration in urine, d-​mannose can 
cause saturation of FimH adhesins and prevent bacte-
ria from binding to urothelial glycoprotein receptors150 
(Fig. 7). In rats inoculated with E. coli by intravesical 
injection, a preparation containing 10% d-​mannose 
was shown to reduce bacteriuria compared with control 
treatment (normal saline) at days 1 and 5 (P < 0.05 and 
P < 0.01, respectively)150. Furthermore, an in vitro study 
evaluated the effect of d-​mannose on the adherence of 
73 different E. coli strains, which had been isolated from 
the urine, vagina or perianal area of women with recur-
rent UTI (90% of which demonstrated adherence to vag-
inal and buccal epithelial cells in vitro)151. d-​Mannose 
was found to completely inhibit the adherence of 42% 
of these E. coli strains to vaginal epithelial cells and 
inhibited another 18% of strains by at least 50%151.

Synthetic mannosides have been developed that 
have a much greater affinity for the FimH ligand than 
d-​mannose, with in vitro adhesion of E. coli to the 
human bladder cell line 5637 being completely inhib-
ited by a 100-fold lower concentration of the synthetic 
mannoside heptyl-​α-d-​mannose than d-​mannose152. 
Heptyl-​α-d-​mannose has an optimized alkyl length 
for interaction with FimH (Fig. 8), and, once bound, the 
bacteria are irreversibly inhibited in their ability to bind 
to the urothelial surface, resulting in reduced invasion 

and IBC formation152. Studies in mice have shown that 
these synthetic FimH antagonists have a role in UTI 
prophylaxis as well as in treating acute UTI. Mice given 
a FimH antagonist by intraperitoneal injection or orally 
30 minutes before being infected with UPEC adminis-
tration to the bladder were found to have a significantly 
lower bacterial load at 6 hours following administration 
of the FimH antagonist compared with control mice 
treated with phosphate-​buffered saline (P < 0.001); sim-
ilar findings were reported in mouse models of chronic 
cystitis153. Characterization of the X-​ray crystal struc-
tures of FimH bound to α-​d-mannose has resulted in 
the development of synthetic biphenyl mannosides, such 
as M4284, which has an ~100,000-fold higher binding 
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Fig. 6 | Type 1 pili of Escherichia coli and the uroplakin 
1a receptor. The type I pili are composed of Fim proteins 
with a FimH adhesion molecule at the tip of the fibrillum. 
The FimH adhesion lectin domain enables it to bind to 
mannosylated host proteins on the surface of the urinary 
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affinity for FimH than d-​mannose. In a mouse model of 
UPEC colonization created by transurethral inoculation 
of the human cystitis E. coli isolate UTI89, oral adminis-
tration of M4284 resulted in significantly reduced intes-
tinal colonization with UPEC in addition to treating UTI 
compared with mice treated with a vehicle control (10% 
cyclodextrin) (P < 0.05)154. FimH antagonists have also 
been shown to increase the susceptibility of UPEC to 
antibiotics, even in antimicrobial-​resistant bacteria153. 
The development of such synthetic mannosides as ther-
apeutic agents has shown promise as novel nonantibiotic 
treatments for UTI in preclinical studies, and future clin-
ical trials in humans are required before the role of FimH 
antagonists can be confirmed155.

Clinical evidence
Clinical evidence for d-​mannose is lacking, and only 
one randomized trial of this product exists (Box 1). In 
this randomized, prospective, controlled study of 308 
women with recurrent UTI (two acute cystitis episodes 
within 6 months or three within 1 year), participants 

were randomized to take d-​mannose daily (2 g of powder 
diluted in 200 ml of normal saline (U-​tract)), nitrofuran-
toin (50 mg daily) or no prophylaxis156. Median patient 
age was 49 years, and 47% of patients were postmeno-
pausal with no significant difference in the number of 
postmenopausal women between the three groups. Each 
patient had been treated for an acute UTI with a 1-week 
course of ciprofloxacin and was confirmed to be free of 
UTI at the time of inclusion into the study by a MSU 
culture showing <103 CFU/ml of urine. Approximately 
77% of the UTIs were caused by E. coli. During the  
6 months following acute UTI, those participants receiv-
ing d-​mannose or antibiotics had a statistically signifi-
cant lower risk of recurrent UTI than those who received 
no treatment (P < 0.0001 for both treatments compared 
with no treatment), with an absolute risk reduction of 
45%. No statistically significant difference was observed 
when comparing d-​mannose and nitrofurantoin groups. 
Recurrent acute UTI was seen in 15%, 20% and 61% in 
the d-​mannose, nitrofurantoin and no prophylaxis arms, 
respectively. d-​Mannose was better tolerated than nitro-
furantoin, with 8% of patients complaining of diarrhoea 
as the only complaint in the d-​mannose group156.

d-​Mannose compliance has been studied in a small, 
uncontrolled case series of patients with multiple scle-
rosis157. In this study, compliance was monitored via 
weekly returns of a usage diary, phone calls from the 
study team at weeks 1 and 8 of the study and by weigh-
ing and counting the d-​mannose containers at the study 
end point (week 16). d-​Mannose was well tolerated, 
and compliance rates with medication were very high 
(mean 99%); the most common reason for not taking  
d-​mannose was a failure to remember. This study was not  
designed to assess efficacy, but reported that d-​mannose 
reduced UTI rate per month by 75% and 63% in patients 
without and with catheters, respectively. However, this 
group of patients with neurogenic bladders, some of 
whom were using catheters, was heterogeneous and UTI 
diagnosis was made on the basis of patient self-​testing 
by urine dipstick alone157. The uncontrolled nature of 
the study and the small sample size mean that the appli-
cability of its results are limited. However, this investiga-
tion highlights the need for well-​powered, randomized, 
placebo-​controlled trials of d-​mannose.

A combination of nonantibiotic measures might 
lead to superior results to monotherapy. d-​Mannose  
in conjunction with cranberry extract and lactobacilli in 
powder form has also been shown to successfully treat 
acute uncomplicated cystitis and symptoms of UTI in  
33 premenopausal women in a small pilot study158.  
In this noncontrolled pilot study, women with acute UTI 
were given two doses per day of the above combination 
during the first month and then one sachet per day until 
the 60th day. Urine dipstick was negative for nitrites and 
leukocyte esterase in all patients at day 60. Furthermore, 
the combination of d-​mannose, N-​acetylcysteine  
(a medication that has been shown to reduce bacterial 
biofilm formation in vitro159) and Morinda citrifolia  
(a fruit extract that is thought to have anti-​inflammatory 
and analgesic properties) for 7 days was shown to be 
equivalent to the daily administration of the antibi-
otic prulifloxacin for 5 days in preventing UTI after 
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urodynamic studies160. In this study of 80 patients under-
going urodynamic investigation, 40 were randomized 
to the combination described above and 40 were rand-
omized to receive antibiotics after the urodynamic study; 
10 days after the urodynamic study, patients underwent 
urine culture. The incidence of UTI was similar in both 
groups (7.89% for the antibiotic group and 5.4% in the 
combination group; P = 0.671)160.

These results suggest that d-​mannose could be an 
alternative to antibiotics in treating uncomplicated UTI 
in women and reduces the risk of recurrence. The evi-
dence shows that d-​mannose is well tolerated, but larger 
randomized studies are required to further validate its 
use. Assessment of the role of d-​mannose in acute treat-
ment versus prophylaxis needs further clarification, as 
does its role in men with UTI and complex UTIs (such  
as those associated with neurogenic bladder). The devel-
opment of synthetic mannosides with much higher 
affinity for FimH than d-​mannose might be a more 
promising avenue for the prevention of recurrent UTI, 
as has been suggested in preclinical studies, and clinical 
trials of these agents are awaited.

Methenamine hippurate
Methenamine hippurate has been used for decades as 
a urinary tract antiseptic in treating UTI as it offers 
the advantages of being bacteriostatic without the 
development of antimicrobial resistance.

Mechanism of action
Methenamine, a cyclic hydrocarbon, is hydrolysed in 
an acid environment into ammonia and formaldehyde 
according to the reaction:

→N (CH ) + 6H O 4NH + 6HCHO4 2 6 2 3

The mechanism of action of methenamine salts in 
UTIs is thought to be bacteriostatic owing to the produc-
tion of formaldehyde from hexamine, which occurs in 
acidic urine161. Formaldehyde is thought to be bacterio
static by inhibiting cell division and by leading to the 
formation of 1,3-thiazane-4-carboxylic acid, which pre-
vents the synthesis of methionine, an essential metabo-
lite involved in cytoplasmic synthesis. Thus, the action of 
formaldehyde is to inhibit nuclear and cytoplasmic syn-
thesis, resulting in bacteriostasis162. Some studies have 
recommended using ascorbic acid in addition to meth-
enamine hippurate as a urinary acidifier, as, in vitro, a 

urinary pH of <5.85 is required to produce the optimal 
bacteriostatic concentration of formaldehyde from 
methenamine163; whether this acidification is necessary 
or aids its mode of action is unclear164–166.

Clinical evidence
No clinical trials on methenamine hippurate for UTI 
have been reported since 2007. The use of methe-
namine hippurate in treating UTI was the subject of 
a Cochrane review in 2012 (ref.164) (Box 1). In total,  
13 studies involving 2,032 participants were included, 
with the majority of the studies taking place before the 
year 2000. The dose of methenamine hippurate varied 
between 1 g and 4 g daily, with two studies also using 
a urinary acidification agent (vitamin C or sodium 
acid phosphate)167,168. The data pool used reflected a 
very heterogeneous patient population with cohorts 
from premenopausal and postmenopausal women, 
those with recurrent UTI, men undergoing prostate 
surgery, women after gynaecological surgery, patients 
with spinal cord injury and those with urinary tract 
calculi. Approximately half the studies had only a 
1-month follow-​up duration. Symptomatic UTI was 
reported in six studies (654 patients), and bacteriuria 
was reported in eight studies (796 patients). The over-
all pooled estimates for the major outcome measures 
(the proportion of patients with symptomatic UTI 
and the proportion of patients with UTI confirmed by 
microbiological criteria) were not interpretable because 
of underlying heterogeneity. However, the subgroup 
analyses suggested that methenamine hippurate might 
be beneficial in patients without renal tract abnormal-
ities (symptomatic UTI: RR 0.24, 95% CI 0.07–0.89; 
bacteriuria: RR 0.56, 95% CI 0.37–0.83) compared with 
those with known abnormalities (symptomatic UTI: 
RR 1.54, 95% CI 0.38–6.20; bacteriuria: RR 1.29, 95% 
CI 0.54–3.07). For short-​term treatment duration of  
≤1 week, a significant reduction was observed in 
patients with symptomatic UTI without renal tract 
abnormalities (RR 0.14, 95% CI 0.05–0.38). Generally, 
methenamine hippurate was very well tolerated and the 
most common adverse event was nausea.

In the UK, a multicentre, noninferiority, randomized 
trial comparing antibiotic prophylaxis with methenam-
ine hippurate for the management of recurrent UTI 
(ALTAR trial) has completed recruitment169. Primary end 
points include the incidence of symptomatic antibiotic-​
treated UTI self‐reported by participants over the  
12‐month treatment period and the cost-​effectiveness  
of treatments in the UK National Health Service.

Methenamine hippurate has been shown to be ben-
eficial in the prevention of recurrent UTI, with a low 
adverse-​effect profile and no risk of antimicrobial 
resistance. Results from the ALTAR trial are awaited, 
but the use of methenamine hippurate is a very prom-
ising nonantibiotic treatment option for patients with 
recurrent UTI.

Estrogens
UTIs occur owing to imbalanced interplay between 
usual host defence and bacterial virulence170. Oestrogen 
hormones are potent regulators of cell growth and 
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Fig. 8 | Chemical structure of heptyl-​α-d-​mannose. 
Heptyl-​α-d-​mannose is a synthetic mannoside that has an 
optimized alkyl length for interaction with FimH and, once 
bound, the bacteria are irreversibly inhibited in their ability 
to bind to the urothelial surface, resulting in reduced 
invasion and intracellular bacterial community formation152.
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differentiation171. The principal oestrogen secreted by 
the ovary is 17β-​oestradiol (E2)172. Oestrone is also 
secreted, but the main source of this hormone is extrag-
landular conversion of androstenedione in peripheral 
tissues173. Hydroxylation of both these hormones leads 
to formation of oestriol, the main oestrogen that is found 
in urine174. Epithelial differentiation and maintenance is 
predominantly mediated through two major oestrogen 
receptors (ERs) — ERα and ERβ175. Expression of these 
receptors is observed in the distal vagina, the trigonal 
bladder and the epithelial lining and submucosal vas-
cular complex of the urethra174. ERβ predominates in 
the urinary bladder and ERα in the vagina175. Oestrogen 
sensitivity has also been found in the pubococcygeus 
and musculature of the pelvic floor176. Declining levels 
of oestrogen after the menopause contribute to chemical 
and structural changes (such as reduced urinary flow and 
increased residual volume as well as an increase in vagi-
nal pH with loss of commensal lactobacilli in the vagina) 
that increase the risk of UTI175. Oestrogen has a key role 
in modulating the natural defences of the lower urinary 
tract against UTI. However, the specific mechanisms of 
this defence are still poorly understood177.

Mechanism of action
In the vagina. Circulating oestrogens in premenopausal 
women encourage vaginal colonization with lactoba-
cilli178. Increased vaginal oestrogen levels have also been 
shown to increase the proportion of glycogen-​producing 
vaginal epithelial cells, and treatment with depot 
medroxyprogesterone acetate has been shown to reduce 
the thickness of the glycogen-​bearing epithelial layers, 
suggesting a role of oestrogens in the promotion of gly-
cogen storage within the vaginal epithelium179, allowing 
lactobacilli to thrive. The conversion by lactobacilli of 
glycogen into lactic acid, hydrogen peroxide and anti-
microbial peptides (such as bacteriocin) maintains a low 
(acidic) vaginal pH (pH < 4.5) and inhibits the growth of 
uropathogens175,180. The rise in vaginal pH (above pH 4.5)  
after the menopause results in reduction in numbers 
of lactobacilli and an increase in vaginal colonization 
by gut organisms (such as E. coli). A randomized con-
trolled trial180 investigated the effect of intravaginal 
estriol cream versus placebo on the incidence of UTIs in 
93 postmenopausal women with a history of recurrent 
UTI. A significantly reduced rate of UTI was observed 
in the estriol group compared with placebo (0.5 versus  
5.9 episodes per patient-​year; P < 0.001). Lactobacilli 
were completely absent in all vaginal cultures at the start 
of the study but returned in 61% of patients in the estriol 
cream group versus none in the placebo group after 
1 month of treatment (P < 0.001). The mean decrease 
of vaginal pH was from 5.5 to 3.8 in the estriol group 
versus no change with placebo. Vaginal colonization 
with Enterobacteriaceae also declined from 67% to 31% 
compared with no difference in the placebo group. The 
authors concluded that the use of intravaginal estriol 
cream helps to reduce the incidence of UTIs through its 
effects on the vaginal pH and microflora. However, 20% 
of patients in the estriol group withdrew owing to adverse 
effects (vaginal irritation, burning or itching), compared 
with 9% in the placebo group. Thus, women should be 

counselled about these possible adverse effects before 
initiation of therapy in order to improve compliance, as 
this treatment has been shown to be successful in the  
prevention of recurrent UTI in postmenopausal women.

In the bladder and the urethra. Oestrogens are known to 
modulate cell growth and differentiation171. The poten-
tial effect of oestrogens on antimicrobial peptides and 
defence mechanisms within the urogenital epithelium 
has, therefore, been explored. Studies have shown that 
bacterial contact with urothelial cells results in the release 
of a cathelicidin antimicrobial peptide LL-37 and its pre-
cursor, nCAP-18, into the urine as defence181. As LL-37 
and nCAP-18 are also expressed by immune cells, levels  
can be measured in serum. Luthje and colleagues182 
found that serum cathelicidin levels were significantly 
reduced in postmenopausal women (P = 0.007) and that 
these positively correlated directly with oestradiol levels 
(Spearman r = 0.57, P = 0.01). To understand whether 
oestrogen directly affects the expression of antimicrobial 
peptides, the researchers measured mRNA expression of 
five different antimicrobial peptides (human β-​defensins 
1, 2 and 3; psoriasin; and ribonuclease 7) in exfoliated 
cells from urine. Comparing samples from postmen-
opausal women before and after 2 weeks of estradiol 
supplementation (administered as a vaginal insert of 
25 μg of estradiol daily), 75% showed enhanced mRNA 
expression of at least three peptides and 50% showed 
elevated peptide levels in four or all five after estradiol 
treatment. Unfortunately, cathelicidin expression in 
urinary cells was low; thus, statistical analysis for this 
particular antimicrobial was not possible182.

The hormonal influence of increased oestrogen lev-
els on the trigone and urethral mucosa also contributes 
to increased urethral closure pressures and, therefore, 
improved continence176. Atrophy of the vagina, urethra 
and trigone can also be alleviated with topical estro-
gen173, thereby improving continence and reducing post-
void residual volume. The association between a high 
postvoid residual volume, incontinence and increased 
risk of recurrent UTI in the context of low oestrogen 
levels is well documented41,183.

Clinical evidence
Systemic administration. Oral estrogen therapy in the 
young postmenopausal woman (age 50–60 years) is 
often used to avoid menopausal symptoms such as hot 
flushes, night sweats, vaginal dryness and insomnia. 
Concurrently, the patient could benefit from the pre-
vention of UTI, osteoporosis and ischaemic heart disease 
as the risk of these conditions is increased in postmen-
opausal women184,185. In particular, women benefit from 
improvement in atrophic vaginitis and improved urge 
incontinence186. Absolute contraindications to estro-
gen therapy include a history of endometrial or breast 
cancer, thromboembolic disorders (such as deep vein 
thrombosis or ischaemic stroke) and acute liver disease 
owing to the risk of worsening cholestasis173.

Oral estrogens (with or without progestogens) versus 
placebo have been studied in the prevention of recur-
rent UTI in four randomized control studies in a total of 
2,798 postmenopausal women187–190. The results showed 
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that oral estrogens do not reduce the frequency of recur-
rent UTI (RR 1.08, 95% CI 0.88–1.33) or increase the 
number of lactobacilli in the urinary tract of women 
after treatment191. On meta-​analysis of two studies that 
reported changes in vaginal pH (refs189,190), a consider-
able decrease in vaginal pH was observed (from mean 
pH 6.5 to 5.5, mean difference −1.00 (95% CI −1.43 to 
−0.57)), with increased adverse effects such as breast ten-
derness and mild vaginal bleeding in those taking oral 
estrogens191. Thus, preparations for local administration 
are recommended for the prophylaxis of recurrent UTI 
instead of systemic administration.

Local administration. Locally administered preparations 
of estrogen can come as topically applied intravaginal 
cream, vaginal rings, impregnated pessary rings, vaginal 
pessaries and vaginal tablets. Estriol at a dose of 0.5 mg 
is absorbed and excreted equally whether in cream or 
pessary form192, but a Cochrane review concluded that 
women appeared to favour the vaginal ring for ease of 
use and overall satisfaction193. Two randomized con-
trolled trials have investigated the effects of locally 
administered estrogen versus placebo in preventing  
UTI recurrence in women with a history of recurrent UTI  
(three or more symptomatic UTIs in the previous 
year)180,194. These studies had different methods of estro-
gen application (comparison of topical estriol cream 
with placebo cream180 or comparison of 2 mg estriol sil-
icone vaginal ring with a no-​treatment group194). Both 
trials showed a significant reduction in the proportion of 
UTIs, with 0.5 versus 5.9 UTI episodes per patient-​year 
with intravaginal estriol cream compared with placebo 
(P < 0.001)180, and the cumulative proportion of patients 
remaining free of UTI was significantly higher with 
the estriol vaginal ring than placebo (P = 0.008)194. The 
results of these trials could not be pooled in a Cochrane 
meta-​analysis owing to heterogeneity between the stud-
ies. Adverse effects, such as itching, burning, vaginal dis-
charge and menorrhagia, were more frequent in those 
using topical estrogen than in the placebo group192.

Two randomized controlled trials have compared vagi-
nal estrogens with prophylactic antibiotics. In one study192, 
171 postmenopausal women with recurrent UTI (three 
or more symptomatic UTIs in the previous 12 months, or  
two episodes in the previous 6 months) were treated 

with an estriol-​containing vaginal pessary daily for 
2 weeks and then once every 2 weeks for 9 months, with 
an oral placebo capsule each night. The control group 
was given a capsule of nitrofurantoin once at night for 
9 months with a placebo vaginal pessary daily for 2 weeks. 
Considerably fewer UTIs were reported in the antibiotic 
group than in the estriol group (risk ratio 1.30, 95% CI 
1.01–1.68). However, in the other study195, 45 postmen-
opausal women were either part of the estrogen group 
(intravaginal premarin cream daily for 3 months) or the 
antibiotic control (oral ofloxacin 600 mg once daily for  
3 months). The incidence of UTI was significantly lower 
in the topical estrogen cream group than in the antibiotic 
group (7.4% compared with 80%; P < 0.001). Coming 
to a firm conclusion concerning intravaginal estrogen 
treatment for prevention of recurrent UTI on the basis 
of these studies is hampered by the difference in study 
parameters, the small sample sizes and the unblinded  
nature of the trials, which increases their risk of bias.

The role of topical estrogen for the prevention of 
recurrent UTI in postmenopausal women compared 
with placebo is clearly apparent and is recommended by 
the European Association of Urology (EAU) guidelines 
for this population (Table 2). However, the outcomes of 
studies reporting its benefit over antibiotic prophylaxis 
are mixed. The heterogeneity of studies and small sam-
ple sizes means that the overall quality of evidence is 
low; thus, larger randomized trials comparing topical 
estrogen with antibiotic prophylaxis are required (Box 1). 
The full extent of ER sensitivity, the effect of oestro-
gen on the urogenital epithelium and the oestrogenic  
effect on antimicrobial peptides are not well understood 
and are areas that require further research. Vaginal top-
ical creams seem more effective than rings or pessaries, 
but consensus on the optimal dosage or prophylaxis 
duration has yet to be reached.

Intravesical glycosaminoglycans
The intravesical administration of glycosaminoglycans 
to treat chronic forms of cystitis, including recurrent 
bacterial cystitis, has been increasingly studied. The sur-
face of the bladder urothelium is lined by a mucous layer 
composed of highly negatively charged polysaccharides 
(glycosaminoglycans and proteoglycans) with a tightly 
bound water layer on its surface196 (Fig. 9). This layer has 

Table 2 | European Association of Urology recommendations regarding non-​antimicrobial prophylaxis227

Intervention Grade of recommendation Notes

Advice on behavioural modifications to reduce 
UTI risk

C NA

Vaginal oestrogen replacement A Only in postmenopausal women 
with recurrent UTI

Immunoactive prophylaxis to reduce recurrent 
UTI in all age groups

A Based on studies of Uro-​Vaxom

Probiotics No recommendation Further trials are warranted

Cranberry No recommendation Further trials are warranted

d-​Mannose No recommendation Further trials are warranted

Intravesical instillations No recommendation Further trials are warranted

NA , not applicable; UTI, urinary tract infection.
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been shown to be an important host defence mecha-
nism against UTI by preventing bacterial adherence197. 
When this layer was experimentally removed with an 
acid rinse in rabbits in vivo, the rate of bacterial adher-
ence and infection was shown to increase up to 100-fold, 
irrespective of the urinary tract pathogen studied198,199. 
Resynthesis of this layer over a period of 24 hours caused 
the rate of bacterial adherence to decrease, supporting the 
theory that the glycosaminoglycan layer has a role in  
the prevention of UTI198,200. Loss of the glycosamino-
glycan layer is believed to be a common initial step in 
the pathogenesis of a number of chronic inflammatory 
bladder conditions, including recurrent bacterial cystitis, 
and might increase bacterial internalization into urothe-
lial cells, leading to the formation of IBCs (which is a key 
step in the pathogenesis of recurrent UTI)201.

Mechanism of action
Evidence to support the role of this glycosaminoglycan 
layer in UTI prevention comes from studies examining 
the effect of exogenous glycosaminoglycan analogue 
administration (such as heparin, pentosan polysul-
fate, hyaluronic acid and chondroitin sulfate). In a rat 
model of bacterial cystitis using UPEC, transurethral 
administration of hyaluronic acid into the bladder led 
to a significant decrease in positive urine cultures and 
bladder bacterial growth from 92% to 20% (P < 0.05) 
after 1 day, and the effect persisted for 7 days202. In 
terms of a suspected mechanism of action, hyaluronic 
acid was not found to be directly toxic to E. coli when 
the two were inoculated together, but was observed 
to coat the urothelial surface, suggesting that it has a 
barrier role in preventing E. coli and its toxic factors 
from accessing the underlying urothelial cells202. An ex 
vivo study in mouse bladders using Texas-​Red-labelled 
chondroitin sulfate showed that chondroitin sulfate 
predominantly binds to areas of damaged urothelium, 
with minimal binding to undamaged bladder and no 
penetration into deeper bladder wall layers, again rein-
forcing its barrier role203. A rat study of bacterial cystitis 
showed that hyaluronic acid also maintained endog-
enous antioxidant enzymes204. In this study, levels of 
the endogenous antioxidants superoxide dismutase and 

catalase were measured in four groups of rats: a control 
group treated only with isotonic saline; untreated rats  
with bacterial cystitis; rats with bacterial cystitis 
treated with gentamicin (4 mg/kg intramuscularly 
twice daily for 5 days after E. coli inoculation); and 
infected rats treated with intravesical hyaluronic acid 
(single dose of 0.5 ml of 0.5% hyaluronic acid)204. Levels 
of superoxide dismutase and catalase were signifi-
cantly lower in the untreated group and gentamicin-​
treated group than in the control group (P < 0.01 and 
P < 0.05, respectively), but in the group treated with 
hyaluronic acid, levels of these antioxidants were no 
different from the control group, suggesting a role 
for hyaluronic acid in protecting cells from oxidative 
stress204. Another study showed that the combina-
tion of hyaluronic acid and chondroitin sulfate led to 
greater reductions in bacterial load than with either 
agent alone and preserved urothelial integrity205. This 
effect is thought to occur because chondroitin sulfate 
increases the viscosity of hyaluronic acid, thereby 
improving its mucoadhesive properties and reducing 
its biodegradation206. Subsequent studies have sug-
gested that the glycosaminoglycan layer is not simply 
a passive layer. This layer has been shown to inter-
act with a wide variety of pathogens (such as herpes 
simplex virus and Neisseria gonorrhoeae) and has an 
active role in pathogen attachment to and invasion of 
host cells207,208. An in vitro study investigated the role 
of two transmembrane heparan sulfate proteoglycans, 
syndecan 1 and syndecan 4, in the uptake of N. gon-
orrhoeae by epithelial cells (using the cervical can-
cer cell line HeLa)207. Overexpression of syndecan 1  
and syndecan 4 leads to a threefold and sevenfold 
increase in N. gonorrhoeae invasion, respectively. 
Deletion of the intracellular domains of syndecan 1 
and syndecan 4 reduced the invasion of epithelial cells 
by N. gonorrhoeae, suggesting that the intracellular 
domains have a crucial role in the process of bacterial 
invasion, possibly by mediating signal transduction 
through protein kinase C and phosphatidylinositol 
4,5-bisphosphate. The glycosaminoglycan layer is a 
promising target for the discovery of new therapeutic 
agents to prevent UTI, but its role in UTI pathogenesis 
remains to be fully determined.

Clinical evidence
Clinical studies evaluating exogenous analogues of the 
glycosaminoglycan layer for the treatment of bacterial 
cystitis have been increasing. A number of studies have 
shown a substantial beneficial effect in preventing recur-
rent UTI, but the data are predominantly from case series 
of small numbers of patients; thus, the conclusions of these 
trials cannot be applied in clinical practice without further 
confirmation in larger, well-​designed, randomized con-
trolled trials209,210. One study enrolled 40 women (mean 
age 35 years) with a history of recurrent UTI (defined as at 
least three episodes of UTI with a growth of >103 CFU/ml 
of a uropathogen) who received intravesical hyaluronic 
acid (40 mg in 50 ml of phosphate-​buffered saline) weekly 
for 4 weeks and then monthly for 4 months209. The results 
showed that 70% of these women were free of recurrence 
at the end of the follow-​up period (mean 12.4 months)209. 

Glycosaminoglycan
layer with bound
water molecules

Umbrella cells

Intermediate
cells

Basal cells

Urothelium

Fig. 9 | Structure of the glycosaminoglygan layer of the bladder wall. The surface of 
the bladder urothelium is lined by a mucous layer composed of highly negatively charged 
polysaccharides (glycosaminoglycans and proteoglycans), with a tightly bound water 
layer on its surface196.
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The mean rate of UTI per patient-​year was 4.3 before 
treatment and 0.3 after treatment (P < 0.001). The 
median time to recurrence after treatment was 498 days 
compared with 96 days before treatment (P < 0.001)209. 
Another study included 20 women (mean age 27.7 years) 
with recurrent UTI (defined as at least three episodes of 
uncomplicated cystitis with clinical symptoms and/or  
a positive culture for each episode, defined as the isola-
tion of >103 CFU/ml of urine) who received intravesical 
hyaluronic acid (40 mg in 50 ml of phosphate-​buffered 
saline) weekly for 4 weeks and then monthly for 
5 months210. The results showed a significant reduc-
tion in the number of infections per year per patient 
from 4.99 to 0.56 (P < 0.001)210. These results have been 
supported by two randomized controlled trials inves-
tigating a combination of hyaluronic acid and chon-
droitin sulfate in preventing recurrent UTI in small 
numbers of patients. In one study, intravesical hya-
luronic acid plus chondroitin sulfate was compared 
with placebo (normal saline), administered weekly 
for 4 weeks then monthly for 5 months, in 57 women  
(mean age 34 years) with recurrent UTI (defined as three 
episodes of symptomatic and microbiologically con-
firmed UTI in the previous year)211. Overall, 28 women 
were treated with hyaluronic acid and chondroitin sul-
fate and 29 were randomized to the placebo group.  
At the 1-year follow-​up point, significantly fewer UTIs 
per patient were observed in the treatment group 
(mean 0.67) than in the control group (mean 4.19) 
(P < 0.001), and than the mean rate of UTI occurrence in 
the year before enrolment (4.71). The mean time to UTI 
recurrence was improved from 52.7 days to 185.2 days, 
and 48% of women had not experienced a UTI at 1 year 
compared with 0% in the control group. Another rand-
omized trial of 26 women of all ages (mean age 60 years) 
with recurrent UTI (defined as three episodes of symp-
tomatic and/or microbiologically confirmed UTI in the 
previous year) compared combined hyaluronic acid 
and chondroitin sulfate weekly for 4 weeks and then 
every 2 weeks for 1 month with antibiotic prophylaxis 
with sulfamethoxazole 200 mg and trimethoprim 40 mg 
once a week for 6 weeks212. A considerable reduction in 
the mean rate of UTI per patient per year was observed, 
from 6.3 in the year before treatment to 1.0 at 1 year fol-
lowing treatment in the hyaluronic acid and chondroitin 
sulfate group, and this was significantly better than anti-
biotic prophylaxis (mean UTI episodes at 12 months 1.0 
in the treatment group versus 2.3 with placebo; P = 0.02). 
A number of retrospective studies have been performed, 
using the combination of hyaluronic acid plus chondroi-
tin sulfate for women with a history of recurrent UTI 
(defined as three episodes of symptomatic and micro
biologically confirmed UTI in the previous year). In one 
study, 157 women of all ages (mean age 54.2) undergoing 
treatment for a total of 6 months were included. A sig-
nificant reduction in the mean rate of UTI per patient 
from 4.13 in the previous year to 0.44 at 1 year after 
treatment was observed (P = 0.01)213. A large multicentre 
study of 174 premenopausal women compared 5 months 
of treatment with hyaluronic acid plus chondroitin sul-
fate (n = 98) with antibiotic prophylaxis (n = 76) with daily 
sulfamethoxazole 200 mg plus trimethoprim 40 mg for  

6 weeks and reported that 36.7% of patients were free of 
recurrence in the treatment group compared with 21% 
in the antibiotic prophylaxis group (P = 0.03)214. Another 
retrospective series divided 69 women into three groups: 
intravesical hyaluronic acid plus chondroitin sulfate 
weekly for 4 weeks, every 15 days for 2 months, and then 
every 30 days for 2 months (n = 22); fosfomycin every 
10 days for 6 months (n = 23); and the combination of 
hyaluronic acid plus chondroitin sulfate and fosfomycin 
(n = 24)215. The results were significant, with only 30.4% 
of women free of any recurrence at 6 months in the fos-
fomycin group compared with 72.7% in the hyaluronic 
acid plus chondroitin sulfate group and 75% in the tri-
ple combination group (P = 0.0029). The results of the 
largest study of combination intravesical therapy with  
hyaluronic acid plus chondroitin sulfate compared  
with the standard of care to date have been reported216. 
This multi-​institutional study included 276 women (mean 
age 55.2 years in the hyaluronic acid and chondroitin sul-
fate group and 48.8 years in the standard-​of-care group). 
The hyaluronic acid plus chondroitin sulfate group had a 
49% reduction (OR 0.51, 95% CI 0.27–0.96) in the risk of  
an MSU-​confirmed UTI compared with the standard-​
of-care group. However, once a patient had a recurrence 
in the hyaluronic acid plus chondroitin sulfate group, 
no evidence of improvement in terms of total number 
of recurrences or time to first recurrence was observed 
compared with the standard-​of-care group. The benefi-
cial effects of intravesical hyaluronic acid plus chondroi-
tin sulfate therapy were suggested to improve with more 
than five instillations. However, this study has limitations, 
including a non-​standardized treatment regimen for the 
intravesical therapy, no specification for the standard-​
of-care treatment and its retrospective nature. As a result, 
the conclusions of this trial must be interpreted with cau-
tion, and further studies are warranted to determine the 
clinical benefit of intravesical hyaluronic acid and chon-
droitin sulfate in the prevention of recurrent UTI using 
standardized treatment regimens (Box 1).

These results seem promising, but some limitations 
must be acknowledged. The majority of data are from 
small, retrospective series, the intravesical formulation 
used varies between studies and the optimal frequency 
and duration of therapy have not been standardized. 
Furthermore, no data for men with recurrent UTI 
have been reported and, therefore, study in this pop-
ulation is warranted. Another concern relates to the 
cost of the treatment. The estimated cost of a course 
of intravesical hyaluronic acid plus chondroitin sulfate 
over a 12-month period is substantially higher than 
for a 6-month course of antibiotic prophylaxis (€1,500 
versus €30)217. However, this cost must be balanced 
against the benefits in terms of preventing antimicro-
bial resistance and antibiotic-​related adverse effects. 
Studies of patient satisfaction and patient-​reported 
outcomes are also warranted in order to assess the 
place of this option in the treatment armamentarium. 
Further research into the mechanisms by which uro-
pathogenic bacteria interact with the glycosaminogly-
can layer will lead to the development of novel and 
more efficacious treatments for the prevention of 
recurrent UTI.
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Immunostimulants and vaccines
The effective development of vaccines against UTIs is 
limited by factors such as a lack of natural protective 
immunity in humans after UTI, a lack of induction of 
antibodies in the bladder, the diversity of pathogens 
and the desire to avoid inducing a pathological immune 
response to colonizing bacteria in the gut. Infection in 
the kidney might lead to the development of antibodies, 
but this adaptive response seems to be lacking in bladder 
infections218. Despite these limitations, multiple promis-
ing vaccines and immunostimulants have been trialled 
in mice, rats and non-​human primates, and a small 
number have progressed to trials in humans219 (Table 3).

Immunostimulants studied in humans
Immunostimulants are believed to exert their effects 
through activation of both the innate and adaptive 
immune systems. Following ingestion, immunos-
timulants have been shown to activate dendritic cells, 
neutrophils and T helper cells. This activation results 
in activation of T lymphocytes and B lymphocytes, 
and the subsequent release of IgA results in immuno
protection220,221. One of the most widely studied 
immunostimulants currently available is an oral capsule, 
OM-89 (Uro-​Vaxom), which is made from an extract 
of 18 strains of heat-​killed UPEC. A newer preparation, 
OM-89-S, containing lysates of the same 18 strains of 
heat-​killed UPEC (also known as Uro-​Vaxom) is man-
ufactured by a different lysis process (modified alkaline 
lysis rather than autolysis), which destroys the lipopoly
saccharide cell wall of Gram-​negative bacteria and 
modifies bacterial antigens, thereby maintaining their 
antigenic potential. Stimulation of the host immune sys-
tem occurs via the mucosa-​associated lymphoid tissue 
lining the gastrointestinal, respiratory and genitourinary 
tracts, leading to an increase in the concentration of 
bacteria-​specific antibodies222. In immunodeficient 
mouse models, administration of Uro-​Vaxom (OM-89)  
was shown to cause increased levels of IgG and IgA 
specific to the E. coli strains in the extract, with sig-
nificant changes in bladder IFNγ and IL-6 levels223,224. 
A systematic review of four randomized, placebo-​
controlled trials investigating OM-89 that included 
891 patients with recurrent UTI (three episodes in the 
previous year) showed that this immunomodulatory 
preparation had significant efficacy as a prophylactic 
agent (RR 0.61, 95% CI 0.48–0.78)96 (Box 1). However, 
a subsequent large trial of 451 patients with recurrent 
UTI (mean age 43.90 years) did not demonstrate benefit 
of the use of OM-89-S as prophylaxis, and, although it 

also failed to demonstrate efficacy of nitrofurantoin, this 
result could be because of increasing rates of antibiotic 
resistance rather than a failure of trial methodology225. 
Uro-​Vaxom (OM-89) is recommended in EAU guide-
lines (Table 2) for immunoprophylaxis in women with 
recurrent uncomplicated UTI on the basis of a meta-​
analysis of randomized trials226, although these guide-
lines do not refer to the OM-89-S trial, which might alter 
this recommendation227. It seems that the use of OM-89 
Uro-​Vaxom might reduce prescribing of antibiotics, 
which alone could justify its use, as it seems to be well 
tolerated96,225. Both OM-89 and OM-89-S include only 
strains of UPEC, in contrast to other immunostimulants, 
which tend to include a wider range of uropathogens; 
however, if efficacious against UPEC alone, it would still 
have a clear role in UTI management. Further research is 
required given the results of the OM-89-S trial225.

Strovac (also known as Solco-​Urovac) comprises 
ten strains of heat-​killed uropathogens (six serotypes of  
UPEC, P. vulgaris, K. pneumoniae, Morganella morganii 
and E. faecalis) administered by intramuscular injec-
tion. This product was subsequently replaced by a vagi-
nal preparation known as Urovac vaginal vaccine owing to 
considerable adverse reactions at the administration site228.  
A meta-​analysis of three randomized, placebo-​controlled 
phase II studies consisting of 220 women (age range 
18–74 years) demonstrated a modest effect that supports 
the need for further investigation of this immunostimu-
lant (RR 0.81, 95% CI 0.68–0.96)96 (Box 1). Benefits were 
highest in those patients receiving booster doses of the 
vaccine at monthly intervals229,230, but data are from small 
studies. Large, randomized phase III trials are required  
to establish the efficacy of this therapeutic option.

A sublingual preparation, Uromune (MV140), com-
prises selective strains of inactivated uropathogens  
(E. coli, K. pneumoniae, P. vulgaris and E. faecalis) (Box 1). 
The mechanism of action is not clearly understood, but 
this preparation has been shown to prime dendritic 
cells to generate T helper 1 (TH1) cells, TH17 cells and 
IL-10-secreting T cells231. This vaccine has demonstrated 
efficacy in cohort studies, with a reported absolute risk 
reduction of UTI of 90%232, and was well tolerated in a 
small cohort study in the UK233. In the earliest study of 
Uromune in women with recurrent UTI, 159 women 
were treated with Uromune via two puffs of 100 μl each 
(108 bacteria per puff) daily for 3 months (mean age  
47.7 years, range 16–85 years) and 160 women received 
daily sulfamethoxazole 200 mg and trimethoprim 40 mg 
for a period of 6 months234. A significant reduction in 
the mean number of UTIs at 3 months was seen with 

Table 3 | Characteristics of most commonly studied vaccines in humans for urinary tract infection prophylaxis

Vaccine Route of administration Strains of uropathogen

OM-89 and OM-89-S 
(Uro-​Vaxom)

Oral capsule Eighteen serotypes of UPEC

Solco-​Urovac Vaginal pessary , cream or 
suppository

Six serotypes of UPEC, Proteus mirabilis, Morganella 
morganii, Klebsiella pneumoniae and Enterococcus  
faecalis

Uromune (MV140) Sublingual spray Escherichia coli, K. pneumoniae, Proteus vulgaris and 
E. faecalis

UPEC, uropathogenic E. coli.
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Uromune compared with antibiotics (0.36 versus 1.60; 
P < 0.0001), and this reduction was also seen at the 
15-month follow-​up point (P < 0.0001). A larger retro-
spective series of women with recurrent UTI compared 
360 women (mean age 60) treated with a 3-month course 
of Uromune with 339 women (mean age 59) treated with 
a 6-month course of daily antibiotic prophylaxis (sulfa
methoxazole and trimethoprim or nitrofurantoin)232.  
At 12 months, only 9.7% of women treated with 
Uromune had developed a UTI compared with 100% of 
those treated with antibiotics (P < 0.0001). These promis-
ing results have been supported by a UK cohort study of  
77 women with recurrent UTI (mean age 56 years) 
treated with a 3-month course of Uromune233. All women 
had a minimum of three UTIs in the 12-month period 
before enrolment. At the 12-month follow-​up point, 
78% had no further UTI233. The results of a currently 
recruiting placebo-​controlled trial (NCT02543827) are 
awaited with interest235. Urostim (E. coli, K. pneumoniae, 
P. vulgaris and E. faecalis) and Urvakol (E. coli, P. aerug-
inosa, P. vulgaris and E. faecalis) are whole-​bacterial-cell 
vaccines that are in development and are administered as 
tablets containing mixtures of inactivated uropathogens. 
One study investigated the immune response to 50 mg 
Urostim daily for 3 months in 35 patients (33 female 
and 2 male) with chronic pyelonephritis236. Blood and 
saliva samples were collected at 30 and 90 days after 
administration of Urostim, and an improvement was 
observed in both nonspecific and specific lymphop-
roliferative responses following Urostim treatment236. 
However, neither vaccine has yet become established 
for clinical use219.

Novel vaccines under investigation
In addition to preparations based on mixtures of uro-
pathogens trialled in humans, candidate vaccine anti-
gens with multiple sites of action of UPEC virulence 
factors have been tested in mouse models of UTI (Box 1). 
As UPEC invading the bladder harness chaperone–
usher pathway pili to adhere to the bladder wall, var-
ious approaches have targeted these chaperone–usher 
pathways via immunization. These pathways provide 
attractive vaccine targets, as the induction of antibodies 
against adhesins to prevent host–bacteria interactions 
and prevent bacterial colonization of the bladder is plau-
sible. Type 1 pili have a critical role in the development 
of UTI, and the type 1 pilus tip adhesin FimH has been 
harnessed as a putative vaccine237. A study in eight cyno-
molgus monkeys investigated the effect of intramuscular 
administration of 100 μg of FimCH adhesin–chaperone 
complex mixed with MF59 adjuvant compared with 
MF59 adjuvant alone237. All monkeys were infected 
with an inoculum containing 108 type-1-piliated E. coli  
18 days after final immunization, and urine samples 
were obtained at days 2–14. Results showed that three of 
four monkeys treated with the vaccine had no bacteria 
or pyuria, compared with all four of the control mon-
keys, which had pyuria and a positive urinary growth of  
E. coli237,238. An alternative approach to improve antibody 
responses is fusion of FimH to the flagellin FliC (a TLR5 
agonist of UPEC) using lipopolysaccharide-​derived 
monophosphoryl lipid A (MPA) as an adjuvant239.  

In this study, 16 mice were immunized with the fused 
FimH–FliC protein — 16 with FimH alone and 16 with 
FimH admixed with FliC. The fused FimH–FliC protein 
induced significantly higher humoral (IgG1 and IgG2a; 
P = 0.002) and cellular (IFNγ and IL-4; P < 0.01) immune 
responses than with FimH alone or FimH admixed with 
FliC. However, results of studies in humans are required.

P pili are an alternative to type 1 pili in vaccine 
approaches, with promising results of immunization 
with P fimbriae in the prevention of pyelonephritis 
demonstrated in cynomolgus monkeys240. In this study, 
monkeys were intraperitoneally vaccinated with 100 μg 
purified PapDG protein before inoculation with 1 × 108 
CFU of pyelonephritogenic E. coli. Vaccinated monkeys 
did not have any histological evidence of pyelonephri-
tis, with significantly lower levels of neutrophilic infil-
trate, scarring and interstitial fibrosis than unvaccinated 
monkeys (P = 0.007)240. However, studies in humans are 
lacking. A number of other approaches are promising 
in animal studies and might, in due course, progress 
to trials in humans. In a mouse model of chronic UTI, 
40 mice were immunized with 10 μg of another UPEC-​
associated pilus, Dr fimbrial antigen, and given a booster 
injection 4 weeks later241, and 40 control mice were given 
placebo (phosphate-​buffered saline)241. Mice were then 
inoculated with E. coli by intravesical instillation, and 
in the first week after infection, eight mice (20%) in the 
group of nonvaccinated animals died, in contrast to one 
mouse (2%) in the group immunized with Dr fimbrial 
antigen (P < 0.05). Another study has investigated immu-
nization against the EbpA pilus, a pilus that contributes 
to catheter-​associated biofilm formation by E. faeca-
lis242. In this study, mice were immunized with purified 
EbpA and had booster immunizations at weeks 4 and 8 
(ref.243). Mice were then implanted with catheters and 
inoculated with 2 × 107 CFU of E. faecalis, and vacci-
nation significantly reduced bacterial colonization in 
the bladder and on the catheter compared with control 
mice (P < 0.0005)242. Another promising vaccine target 
are the siderophore systems, as UPEC require iron for 
bacterial growth and colonization243. In a mouse model 
of ascending UTI, intranasal immunization with the 
UPEC iron receptor, yersiniabactin receptor (FyuA), 
was found to significantly reduce bacterial colonization 
(P = 0.0018)219,243. Although promising, human studies 
of these newer vaccines are required to determine their 
utility in clinical practice.

Other virulence factors that have been targeted for 
vaccine development include toxins produced by uro
pathogenic organisms. A conjugate vaccine incorporat-
ing exoprotein A from P. aeruginosa and four O-​antigens 
from selected extraintestinal pathogenic E. coli (ExPEC) 
serotypes (O1, O2, O6 and O25b) was administered to 
rabbits (2 μg or 20 μg per O-​antigen, subcutaneously), 
mice (0.2 μg or 2 μg per O-​antigen, subcutaneously) and 
rats (0.4 μg or 4 μg per O-​antigen, intramuscularly)244. 
Significant antigen-​specific IgG responses were observed 
in all animal models (P < 0.05)244. In the first-​in-human 
phase Ib randomized clinical trial of a single intramus-
cular injection of ExPEC4V or placebo in healthy adult 
women (93 women treated with the vaccine and 95 
treated with placebo), the vaccine was tolerated well and 
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led to the induction of functional antibodies245. Despite 
these antibody responses, no efficacy was demonstrated 
against vaccine-​specific serotype UTIs (0.149 mean 
episodes versus 0.146 mean episodes; P = 0. 522), but 
significantly fewer UTIs caused by E. coli of any sero-
type were seen in the vaccine group than in the placebo 
group (0.207 mean episodes versus 0.463 mean episodes; 
P = 0.002)245; thus, this approach shows promise (for 
example, UTIs overall were reduced in this study), but 
its efficacy as a vaccine has not been established.

In conclusion, many approaches to immunostimula-
tion and vaccination to prevent UTIs show promise, but 
a clearly effective vaccine is still lacking. As our antibi-
otic prophylactic options reduce, hopefully an immuno
stimulant, vaccine or live attenuated E. coli strain will 
soon become established as effective in preventing the 
considerable morbidity associated with the recurrence 
of UTI.

Competitive inoculation
Colonization with less-​pathogenic strains of UPEC (such 
as E. coli 83972, an E. coli strain that fails to express vir-
ulence factors associated with symptomatic UTI) is also 
under investigation to prevent recurrent UTI (Box 1). 
This approach seems of particular utility in those who 
are susceptible owing to external factors, such as long-​
term catheter use and those in whom colonization can 
be effectively established owing to incomplete bladder 
emptying246,247. E. coli 83972 was isolated from a child 
with asymptomatic bacteriuria and has been trialled in 
those with spinal cord injury with a history of recurrent 
UTI246. In this study, 65 patients with neurogenic bladder 

after spinal cord injury and a history of recurrent UTI 
were randomized in a 3:1 ratio to receive either intra-
vesical instillation of E. coli or sterile saline246. A total of 
27 patients were included in the final analysis (17 in the 
experimental group and 10 in the placebo group), and 
the mean number of UTIs was reduced in the experimen-
tal group (0.50 UTIs per patient-​year compared with 1.68 
with placebo; P = 0.02)246. A double-​blind randomized 
crossover trial in patients with incomplete bladder 
emptying and recurrent UTI investigated the intraves-
ical instillation of E. coli 83972 compared with placebo 
(saline)247. Patients treated with E. coli had a longer time 
to first UTI than the placebo group (median 11.3 versus  
5.7 months; P = 0.0129), and following instillation of  
E. coli, patients had significantly fewer UTIs than before 
the E. coli instillation (13 versus 35 episodes of UTI; 
P = 0.009)247. However, colonization is not established in 
those who have complete bladder emptying; thus, future 
work should aim to mutate a strain that contains fimbriae 
enabling adherence. In addition, in some patients treated 
with E. coli 83972, symptomatic UTI occurred that might 
have been related to the E. coli 83972 in the absence of 
functional virulence factors248. This observation suggests 
that asymptomatic carriage of bacteria might lead to an 
as-​yet undefined host immune response that results in 
the development of symptoms of UTI.

The use of less-​pathogenic strains of uropathogenic 
bacteria to compete with and prevent colonization and 
infection with disease-​causing organisms seems prom-
ising, but larger randomized trials in women with recur-
rent UTI are required to assess the efficacy, safety and 
cost-​effectiveness of this approach.

P fimbriae

Vagina

Bladder

Lactobacilli preventing binding
of Escherichia coli to vaginal
epithelial adhesion receptors

Estrogen causing increased glycogen
storage and conversion of glycogen to
lactic acid by lactobacilli

Estrogen

Lactobacilli releasing
bacteriocidal peptides
and hydrogen peroxide

Rectum

Glycosaminoglycan layer
replacement preventing
bacterial adherence

D-Mannose preventing
Escherichia coli binding 
to urothelial receptors

Vagina

Proanthocyanidins from cranberry preventing
Escherichia coli binding to urothelial receptors

↑ Glycogen

Lactic acid

Mannose-like
receptors

Urothelium

Formaldehyde produced
from methenamine hippurate 
prevents further bacterial growth

Proanthocyanidins

Escherichia coli

Fig. 10 | Nonantibiotic interventions for urinary tract infection. Nonantibiotic interventions for urinary tract infection 
(UTI) seem promising, and a combination of these agents might be the most effective way to reduce the rate of recurrent 
UTI without resorting to antimicrobial use.
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Conclusions
The nonantibiotic interventions for UTI discussed 
in this Review seem promising (Fig. 10), but research 
needs to be improved into the nonantibiotic treatment 
and prophylaxis of recurrent UTI. Large double-​blind, 
placebo-​controlled, randomized studies are required to 
provide high-​level evidence of efficacy for the agents 
discussed as heterogeneity of the current data is the 
limiting factor for all agents. A combination of these 
agents might be the most effective way to reduce the 
rate of recurrent UTI without resorting to antimicrobial 
use, and, again, this approach warrants further inves-
tigation. Studies of combination therapies in specific 

patient populations (such as premenopausal women, 
postmenopausal women, and men) are also needed to 
target these treatments in the optimal way. Research 
into the underlying molecular mechanisms of bacte-
rial adherence and invasion seem most promising and 
could lead to the identification of novel targets for 
drug development, and many potential therapies are 
in preclinical development. The aim of these strate-
gies is to reduce the crisis of antimicrobial resistance 
and pave the way for a new era in the management of 
recurrent UTI.
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