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Abstract

Urinary tract infections (UTIs) are considered a significant public health issue due to their
high incidence and prevalence, most notably among women. The potential for complica-
tions, including recurrent infections and antibiotic resistance, negatively impacts patient
quality of life and correspondingly results in elevated healthcare costs. Efficacy of antibi-
otic pharmacotherapy has been shown to be limited in the treatment of UTIs. The use of
antibiotics has been further exacerbated by the unprecedented spread of antimicrobial-
resistant organisms. This paper reviews the microbiome specific to UTIs and the for-
mation of biofilms in UTI patients, and presents the current status of novel biological and
chemical approaches designed to inhibit and eradicate biofilms in UTI patients.
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1. Introduction

Urinary tract infections (UTIs) are exceedingly common bacterial infections [1]. The
worldwide annual incidence of UTIs is greater than 150 million cases [2]. UTIs are heter-
ogeneous with respect to their severity, ranging from simple (urethritis and cystitis) to
severe (bacteremia and septic shock) [1]. Based on United States epidemiological data, one
in three women have a minimum of one UTI that requires antibiotic treatment [3]. UTIs,
however, present a significant issue in pharmacotherapy attributed to antibiotic resistance,
resulting in treatment failure and patient morbidity [4]. Importantly, UTIs result in an
annual medical treatment cost exceeding 4.8 billion dollars in the United States [5].

Discovery and application of antibiotics are among the most significant advance-
ments in modern medicine. Antibiotics have greatly reduced morbidity and mortality
from bacterial infections. Importantly, the use of antibiotics is justified only when truly
needed; unnecessary uses result in antibiotic resistance [6]. Resistant organisms can
spread via direct contact, healthcare environments, or community transmission.

Antibiotic resistance is the capability of bacteria to survive and proliferate in the pres-
ence of antibiotics that would normally inhibit their growth or eliminate them. Resistance
develops through various mechanisms, including genetic mutations, production of en-
zymes that degrade antibiotics, efflux pumps, horizontal gene transfer, and adaptive
physiological changes. Resistance is typically identified through in vitro susceptibility
testing. Because of antibiotic resistance, extended illness and increased mortality world-
wide ensue [7].
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Results from a 2016 national study estimated that approximately 30% of outpatient
antibiotic prescriptions were unnecessary [8]. As of 2022, Centers for Disease Control and
Prevention (CDC) surveillance data show that nearly 28% of outpatient antibiotic pre-
scriptions are unwarranted. Significantly, 29.5% of these prescriptions involved broad-
spectrum antibiotics, which are associated with a high risk of promoting resistance [9].

Globally, antibiotic resistance is increasing rapidly. In 2021, bacterial antimicrobial
resistance was linked to an estimated 4.71 million deaths, including 1.14 million directly
caused by resistant infections [10]. Adults older than 70 years of age have had more than
an 80% increase in deaths attributed to AMR during the same timeframe [11].

There is elevated concern about increasing resistance in Gram-negative pathogens
and a paucity of new antibiotics in development [11]. Antibiotic use has also grown sig-
nificantly, resulting in a 16.3% increase from 2016 to 2023 [12]. Antibiotic use manifests
selective pressures that cause bacteria to develop survival strategies, making resistance a
public health issue. As long as antibiotics are used, bacteria will continue to evolve and
develop resistance strategies [13].

The impact of antibiotic resistance in UTIs is significant. In this paper, we aim to de-
scribe the composition of urinary biofilms implicated in UTIs and present novel ap-
proaches that are being explored, evaluated, and developed to curtail the incidence of
UTlIs. Clearly, viable alternative antimicrobials are needed.

2. Methods

Two general questions guided the review: 1. what are the characteristics of the mi-
crobiome implicated in UTls, and 2. what are the emerging therapeutic approaches for
UTIs? For the searches, the following parameters were used: 1. microbiome articles; and
2. interventions.

2.1. Eligibility Criteria

The searches were restricted to articles published in English with a date range of
2014-2026. Opinion articles, letters, and conference abstracts were excluded due to the risk
of bias associated with those articles. Studies on the use of smoke of cannabis plants were
also excluded.

2.2. Information Sources and Search

The searches in the literature databases were performed by three independent inves-
tigators. The search was carried out using PUBMED, MEDLINE, and EMBASE. The search
strategy was based on MeSH terms of PubMed, using the search terms presented in Table
1. The reviewers also hand-searched the reference lists of the included articles to identify
additional papers.

Table 1. Search terms used.

Urinary tract infection
UTI

Catheter

Microbiome

Biofilm

Dysbiosis

Quorum sensing

Antimicrobial peptide

Bacteriophage therapy

Probiotics
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Cannabidiol
CBD

2.3. Selection of Sources of Evidence

Retrieved articles were classified as included, excluded, or uncertain. Full-text ver-
sions of the included and uncertain articles were selected for further eligibility screening.
A total of 2831 unique articles were identified, with 2743 articles excluded based on their
titles and/or abstracts (Figure 1).

4717 articles identified in databases

1886 duplicates removed

2831 unique records

2743 items excluded based on titles
and/or abstracts

88 documents included in this review

Figure 1. Search results.

3. Results
3.1. Biofilm Life Cycle

Biofilms are communities of bacteria that begin forming when planktonic bacteria
attach onto either a natural tissue or a synthetic substrate and begin replicating rapidly.
In a nascent biofilm, bacteria begin to engage in a complex communication system known
as quorum sensing (QS). Chemicals, called autoinducers (Als) are secreted by the bacteria
and sensed by each other. The increased concentration of these autoinducers allows the
bacteria to sense the increased density of the biofilm. This triggers certain processes that
work only when bacteria are found in a more densely populated aggregation. These pro-
cesses enable the survival and growth of the biofilm. One of these processes is the secretion
of an extracellular matrix comprising polysaccharides, proteins, nucleic acids, and lipids,
which encapsulates, fortifies, and nourishes the biofilm [14]. The biofilm grows into a robust,
tight complex of microorganisms that can withstand the body’s defenses and is resistant to
conventional antibiotics. At the conclusion of a biofilm life cycle, the mature biofilm releases
bacteria, which then migrate to other sites to begin the process anew (Figure 2).
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Figure 2. Stages of biofilm formation.

3.2. Urinary Biofilms

In the human body, biofilms are prevalent in the oral cavity, ear, skin, respiratory
tract, gastric system, and urogenital system. Urinary tract infections are a common infec-
tion, especially in females. When biofilms develop, infections are no longer simple to treat.
There can be higher rates of UTI recurrence and increased incidence of antimicrobial re-
sistance. When a person has a catheter in place, it is even more susceptible to biofilm de-
velopment, and this is a major cause of catheter-associated UTIs (CAUTISs).

Several different bacteria are implicated in urinary tract infections and biofilms, in-
cluding uropathogenic Escherichia coli, Klebsiella pneumoniae, Proteus mirabilis, Enterococcus
faecalis, Staphylococcus epidermidis, Staphylococcus saprophyticus, and Staphylococcus aureus
[15]. These bacteria are equipped with virulence factors that allow them to cause infection
and sometimes even initiate a biofilm. For example, uropathogenic E. coli, the most com-
mon bacteria responsible for localized UTIs and systemic UTIs, has adhesins that are key
to enabling it to attach to surfaces and begin the biofilm formation process. Its flagellar
motility allows it to move and initiate new biofilms. Klebsiella pneumoniae, with its pili and
thick polysaccharide capsule, is known for its strong adhesiveness to catheters and medi-
cal devices and is prone to forming biofilms on these surfaces. These bacteria, when incor-
porated in a biofilm, are significantly more probable to display multidrug resistance [16].
Candida albicans is a common resident of skin and mucous membranes. It is also an oppor-
tunistic fungus that causes candidiasis in different tissues, including the oral cavity, gen-
itourinary tract, ears, bones, eyes, wounds, and blood [17,18]. C. albicans is the primary
cause of fungal urinary tract infections and accounts for up to 25% of all CAUTIs and 10—
20% of all nosocomial infections, with a significant risk of development into a systemic
infection with high mortality rates [19].

Many reasons have been proposed as to why urinary catheters make patients suscep-
tible to urinary tract infections, including the “absence” of the natural sphincter barrier
allowing microbes to migrate upwards and cause infection [20]. Additionally, in healthy
patients without a catheter in place, upon the arrival of microbes at the bladder, the body
triggers an inflammatory response, recruiting neutrophils for the removal of pathogenic
bacteria. When a foreign object is implanted, the body cannot recognize that there is a
pathogen trying to attach, and it will not activate this immune response, allowing the bac-
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teria to generate biofilms. These biofilms can lead to UTIs that are especially difficult to
treat. Biofilms manifest several sophisticated mechanisms for evading antibiotics [21].

3.3. Eubiosis and Dysbiosis

The natural urinary tract microbiome plays a crucial role in urinary health by pre-
serving a functional environment that can prevent the proliferation of pathogens. Eubiosis
is a term used to describe the natural microbiological state of an environment in the body.
Normally, the urinary microbiome comprises a diverse, well-balanced population of bac-
teria. Although each person has a unique urinary microbiome, within each person’s
unique urinary microbiome composition there are certain core bacteria, such as Lactobacil-
lus, Corynebacterium, Staphylococcus, Streptococcus, Veillonella, and Prevotella, which are nor-
mally resident in all humans, except for some sex-specific differences (Figure 3). Lactoba-
cillus is particularly abundant in females, while Corynebacterium or Streptococcus are pre-
dominately found in males. Dysbiosis manifests when the balance is disrupted, resulting
in an overabundance of uropathogenic bacteria and a less diverse population [22]. Dysbio-
sis of the urinary tract can lead to urinary tract infections; bacteria such as Escherichia coli,
Klebsiella pneumoniae, Proteus mirabilis, and Enterococcus faecalis have been identified in uri-
nary tract infections.

The risk of urinary tract disorders can frequently be assessed by analysis of the com-
position of the urine microbiome. When the native microbiome is altered, dysbiosis man-
ifests. The relative abundance of certain bacteria can predict future risk of bladder dysbio-
sis. Women with a lower abundance of Lactobacillus, notably Lactobacillus crispatus, deter-
mined by 16S rRNA gene sequencing and quantitative urine culture techniques, were
found to have an increased risk of bladder disorders, including urinary incontinence [23].
A disruption in the diversity of the urine microbiome has been implicated in the patho-
genesis of rUTIs [21]. This is the result of several mechanisms, including migration of re-
sistant uropathogenic bacteria from the gut or reinfection from an external source [23,24].
Microbial profiling of several human microbiomes has shown significant commonalities
among the urine, gut, and vaginal microbiomes. Using the 165 rRNA gene sequencing
method, 64.1% of bacteria in the urine were found to be conserved with the human gut
microbiome [25]. This suggested that the origin of the urine microbiome was found to be
mostly of gastrointestinal origin [23].

Lactobacillus —
Corynebacterium |
Staphylococcus —

Prevotella — |

Eubiosis

(2N
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Figure 3. Contrasting eubiosis to dysbiosis.

3.4. Urinary Catheters and Biofilm Growth

CAUTIs are the most common healthcare-associated infections, and account for 1
million cases per year in the United States [26]. They are the most common cause of sec-
ondary bloodstream infections. In total, 3-10% of residents in long-term care facilities are
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managed with chronic indwelling catheters [27,28]. The associated costs of preventable
CAUTIs are estimated to range from $115 million to $1.82 billion annually [29]. Risk fac-
tors for CAUTIs include age, female gender, diabetes, and prolonged catheterization time
[30]. The duration of catheterization is the most important factor in the development of
bacteriuria, with a risk of 3-7% daily [28]. A mean of 3.2 urinary tract infections per 1000
catheter days was reported in long-term care facilities in a US study [31]. In the intensive
care unit (ICU), where infection rates are 3-5 times higher than other hospital patient care
areas, the incidence of CAUTISs is 7.78 per 1000 catheter days [32]. CAUTIs in ICUs are
associated with prolonged lengths of stay, elevated healthcare expenditures, and the over-
use of antibiotics [33,34].

UTIs generally occur through urethral exposure to rectal flora, followed by microbial
migration to the bladder, adhesion, and colonization [35]. Invasion of the bladder is then
facilitated by pili and adhesins, and the beginning of neutrophil infiltration. Bacteria pro-
liferate and form biofilms; bacterial proteases and toxins initiate epithelial damage. Re-
gardless of the presence or absence of a urinary catheter, the fundamental steps of infec-
tion are the same. Catheters serve as a breeding ground for infection, increasing the risk
for a UTI. In addition, catheters may also irritate the uroepithelium, thereby disrupting
the physiologic mucopolysaccharide coating, and making it susceptible to bacterial adhe-
sion and entry [35,36]. The strong immune response to catheterization results in fibrino-
gen accumulation on the catheter, providing an environment for adherence by uropatho-
gens. Although Enterococcus faecalis is unable to grow in urine or bind to catheter material
in vitro, citrate and aspartate are significant for growth of E. faecalis in human urine, and
manganese appears to be a limiting factor, as it grows in fibrinogen-supplemented urine
and can adhere to a fibrinogen-coated catheter [37]. Adherence is a key initial step in uri-
nary tract infection [15]. In the presence of a urinary catheter, UTIs may be initiated upon
bacterial adherence to the catheter, with subsequent biofilm formation [38].

Microbial species utilize varied mechanisms for biofilm formation. Uropathogenic
Escherichia coli (UPEC), the most common causative organism for CAUTISs, utilize pili, an-
tigen 43, and curli to promote interbacterial attachment, bacterial-surface adhesion, and
subsequent biofilm formation [15]. Specifically, UPEC catheter biofilm formation is de-
pendent on type 1 pili UPEC biofilm formation, and is regulated by oxidative stress, iron
sensing, and quorum sensing [39-41]. Pseudomonas aeruginosa manifests biofilm formation
on urinary catheters through a number of mechanisms, including alginate production,
quorum sensing, and surface hydrophobicity modulation [41]. Biofilms contribute to the
pathogenicity of P. aeruginosa and lead to persistent or recurrent infections. Proteus mira-
bilis is a urease producing species. Hydrolysis of urea increases urinary pH, resulting in
the formation of calcium crystals and magnesium ammonium phosphate precipitates.
This results in the formation of crystalline biofilms on catheters [15].

3.5. The Human Microbiome in the Treatment of Urinary Tract Infections: Case Studies

Theoretically, since dysbiosis of the urinary tract leads to urinary tract infection de-
velopment, replenishing the natural bacteria at that site should therefore restore the
body’s health and its ability to fight the infection. Interestingly, beyond that, there appears
to be a strong connection between gut microbiota and urinary microbiota. A healthy, ro-
bust microbiome at one site may manifest in the other, and the inverse may be true as well.
Researchers have wondered if implanting feces with healthy microbiota into a patient
prone to urinary tract infections will cause the patient to develop a healthier urinary mi-
crobiome, and if the patient will experience a decline in subsequent urinary tract infections.
This procedure, known as Fecal Microbiota Transplantation (FMT), has been utilized in
different forms throughout the centuries, and eventually gained traction after it was ap-
proved by the FDA in 2013 for the treatment of recurrent and refractory Clostridium difficile

https://doi.org/10.3390/antibiotics15070686


https://doi.org/10.3390/antibiotics15070686

Antibiotics 2026, 15, 686 7 of 21

infections [42]. As reported in the following preliminary case studies, FMT may also have
a benefit in patients experiencing recurrent UTIs, not just in those suffering from C. difficile
infections (Figure 4).

Stalenhoef et al. (2017) Wanget al. (2018)

* 34-year-old male with e 83-year-old female with

Biehl et al. (2018)

® 5(0-year-old female

Hocquart et al. (2019)

® 73-year-old female with

transurethral catheter 25-year UTI history and kidney transplant IBS and recurrent UTls
e After FMT, no further P recent C. diff history recipient with 2-year
aeruginosa UTls for 18 e 9 days after FMT, UTl and history of recurrent UTI ® 8monthsafter FMT,

improved IBS symptoms

C. di t d,
iff symptoms cure and no further UTls

and 25 months after FMT,
no symptom recurrence

® 9 months after FMT, no
UTI recurrence

months. 8 months after
FMT, patient had UTI from
other source

of either

Ramos-Martinez et al. (2020)

® 43-year-old female with
recurrent C. diff and 10-
year history of UTls.

® 10 months after FMT, no
further C. diff infections
or UTls

Jeney et al. (2020)

® 10female patients with
UTIs for at least 6 months

® 6 months after FMT,
median number of UTls
was 1, compared to 3
before FMT

Aira et al. (2020)

® 93-year-old female with
history of recurrent C. diff
and recurrent UTls.

® At 1 year after FMT, no
further C. diff or UTls

Figure 4. Summary of fecal microbiota transfer case studies [43—49].

A study by Stalenhoef et al. [43] presented a case report regarding a 34-year-old male
with Type 1 Diabetes Mellitus who was on peritoneal dialysis. The patient developed a
febrile urinary tract infection shortly after a transurethral catheter was placed due to neu-
rogenic bladder dysfunction. The patient was treated empirically with ceftazidime. Uri-
nary cultures, as well as rectal swabs and the catheter exit site, were positive for blaVIM
carbapenemase-producing P. aeruginosa, which is resistant to many antibiotics. The pa-
tient was treated with IV colistin for two weeks. The same infection recurred two times
after that, and the patient was treated similarly. After the third infection, the treatment was
altered. It was thought that this was a case of reinfection from gut bacteria. The patient was
therefore scheduled for FMT. Six weeks after the last colistin course, the fecal microbiota
transfer was infused. The fecal donor was an unrelated healthy volunteer. The recipient un-
derwent a full colon lavage, after which 300 mL of fecal suspension was infused in his duo-
denum through a nasoduodenal tube. Stool samples were collected from the patient prior
to infusion, and after 1 week, 2 weeks, 1 month, 2 months, and 3 months, and the samples
were screened for the presence of multidrug-resistant bacteria. The only adverse event the
patient experienced was loose stools for three days. Stool culture before FMT was negative
for the strain of MDR P. aeruginosa and remained negative for the duration of follow-up (3
months). No infections due to P. aeruginosa were noted for the next 18 months.

Wang et al. presented an 83-year-old female patient with a 25-year history of recur-
rent UTIs [44]. Given the patient’s allergies to ciprofloxacin, nitrofurantoin, and sulfa
drugs, treatment options for UTIs were severely limited. UTIs were frequent, and urine
cultures showed MDR E. coli on several occasions. As time progressed, there were several
other bacteria isolated with increased levels of drug resistance; UTIs occurred more fre-
quently. For the 2 years prior to the study intervention, the patient was on continuous
antibiotic treatment. The medical leads on the case explored many methods to prevent the
UTIs from recurring, including solifenacin succinate, vaginal estrogen, increased fluid in-
take, scheduled voiding, stool softeners, methenamine hippurate, and vitamin C, but
these methods were to no avail. The patient developed several C. difficile infections and
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was treated initially with metronidazole and subsequently with oral vancomycin. The pa-
tient continued to have multiple UTIs, with decreasing intervals between episodes. After
a third C. difficile relapse, the patient was scheduled to receive a fecal microbiota trans-
plantation. Stool from an unrelated donor was administered to the patient via colonos-
copy. By 9 days after the FMT, the patient was cured of all C. difficile and UTI symptoms,
and at 25 months after the procedure, there were no recurrences. For this patient, FMT
appeared to be effective in reducing UTI recurrence.

Biehl described a case study of a 50-year-old female kidney transplant recipient on
immunosuppressive therapy [45]. The patient was experiencing recurrent UTIs for 2 years,
with the last few episodes showing presence of ESBL E. coli. Prophylactic antibiotic treat-
ment and cranberry concentrates did not prevent episodes; the patient was scheduled for
FMT based on previous case studies showing FMT as a possible method for preventing
recurrence of UTIs. Both prior to and following the FMT procedure, midstream urine sam-
ples, stool samples, and vaginal swabs were taken. These samples were used to evaluate
whether there was a successful transfer of the donor’s microbiota to the recipient. When
the patient presented for FMT, she had been asymptomatic for 2 weeks. Patient received
FMT from a healthy donor via oral administration of frozen capsulized microbiota on two
consecutive days. Nine months after the procedure, the patient had no occurrence of UTI
symptoms and did not receive antibiotics, highlighting the successful transfer of the do-
nor’s microbiota.

Hocquart described a case study of a 73-year-old woman with a past medical history
that included severe irritable bowel syndrome (IBS) and recurrent UTIs [46]. Because the
symptoms of IBS were not ceasing, it was decided that FMT would be administered. The
patient received FMT with 400 mL of fecal infusion from a healthy donor via a nasogastric
tube after a bowel lavage. The patient’s stool was collected prior to and following the
transplantation for analysis. Eight months after FMT, many favorable outcomes were
noted. The patient was having less stools per day (3—4 compared with 10-15 pre-trans-
plantation), and the stool consistency was improving. The intestinal incontinence that the
patient previously experienced decreased and correspondingly required fewer antidiar-
rheal medications. The patient had no more UTI episodes from the time of transplantation
to the time of monitoring after 8 months, and there was no bacterial growth noted in uri-
nalysis. The patient’s quality of life also improved significantly. In terms of the stool anal-
ysis, there were 12 bacteria species identified in the infusion sample that also appeared in
the post-transplantation sample. The 12 identified bacteria species were: Anaerococcus
vaginalis, Bifidobacterium longum, Campylobacter ureolyticus, Intestinimonas massiliensis, Lac-
tobacillus pentosus, Oscillibacter massiliensis, Phascolarctobacterium faecium, Prevotella denti-
cola, Provencibacter massiliensis, Streptococcus agalactiae, Streptococcus constellatus, and Strep-
tococcus parasanguinis. These 12 species had not been present prior to transplantation, sug-
gesting successful transfer of these bacteria from the donor, and were potentially being
responsible for the improved outcomes.

Ramos-Martinez described a case regarding a 43-year-old patient with a history of
recurrent C. difficile infections and a ten-year history of recurrent UTIs [47]. The urinary
tract infections were caused by different bacteria over the years. The patient had a long-
term suprapubic catheter in place, which may have contributed to the development of the
recurrent urinary tract infections. After the third episode of recurring C. difficile, the pa-
tient was scheduled to receive a fecal microbiota transfer. Patient was given fresh stool
provided by his wife, which was administered via colonoscopy. The procedure success-
fully prevented the recurrence of C. difficile; 10 months after the procedure, the patient also
had not experienced any more UTIs despite the long-term suprapubic catheter.

Jeney reported a prospective case series of 11 female patients (10 of whom completed
the study in its entirety) with a median age of 70 [48]. These women had been experiencing
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recurrent urinary tract infections while on antibiotics for at least 6 months. The investiga-
tors wanted to determine if fecal microbiota transplantation could reduce the incidence of
UTIs by restoring the normal gut microbiome. The primary outcome of the study was the
number of symptomatic UTIs that were proven by culture and treated with antibiotics for
a time span of 6 months before transplantation, compared to 6 months after transplanta-
tion. The median number of UTIs per participant before transplantation was three, com-
pared to only one after transplantation. Before transplantation, six participants had atleast
one urine culture containing extended spectrum beta-lactamase (ESBL)-producing bacte-
ria. At 3 months post transplantation, only one patient had ESBL-producing bacteria cul-
tured, and at 6 months post transplantation, two patients did. There were no significant
adverse events noted due to FMT. The study provided a strong rationale for further re-
search into this potential treatment modality.

A study by Aira focused on a 93-year-old female patient with a history of end sig-
moid colostomy for acute diverticulitis, recurrent UTIs, and recurrent C. difficile infections
treated with ciprofloxacin [49]. Traditional antibiotic treatments did not work to prevent
the recurrence of C. difficile in this patient; as such, the patient received fecal microbiota
transferences (FMTs) via colonoscopy through a colostomy. In the year after FMTs, the
patient experienced no further recurrences of C. difficile infections. Interestingly, the pa-
tient also did not experience any more urinary tract infections. In healthy humans, the GI
tract is predominately populated with Bacteroidetes and Firmicutes. In this patient’s fecal
sample, before FMTs were performed, there was marked dysbiosis, with Enterobacteri-
aceae, specifically Klebsiella, as the most predominant phyla. The samples collected after
FMTs showed a significant decrease in the abundance of Enterobacteriaceae, and an in-
crease in overall healthy microbial diversity. The fact that FMT also appeared to prevent
UTI recurrence is suggestive that there is a link between gut microbial health and the mi-
crobial health of the urinary tract.

3.6. Rare Etiologies of UTI

Sometimes, a UTI can be difficult to treat because it was caused by a bacterial species
that is not commonly implicated in UTIs, and therefore standard antibiotic treatment will
not work. Mazumder et al. [50] reported that a 63-year-old female presented to the clinic
in January 2022 with symptoms such as dysuria, mild lower abdominal pain, fever with
chills, and lethargy. Having classic symptoms of a UT], the patient was treated empirically
with intravenous ceftriaxone for seven days. This treatment did not work, and the symp-
toms persisted. The patient was admitted to the hospital, and a clean catch midstream
urine sample was cultured. The causative organism was found to be Klebsiella aerogenes, a
member of the Enterobacteriaceae family. The bacteria was resistant to most drugs tested
and was only found to be susceptible to carbapenems and polymyxins. Based on the sus-
ceptibility data, the patient was given meropenem intravenously for 14 days. The patient
was successfully treated and did not experience recurrences throughout follow-up.

A case report by Barrios-Villa et al. [51] showed another instance where bacteria not
typically causative of UTIs were isolated. A married 40-year-old female patient with renal
artery stenosis was experiencing UTI symptoms on a frequent basis (at least 5 times a year)
since having a catheter inserted 10 years prior. Her symptoms were mainly dysuria and
low volume micturition. She had repeatedly experienced negative urine cultures despite
her symptoms. Intracellular bacterial communities were found in the bladder urothelium
and had to be released in order to show a positive bacterial culture. Through various com-
plex microbiological identification methods, including Gram staining, the species respon-
sible for this urinary tract infection were identified as S. aureus, S. epidermidis, S. simulans,
and Streptococcus agalactiae. These showed resistance to some antibiotics; however, they
demonstrated susceptibility to nitrofurantoin and several other antibiotics —the patient
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was undergoing treatment with nitrofurantoin at the time the case report was written.
These bacteria are not commonly found in urinary tract infections, and this underscores
the importance of “thinking outside the box” when treating recurrent UTIs.

3.7. Emerging Preventative Treatments

Due to the growing concern of antibiotic resistance, particularly multidrug resistance,
Sihra et al. [52] explored potential preventative options. Some of these are completely nat-
ural methods and behaviors, and proper patient counseling could improve outcomes
without resorting to antibiotic use. Avoiding certain practices that have a known link to
UTlIs, such as spermicide-based contraception use, can prevent the development of UTIs
and therefore prevent the need to use antibiotics that contribute to the drug-resistance
problem. Certain dietary measures may help prevent UTIs, although these have not been
proven yet. These include proper hydration, which was only seen effective based on small,
poorly performed studies, and vitamin C intake, which has also not been thoroughly stud-
ied and cannot be labeled as effective yet. Another well-known method for prevention of
UTIs is the intake of cranberry-based products. A component in cranberries, proanthocy-
anidin, is thought to impair the adhesion of certain uropathogenic bacteria to the urinary
epithelium. As such, 240 mL of cranberry juice cocktail is thought to be sufficient to exert
this anti-adhesive effect. However, although smaller studies have shown cranberries to be
effective in reducing UTIs, randomized controlled trials have had mixed results, and there
were limitations associated with these trials; therefore, the data is not clear in either direc-
tion. However, there were few adverse events associated with cranberry use; therefore, it
can be mentioned to patients as a potential option, with the caveat that it has not been
sufficiently proven in well-powered trials.

Another method of UTI prevention discussed was probiotics (both oral and vaginal),
which did not show improvement in UTI reduction; perhaps a large-scale study would
address some of the limitations in these studies and show different results. D-mannose
has shown promise in several small in vivo trials [53]. Its mechanism of action is thought
to be mainly the inhibition of bacterial adhesion to urothelial cells, and it appears to be
effective in reducing the incidence of UTI recurrence. Methenamine hippurate, topical es-
trogen, and intravesical glycosaminoglycans (hyaluronic acid plus chondroitin sulfate)
are other options that have been studied preliminarily, but these also require larger ran-
domized studies to confirm the benefit of these agents. The common theme between these
alternative methods of UTI prevention is that they have either shown contradictory results
in different trials or have not been well-powered to detect a statistically significant result.
If future studies show some of these methods to truly reduce UTI occurrence, this could
be a major victory in the fight against antimicrobial resistance.

3.8. Microbial Treatment

In addition to the connection between gut microbiota and urinary health, as demon-
strated in the case reports of fecal microbiota transplantation, the vaginal microbiome also
contributes a vital role in urinary health. In a phase 2 randomized control trial, Stapleton
et al. demonstrated that vaginal Lactobacillus repletion after a UTI could prevent the recur-
rence of UTIs in the future [54].

A total of 100 young female patients, who were experiencing at least their second UTI
in a year (note: recurrent UTI is defined as two or more UTIs within a 6-month period, or
three or more UTlIs in a year), were enrolled in the study. At first visit, patients were
treated for their current UTI according to standard of care. Then, 7-10 days after treatment,
patients returned, and were randomized 1:1 to receive either Lactin-V, which contains a
strain of Lactobacillus crispatus from a healthy female vagina, or a placebo. Lactin-V or pla-
cebo were self-administered as an intravaginal suppository once a day for 5 days. Then,
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it was taken once a week for ten weeks. After one week, as well as at 10 weeks, patients
returned for follow-up.

In the Lactin-V group, seven patients (15%) had at least one UTI compared to 13 pa-
tients (27%) in the placebo group. In the Lactin-V group, 41 out of 48 patients displayed
high levels of L. crispatus colonization in the vagina compared to 32 in the placebo group.
The patients who received Lactin-V and displayed high levels of L. crispatus colonization
vaginally during follow-up experienced a significant reduction in UTIs.

Although this was a very small-scale study, the preliminary results can provide the
impetus for larger and longer studies. Microbiota restoration could be a very useful treat-
ment modality if further proven to be effective, especially when noting the efforts and
resources being dedicated to reducing antimicrobial resistance.

3.9. Bacteriophage Therapy

Since their initial discovery in the early 20th century, phages have been explored as
remedies for many infections, including UTIs. Several characteristics of phages make
them potential therapeutic candidates, including their specificity, safety, ubiquity, and
self-dosing (replicating) capabilities.

Biofilms in CAUTIs are notoriously difficult to treat with antibiotics, often requiring
removal of the catheter for treatment [55]. The extracellular matrix produced by the bio-
film prevents penetration of some antibiotics [13-15]. Some bacteriophages possess factors,
including cell wall degrading polysaccharide depolymerases, that enable bacterial killing
within biofilms [56-58]. Eradication of biofilms by phages has been demonstrated in vitro,
with some phages having the capacity to both disrupt established biofilms as well as in-
hibit biofilm formation on catheters [58—-60].

Initial investigations with phages demonstrated examples of positive outcomes;
however, the use of bacteriophages as therapeutics rapidly declined following the large-
scale introduction of antibiotics in the 1940s. Contributing to the decline of bacteriophage
use was the observation that bacteria can rapidly develop resistance to phage under se-
lection pressure.

Several case reports on the use of bacteriophages for urinary infections have been pub-
lished in recent years, some of which were successful while others resulted in failure [61].
Many of these case studies demonstrated how phage therapy can be complicated by the de-
velopment of phage resistance [62]. Resistance mechanisms include gene mutations, clustered
regularly interspersed short palindromic repeats (CRISPRs), and restriction-modification.

In a case study reported by Leitner et al., the investigators aimed to determine
whether bacteriophages could be effective in eradicating urinary tract infections in hu-
mans in a randomized, placebo-controlled double-blind trial [63]. Adult males who were
scheduled to get a transurethral resection of the prostate (TURP) and had developed cys-
titis before receiving the procedure were enrolled in this study. This patient population
was chosen because they are typically given a suprapubic catheter for low pressure irri-
gation, and this would enable them to receive therapy via intravesical instillation. The
patients were enrolled 1:1:1 to receive 20 mL of either a Pyo bacteriophage cocktail
(pyophage), a placebo of bacteriophage buffer, or systemically given antibiotic treatment
as standard of care via the systemic route. The pyophage cocktail was filled with individ-
ual bacteriophages that covered species, such as Enterococcus spp., Escherichia coli, Proteus
mirabilis, Pseudomonas aeruginosa, Staphylococcus spp., and Streptococcus spp. Only patients
who had UTIs caused by these pathogens were included in the study. For the pyophage
and placebo groups, intravesical instillation was performed twice a day for seven days,
starting from the day after TURP surgery. In total, 28 patients were given the pyophage
cocktail, 32 were given the placebo, and 37 were given antibiotics. At day 7 of treatment,
normalization of urine culture, as well as symptom relief, was experienced by 18% of pa-
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tients in the pyophage group, 28% of patients in the placebo group, and 35% of patients in the
antibiotics group. The difference between these groups was not considered significant. Bacte-
riophage therapy was considered non-inferior to standard antibiotic treatment, but it was not
considered superior to placebo [54]. The similar results observed between bacteriophage and
placebo may be due to the therapeutic effect of simply irrigating the bladder. Although in this
case, the study did not prove the efficacy of bacteriophage therapy; it is a concept that may be
proven effective in larger, more well-powered clinical studies.

3.10. Antimicrobial Peptides

Antimicrobial peptides (AMPs) are small, positively charged, naturally occurring
chains of amino acids that form peptides and are responsible for maintaining a healthy
biome. They are known as the human body’s “endogenous antibiotic system” due to their
broad-spectrum bactericidal effects [64]. Their ability to disrupt a bacterial cell’s mem-
brane by forming pores and making it unstable, resulting in cell death, make AMPs a vi-
able approach to overcome bacterial resistance. AMPs can be manipulated, amplified, or
synthesized to provide unconventional therapies to combat antimicrobial resistance. Am-
plification of AMP activity has been studied with histone deacetylase inhibitors (HDACis)
to evaluate if they can increase antimicrobial activity by upregulating RNase 4 and 7, the
enzymes responsible for amino acid and peptide production specifically in the urinary
tract [56]. By introducing HDACis, histone acetylation activity increased, resulting in the
promotion of RNase 4 and 7 transcription. This resulted in a quantitative boost of AMP
production in the urinary tract, exhibiting antimicrobial activity specifically toward recur-
rent UTIs [65]. These observations showed that AMP amplification could be an alternative
to traditional antibiotic therapies and thus mitigate antibiotic resistance.

Additional AMPs studied include Human Neutrophil Peptides 1-3 (HNP1-3). These
AMPs are alpha defensins that are encoded by the DEFA1A3 gene found in epithelial cells
of the human kidney collecting duct and produced in response to the presence of uropath-
ogens. The DEFA1A3 gene is associated with protection from UTIs; susceptibility to UTIs
increases when variations on the locus of this gene are observed. In an in vivo study,
transgenic mice were created harboring the DEFA1A3 gene. The transgenic mice showed
expression of HNP1-3 similar to humans. When a uropathogen was presented, namely
Escherichia coli, the expression of the AMP was significantly amplified [66].

A study focused on the genetic polymorphisms of AMP RNase 6 showed that varia-
tions in the RNase 6 gene manifested differential bactericidal activity [66]. A single nucle-
otide polymorphism resulting in a substitution of ariginine for glutamine at position 66
showed significantly less bactericidal activity, as compared to the major allele with argi-
nine. This was due to decreased lipopolysaccharide binding and bacterial agglutination,
making it less likely to attach to the bacteria’s membrane and disrupt its integrity [67].
These findings demonstrate integration of pharmacogenomics to ensure greatest efficacy.

Another study focused on the defensin AMP cathelicidin LL-37 (CAMP) and its effi-
cacy on the prevention of UTIs. CAMP, produced by the bladder’s epithelial cells and
neutrophils, creates a hole in the bacterial cell’s membrane, destroying it and preventing
the attachment of bacteria in the urinary tract. It also modulates inflammation and
strengthens naturally occurring defenses in the urinary tract. This investigation also eval-
uated a link between CAMP and vitamin D, and whether vitamin D levels had any effects
on the production of CAMP. Bladder epithelial cells were collected from postmenopausal
women. Uropathogenic E. coli was introduced and a significant upregulation of CAMP
was observed. It was suggested that vitamin D-induced CAMP inhibited Escherichia coli
biofilm formation, the most common pathogen responsible for UTIs [68]. A study address-
ing why postmenopausal women have greater incidences of UTIs found that estrogen has
the ability to amplify AMPs. Using murine models comparing ovariectomized mice to
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mice on estrogen replacement, as well as urothelial cell cultures with added 17(3-estradiol,
it was observed that estrogen not only enhanced the urinary tract epithelial by acting as a
barrier against UTIs but also upregulates the secretion of the AMPs cathelicidin and (-
defensins [69]. This suggests that hormone replacement therapy with estrogen in post-
menopausal women could be a new approach to combatting UTIs. When the urinary tract
gets invaded with uropathogenic E. coli and involves the kidneys, it results in a compli-
cated form of a UTI known as pyelonephritis. A report focusing on the body’s reaction to
pyelonephritis has also shown great evidence that antimicrobial peptides can help fight
off infection. It was observed that the urinary tract secretes AMPs, cathelicidins, - defen-
sins, and RNase peptides in particular via the bladder urothelial cells, renal tubular epi-
thelial cells, collecting duct cells, and intercalated cells. This study advocated for the kid-
neys to be recognized as an immune organ because of the endogenous AMPs ability to
disrupt the bacteria’s membrane and help fight off infection [70]. Antimicrobial peptides,
naturally produced in the body to maintain sterility, provide innate immunity and can be
manipulated or amplified to intensify their effects.

A novel approach to biofilm disruption in urinary tract infections based on using an
antimicrobial peptide (AMP) has been described [71]. Cecropin A (CecA) is an AMP de-
rived from the greater wax moth Galleria mellonella, which, through in vivo screening,
showed antibiofilm activity against uropathogenic E. coli (UPEC). In the study, CecA was
administered together with the antibiotic nalidixic acid (NAL). Aside from any synergistic
benefit, giving a patient two different antimicrobials with two completely different mech-
anisms of action could minimize the growing issue of antimicrobial resistance. With the
two antimicrobials tested together, it was observed that the minimum inhibitory concen-
tration (MIC) of both significantly decreased. The combination of CecA and NAL was
successful in inhibiting UPEC biofilm formation. The mechanism proposed, based on elec-
tron microscopy, was the combination of CecA and NAL, which targets the adhesive fila-
ments on UPEC, specifically the type I and P fimbriae, and limits UPEC’s ability to attach
to surfaces, allowing the AMP to have contact with the bacterial membrane.

3.11. Quorum Sensing

QS plays a key role in biofilm formation through controlling the production of the
extracellular polymer matrix, upregulating bacterial virulence genes, and facilitating re-
sistance to antibiotics [72].

Different bacterial genes are activated at different phases of the biofilm formation
process. An objective of the study by Alshammari was to evaluate the effects of knocking
out genes associated with the quorum sensing process on biofilm growth and applying
the approach to biofilm inhibition with urinary catheters [72]. As a model, a strain of E.
coli was used. The genome sequence of the E. coli strain ATCC 25922 encodes the genes
LuxS, fimH, and bolA. The LuxS gene is responsible for producing AI-2, which regulates QS
and stimulates the formation of the biofilm. The fimH gene produces fimbriae, which is
required for adhesion, and it also stimulates the formation of the biofilm. The bolA gene is
required for curli amyloids and fimbriae production, which also contribute to the for-
mation of the biofilm. The study design was predicated on inhibition of the growth of
biofilms by disrupting these genes. CRISPR/Cas9-homology-directed repair (HDR) tech-
nology was used for gene editing. The results demonstrated that the E. coli wherein the
genes had been knocked out was less capable of forming biofilms compared to the
wildtype, with the fimH mutants causing the most significant decrease in biofilm for-
mation. Interestingly, when this approach was tested on commercial urinary catheters,
the results similarly showed a decrease in biofilm formation with the mutant strains.
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3.12. Plant Bioactives

Several plants, including berry-derived botanicals; leaf- and herb-derived botanicals;
and seed-, root-, and resin-derived botanicals, may provide potential therapeutic agents
for UTIs due to their rich bioactive compound content, which includes phenolics, flavo-
noids, tannins, alkaloids, and essential oils [73]. Importantly, plant bioactive compounds
exert multi-dimensional antimicrobial activities, including disruption of planktonic cell
membranes, inhibition of quorum sensing and biofilm formation, and interference with
bacterial metabolism [74]. These compounds also manifest anti-inflammatory, antioxidant,
and immune-modulatory effects [75,76].

Recently, cannabis and its constituent components have been explored as potential
therapeutic agents in some disease states [77]. The cannabinoids cannabidiol (CBD) and
delta-9-tetrahydrocannabinol (THC) are the most-researched compounds found in canna-
bis plants (Figure 5). The effects of CBD and THC on the body are different. THC is psy-
choactive and affects mental processes, including mood and perception. In addition, THC
manifests neuroprotective, analgesic, antiemetic, and antiglaucoma effects [78,79]. In con-
trast to THC, CBD is a non-psychoactive ingredient and exhibits anti-inflammatory, anti-
oxidant, anticonvulsant, and neuroprotective effects, as well as decreasing THC psycho-
activity [80,81].

Structural formulas of main natural cannabinoids
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Figure 5. Cannabinoid structural formulas.

Investigations have been reported recently that describe the antimicrobial potential
of cannabinoids, which are found in cannabis plants. Results of numerous studies high-
light the putative antimicrobial applications of multiple compounds found in cannabis
plants [82]. Cannabinoids can be categorized as either endogenous or exogenous [83]. In
the treatment of microbial infections, animal studies showed that exogenous cannabinoids,
specifically Tetrahydrocannabinol (THC), can minimize resistance to numerous patho-
gens, including Listeria monocytogenes, Treponema pallidum, Legionella pneumophila, and
Staphylococcus aureus [84]. Cannabidiol (CBD), another exogenous cannabinoid, has been
studied in numerous in vitro studies. The in vitro studies demonstrated that CBD has both
bacteriostatic and bactericidal activity against several bacteria, including methicillin-sus-
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ceptible Staphylococcus aureus (MSSA), methicillin-resistant Staphylococcus aureus (MRSA),
Streptococcus mutans, and Streptococcus faecalis [82]. In a recent study, CBD and can-
nabigerol (CBG) displayed antimicrobial effects against Pseudomonas aeruginosa [85]. Inhi-
bition and eradication of P. aeruginosa biofilms with CBD have been demonstrated on soft
contact lenses [86]. Encouraging antibacterial activity with CBD has been reported with
Salmonella typhimurium and Salmonella newington [87]. The anti-biofilm activity of CBD has
also been shown for the fungal pathogen Candida albicans [88]. Cannabigerol (CBG) has
demonstrated anti-biofilm activity with S. mutans, and quorum sensing and biofilm for-
mation of Vibrio harveyi were reduced in the presence of CBG [89,90]. Cannabinoids can
also be useful for enhancing the activity of antibiotics when used together with antibiotics
[91]. Collectively, these studies identify the diverse applications of cannabinoids as anti-
microbial compounds.

Recently, integration of CBD into various drug delivery systems to enhance its ther-
apeutic efficacy and bioavailability has been investigated. 3D-printed alginate films incor-
porating CBD and nanoparticles showed potential in wound-healing applications [62].
Correspondingly, 3D-printed bigel matrices and buccal films using nanostructured lipid
carriers have resulted in improved cannabinoid delivery and patient compliance [92,93].
Moreover, 3D-printed stents with bioactive surfaces loaded with phytochemicals enabled
sustained drug release [26,94]. In an initial study evaluating 3D-printed cannabidiol stents
for UTIs, efficacy was demonstrated using the Gram-negative Escherichia coli and the
Gram-positive methicillin-resistant Staphylococcus aureus (MRSA) [95]. These results are
significant in that E. coli is highly prevalent in UTIs, and MRSA, a multidrug-resistant
pathogen, illustrated the broader antimicrobial potential of the stent.

4. Conclusions

Urinary tract infections are a serious public health problem. The potential for com-
plications, including recurrent infections, negatively impacts quality of life. Currently, an-
tibiotics are still the main therapeutic option used for the treatment of UTIs. However, the
overuse of antibiotics in humans in general has been associated with the increase in anti-
biotic-resistant infections—a major global public health concern. Similarly, treatment of
urinary tract infections has been challenging due to the increase in antimicrobial resistance.
Clearly, new approaches are required to address the fundamental microbial challenge.
Natural biologic products, including leveraging the healthy microbiome and the develop-
ment of new synthetic entities, are showing promise (Figure 6).

Alternative approaches to antibiotic treatment for the management of recurrent infec-
tions broadly, and UTIs specifically, are warranted. Preventative strategies need to be ex-
plored. Recently, the development of bacterial vaccines has been the focus of several studies
[96,97]. Vaccination against UTlIs is a viable strategy. Whether vaccination will ultimately
play arole as a standalone versus complementary strategy for CAUTI management remains
to be determined. Given the abiotic nature of indwelling catheters, vaccination may work in
combination with other methods that are designed to mitigate pathogen colonization.

Probiotics, bacteriophages, quorum sensing, antimicrobial peptides, and plant bioac-
tives show promise as prophylactics or treatments of UTIs. These approaches, when cou-
pled together with the administration of vaccines, suggest a potentially viable strategy for
combating UTlIs is possible, thereby alleviating the use of antibiotics.
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