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Abstract

Proteus mirabilis is an important opportunistic uropathogen responsible for complicated
urinary tract infections (UTIs), particularly catheter-associated urinary tract infections
(CAUTISs) and healthcare-associated infections. The increasing clinical significance of
this microorganism is associated with population aging, the widespread use of medical
biomaterials, and the growing antimicrobial resistance among hospital-acquired strains.
Urease production, swarming motility, and the ability to form crystalline biofilms play
a crucial role in the pathogenesis of infection, contributing to chronic infection, struvite

stone formation, and catheter encrustation.

The aim of this study was to review current data regarding the epidemiology, virulence mecha-
nisms, antimicrobial susceptibility, and contemporary treatment strategies for UTIs caused by
P. mirabilis, with particular emphasis on global antimicrobial resistance trends. Analysis of
the available literature indicates a worldwide increase in the prevalence of multidrug-resistant
(MDR) strains, including isolates producing extended-spectrum [-lactamases (ESBLs), AmpC
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[B-lactamases, and carbapenemases. Crystalline biofilm formation remains a major clinical

challenge, as it limits the efficacy of antimicrobial therapy and promotes recurrent infections.

Current therapeutic strategies include targeted antimicrobial therapy based on antimicrobial
susceptibility testing, as well as the development of approaches targeting biofilm formation and
bacterial virulence mechanisms. Effective prevention and management of P. mirabilis infec-
tions require continuous monitoring of local antimicrobial susceptibility patterns, strict control
of healthcare-associated infections, and further development of novel therapeutic strategies.

Keywords: Proteus mirabilis; urinary tract infections; catheter-associated infections;
crystalline biofilm; struvite urolithiasis; virulence factors; antimicrobial resistance

Abstrakt

Proteus mirabilis nalezy do istotnych oportunistycznych uropatogenéw odpowiedzial-
nych za powiktane zakazenia uktadu moczowego, szczegolnie zakazenia zwigzane z obec-
noscig cewnikéw moczowych (CAUTI) oraz zakazenia szpitalne. Rosngce znaczenie
kliniczne tego drobnoustroju wiagze si¢ ze starzeniem si¢ populacji, czgstszym stosowa-
niem biomateriatow medycznych oraz narastajaca lekooporno$cia szczepow szpitalnych.
Wazng role w patogenezie zakazen odgrywaja produkcja ureazy, zdolno$¢ do migracji
rojnej oraz tworzenie biofilmu krystalicznego, sprzyjajace przewleklemu przebiegowi

zakazen, kamicy struwitowej i inkrustacji cewnikow.

Celem pracy byt przeglad aktualnych danych dotyczacych epidemiologii, mechanizméw
wirulencji, lekowrazliwosci oraz wspotczesnych strategii leczenia zakazen uktadu moczo-
wego wywolanych przez P. mirabilis, ze szczegbdlnym uwzglednieniem $wiatowych
trendow lekoopornosci. Analiza dostgpnych badan wskazuje na globalny wzrost czgstosci
szczepow wielolekoopornych (MDR), w tym produkujacych B-laktamazy ESBL, AmpC
oraz karbapenemazy. Istotnym problemem klinicznym pozostaje biofilm krystaliczny

ograniczajacy skutecznos¢ antybiotykoterapii oraz sprzyjajacy nawrotom zakazen.

Wspolczesne strategie terapeutyczne obejmujg racjonalng antybiotykoterapi¢ opartg na
wynikach antybiogramu oraz rozwoj metod ukierunkowanych na ograniczenie biofilmu
i mechanizmow wirulencji bakterii. Skuteczne ograniczenie zakazen wywotywanych przez
P. mirabilis wymaga monitorowania lokalnych trendow lekowrazliwos$ci, kontroli zakazen

zwigzanych z opiekg zdrowotng oraz dalszego rozwoju nowych strategii terapeutycznych.

Stowa kluczowe: Proteus mirabilis; zakazenia uktadu moczowego; zakazenia zwigzane z cewni-

kowaniem; biofilm krystaliczny; kamica struwitowa; czynniki wirulencji; oporno$¢ na antybiotyki
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Introduction

Urinary tract infections (UTIs) are among the most common bacterial infections en-
countered in both community and hospital settings, constituting a significant clinical,
epidemiological, and economic burden in modern medicine [1-2]. Of particular impor-
tance are complicated UTIs and catheter-associated urinary tract infections (CAUTIs),
which account for a substantial proportion of healthcare-associated infections [3]. In recent
years, Proteus mirabilis has emerged as an increasingly important etiological agent of
UTIs, especially among hospitalized patients, chronically catheterized individuals, geria-

tric patients, and those with multiple comorbidities [4-5].

Compared with other uropathogens, P. mirabilis possesses numerous virulence mecha-
nisms that facilitate effective colonization of the urinary tract, biofilm formation, and the
development of chronic and recurrent infections [4-5]. Urease activity plays a central role
in the pathogenesis of infection by inducing urine alkalization, precipitation of magne-
sium ammonium phosphate crystals, and formation of struvite calculi [4, 6]. This process
promotes the development of crystalline biofilms on the surfaces of urinary catheters and
other medical biomaterials, thereby hindering bacterial eradication and increasing the
risk of recurrent infections [5-6]. Another factor contributing to the pathogenicity of P.
mirabilis is its swarming motility, which facilitates the colonization of solid surfaces and

dissemination within the urinary tract [4-5].

An important challenge in contemporary therapy is the increasing antimicrobial resistance of P
mirabilis [ 7-8]. Multidrug-resistant (MDR) strains producing extended-spectrum B-lactamases
(ESBLs), AmpC cephalosporinases, and carbapenemases are being identified with increasing
frequency, often demonstrating concurrent resistance to fluoroquinolones, aminoglycosides, and
trimethoprim/sulfamethoxazole [ 7-8]. Of particular clinical relevance is the intrinsic resistance
of P. mirabilis to nitrofurantoin and polymyxins, which further limits therapeutic options for
UTIs [1-2]. Another major therapeutic challenge is the ability of this pathogen to chronically
colonize medical biomaterials and persist within biofilm-associated infections [5-6].

Despite numerous studies, there remains a limited number of comprehensive reviews
analyzing the relationships between the epidemiology, virulence mechanisms, biofilm
formation, and the increasing antimicrobial resistance of P. mirabilis in UTIs. Particular
attention should be paid to contemporary epidemiological trends and therapeutic chal-
lenges associated with complicated infections and CAUTISs.

The aim of the present review is to analyze current data regarding the epidemiology, viru-

lence mechanisms, antimicrobial susceptibility, and contemporary treatment strategies for
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UTIs caused by P. mirabilis, with particular emphasis on catheter-associated infections

and the increasing antimicrobial resistance among hospital-acquired strains.

Epidemiology of Proteus mirabilis

Proteus mirabilis is an important opportunistic pathogen responsible for urinary tract
infections, wound infections, biomaterial-associated infections, and healthcare-associated
infections [4-5]. Although uropathogenic Escherichia coli remains the predominant etio-
logical agent of UTTIs, accounting for approximately 70-90% of uncomplicated infections,
the epidemiological significance of P. mirabilis has been steadily increasing, particularly
in complicated and healthcare-associated infections [2, 7].

Current data indicate that P. mirabilis accounts for approximately 1-10% of all UTlIs;
however, the prevalence of this pathogen varies considerably depending on geographic
region, type of infection, patient age, and the presence of risk factors such as chronic catheter-
ization, hospitalization, urinary outflow obstruction, and urolithiasis [7-8]. Particularly
high isolation rates have been reported among geriatric patients, chronically hospitalized
individuals, and residents of long-term care facilities [2-3].

Catheter-associated urinary tract infections remain a major clinical concern and repre-
sent one of the most common forms of healthcare-associated infections [2,3]. According
to some epidemiological analyses, P. mirabilis may be responsible for up to 10-44% of
infections associated with long-term urinary catheterization [3, 5-6]. Of particular impor-
tance are chronic and recurrent infections related to crystalline biofilm formation, which
leads to catheter encrustation and obstruction, as well as an increased risk of struvite stone
formation and urological complications [5-6].

Multidrug-resistant (MDR) strains, including isolates producing extended-spectrum B-lacta-
mases (ESBLs) and AmpC [-lactamases, are being identified with increasing frequency [7-8].
The highest prevalence of resistant strains has been reported in countries across Asia, the Middle
East, and parts of Southern Europe, and Africa [7-8]. This phenomenon is associated with exces-
sive antibiotic use, the transmission of hospital-acquired strains, and the dissemination of mobile
genetic elements responsible for the horizontal transfer of antimicrobial resistance genes [8].

Increasing attention has recently been directed toward the genomic epidemiology of P,
mirabilis, which enables the identification of clonal dissemination of high-risk strains and
facilitates monitoring of global antimicrobial resistance trends [8]. Infections caused by
P. mirabilis continue to represent a significant diagnostic and therapeutic challenge, parti-
cularly among chronically hospitalized and catheterized patients [2, 7].
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Pathogenicity of Proteus mirabilis

The pathogenicity of P. mirabilis results from the interplay of numerous virulence factors that
enable effective colonization of the urinary tract, biofilm formation, evasion of the host immune
response, and the development of chronic and recurrent infections [9-10]. The most important
pathogenic mechanisms include the ability to adhere to epithelial cells and medical biomate-
rials, swarming motility, urease activity, toxin production, and crystalline biofilm formation
[4, 9, 11]. The coordinated action of these mechanisms enhances bacterial persistence within

the urinary tract and significantly impairs effective eradication of the infection.

The major virulence factors of P. mirabilis involved in urinary tract colonization and

infection development are presented in Figure 1.
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Adhesion and Colonization Mechanisms

An important stage in the development of P. mirabilis infection is bacterial adhesion to
urinary tract epithelial cells and the surfaces of medical biomaterials [4-5, 12]. This process
is mediated by numerous surface structures, primarily fimbriae, which are involved in
uroepithelial colonization and biofilm formation [4, 12]. The best-characterized adhesive
structures include MR/P fimbriae (mannose-resistant Proteus-like fimbriae), PMF (P. mira-
bilis fimbriae), and UCA/NAF (uroepithelial cell adhesin/non-agglutinating fimbriae), all
of which play a significant role in the pathogenesis of urinary tract infections and catheter-

-associated infections [4, 12].

Fimbriae also participate in bacterial binding to extracellular matrix proteins such as
collagen and fibronectin, thereby enhancing the ability of the microorganism to colo-
nize damaged tissues and biomaterial surfaces [4]. As a result, P. mirabilis can effec-
tively persist on the surfaces of urinary catheters and other medical devices, promoting
the development of healthcare-associated infections [5].
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Figure 2. Swarming cycle of Proteus mirabilis, showing differentiation, migration, and consolidation
phases (author’s own work; the figure was created with the assistance of artificial intelligence tools) [4-5,
12-14].
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Another important element of pathogenesis is the presence of flagella, which enable active
bacterial migration within the urinary tract [4-5, 13]. Motility increases the ability of the
pathogen to ascend into the upper urinary tract, thereby facilitating the development of
pyelonephritis [13].

A characteristic feature of P. mirabilis is its ability to exhibit swarming motility, a process
involving the cyclic differentiation of vegetative cells into elongated, hyperflagellated
swarmer cells capable of intensive migration across solid surfaces [4-5]. This mechanism
plays a crucial role in urinary tract colonization, the dissemination of infection, and the
regulation of genes associated with virulence and biofilm formation [4-5, 14]. Alterna-
ting phases of migration and consolidation result in the characteristic concentric growth
pattern referred to as “swarming” [4-5].

Figure 2 presents a schematic representation of the swarming motility cycle character-

istic of P. mirabilis.

Urease and Struvite Urolithiasis

One of the most important virulence factors of P. mirabilis is urease [4-5]. This enzyme
catalyzes the hydrolysis of urea into ammonia and carbon dioxide, leading to urine alka-
lization [9-10]. Elevated urinary pH promotes the precipitation of mineral salts, primarily
magnesium ammonium phosphate (struvite) and calcium apatite, resulting in the forma-

tion of infection-related urinary calculi [9, 12].

The resulting deposits may develop into large staghorn calculi that occupy the renal collect-
ing system, causing damage to the urinary tract epithelium, urinary outflow obstruction,
and chronic inflammation [6, 10]. Urease activity also plays a key role in the formation
of crystalline biofilm on the surfaces of urinary catheters [5-6]. This process contributes
to biomaterial encrustation, catheter obstruction, and the persistence of chronic and recur-
rent urinary tract infections [9, 11, 15].

Mechanisms of Tissue Damage and Immune Evasion

P. mirabilis produces numerous factors that contribute to host tissue damage and enable
evasion of the immune response [4-5]. Hemolysins play a particularly important role by
forming pores in host cell membranes, thereby exerting cytotoxic effects and causing
cellular damage [4-5]. These mechanisms enhance the ability of the bacterium to dis-
seminate within the urinary tract and sustain the inflammatory process.
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Another important pathogenic factor is the metalloprotease ZapA, which is involved in
the degradation of immunoglobulins and modulation of the host immune response [4,
14]. This enzyme may impair the effectiveness of local defense mechanisms and promote
the chronic persistence of infection [14]. The combined activity of toxins, proteases, and
adaptive mechanisms increases the ability of P. mirabilis to survive under unfavorable

environmental conditions and maintain chronic inflammation [5-6, 14].

Biofilm Formation and Biomaterial-Associated Infections

The ability to form biofilm constitutes one of the most important pathogenic features of
P. mirabilis [5-6, 16]. Biofilms are structured communities of bacterial cells embedded
within an extracellular matrix that provides protection against antimicrobial agents and
host defense mechanisms [6, 10-11]. Of particular clinical importance are biofilms develop-
ing on the surfaces of urinary catheters and other medical biomaterials [9-10, 16].

A characteristic feature of P. mirabilis is its ability to produce crystalline biofilms asso-
ciated with urease activity and urine alkalization [5-6, 10]. Mineral deposition within the
biofilm leads to catheter encrustation and lumen obstruction, impaired urinary drainage,
and an increased risk of recurrent infections and pyelonephritis [10, 15].

Figure 3 illustrates the mechanism of catheter-associated urinary tract infection (CAUTI)

caused by P. mirabilis.

Pathogenesis of Catheter-Associated Urinary Tract Infection (CAUTI)
Caused by Proteus mirabilis
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Figure 3. Pathogenesis of catheter-associated urinary tract infection (CAUTI) caused by Proteus mirabilis
(author’s own work; the figure was created with the assistance of artificial intelligence tools) [5-6, 9-11, 15-16].
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Chronic colonization of the urinary tract may result in vesicoureteral reflux, bladder
distension, and, in severe cases, bacteremia, sepsis, and endotoxic shock [10]. Biofilm
formation limits antibiotic penetration and protects bacteria from host immune mecha-

nisms, thereby promoting the persistence of chronic infections [6, 11].

Microorganisms residing within biofilms exhibit substantially lower susceptibility to
antimicrobial agents than their planktonic counterparts [6, 17-18]. This phenomenon
results both from the limited penetration of antimicrobial substances through the biofilm
matrix and from the presence of persister cells [17-18]. Consequently, biofilm formation
represents one of the major survival mechanisms of P. mirabilis and a significant factor
complicating the effective treatment of infections [6, 11,19].

Figure 4 presents a schematic representation of crystalline biofilm formation leading to
urinary catheter encrustation and obstruction.

Crystalline Biofilm Formation on a Urinary Catheter
Cross-section of catheter encrustation by Proteus mirabilis
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Figure 4. Crystalline biofilm formed by Proteus mirabilis on a urinary catheter leading to obstruction
(author’s own work; the figure was created with the assistance of artificial intelligence tools) [6, 11, 17-19].

Quorum Sensing and Adaptive Mechanisms

An important component of virulence regulation in P. mirabilis is the quorum sensing
(QS) system, a cell-to-cell communication mechanism dependent on bacterial population
density [5, 14]. This system is involved in the regulation of genes associated with biofilm
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formation, swarming motility, adhesion to medical biomaterials, and the production of
virulence factors [5-6, 14].

In P. mirabilis, quorum sensing systems based on the Al-1 and AI-2 autoinducers have
been described, involving LuxR-type regulators and the /uxS gene [14, 20]. These mecha-
nisms play a significant role in bacterial adaptation to the urinary tract environment and

in the persistence of chronic catheter-associated infections [14].

Increasing attention has also been directed toward the role of metallophores, molecules
responsible for metal ion binding and transport [4-5]. These mechanisms enable bacterial
survival under conditions of limited micronutrient availability within the host organism,

thereby enhancing adaptive capacity, biofilm survival, and pathogenic potential [4, 6].

Contemporary studies further suggest that quorum sensing systems may represent poten-
tial targets for novel therapeutic strategies based on quorum quenching approaches aimed
at inhibiting biofilm formation and reducing the expression of virulence factors [6, 21].

Table 1 summarizes the major virulence mechanisms of P. mirabilis and their role in the

pathogenesis of urinary tract infections.

Table 1. Key virulence determinants of Proteus mirabilis and their clinical significance [4-6, 9-10, 14]

Virulence mechanism

Biological significance

Clinical significance

Urease Urea hydrolysis and urine alkalization | Struvite urolithiasis, catheter encrustation

and obstruction

Swarming motility Active bacterial migration across solid | Spread of infection within the urinary tract

surfaces
MR/P, PMF, UCA/NAF | Adhesion to uroepithelium and | Catheter colonization and CAUTI
fimbriae biomaterials development

Biofilm formation

Protection of bacteria against antibiotics
and immune response

Chronic and recurrent infections

Crystalline biofilm

Precipitation of mineral crystals within
the biofilm

Catheter obstruction and chronic colonization

Hemolysins

Host cell damage

Increased inflammation and tissue damage

ZapA metalloprotease

Degradation of immunoglobulins and
modulation of the immune response

Maintenance of chronic infection

Quorum sensing

Regulation of virulence and biofilm gene
expression

Bacterial adaptation to chronic infection

Urinary tract infections caused by Proteus mirabilis

Proteus mirabilis is a significant etiological agent of urinary tract infections (UTIs), parti-

cularly complicated, recurrent, and catheter-associated urinary tract infections (CAUTIs)
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[2, 4-5]. Although uropathogenic Escherichia coli (UPEC) remains the predominant
uropathogen, the clinical relevance of P. mirabilis is escalating, specifically within hospi-
talized, geriatric, and chronically catheterized patient populations. Furthermore, its preva-
lence is higher among patients with comorbidities, such as diabetes mellitus, neurological
disorders, urolithiasis, or urinary tract obstruction [2, 4-5]. Contemporary epidemio-
logical data indicate that UTIs are among the most prevalent bacterial infections globally,
with their incidence rising notably among the elderly and patients requiring long-term
medical care [22].

The human gastrointestinal tract is considered the natural reservoir of P. mirabilis, from
which the bacteria can periodically colonize the area around the urethral meatus and
subsequently migrate to the urinary bladder via the ascending route [4-5]. This mechanism
is particularly significant in catheterized patients, as the presence of a biomaterial promotes
bacterial adhesion and initiates biofilm formation [5, 10]. The risk of bacteriuria increases
with the duration of catheterization; in long-term catheterized individuals, chronic colo-

nization of the urinary tract and recurrent episodes of CAUTIs are very common [23].

The significance of P. mirabilis in catheter-associated infections stems primarily from its
ability to produce urease and form crystalline biofilms [6, 10]. According to the current
guidelines of the European Association of Urology (EAU), the presence of urease-positive
bacteria, such as P. mirabilis, should prompt a diagnostic investigation for urolithiasis [2].

The clinical presentation of infections caused by P. mirabilis is diverse and includes
cystitis, pyelonephritis, catheter-associated infections, and severe invasive infections
such as bacteremia and urosepsis. Asymptomatic bacteriuria caused by P. mirabilis is
also frequently diagnosed [4, 10]. The highest risk of a severe clinical course applies to
elderly, chronically hospitalized, and immunocompromised patients, as well as to those
with long-term indwelling urinary catheters [10]. Moreover, CAUTI remains one of the
most common forms of healthcare-associated infections and a significant cause of second-
ary nosocomial bloodstream infections [3, 23].

In recent years, the increasing antimicrobial resistance of P. mirabilis strains has gained
clinical importance [7-8]. An increase in the frequency of multidrug-resistant (MDR)
strains is observed, including those producing ESBL beta-lactamases, AmpC-type cephalo-
sporinases, and enzymes associated with carbapenem resistance [7-8]. Genomic analyses
indicate that the spread of resistance is linked to both the clonal transmission of hospital
strains and the presence of mobile genetic elements responsible for the transfer of resistance
genes [8]. This phenomenon limits the effectiveness of empirical therapy and increases
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the importance of monitoring local susceptibility profiles and rationalizing antibiotic
therapy [2, 7-8].

In addition to urinary tract infections, P. mirabilis can also cause infections of wounds,
skin, soft tissues, the respiratory system, and the eyes, as well as invasive infections [5,
24]. However, from the perspective of modern clinical epidemiology, the greatest signifi-
cance of this microorganism is associated with complicated urinary tract infections, infec-
tions related to the presence of medical biomaterials, and nosocomial infections [5, 24].
Particular therapeutic challenges arise from the co-occurrence of biofilm-forming ability

and the increasing antimicrobial resistance of P. mirabilis strains [6-8].

Contemporary epidemiological trends indicate that infections caused by P. mirabilis
remain a significant diagnostic and therapeutic challenge, requiring continuous monito-
ring of local susceptibility trends, rationalization of antibiotic therapy, and more effective
prevention strategies for healthcare-associated infections [2, 7-8].

Antimicrobial susceptibility and resistance mechanisms of Proteus mirabilis

The increasing antimicrobial resistance of clinical P. mirabilis strains represents one of
the most significant challenges in treating urinary tract infections and healthcare-asso-
ciated infections [7-8, 25]. Multidrug-resistant (MDR) strains are of particular importance,
especially those isolated from hospitalized and long-term catheterized patients [7, 10].
The most critical resistance mechanisms include the production of extended-spectrum
B-lactamases (ESBLs), AmpC-type cephalosporinases, and carbapenemases [7-8, 25].

The resistance mechanisms of P. mirabilis include, among others, the presence of efflux
pumps, reduced permeability of cell envelopes, and the transfer of resistance genes via
plasmids and other mobile genetic elements [6, 8, 25]. ESBL — and AmpC-producing
strains frequently exhibit multidrug resistance that also encompasses fluoroquinolones,
trimethoprim/sulfamethoxazole, and aminoglycosides [7, 25].

The key mechanisms of P. mirabilis resistance to B-lactam antibiotics are presented in
Figure 5.

Antimicrobial susceptibility profiles of P. mirabilis show significant regional differences.
Higher percentages of MDR strains are reported, among others, in countries of Asia, the
Middle East, and parts of Southern Europe, and Africa [7-8]. This phenomenon is linked
to antibiotic selection pressure, the transmission of hospital strains, and the global dis-

semination of mobile resistance determinants [8, 25].
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Biofilm remains a significant factor complicating effective therapy, as it reduces bacterial
sensitivity to antibiotics and promotes the persistence of infection [6, 11]. Therefore, the
interpretation of antimicrobial susceptibility should also take into account the presence
of catheters and other medical biomaterials [6, 10].

Mechanisms of B-lactam Resistance in Proteus mirabilis
Role of ESBLs and AmpC B-lactamases

1. ESBL PRODUCTION 2. AmpC B-LACTAMASE PRODUCTION
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KEY MESSAGE: ESBLs and AmpC [i-lactamases are major mechanisms of -lactam resistance in Proteus mirabilis, leading to limited therapeutic options and treatment challenges.

Figure 5. Mechanisms of p-lactam resistance in Proteus mirabilis, including ESBL and AmpC B-lact-
amase production (author’s own work; the figure was created with the assistance of artificial intelligence
tools) [6-8, 25].

Contemporary therapeutic trends and treatment of infections caused by
Proteus mirabilis

The treatment of infections caused by P. mirabilis requires consideration of the nature of
the infection, local antimicrobial susceptibility profiles, the presence of MDR risk factors,
and the potential for biofilm formation [2, 6-7, 10]. It is particularly important to distin-
guish between uncomplicated and complicated infections, especially those associated
with catheterization, urolithiasis, hospitalization, or prior antibiotic therapy [2, 7, 10].
In such cases, targeted therapy based on culture and antimicrobial susceptibility testing
(AST) results is of key importance [2, 7].
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Empirical therapy of urinary tract infections caused by Proteus mirabilis

The selection of empirical therapy for urinary tract infections caused by P. mirabilis should
take into account local antimicrobial susceptibility profiles, the nature of the infection, and
the presence of risk factors for infections with resistant strains [2, 7-8]. Previous antibiotic
therapy, hospitalization, catheterization, and urolithiasis are of particular importance [2, 26].

In the case of uncomplicated lower urinary tract infections, second — and third-generation
cephalosporins, aminopenicillins with beta-lactamase inhibitors, and fluoroquinolones
may remain effective; however, their empirical use should be limited in regions with
a high percentage of resistant strains [7, 25]. P. mirabilis exhibits intrinsic resistance to
nitrofurantoin and polymyxins; therefore, these drugs should not be used in the therapy

of infections caused by this microorganism [10, 25].

In a study conducted in China among patients with urolithiasis, carbapenems, cefopera-
zone with sulbactam, and amikacin showed the highest activity against P. mirabilis strains.
The percentage of susceptible strains was approximately 94—100% for meropenem and
cefoperazone with sulbactam, and approximately 98% for amikacin [27]. Lower suscepti-
bility was observed for ciprofloxacin, ampicillin, and trimethoprim/sulfamethoxazole [27].
Similar trends were observed in studies conducted in Middle Eastern countries, where the
increasing frequency of MDR strains was associated with high resistance to fluoroquino-
lones and third-generation cephalosporins [7].

In epidemiological analyses conducted in Brazil, P. mirabilis strains isolated from community-
-acquired urinary tract infections showed high susceptibility to carbapenems, piperacillin
with tazobactam, amikacin, and amoxicillin with clavulanic acid [28]. At the same time,
regional differences regarding resistance to fluoroquinolones and trimethoprim/sulfamethoxa-
zole were observed, highlighting the need to monitor local epidemiological trends [7-8, 28].

The data in Table 2 were compiled based on current epidemiological studies and regional
analyses of P. mirabilis antimicrobial susceptibility and resistance.

In Poland, the problem of P. mirabilis antimicrobial resistance primarily concerns health-
care-associated infections and catheter-associated infections [19, 31]. Studies conducted
at the Masovian Specialist Hospital in Radom showed the susceptibility of P. mirabilis
strains to aminoglycosides at approximately 59%, to -lactams at approximately 70%,
and to fluoroquinolones at approximately 50% [32]. Strains producing ESBL, AmpC,
and carbapenemases are also identified in Polish centers, which may significantly limit
the effectiveness of empirical therapy [32-33].
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Table 2. Global trends in antimicrobial susceptibility and resistance of Proteus mirabilis in selected
regions of the world [7-8, 19, 25, 27-32].

World Dominant epidemiological Most frequently observed Key clinical trends
region problems resistance

Asia High percentage of MDR and Fluoroquinolones, Increase in CAUTI-related
ESBL strains and infections third-generation cepha- infections and ESBL-pro-
associated with urolithiasis losporins, trimethoprim/ ducing strains

sulfamethoxazole

Middle Rapid spread of MDR and B-lactams, fluoroquino- Increase in infections among

East AmpC strains in nosocomial lones, aminoglycosides hospitalized and long-term
infections catheterized patients

Europe Increasing frequency of infec- | Fluoroquinolones, cephalo- | Growing significance of
tions associated with medical sporins, trimethoprim/ AmpC strains and chronic
biomaterials and biofilm sulfamethoxazole CAUTI

South Regional differences in antimi- | Third-generation cephalo- | Maintaining high efficacy of

America crobial susceptibility, increase | sporins, fluoroquinolones carbapenems and amikacin
in nosocomial infections

North Increase in infections associ- Fluoroquino- Greater importance of anti-

America ated with long-term care and lones, trimethoprim/ microbial stewardship and
biomateriale sulfamethoxazole targeted therapy

Poland Increase in nosocomial infec- Fluoroquinolones, 3-lac- Rising frequency of MDR
tions caused by ESBL and tams, aminoglycosides strains in catheter-associated
AmpC strains infections

In complicated infections, particularly those associated with the presence of urinary cathe-
ters, infectious urolithiasis, or hospitalization, targeted treatment based on antimicrobial
susceptibility testing (AST) results is preferred [2, 7, 26]. Depending on the susceptibility
profile, carbapenems, piperacillin with tazobactam, aminoglycosides, or other B-lactams
active against the specific isolate may be used [2, 7, 26]. In cases of infections associated
with long-term catheterization, an essential element of management remains the removal or

replacement of the catheter and the elimination of factors obstructing urinary flow [2, 10].

Rational antibiotic therapy based on AST results and clinical assessment of the patient is
crucial in limiting the selection of MDR strains [2, 25]. The interpretation of antimicrobial
susceptibility should take into account, among other factors, the presence of a catheter,

biofilm, urolithiasis, and prior exposure to antibiotics [2, 6, 10].

New therapeutic directions and the future of treating infections caused by
Proteus mirabilis

The increasing frequency of MDR strains and the limited effectiveness of antibiotic
therapy in biofilm-associated infections have intensified interest in strategies targeting
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virulence mechanisms and the colonization of medical biomaterials [6, 8, 25]. Contem-
porary research also focuses on limiting mechanisms that promote the chronic and recur-
rent course of infections [6, 21].

One of the developing fields is quorum quenching strategies, which involve inhibiting
the quorum sensing mechanisms responsible for regulating biofilm formation, swarming
motility, and the expression of virulence factors [5, 14, 21]. Experimental studies indi-
cate that quorum sensing inhibitors can limit the bacteria’s ability to colonize the urinary
tract and potentially increase the effectiveness of conventional antibiotic therapy [14, 21].

Another significant research direction involves urease inhibitors, which aim to reduce
urine alkalization, the formation of struvite stones, and the development of crystalline
biofilms [4, 6]. Inhibiting urease activity may decrease the risk of catheter encrustation
and limit the chronic colonization of the urinary tract by P. mirabilis [6].

Increasing attention is also being paid to phage therapy as a potential method supporting
the treatment of infections caused by MDR strains [6, 34-36]. Bacteriophages demon-
strate the ability to selectively destroy bacterial cells, including those within biofilms,
which may be significant in treating infections associated with medical biomaterials [6].
However, phage therapy still requires further clinical trials and the standardization of
therapeutic procedures [34-36].

Modern CAUTI prevention strategies also include the development of biomaterials that
limit bacterial adhesion and biofilm formation [10, 23]. Research covers, among others,
hydrogel coatings, silver ion-impregnated surfaces, metal nanoparticles, and materials
releasing antimicrobial substances [10, 23]. Particularly promising are solutions that modu-

late the urinary tract microenvironment and limit the encrustation of biomaterials [23].

Adjunctive therapies, including phytotherapy, anti-biofilm compounds, and immuno-
modulatory strategies, remain subjects of experimental and clinical research [6, 37].
Currently, they should not replace standard antibiotic therapy; however, in the future, they

may become an element of combination therapy for chronic and recurrent infections [6].

The future of treating infections caused by P. mirabilis will likely be based on a combina-
tion of targeted therapy with methods limiting biofilm formation, urease activity, quorum
sensing communication, and the colonization of medical biomaterials [6, 8, 21]. Limiting
the selection of MDR strains and more effective control of healthcare-associated infec-
tions will also be of key importance [2, 10, 25].
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Discussion
The growing importance of Proteus mirabilis as a nosocomial pathogen

Analysis of available data indicates that the clinical significance of P. mirabilis extends
beyond classic urinary tract infections. This microorganism should increasingly be consi-
dered in the context of healthcare-associated infections, particularly in long-term cathe-
terized, hospitalized, geriatric patients, and those with comorbidities [2, 5, 10]. From
the perspective of clinical practice, the combination of three phenomena is especially
significant: the presence of a biomaterial, the bacteria’s ability for chronic colonization,
and increasing antibiotic resistance. The convergence of these mechanisms promotes the
chronic course of infections and increases the risk of treatment failure [5-6, 10].

Global trends in antimicrobial resistance

The rise of resistance among Enterobacterales constitutes one of the most significant
challenges in modern medicine and public health [29-30]. In the case of P. mirabilis, the
increasing frequency of MDR strains is of particular importance, especially among hospital
isolates and strains derived from patients with long-term indwelling urinary catheters [7-8].
Strains producing ESBLs, AmpC, and carbapenemases, which often exhibit simultaneous
resistance to multiple antibiotic classes, are of particular clinical significance [7-8, 25].

Data from various regions of the world indicate significant heterogeneity in antimicro-
bial susceptibility profiles, which limits the possibility of creating universal empirical
therapy regimens [7-8]. Crucially, global genomic analyses confirm the involvement of
both clonal transmission and mobile genetic elements in the spread of resistance [8]. In
practice, this necessitates combining classic microbiological diagnostics with the monito-
ring of local epidemiological trends and, in selected situations, molecular methods [2, 8].

The significance of biofilm in the chronic course of infections

Biofilm remains one of the key factors determining the chronic and recurrent nature of
infections caused by P. mirabilis [6, 11]. In contrast to many other uropathogens, a crystal-
line biofilm is of particular importance, as its formation is linked to urease activity and
urine alkalization [6, 10]. The consequences of this process include catheter encrustation,
the obstruction of urinary flow, the risk of infectious urolithiasis, and the reduced effec-

tiveness of antibiotic therapy itself [2, 10].

In clinical practice, the presence of a biofilm can limit treatment efficacy despite the appar-

ent susceptibility of the strain in in vitro testing [6, 11, 38]. This phenomenon is associated



140 ZUZANNA TRZESNIEWSKA-OFIARA, MARIOLA MENDRYCKA

with impaired antibiotic penetration and the presence of persister cells [6, 11]. Therefore,
the treatment of catheter-associated infections should include not only the selection of an
antibiotic but also an assessment of the necessity to replace or remove the catheter and

the exclusion of urinary flow obstruction [2, 10].

Therapeutic implications and the importance of diagnostics

Modern treatment of infections caused by P. mirabilis should be based on clinical risk
assessment and the current antimicrobial susceptibility profiles of local strains [2, 7, 25].
Particular caution is required when using fluoroquinolones and trimethoprim/sulfame-
thoxazole in regions with a high percentage of resistant strains [2, 7]. It is equally impor-
tant to consider the intrinsic resistance of P. mirabilis to nitrofurantoin and polymyxins

to avoid ineffective empirical therapy [10, 25].

From the perspective of laboratory diagnostics, it is crucial not only to identify the species
but also to detect resistance mechanisms and properly interpret culture results in a clinical
context [2, 8]. A particular diagnostic challenge remains the differentiation between colo-
nization and infection in long-term catheterized patients. The interpretation of microbio-
logical results should take into account clinical symptoms, the duration of catheterization,

the presence of biomaterials, and prior antibiotic therapy [2, 10].

Directions for further research and therapy development

In recent years, strategies aimed not only at eliminating bacteria but also at limiting the
mechanisms responsible for the chronic nature of infection have gained increasing impor-
tance [6, 21, 23]. Particularly promising is research on quorum sensing inhibitors, urease
inhibitors, phage therapy, nanomaterials, and biomaterials that limit bacterial adhesion
and biofilm formation. While these methods do not currently replace standard antibiotic
therapy, they may become an essential component of combination therapy for chronic and
recurrent infections in the future [6, 21, 23]. Another crucial direction is the development
of genomic epidemiology, which enables the identification of clonal spread of strains and
the monitoring of mobile resistance determinants [8]. The integration of clinical, micro-
biological, and molecular data can improve the effectiveness of epidemiological surveil-
lance and enable a more precise selection of therapy [2, 8].

In summary, P. mirabilis remains a pathogen of growing clinical significance, whose
complexity arises from the coexistence of several phenomena: the ability to form crystal-
line biofilms, its involvement in healthcare-associated infections, and increasing antimi-
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crobial resistance. Among the most important challenges for modern medicine are the
reduction of catheter-associated infections, the monitoring of MDR strains, and the deve-
lopment of more effective therapeutic and preventive strategies [2, 6-8, 10].

Conclusions

Proteus mirabilis remains a significant etiological factor in complicated urinary tract
infections, particularly those associated with the presence of urinary catheters and health-
care-associated infections. The clinical significance of this microorganism is increasing,
especially among hospitalized, geriatric, and long-term catheterized patients. Mechanisms
related to urease activity, biofilm formation, and the colonization of medical biomaterials
play a vital role in the pathogenesis of these infections, promoting a chronic course and

disease recurrence [5-6, 10].

The increasing antimicrobial resistance of P. mirabilis strains, including MDR strains
producing ESBL, AmpC, and carbapenemases, remains a significant problem in modern
therapy [7-8]. Effective treatment of infections requires considering local susceptibility
trends, antimicrobial susceptibility testing results, and the rationalization of antibiotic
therapy. In biofilm — and catheter-associated infections, antibiotic therapy alone may be
insufficient without the simultaneous elimination of factors promoting the persistence of
the infection [2, 10]. Increasing importance is also being attributed to new therapeutic
strategies targeting the biofilm, quorum sensing, and urease, as well as the reduction of

medical biomaterial colonization [6, 21, 23].

In summary, infections caused by P. mirabilis remain a major diagnostic and therapeutic
challenge in modern medicine. Reducing the incidence of these infections requires close
clinical-laboratory cooperation, the monitoring of local susceptibility trends, and the deve-

lopment of more effective therapeutic and preventive strategies.

Limitations of the study

This work is a narrative literature review and does not constitute a meta-analysis or a syste-
matic review of studies. The analyzed data originate from studies conducted in various
regions of the world, utilizing different diagnostic methods and susceptibility assessment
criteria, which may hinder direct comparison of the results. Additionally, some of the
available epidemiological data concerning P. mirabilis are regional in nature and may

not fully reflect the global situation.



142

ZUZANNA TRZESNIEWSKA-OFIARA, MARIOLA MENDRYCKA

References

1.

10.

11.

12.

13.

14.

15.

16.

Bennett JE, Dolin R, Blaser MJ, editors. Mandell, Douglas, and Bennett’s Principles and Practice of
Infectious Diseases. 9th ed. Philadelphia: Elsevier; 2020.

Kranz J, Bartoletti R, Bruyere F, Cai T, Geerlings S, Koves B, et al. European Association of Urology
Guidelines on Urological Infections: Summary of the 2024 Guidelines. Eur Urol. 2024 Jul;86(1):27-41.
doi: 10.1016/j.eururo.2024.03.035.

McGloin JM, Gordon P, Feeser B, Anderson J, Joyner S, Bentick J, et al. Catheter-associated urinary
tract infection (CAUTI) reduction in a neuroscience intensive care unit: a multidisciplinary approach.
Am J Infect Control. 2024;52(3):368-370. doi:10.1016/j.ajic.2023.11.016.

Chakkour M, Hammoud Z, Farhat S, El Roz A, Ezzeddine Z, Ghssein G. Overview of Proteus mira-
bilis pathogenicity and virulence: insights into the role of metals. Front Microbiol. 2024;15:1383618.
doi:10.3389/fmicb.2024.1383618.

Yang A, Tian Y, Li X. Unveiling the hidden arsenal: New insights into Proteus mirabilis virulence in
UTIs. Front Cell Infect Microbiol. 2024;14:1465460. doi:10.3389/fcimb.2024.1465460.

Kynshi MAL, Kharkamni E, Borah V'V. Proteus mirabilis: insights into biofilm formation, virulence mech-
anisms, and novel therapeutic strategies. Microbe. 2025;7:100450. doi:10.1016/j.microb.2025.100450.

Hafiz TA, Alghamdi GS, Alkudmani ZS, Alyami AS, AlMazyed A, Alhumaidan OS, et al. Multidrug-re-
sistant Proteus mirabilis infections and clinical outcome at tertiary hospital in Riyadh, Saudi Arabia.
Infect Drug Resist. 2024;17:571-581. doi:10.2147/IDR.S448335.

Zhang P, Cheng Z, Cao Y, Liu S, Zhao M. Genomic epidemiology of antimicrobial resistance in Proteus
mirabilis: core genome and plasmid-mediated drivers. BMC Microbiol. 2026;26:89. doi:10.1186/
s12866-025-04651-8.

Yuan F, Huang Z, Yang T, Wang G, Li P, Yang B, et al. Pathogenesis of Proteus mirabilis in catheter-as-
sociated urinary tract infections. Urol Int. 2021;105(5-6):354-361. doi: 10.1159/000514097.

Tegegne DT, Abbott 1], Pozniak B. Catheter-associated urinary tract infections: understanding the interplay between
bacterial biofilm and antimicrobial resistance. Int J Mol Sci. 2025;26(18):9193. doi:10.3390/ijms26189193.

Wasfi R, Hamed SM, Amer MA, Fahmy LI. Proteus mirabilis biofilm: development and therapeutic
strategies. Front Cell Infect Microbiol. 2020;10:414. doi:10.3389/fcimb.2020.00414.

Armbruster CE, Mobley HLT, Pearson MM. Pathogenesis of Proteus mirabilis infection. EcoSal Plus.
2018;8(1):ESP-0009-2017. doi:10.1128/ecosalplus. ESP-0009-2017.

Schaffer JN, Pearson MM. Proteus mirabilis and urinary tract infections. Microbiol Spectr. 2015;3(5):UTI-
0017-2013. doi:10.1128/microbiolspec.UTI-0017-2013.

Yang A, Cai Y, Zhang Z, Xu Y, Shen C, Wang W, et al. Decoding the regulatory networks of Proteus
mirabilis under succinic acid stress: a multi-omics approach. Front Cell Infect Microbiol. 2025 Oct
3;15:1650340. doi: 10.3389/fcimb.2025.1650340.

Stickler DJ. Bacterial biofilms in patients with indwelling urinary catheters. Nat Clin Pract Urol.
2008;5(11):598-608. doi:10.1038/ncpuro1231.

Trze$niewska-Ofiara Z, Mendrycka M, WozZniak-Kosek A. Bacterial biofilm as a contributor to urinary
tract infection. Biul Gt Bibl Lek. 2025;384:83-102. doi:10.2478/bgbl-2025-0008.



PROTEUS MIRABILIS IN URINARY TRACT INFECTIONS: PATHOGENESIS... 143

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Heiby N, Bjarnsholt T, Givskov M, Molin S, Ciofu O. Antibiotic resistance of bacterial biofilms. Int J
Antimicrob Agents. 2010;35(4):322-332. doi:10.1016/j.ijjantimicag.2009.12.011.

Tseng BS, Zhang W, Harrison JJ, Quach TP, Song JL, Penterman J, et al. The extracellular matrix
protects Pseudomonas aeruginosa biofilms by limiting the penetration of tobramycin. Environ Micro-
biol. 2013;15(10):2865-2878. doi:10.1111/1462-2920.12155.

Filipiak A, Chrapek M, Literacka E, Wawszczak M, Gluszek S, Majchrzak M, et al. Pathogenic factors
correlate with antimicrobial resistance among clinical Proteus mirabilis strains. Front Microbiol.
2020;11:579389. doi:10.3389/fmicb.2020.579389.

Fahem WD, Abdullah SN, Abbood HAR. A study on quorum sensing gene gen luxS and mixed biofilm
dynamics of Proteus mirabilis and Candida albicans in urinary tract infections. Basrah J Sci. 2026;44(1).
doi:10.29072/4369s803.

Hetta HF, Ramadan YN, Rashed ZI, Alharbi AA, Alsharef S, Alkindy TT, et al. Quorum sensing inhibi-
tors: an alternative strategy to win the battle against multidrug-resistant (MDR) bacteria. Molecules.
2024;29(15):3466. doi:10.3390/molecules29153466.

HuY, Ma W, Tang K, Qi Q, Xu W, Hu R, et al. Global burden of urinary tract infections in older women
from 1990 to 2021 with projections to 2040: a trend analysis of the Global Burden of Disease Study
2021. Front Cell Infect Microbiol. 2025;15:1577777. doi:10.3389/fcimb.2025.1577777.

Guterman LB, Motsay M, Hunt BC, Brauer AL, Learman BS, Wijayahena MK, et al. Harnessing micro-
bial-derived metabolites in the urinary tract to prevent infection induced catheter encrustation. Nat
Commun. 2025;16:9678. doi:10.1038/s41467-025-64661-y.

Veisi M, Hosseini-Nave H, Tadjrobehkar O. Biofilm formation ability and swarming motility are asso-
ciated with some virulence genes in Proteus mirabilis. BMC Microbiol. 2025;25:90. doi:10.1186/
$12866-025-04090-5.

Al-Qurashi E, Elbnna K, Ahmad I, Abulreesh HH. Antibiotic resistance in Proteus mirabilis: mecha-
nism, status, and public health significance. J Pure Appl Microbiol. 2022;16(3):1550-1561. doi:10.22207/
JPAM.16.3.59.

Trautner BW, Cortés-Penfield NW, Gupta K, Hirsch EB, Horstman M, Moran GJ, et al. Clinical Prac-
tice Guideline by Infectious Diseases Society of America (IDSA): 2025 Guideline on Management and
Treatment of Complicated Urinary Tract Infections: Duration of Antibiotics for Complicated UTI. Clin
Infect Dis. 2025. doi:10.1093/cid/ciaf462.

Mo L, Wang J, Qian J, Peng M. Antibiotic sensitivity of Proteus mirabilis urinary tract infection in patients
with urinary calculi. Int J Clin Pract. 2022;2022:7273627. doi:10.1155/2022/7273627.

de Oliveira WD, Barboza MGL, Faustino G, Inagaki WTY, Sanches MS, Kobayashi RKT, et al. Virulence,
resistance and clonality of Proteus mirabilis isolated from patients with community-acquired urinary tract
infection (CA-UTI) in Brazil. Microb Pathog. 2021;152:104642. doi:10.1016/j.micpath.2020.104642.

World Health Organization. Global antimicrobial resistance and use surveillance system (GLASS) report
2024. Geneva: World Health Organization; 2024. Available from: https://www.who.int/initiatives/glass.

Antimicrobial Resistance Collaborators. Global burden of bacterial antimicrobial resistance 1990—
2021: a systematic analysis with forecasts to 2050. Lancet. 2024;404(10459):1199-1226. doi:10.1016/
S0140-6736(24)01867-1.



144

ZUZANNA TRZESNIEWSKA-OFIARA, MARIOLA MENDRYCKA

31.

32.

33.

34.

35.

36.

37.

38.

Literacka E, Izdebski R, Baraniak A, Zabicka D, Schneider A, Urbanowicz P, et al. Proteus mirabilis
producing the OXA-58 carbapenemase in Poland. Antimicrob Agents Chemother. 2019;63(5):¢00106-
19. doi:10.1128/AAC.00106-19.

Trzesniewska-Ofiara Z, Mendrycka M, Wozniak-Kosek A. Drug susceptibility of uropathogens isolated
from patients treated at the Mazovian Specialized Hospital in Radom. Acta Biochim Pol. 2025;72:14082.
doi:10.3389/abp.2025.14082.

Baraniak A, Izdebski R, Fiett J, Gawryszewska I, Bojarska K, Herda M, et al. NDM-producing Entero-
bacteriaceae in Poland, 2012-14: inter-regional outbreak of Klebsiella pneumoniae ST11 and sporadic
cases. J Antimicrob Chemother. 2016;71(1):85-91. doi:10.1093/jac/dkv282.

Ochmerak J, Potocki L, Kusliskiewicz M. Antidotum na bakterie chorobotworcze —nowe spojrzenie na
bakteriofagi. Pol J Sustain Dev. 2024;28(1):157-166. doi:10.15584/pjsd.2024.28.1.16.

Milcarz A. Bakteriofagi i ich potencjal w leczeniu infekcji oraz zwigkszaniu bezpieczenstwa zywnosci.
Nauki Inzynierskie i Technologie. 2024;(40):128-138. doi:10.15611/nit.2024.40.11.

Kochel-Karakulska J, Czajkowski A, Olszewska P, Milek D, Spietelun M, Nawrotek P. Bakteriofagi —
wezoraj, dzi$, jutro. Kosmos. 2024;73(3):459-470. doi:10.36921/kos.2024 3042.

Marcon J, Schubert S, Stief CG, Magistro G. In vitro efficacy of phytotherapeutics suggested for prevention
and therapy of urinary tractin infections. Infection. 2019;47(6):937-944. doi:10.1007/s15010-019-01315-4.

Sharif S, Yadav AK. Bacterial biofilm and its role in antibiotic resistance. Microbe. 2025;7:100356.
doi:10.1016/j.microb.2025.100356.



	_GoBack

