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Abstract

Urinary tract infections (UTIs) are among the most common bacterial infections worldwide and are
traditionally considered acute and self-limited conditions. However, emerging evidence suggests
that recurrent and persistent UTIs may contribute to chronic kidney disease (CKD) progression
through complex interactions between uropathogens and host responses. This review examines the
pathophysiological mechanisms linking UTIs caused by uropathogenic Escherichia coli, Klebsiella spp.,
and Enterococcus spp. to CKD development. Distinct pathogen-specific strategies, including
intracellular persistence, biofilm formation, and chronic colonization, enable sustained infection and
recurrent inflammatory insults. These processes activate key molecular pathways, including innate
immune signalling, inflammasome activation, oxidative stress, and fibrotic remodelling. The
convergence of these mechanisms leads to tubular injury, nephron loss, and a progressive decline in
renal function. A comprehensive mechanistic model integrating pathogen-specific persistence
strategies and host-mediated responses, including inflammation, inflammasome activation, oxidative
stress, and fibrosis, is illustrated in Figure X, highlighting how recurrent and persistent UTIs may drive
CKD progression. In addition, biomarkers reflecting inflammation (IL-6, CRP), tubular injury (NGAL,
KIM-1), and fibrosis (TGF-(, fibronectin) provide a translational bridge between molecular mechanisms
and clinical practice. Host factors such as diabetes, immune dysfunction, and microbiome alterations
further modulate disease trajectory, while antibiotic resistance contributes to persistent infection and
increased renal risk. These findings underscore the importance of early detection, pathogen-specific
management, and biomarker-guided monitoring. Collectively, this review supports a paradigm shift
recognizing UTIs not merely as acute infections but also as potential contributors to CKD progression,
with important implications for prevention and therapeutic strategies.

Keywords: urinary tract infections; chronic kidney disease; uropathogenic Escherichia coli;
Klebsiella pneumoniae; Enterococcus; biomarkers; NGAL; inflammasome; oxidative stress;
fibrosis; antibiotic resistance; microbiome
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1. Introduction

The kidney serves not only as a filtration and metabolic organ but also as a site vulnerable to
infectious insults that may contribute to progressive injury and remodeling. While classical risk
factors such as hypertension, diabetes mellitus, and glomerular diseases dominate the pathogenesis
of chronic kidney disease (CKD), accumulating evidence suggests that recurrent or severe urinary
tract infections (UTIs) may be underrecognized contributors to long-term renal decline [1,2].
Uropathogens such as Escherichia coli (particularly uropathogenic E. coli, UPEC), Klebsiella spp., and
Enterococcus spp. are among the most frequent etiologic agents of UTIs and pyelonephritis, with
distinct virulence traits that permit not only urinary colonization but also deeper tissue invasion and
persistence [3-5].

These pathogens employ a repertoire of determinants, adhesins, fimbrial structures, toxins, iron-
acquisition systems, and biofilm-forming capacity that facilitate ascending infection from the bladder
to the upper urinary tract, evade host defenses, and confer resistance to antimicrobial therapy [6,7].
In experimental models, repeated renal infection induces local inflammation, tubular injury, and focal
scarring, processes that may remain subclinical yet cumulatively predispose to progressive loss of
function [8-10]. Mechanistically, stimulation of innate immune pattern-recognition receptors (e.g.,
Toll-like receptor 4 (TLR4) activation by lipopolysaccharide in Gram-negative bacteria) triggers
nuclear factor Kappa B (NF-«B) signaling and induction of profibrotic mediators such as
transforming growth factor-f3 (TGF-[3), connective tissue growth factor (CTGF), and interleukin-6 (IL-
6), which can sustain an inflammatory and fibrotic cascade that can drive tubular atrophy, capillary
rarefaction, and irreversible nephron loss [11-13].

While the link between acute kidney injury (AKI) and CKD progression is well established, the
long-term impact of UTI-derived insults in the absence of overt AKI is less clearly delineated [14,15].
Recurrent subclinical inflammatory stimuli may gradually shift the renal microenvironment toward
maladaptive repair, manifesting as chronic interstitial nephritis, reduced glomerular filtration rate
(GFR), or new-onset proteinuria. Furthermore, in patients with preexisting CKD, UTIs can accelerate
disease progression, particularly when complicated by obstruction or urosepsis [16-18]. Cohort
studies have shown that recurrent UTIs are associated with faster eGFR decline and increased risk of
kidney failure [19]. In one large-scale analysis of CKD patients, repeat UTI episodes independently
predicted mortality and renal function deterioration [18,20,21].

An additional challenge arises from the growing burden of antimicrobial resistance (AMR) in
UTlIs. The spread of extended-spectrum f(3-lactamase (ESBL)-producing E. coli and Klebsiella strains,
as well as vancomycin-resistant Enterococcus (VRE), has led to higher rates of recurrence, treatment
failure, and prolonged inflammatory exposure [22-24]. In CKD populations, reduced renal reserve,
altered pharmacokinetics, and frequent antibiotic exposure create a vicious cycle of infection,
inflammation, and nephrotoxicity [25,26]. Recognizing the contribution of specific uropathogens and
their virulence or resistance patterns is essential for improving prevention, antimicrobial
stewardship, and renal monitoring strategies.

In this review, we examine the evidence linking UTIs caused by Escherichia coli, Klebsiella spp.,
and Enterococcus spp. to CKD onset and progression, highlighting shared mechanisms, pathogen-
specific pathways, and clinical implications.

2. Epidemiology of UTI and CKD Overlap

UTIs are among the most frequent bacterial infections across all age groups, with a lifetime
incidence exceeding 50% in women and a substantial burden of recurrence, particularly in vulnerable
populations [27,28]. Recurrent UTIs, commonly defined as >2 episodes within 6 months or >3 within
1 year, affect a significant proportion of patients and are associated with increased healthcare
utilization, antibiotic exposure, and a higher risk of complications [27,29].

From an epidemiological perspective, the overlap between UTIs and CKD is increasingly
recognized, particularly among older adults and individuals with metabolic comorbidities. CKD

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202604.0347.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 April 2026 d0i:10.20944/preprints202604.0347.v1

3 of 22

affects more than 10% of the global population and is projected to become one of the leading causes
of mortality worldwide [30,31]. Patients with CKD exhibit a significantly increased susceptibility to
UTIs due to multiple converging factors, including immune dysfunction, uremic toxin accumulation,
impaired neutrophil and lymphocyte activity, and frequent exposure to healthcare-associated
pathogens [20]. In addition, structural and functional abnormalities of the urinary tract—such as
impaired urine concentration, reduced antimicrobial peptide activity, and urinary stasis—further
predispose CKD patients to infection [32].

Conversely, UTIs—especially when recurrent or complicated —have been associated with an
increased risk of CKD progression. Epidemiological and clinical data suggest that recurrent episodes
of upper urinary tract infection (e.g., pyelonephritis) can lead to renal scarring, progressive nephron
loss, and long-term decline in GFR [28,33,34].

This association was particularly pronounced in high-risk populations. Patients with diabetes
mellitus, for example, exhibit both increased incidence and severity of UTIs and an accelerated
trajectory of CKD progression, reflecting the combined effects of immune dysregulation,
hyperglycemia-induced bacterial growth, and microvascular damage [35-37]. Elderly individuals
also represent a key risk group, characterized by immunosenescence, higher rates of catheterization,
and increased exposure to multidrug-resistant organisms, all of which contribute to recurrent UTIs
and worsening renal function [29,38-41].

Healthcare-associated UTIs, particularly catheter-associated urinary tract infections (CAUTIs),
further complicate this epidemiological landscape. These infections are strongly linked to biofilm-
forming pathogens such as Klebsiella spp. and Enterococcus spp., which are associated with
persistence, recurrence, and antimicrobial resistance [29,42-45].

Importantly, recent epidemiological insights emphasize that the burden of UTIs in CKD is not
limited to acute episodes but includes subclinical or persistent infections that may contribute to
chronic inflammation and progressive renal injury. This paradigm shift, from acute infection models
to chronic, low-grade infection frameworks, is a key development in the field [29,42,46—49].

Taken together, these data support the concept that UTIs and CKD are interconnected conditions
sharing common risk factors, overlapping patient populations, and mutually reinforcing
pathophysiological mechanisms. Understanding this epidemiological interplay is essential for
identifying high-risk patients and developing targeted preventive and therapeutic strategies.

3. Uropathogens of Interest: Microbiological and Virulence Profiles

Uropathogenic Escherichia coli (UPEC) remains the leading cause of urinary tract infections,
accounting for the majority of both community-acquired and recurrent cases [50-52]. The pathogenic
success of UPEC is largely driven by its ability to adhere to urothelial cells via type 1 and P fimbriae,
enabling efficient colonization of the urinary tract [53,54]. Following adhesion, UPEC invades bladder
epithelial cells and forms intracellular bacterial communities (IBCs), which promote immune evasion
and persistence [55,56]. These bacteria can establish quiescent intracellular reservoirs that persist after
treatment and serve as sources of recurrent infection [57,58]. UPEC also produces multiple virulence
factors, including a-hemolysin and siderophores, which contribute to epithelial injury and
inflammatory activation [59-61]. Ascending infection to the kidney may result in pyelonephritis,
triggering inflammatory pathways that contribute to tubular damage and fibrosis [62,63].

Klebsiella pneumoniae is a significant uropathogen in complicated and healthcare-associated
urinary tract infections, particularly among catheterized, hospitalized, and immunocompromised
patients. Its clinical relevance is amplified by biofilm formation and frequent multiple drug resistance
(MDR) [5,64-66]. A central virulence determinant of K. pneumoniae is the polysaccharide capsule,
which contributes to immune evasion, while additional virulence-associated traits include fimbriae,
siderophores, and factors that support survival on mucosal and abiotic surfaces. Recent reviews
emphasize that the virulence profile varies between strains, helping explain differences in
pathogenicity and clinical severity [67,68].
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From a clinical perspective, Klebsiella UTIs are especially concerning when they involve ESBL-
producing or carbapenem-resistant strains, because therapeutic options become narrower and
treatment failure becomes more likely. This issue has also been highlighted in kidney-transplant and
other high-risk populations [5,27,69]. For review of CKD angle, the key take-home message is that
Klebsiella combines three properties directly relevant to the risk of chronic renal injury: persistence,
device-associated biofilm formation, and antimicrobial resistance. Together, these traits increase the
probability of prolonged infection, recurrent inflammatory injury, and delayed microbiological
clearance [66,68,69].

Enterococcus spp. (Enterococcus faecalis and Enterococcus faecium) are well-recognized causes of
healthcare-associated UTIs, particularly among patients with urinary catheters, prior antibiotic
exposure, urinary tract abnormalities, transplantation, diabetes, or other clinical vulnerabilities
[70,71]. A major reason enterococci are difficult uropathogens is that they combine intrinsic
antimicrobial tolerance with marked genomic plasticity and an ability to acquire additional resistance
determinants. Recent reviews continue to emphasize vancomycin resistance and broader last-resort
antibiotic resistance as major clinical threats [70,72,73]. With respect to pathogenesis, enterococci
express adhesion- and biofilm-associated factors that support colonization of host tissues and medical
devices. Biofilm biology is particularly relevant in CAUTI settings because it promotes persistence
and makes eradication more difficult [74].

The clinical importance of this persistence phenotype is that enterococcal UTIs are often not
dominated by dramatic acute cytotoxicity, but by ongoing colonization, recurrence, and treatment
difficulty. That pattern makes them particularly relevant to a CKD-focused review, where repeated
low-grade inflammatory injury may matter as much as overt acute damage [70,71,74]. For the
manuscript, the most defensible framing is that enterococci should be discussed as persistence-
adapted uropathogens: they are clinically important not because they are always the most aggressive
organisms, but because they are well-suited to survive, recur, and resist therapy in fragile hosts
[70,72,73].

4. Pathophysiological Links Between UTIs and CKD

The relationship between UTIs and CKD is increasingly understood as a continuum driven by
interconnected pathophysiological processes rather than isolated acute events. While most UTIs
resolve without long-term consequences, recurrent or persistent infections may initiate a cascade of
inflammatory, cellular, and molecular responses that contribute to progressive renal injury.

These mechanisms involve not only bacterial factors, such as pathogen persistence and
virulence, but also host-mediated responses, including immune activation, oxidative stress (OS), and
maladaptive repair. Together, these processes form a mechanistic framework that links acute
infection to chronic structural and functional kidney damage.

4.1. Ascending Infection and Renal Involvement

The pathophysiological connection between UTIs and CKD begins with the ability of lower
urinary tract infections to ascend toward the renal pelvis and parenchyma, resulting in acute
pyelonephritis and direct tubulointerstitial injury. This mechanism is particularly relevant in
recurrent or febrile UTIs, where kidney involvement may result in permanent structural sequelae
rather than transient inflammation [20,75].

Clinical and epidemiologic studies further support that pyelonephritis is linked to renal scarring,
especially in susceptible hosts, and that recurrence increases the likelihood of long-term kidney
damage. In pediatric literature, this relationship is particularly well characterized, but the
mechanistic relevance extends beyond children, as recurrent upper-tract inflammation is a
biologically plausible route to progressive nephron loss [76,77].
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4.2. Inflammation and Immune Activation (NF-xB, Cytokines)

Once uropathogens reach the urothelium and, in more severe cases, the kidney, host defense is
initiated through innate immune recognition pathways, including TLR signaling, cytokine release,
and neutrophil recruitment. These responses are essential for bacterial clearance, but when intense,
repetitive, or poorly resolved, they may amplify tissue damage [78,79].

In UTI, inflammatory mediators such as IL-6 and IL-8 are consistently elevated, and clinical
studies indicate that these cytokines are associated with upper-tract involvement and inflammatory
burden. In parallel, CKD is now understood as a chronic inflammatory state in which persistent
cytokine signaling contributes to endothelial dysfunction, fibrosis, and ongoing loss of renal function
[80,81].

Accordingly, the UTI-CKD axis should not be viewed only through the lens of bacterial
presence, but also through the quality and persistence of the host inflammatory response. This is one
of the main reasons recurrent UTIs can have consequences that extend beyond the acute infectious
episode [20,82].

4.3. Inflammasome Activation (NLRP3)

A more recent mechanistic layer involves inflammasome biology, especially the NLR family
pyrin domain-containing 3 (NLRP3) inflammasome, which is increasingly recognized as a key
amplifier of renal inflammation. In kidney disease, NLRP3 links sterile or infection-associated danger
signals to caspase-1 activation and the maturation of IL-13 and IL-18, thereby intensifying tissue
injury [20,83,84].

This pathway is particularly relevant to the infection-to-CKD transition because persistent
NLRP3 activation has been associated with chronic pathological changes after acute kidney injury
and has been proposed as a marker of AKI-to-CKD progression. That concept is useful for your
review because recurrent pyelonephritic injury can be framed as repeated inflammatory insults with
maladaptive downstream remodeling [83,85].

4.4. Oxidative Stress and Tubular Injury

OS is now recognized as a central mechanism in both acute and chronic kidney injury, with
excessive reactive oxygen species (ROS) promoting tubular epithelial damage, mitochondrial
dysfunction, inflammatory amplification, and progressive renal decline. This is highly relevant to
severe or recurrent UTIs, where infection-driven inflammation can feed directly into redox injury
pathways [86,87].

Renal tubular epithelial cells are particularly vulnerable to mitochondrial injury, and recent
reviews emphasize that mitochondrial dysfunction is a major driver of tubular cell death and of failed
recovery after kidney injury. This matters for the UTI-CKD link because unresolved infection-
associated inflammation can sustain ROS generation and thereby shift repair toward maladaptive
outcomes [86,88].

Uropathogen-induced inflammation is associated with increased ROS production, contributing
to OS and cellular damage. The inflammatory response to uropathogens such as UPEC involves the
release of cytokines and chemokines, which can lead to ROS production. These ROS are critical
mediators of the inflammatory process, playing roles in immune cell activation, tissue damage, and
disease progression. The interplay between inflammation and OS is a significant factor in the
pathogenesis of various diseases, including chronic inflammation and atherosclerosis [62,89].

4.5. Fibrosis Pathways: Transforming Growth Factor-p and Maladaptive Epithelial Responses

Fibrosis is the common final pathway in progressive CKD, and transforming growth factor-
(TGF-B)/Smad signaling remains a core molecular regulator. In the injured kidney, this pathway
promotes extracellular matrix accumulation, fibroblast activation, and tubulointerstitial remodeling,
thereby converting repeated inflammatory insults into permanent structural damage [90,91].
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Current fibrosis literature also emphasizes that injured tubular epithelial cells do not simply die
or recover; they may enter maladaptive states that promote profibrotic signaling and myofibroblast
activation. For your topic, that is the crucial bridge between recurrent UTI-associated injury and CKD
progression: repeated infectious injury can leave the kidney in a pro-fibrotic repair program even
after microbiological clearance [91,92].

4.6. Integration: From Acute Infection to Chronic Kidney Disease

Taken together, the transition from UTI to CKD can be conceptualized as a sequence of
ascending infection, inflammatory activation, oxidative and mitochondrial injury, and maladaptive
repair culminating in fibrosis. This integrated model is more useful than treating UTIs as isolated
acute events because it explains how recurrence, persistence, or delayed resolution can lead to
cumulative renal damage over time [92,93].

In that framework, pathogen persistence, host susceptibility, and the intensity of repair
responses jointly determine whether the kidney returns to baseline or progresses toward chronic
interstitial fibrosis and nephron loss. This integrated pathophysiological view is the most consistent
with the current literature on the AKI-to-CKD transition and with emerging work on kidney
involvement during febrile UTI [93,94].

The complex interplay of pathogen-specific mechanisms and host-mediated responses described
above can be integrated into a unified pathophysiological framework. This model highlights how
ascending infection, immune activation, inflammasome signaling, oxidative stress, and maladaptive
repair collectively contribute to progressive renal injury. This integrated sequence of events is
summarized in Figure 1.
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Figure 1. Integrated mechanistic model of pathogen-specific and host-mediated pathways driving UTI-
associated CKD (Figure created in Canva, https://www.canva.com). This figure presents an integrated model of
the mechanisms linking UTIs to CKD, incorporating both pathogen-specific virulence factors and host-mediated
responses. Uropathogenic species, including UPEC, Klebsiella spp., and Enterococcus spp., exhibit distinct
pathogenic strategies that influence disease progression. UPEC promotes intracellular persistence and
recurrence by forming intracellular bacterial communities, whereas Klebsiella spp. are characterized by strong
biofilm formation and antimicrobial resistance, thereby facilitating chronic infection. In contrast, Enterococcus

spp. is associated with persistent colonization and sustained low-grade inflammation. Following ascending
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infection and renal involvement, host innate immune responses are activated via pattern recognition receptors
(PRRs), including TLR4 and TLR5, leading to NF-kB-mediated transcription of pro-inflammatory cytokines (IL-
6, IL-8, TNF-a, MCP-1). This inflammatory cascade is further amplified by activation of the NLRP3
inflammasome, leading to caspase-1 activation and the release of IL-1p and IL-18. The combined effects of
inflammation and infection lead to oxidative stress, mitochondrial dysfunction, lipid peroxidation, and DNA
damage in tubular epithelial cells. These processes result in epithelial injury, characterized by apoptosis,
necrosis, and disruption of cellular polarity. Subsequently, maladaptive repair mechanisms are initiated,
involving transforming growth factor-p (TGF-f)/Smad signaling, myofibroblast activation, and partial
epithelial-mesenchymal transition, which drive extracellular matrix deposition and interstitial fibrosis. These
events represent the central pathway leading to CKD progression. Additionally, key biomarkers associated with
these processes include inflammatory mediators (IL-6, IL-13, TNF-a), inflammasome components (NLRP3), and
markers of tubular injury and fibrosis such as NGAL, kidney injury molecule-1 (KIM-1), and extracellular matrix
(ECM) proteins. Together, these pathways highlight the transition from acute infection to chronic renal injury,

emphasizing the role of persistent infection and maladaptive host responses in CKD development.

5. Comparative Role of Uropathogens in CKD Progression

Although UTlIs are frequently approached as a homogeneous clinical entity, accumulating
evidence indicates that the long-term renal impact of infection is highly dependent on pathogen-
specific virulence strategies. In particular, UPEC, Klebsiella spp., and Enterococcus spp. exhibit
fundamentally different mechanisms of persistence, immune interaction, and tissue injury, which
may differentially influence the risk of CKD progression.

UPEC represents the prototypical uropathogen and is uniquely adapted to establish recurrent
infections through intracellular persistence. After adhesion to urothelial cells via type 1 fimbriae,
UPEC invade host cells and form intracellular bacterial communities, thereby establishing quiescent
intracellular reservoirs. These reservoirs can evade both host immunity and antibiotic therapy,
providing a mechanistic explanation for recurrence. From a CKD perspective, this is particularly
relevant because repeated cycles of infection and resolution lead to cumulative inflammatory injury
and progressive tubular damage over time [3,94].

In contrast, Klebsiella pneumoniae and related species rely less on intracellular invasion and more
on extracellular persistence mechanisms, particularly biofilm formation and antimicrobial resistance.
The ability of Klebsiella spp. to form structured biofilms on urinary catheters and epithelial surfaces
significantly enhances their survival and reduces antibiotic penetration. In addition, the increasing
prevalence of ESBL and carbapenem-resistant strains further complicates eradication. These features
promote prolonged infection and sustained inflammatory signaling, which may exacerbate renal
injury, especially in patients with pre-existing CKD or frequent healthcare exposure [5,67].

Enterococcus spp. represents a distinct pathogenic paradigm characterized by persistence and
immune tolerance rather than aggressive virulence. These organisms are intrinsically resistant to
multiple antibiotics and are commonly associated with chronic urinary tract colonization,
particularly in catheterized or hospitalized patients. Unlike UPEC, Enterococcus-mediated infections
are often less acutely destructive, but they induce sustained low-grade inflammation, which may
contribute to progressive interstitial fibrosis over time. This chronic inflammatory profile aligns
closely with the broader pathophysiological mechanisms illustrated in Figure 1, where persistent
immune activation drives maladaptive repair and fibrotic remodeling. In addition to the described
pathways, key biomarkers associated with each stage of disease progression are indicated, including
inflammatory cytokines (IL-6, IL-8, TNF-a, MCP-1), inflammasome-related mediators (IL-1(3, IL-18),
oxidative stress markers (ROS, 8-OHdG), tubular injury markers (NGAL, KIM-1), and fibrosis-
associated proteins (TGF-3, collagen, fibronectin). These biomarkers provide a translational link
between molecular mechanisms and clinical assessment of kidney injury [70,95].

From a mechanistic standpoint, these pathogens converge on common downstream pathways—
namely inflammation, inflammasome activation, OS, and fibrosis—but differ in how they initiate and
sustain these processes. UPEC primarily drives disease through recurrence and repeated acute
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inflammatory insults, Klebsiella spp. through biofilm-associated persistence and antimicrobial
resistance, and Enterococcus spp. through chronic colonization and continuous low-grade immune
activation. The pathogen-specific mechanisms described above can be integrated into a comparative
framework that highlights both their distinct persistence strategies and their convergence on shared
downstream pathways of kidney injury. This integrated model emphasizes how intracellular
persistence (UPEC), biofilm-associated resistance (Klebsiella spp.), and chronic colonization with low-
grade inflammation (Enterococcus spp.) differentially initiate but ultimately sustain inflammation,
tubular injury, and fibrotic remodeling. A schematic comparative overview of these pathogen-
specific and host-mediated processes is presented in Figure 2.
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Figure 2. Integrated pathogen-specific and host-mediated mechanisms linking urinary tract infections (UTI) to
chronic kidney disease progression: a hybrid model incorporating persistence strategies and biomarker
profiles (Figure created in Canva, https://www.canva.com). This hybrid schematic integrates pathogen-specific
virulence mechanisms with host-mediated responses to illustrate the progression from UTI to CKD. The figure
combines three major uropathogenic strategies, intracellular persistence, biofilm-associated resistance, and
chronic colonization, with downstream molecular pathways and clinically relevant biomarkers. The upper
panels depict pathogen-specific mechanisms. Uropathogenic Escherichia coli (UPEC) invades urothelial cells,
forming intracellular bacterial communities and quiescent reservoirs, thereby enabling immune evasion and
recurrent infection. This process is associated with increased levels of acute inflammatory and tubular injury
biomarkers, including IL-6, IL-8, and NGAL, reflecting repeated epithelial damage. Klebsiella spp. are
characterized by extracellular persistence through robust biofilm formation and by antimicrobial resistance
mechanisms, including extended-spectrum p-lactamases (ESBLs) and carbapenemases. These features promote
chronic infection and are associated with elevated systemic and inflammatory biomarkers, such as C-reactive
protein (CRP), IL-6, and procalcitonin, indicative of persistent, often severe infection. Enterococcus spp.
represents a persistence-adapted phenotype marked by chronic colonization and intrinsic antimicrobial
tolerance. Rather than causing acute cytotoxicity, these pathogens induce sustained low-grade inflammation, as
reflected by increased levels of IL-1p3 and profibrotic mediators such as transforming growth factor-f3 (TGF-3)
and fibronectin, thereby supporting progressive tissue remodeling. The central and lower panels illustrate the
host response and downstream consequences. Infection triggers innate immune activation via Toll-like receptors
(TLRs) and NF-«B signaling, leading to the release of pro-inflammatory cytokines (IL-6, IL-8, TNF-a, MCP-1).
This is followed by activation of the NLRP3 inflammasome, resulting in caspase-1-mediated maturation of IL-
1P and IL-18, which further amplify inflammation. Persistent inflammatory signaling induces OS, characterized
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by increased ROS production, mitochondrial dysfunction, and oxidative damage. These processes lead to
tubular epithelial injury, reflected by elevated NGAL and kidney injury molecule-1 (KIM-1), and contribute to
apoptosis, necrosis, and loss of epithelial integrity. Subsequently, maladaptive repair mechanisms are activated,
involving TGF-p signaling, myofibroblast activation, and partial epithelial-mesenchymal transition, resulting in
extracellular matrix deposition, including collagen and fibronectin. These changes drive interstitial fibrosis, the
final common pathway of CKD progression. Overall, this integrated model highlights how distinct pathogen-
specific persistence strategies converge on shared downstream pathways—namely, inflammation, oxidative
stress, and fibrosis—thereby leading to nephron loss and progressive decline in renal function. The inclusion of
biomarker profiles underscores the translational relevance of these mechanisms for diagnosis, risk stratification,

and monitoring of UTI-associated kidney injury.

6. Antibiotic Resistance and Its Impact on CKD

Antibiotic resistance represents a critical factor in the transition from acute UTI to persistent or
recurrent disease, thereby increasing the risk of chronic kidney injury. Infections caused by
multidrug-resistant uropathogens are more difficult to eradicate, often requiring prolonged or
repeated courses of antibiotics, which may delay bacterial clearance and sustain inflammatory
responses within the kidney. This is particularly relevant in complicated UTIs, where persistent
infection can lead to recurrent episodes of pyelonephritis and cumulative tubulointerstitial damage
[5,27].

A major clinical consequence of antimicrobial resistance is treatment failure or suboptimal
therapy, thereby allowing bacteria to persist in the urinary tract. In this context, pathogens such as
ESBL-producing Klebsiella pneumoniae or VRE are associated with prolonged infection duration and
increased risk of recurrence. Persistent infection leads to sustained activation of inflammatory
pathways, including NF-kB signaling and cytokine production, thereby amplifying renal injury and
promoting progression toward CKD [67,70].

In addition to pathogen persistence, antibiotic therapy itself may contribute to renal injury
through nephrotoxicity. Aminoglycosides, for example, are well known to induce acute tubular
injury via accumulation in proximal tubular cells, leading to OS, mitochondrial dysfunction, and cell
death. Although often necessary in severe infections, repeated or prolonged exposure to nephrotoxic
agents may contribute to long-term renal impairment, particularly in patients with pre-existing
kidney disease [96-100].

Another emerging aspect is the impact of antibiotics on the urinary and gut microbiome. Broad-
spectrum antibiotic use can disrupt microbial homeostasis, leading to dysbiosis that favors
colonization by resistant or opportunistic pathogens. This altered microbial environment may
increase susceptibility to recurrent UTIs and contribute indirectly to chronic inflammation. In turn,
microbiome disruption has been linked to systemic immune dysregulation and may influence CKD
progression through inflammatory and metabolic pathways [101-104].

From a pathophysiological perspective, antibiotic resistance and its consequences integrate
directly into the mechanisms illustrated in Figure 2. Persistent infection due to ineffective therapy
sustains inflammatory signaling, promotes OS, and drives maladaptive repair processes, ultimately
leading to fibrosis and nephron loss. Thus, antimicrobial resistance should not be viewed solely as a
microbiological problem but as a key contributor to the risk of CKD in patients with recurrent or
complicated UTIs.

7. Host Factors Modulating the UTI-CKD Axis

The progression from UTI to CKD is not determined solely by pathogen characteristics, but is
strongly influenced by host-related factors that modulate susceptibility, immune response, and repair
mechanisms. Among these, metabolic conditions, immune status, and microbiome composition play
a central role in determining whether an infection resolves or progresses to chronic renal injury.
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One of the most important host-related risk factors is diabetes mellitus, which is consistently
associated with both increased susceptibility to UTIs and accelerated CKD progression.
Hyperglycemia promotes bacterial growth in the urinary tract, impairs neutrophil function, and
disrupts innate immune responses. In addition, diabetic patients exhibit microvascular damage,
oxidative stress, and baseline inflammation, all of which amplify renal vulnerability to infection-
induced injury. As a result, UTIs in diabetic individuals are more likely to be severe, recurrent, and
associated with long-term renal consequences [37,105-107].

Beyond diabetes, altered immune function represents a key determinant of the UTI-CKD axis.
Both immunosuppressed patients (e.g., transplant recipients) and elderly individuals exhibit
impaired pathogen clearance, leading to prolonged infection and increased risk of persistence.
Dysregulation of innate and adaptive immune responses may result in either insufficient bacterial
elimination or excessive inflammatory activation, both of which contribute to tissue injury. This
imbalance is particularly relevant in recurrent infections, where repeated immune activation
promotes chronic inflammation and fibrotic remodeling [5,70,107-109].

Another emerging factor is the role of the urinary and gut microbiome in modulating
susceptibility to infection and inflammation. Disruption of microbial homeostasis, often due to
antibiotic exposure or underlying disease, can lead to dysbiosis that favors colonization by
uropathogens. In addition, the gut-kidney axis has been increasingly recognized as a contributor to
systemic inflammation, with microbial metabolites influencing immune responses and renal
function. Alterations in the microbiome may therefore not only predispose to recurrent UTIs but also
contribute to CKD progression through inflammatory and metabolic pathways [110-114].

Host structural and functional abnormalities of the urinary tract also play a significant role.
Conditions such as urinary obstruction, vesicoureteral reflux, and catheterization facilitate bacterial
ascent and persistence, increasing the likelihood of renal involvement. These factors are particularly
important in recurrent or complicated UTIs, where mechanical disruption of normal urinary flow
promotes sustained infection and repeated renal injury [115,116].

Importantly, these host factors interact with pathogen-specific mechanisms; for example,
intracellular persistence of UPEC is more likely to result in recurrence in immunocompromised hosts,
while biofilm-associated infections by Klebsiella spp. are particularly problematic in catheterized
patients. Similarly, chronic colonization by Enterococcus spp. is favored in dysbiotic environments
with impaired immune surveillance.

Taken together, these observations support a multifactorial model in which host susceptibility
determines the trajectory of infection. Rather than acting as isolated risk factors, metabolic,
immunological, and structural conditions collectively shape the balance between bacterial clearance
and persistence. This, in turn, influences whether UTIs remain acute and self-limited or evolve into
chronic processes that contribute to CKD progression.

8. Biomarkers Linking UTI to CKD Progression

The identification of reliable biomarkers linking UTIs to CKD progression represents a critical
step toward improving early diagnosis, risk stratification, and monitoring of renal injury. Given the
complex interplay among infection, inflammation, and fibrosis, no single biomarker is sufficient;
rather, a panel reflecting different disease stages is required.

One of the most extensively studied biomarkers of tubular injury is neutrophil gelatinase-
associated lipocalin (NGAL), which is rapidly released by damaged tubular epithelial cells in
response to infection and inflammation. Elevated NGAL levels have been associated with both AKI
and early CKD progression, making it particularly relevant in the context of recurrent UTIs. In
patients with upper urinary tract involvement, NGAL may reflect subclinical tubular damage even
before significant changes in GFR are observed [117-120].

In addition to tubular injury markers, systemic inflammatory biomarkers such as CRP play an
important role in assessing infection severity and systemic response. Elevated CRP levels are
commonly observed in complicated UTIs and have been correlated with increased risk of renal
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involvement, particularly in pyelonephritis. Persistent elevation of CRP may also reflect ongoing
inflammation, which contributes to CKD progression through endothelial dysfunction and fibrotic
signaling pathways [121,122].

Cytokines represent another key class of biomarkers that directly reflect activation of
inflammatory pathways. Increased levels of IL-6, IL-8, TNF-a, and MCP-1 are frequently detected in
UTI and are associated with disease severity, bacterial load, and tissue injury. Importantly, these
cytokines are also involved in CKD pathophysiology, linking acute infection to chronic inflammatory
states. Their integration into biomarker panels may improve the prediction of disease progression
and identify patients at higher risk of long-term renal damage [70,95,123-126].

Beyond classical inflammatory and injury markers, emerging evidence suggests that novel
signaling  pathways—including neuroimmune interactions—may contribute to UTI
pathophysiology. Neurotransmitters and neuropeptides, such as substance P and catecholamines,
have been shown to modulate immune responses and epithelial barrier function. Although still an
evolving area of research, these mediators may represent innovative biomarkers linking local
infection to systemic and renal outcomes [29,78,127,128].

Importantly, these biomarkers correspond closely to the mechanistic pathways illustrated in
Figure 2. Inflammatory cytokines reflect innate immune activation; IL-1p and IL-18 correspond to
inflammasome signaling; NGAL and KIM-1 indicate tubular injury; and TGF-f3 and extracellular
matrix proteins reflect fibrotic remodeling. This alignment underscores the translational value of
integrating molecular mechanisms with measurable clinical parameters.

Taken together, the use of multimarker approaches combining inflammatory, tubular injury,
and fibrosis-related biomarkers may provide a more accurate assessment of disease trajectory. Such
strategies could enable earlier identification of patients at risk of CKD progression following
recurrent or complicated UTIs and support the development of personalized therapeutic
interventions.

An integrated overview of pathogen-specific mechanisms and associated biomarker profiles is
presented in Table 1, highlighting how different uropathogens contribute to renal injury through
distinct yet converging pathways.

Table 1. Integrated pathogen-specific mechanisms, biomarker profiles, and therapeutic implications in UTI-

associated CKD progression.
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This table outlines the main uropathogens' persistence mechanisms, pathophysiological pathways, and

biomarker profiles in UTI, with a focus on CKD progression. UPEC involves intracellular persistence and
epithelial injury; Klebsiella spp. relates to biofilm and resistance; Enterococcus spp. involves colonization and
inflammation. These processes are reflected in specific biomarkers, yet all pathways converge on inflammasome
activation, oxidative stress, and fibrosis, leading to nephron loss and CKD. The table also suggests therapeutic
strategies targeting persistence, inflammation, and fibrosis, integrating microbiological, molecular, and clinical
data. UTL Urinary tract infection, CKD: Chronic kidney disease, UPEC: Uropathogenic Escherichia coli, IL:
Interleukin, TNF-a: Tumor necrosis factor alpha, MCP-1: Monocyte chemoattractant protein-1, CRP: C-reactive
protein, NGAL: Neutrophil gelatinase-associated lipocalin, KIM-1: Kidney injury molecule-1, TGF-f:
Transforming growth factor beta, ECM: Extracellular matrix, ESBL: Extended-spectrum B-lactamase, ROS:
Reactive oxygen species.

As shown in Table 1, UPEC is primarily associated with recurrent inflammatory injury, Klebsiella
spp. with persistent biofilm-mediated infection and systemic inflammation, and Enterococcus spp. with
chronic low-grade inflammation and fibrosis. Despite these differences, all pathways ultimately
converge on tubular injury and fibrotic remodeling, supporting CKD progression.

9. Clinical Implications

The growing recognition of UTIs as potential contributors to CKD progression has important
clinical implications, particularly for early detection, risk stratification, and personalized
management. Rather than being considered isolated acute events, recurrent or complicated UTIs
should be viewed as part of a broader pathophysiological continuum that may lead to progressive
renal injury.

One of the most immediate implications is the need for systematic screening for kidney
involvement in patients with recurrent UTIs, especially in high-risk populations such as individuals
with diabetes, elderly patients, and those with structural urinary tract abnormalities. Early
assessment of renal function, including eGFR and albuminuria, combined with tubular injury
biomarkers such as NGAL or KIM-1, may enable detection of subclinical kidney damage before
irreversible changes occur. This approach is particularly relevant in patients with recurrent
pyelonephritis, where cumulative injury may go unrecognized.

Another key aspect is the shift toward personalized management strategies based on pathogen
characteristics and host factors, as highlighted in Table 1, Figure 1, and 2. For example, infections
caused by UPEC may require strategies targeting intracellular persistence and recurrence, whereas
infections caused by Klebsiella spp. infections necessitate careful antibiotic selection guided by

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202604.0347.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 April 2026 d0i:10.20944/preprints202604.0347.v1

13 of 22

resistance profiles and biofilm considerations. In contrast, Enterococcus spp. infections may benefit
from approaches focused on controlling chronic colonization and minimizing unnecessary antibiotic
exposure. This pathogen-specific perspective represents a significant departure from traditional one-
size-fits-all treatment approaches.

Antibiotic stewardship also plays a central role in mitigating long-term renal risk. The
inappropriate or excessive use of antibiotics not only promotes resistance but may also contribute to
nephrotoxicity and microbiome disruption, both of which are implicated in CKD progression.
Therefore, guided antibiotic therapy, based on culture and susceptibility testing, should be
prioritized, particularly in recurrent or complicated cases. In parallel, non-antibiotic strategies—such
as catheter management, behavioral interventions, and emerging anti-adhesion therapies—may
reduce recurrence and limit cumulative renal injury.

Importantly, integrating biomarker-based monitoring into clinical practice may provide a more
refined approach to patient management. Biomarkers reflecting inflammation (e.g., IL-6, CRP),
tubular injury (NGAL, KIM-1), and fibrosis (TGF-{3, fibronectin) can provide insight into disease
activity and progression, enabling clinicians to identify patients at higher risk of CKD and tailor
interventions accordingly. This aligns with the mechanistic framework illustrated in Figure 2, where
different stages of disease progression are associated with distinct biomarker profiles.

Finally, these insights highlight the need for a preventive approach to CKD in patients with
recurrent UTIs. Early intervention aimed at reducing infection frequency, controlling inflammation,
and preventing fibrotic remodeling may be essential to preserving renal function. This includes
optimizing management of comorbidities such as diabetes, addressing modifiable risk factors, and
implementing long-term follow-up strategies in high-risk individuals.

Taken together, the clinical implications of the UTI-CKD axis support a paradigm shift
recognizing UTIs not only as infectious diseases but also as potential drivers of chronic renal injury.
Integrating pathogen-specific mechanisms, host factors, and biomarker-guided monitoring into
clinical practice may significantly improve patient outcomes and reduce the burden of CKD.

10. Future Directions

Despite significant advances in understanding the pathophysiological links between UTIs and
CKD, several key areas remain to be explored in order to improve prevention, diagnosis, and
treatment strategies. Future research should focus on targeting pathogen persistence, refining
biomarker-based approaches, and developing personalized interventions that integrate microbial
and host factors.

One of the most promising directions involves the development of anti-biofilm therapies,
particularly for pathogens such as Kiebsiella spp., where biofilm formation plays a central role in
persistence and antibiotic resistance. Novel strategies—including biofilm-disrupting approaches,
quorum-sensing-targeted interventions, and bacteriophage therapy —are emerging as promising
alternatives or adjuncts for chronic and catheter-associated UTIs, although stronger clinical
validation remains needed [129-133].

Another important area is the development of vaccines against uropathogens, especially UPEC,
which remains the leading cause of recurrent UTIs. Several vaccine-based strategies for recurrent
urinary tract infections, particularly those targeting UPEC, are currently under investigation [134—
136]. Successful vaccination strategies could reduce recurrence rates and, consequently, limit
recurrent renal injury, representing a major step forward in preventing CKD progression.

The modulation of the microbiome represents an emerging and highly relevant field. Advances
in understanding the gut-kidney and urinary microbiome axes suggest that restoring microbial
balance through probiotics, prebiotics, or microbiota-targeted therapies may reduce susceptibility to
infection and dampen chronic inflammation. This approach may be particularly valuable in patients
with recurrent UTIs and dysbiosis driven by repeated antibiotic exposure.

In parallel, there is increasing interest in developing predictive biomarker panels that identify
patients at high risk of CKD progression following UTIs. Rather than relying on a single marker,
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future approaches will likely integrate multiple biomarkers—including inflammatory cytokines,
tubular injury markers, and fibrosis-related proteins—alongside clinical and microbiological data.
The incorporation of machine learning and precision medicine frameworks may further enhance risk
prediction and guide individualized management strategies.

Finally, innovative research directions are exploring the role of neuroimmune interactions in
UTI pathophysiology. The interplay between the nervous system and immune responses in the
urinary tract may influence both susceptibility to infection and the transition to chronic inflammation.
Although still in early stages, this field may open new therapeutic avenues targeting neural signaling
pathways to modulate inflammation and prevent long-term renal damage.

Overall, future research should move toward an integrated, systems-level understanding of the
UTI-CKD axis, combining pathogen biology, host responses, and clinical data. Such an approach will
be essential for developing effective strategies to prevent the progression from acute infection to
chronic kidney disease.

11. Conclusions

UTIs are traditionally regarded as acute and self-limited conditions; however, accumulating
evidence supports their role as potential contributors to CKD progression. This review highlights
that the transition from infection to chronic renal injury is driven by a complex interplay between
pathogen-specific persistence mechanisms, host susceptibility factors, and maladaptive repair
processes. Distinct uropathogens, including UPEC, Kiebsiella spp., and Enterococcus spp., employ
different strategies to sustain infection, such as intracellular persistence, biofilm formation, and
chronic colonization. Despite these differences, their effects converge on common downstream
pathways involving inflammation, inflammasome activation, oxidative stress, and fibrosis. These
mechanisms, as summarized in Table 1, Figure 1, and 2, ultimately lead to tubular injury, nephron
loss, and progressive decline in renal function. Importantly, the host response plays a central role in
determining disease trajectory. Conditions such as diabetes, immune dysregulation, and microbiome
imbalance not only increase susceptibility to infection but also amplify inflammatory and fibrotic
pathways, thereby accelerating CKD progression. In parallel, antibiotic resistance and treatment-
related factors further contribute to persistent infection and cumulative renal damage. The
integration of biomarker-based approaches offers a promising avenue for early detection and risk
stratification. Markers of inflammation, tubular injury, and fibrosis provide a translational bridge
between molecular mechanisms and clinical practice, enabling identification of patients at higher risk
for long-term renal impairment. Taken together, these findings support a paradigm shift in which
UTISs should no longer be viewed solely as isolated infectious episodes, but rather as potential drivers
of chronic kidney disease. Early recognition, pathogen-specific management, and biomarker-guided
monitoring may be essential to prevent irreversible renal damage and improve patient outcomes.
Future efforts should focus on developing targeted therapeutic strategies, improving diagnostic
precision, and integrating multidisciplinary approaches to better address the UTI-CKD axis.
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