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Abstract: Out of a worldwide annual incidence of ~150 million cases for urinary tract infection (UTI), > 25% of 
outpatient prescriptions of oral antimicrobial treatment (OAT) are for cystitis not complicated by sepsis. OAT 
aids the immune cells infiltrating urothelium to eliminate uropathogens attaching and invading urothelium 
amidst hyperosmotic urine. This adaptability of uropathogens and the short interval between Penicillin sale 
and the first antimicrobial resistance (AMR) report suggests that AMR is a 3.8 billion years old evolutionary 
conserved heritable trait of surviving environmental threats through exponential proliferation of mutant 
strains selected by Darwinian principle. Therefore, OAT success with minimal AMR can be ensured by 
antimicrobial stewardship (AMS) following the principle of 5Ds -drug, dose, duration, drug-route, and de-
escalation. While convenient to administer, the onset of minimum inhibitory concentration (MIC) for OAT in 
urine is a window of opportunity for uropathogens to survive the first contact with OAT and the descendant 
colonies armed with AMR are likely to survive subsequent higher urine OAT levels. Meanwhile, intravesical 
antimicrobial treatment (IAT) delivers the first strike well above MIC. The root cause analysis of AMR dovetails 
with the strengths, weaknesses, opportunity, and threat (SWOT) analysis of OAT in this interdisciplinary 
review. 

Keywords: UTI, AMR, oral treatment and intravesical treatment 
 

1. Introduction 

The earliest imprint of life left by microbes on Earth goes back 3.8 billion years. As the estimated 
age of our planet is only 4.54 billion years, the earliest imprints of life preserved on rocks are a 
testament to the adaptability of microbes [1] to survive catastrophes [2] that made many larger life 
forms extinct. While their size is microscopic, an unparalleled proliferation pace with genetic drift [3-
5] equips microbes to be the most prevalent life forms on the planet, capable of thriving amidst all 
other forms of life, including in the highly acidic pH of stomach [1] and hyperosmotic urine [6] of 
mammals. The variable pH and osmolality of urine (Figure 1) [7] nearly mimics the threats to survival 
faced 3.8 billion years ago by the ancestors of uropathogens, [8] capable of invading the lower urinary 
tract while competing for nutrients with the commensal microbiome [9]. Microbes employ 
mechanisms of commensalism [10], mutualism, and parasitism to survive [11,12] hostile 
environments. This broad-based review is focused on the intrinsic deficiencies of oral antimicrobial 
treatments (OAT) in their perpetual battle with microbes infecting the bladder lining- urothelium, 
called uncomplicated cystitis, hereafter in this discussion [13]. The strengths, weaknesses, 
opportunity, and threat (SWOT) analysis of OAT for uncomplicated cystitis is complemented by a 
root cause analysis (RCA) of antimicrobial resistance (AMR) in cystitis [11,14,15] to shed light on the 
modest success of antimicrobial stewardship (AMS). 
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2. Antimicrobial resistance (AMR) 

The WHO now recognizes AMR as one of the greatest threats to global healthcare. The action 
triggered by alarm raised by the WHO [15-17] is captured in over 249,067 results generated by a 
recent PubMed search on “Antimicrobial resistance”. Although efforts to contain AMR are capturing 
the attention of healthcare providers now[2], we postulate that AMR is just an expression of the 3.8 
billion years old evolutionary conserved hereditary trait [3-6,12] of microbes to adapt and survive 
environmental stresses such as natural or synthetic antimicrobial substances. Our postulate is 
supported by the first published report on AMR arriving just few years after the commercial sale of 
Penicillin in 1941 [18].  

2.1. Contribution of Urinary tract infection (UTI) To AMR 

With ~150 million cases/year globally [13], UTI refers to infection anywhere along the upper or 
lower urinary tract, but cystitis is a term reserved for the infected urothelium of the bladder (Figure 
1). An estimated 25-40% primary care prescriptions of OAT are triggered by uncomplicated cystitis 
[19]. As per Infectious Diseases Society of America guidelines, first-line OAT for acute uncomplicated 
cystitis includes sulfamethoxazole-trimethoprim followed by nitrofurantoin, oral β-lactams, and 
fluoroquinolones should be reserved as the last line of defense against cystitis in outpatient settings 
[20]. Non-compliance with these guidelines and antimicrobial stewardship (AMS) for cystitis are 
believed to be major contributors to AMR [11,21,22].  

A multi-centre observational cohort US study of 3779 patients recruited from a network of 15 
geographically diverse emergency departments found that the incidences of uncomplicated and 
complicated cystitis were comparable [14] and the most common uropathogens were Gram negative 
strains of Escherichia coli (63.2%) followed by Klebsiella pneumoniae (13.2%), Proteus mirabilis and Gram 
positive strains of Enterococcus faecalis and other species (5.8%) and Staphylococcus saprophyticus. Since 
uropathogens endowed with specific virulence factors also survive in hyperosmotic urine, it is likely 
that the gain of virulence and resistance [17,23] is driven by shared biochemical mechanisms. 

A prior exposure to OAT or injectable antimicrobials in the previous 90 days more than doubled 
the odds ratio for multi-drug resistance (MDR) in uropathogens isolated from urine samples of acute 
cystitis patients [14]. The study also reported that the incidence of uropathogenic E. coli (UPEC) 
fluoroquinolone-resistance ranged from 10.5% to 29.7% by site and uropathogens producing 
extended spectrum β-lactamase ranged from 3.6% to 11.6% by site. Intriguingly, a third of patients 
with a resistant isolate did not have any documented risk factors for resistance [14].  

2.2. AMR and Pregnancy 

Compared to men, incidence of cystitis is much higher in women with 50% lifetime incidence 
and a third experience recurrences within months [24]. While OAT is recommended for treating 
recurrent UTI in non-pregnant women [25], their use is contra-indicated in pregnant women owing 
to the potential teratogenicity of antimicrobials [26]. Therefore, after adjusting for age and socio-
economic status, a significantly higher incidence of AMR noted in non-pregnant women relative to 
pregnant women can be reasonably attributed to OAT used by non-pregnant women [27]. Thus, a 
prospective study on 1758 women of childbearing age [27] bolsters the link between the widespread 
use of OAT and AMR.  

3. The Urinary Bladder 

The primary function of the bladder is to not just store urine excreted by the kidney but also to 
participate in the maintenance of homeostasis of plasma osmolality by altering the pH and osmolality 
of urine [7,28-31]. The homeostasis of plasma is hallmarked by stability of plasma pH, nutrients, and 
electrolyte levels. The bladder participates in homeostasis via endocrine and stretch mediated urine 
reabsorption [7,28,29,31,32] , thereby the bladder acts as a backstop to the constant but slow rate of 
urine production by the kidneys during sleep to prevent nocturnal voiding episodes (nocturia), a 
symptom of cystitis [33]. The bladder is lined by a multicellular layer of urothelium [34], a highly 
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metabolically active [35] multifunctional tissue that monitors bladder distension [36], signals 
constitutional changes to the detrusor, micturition centers and the immune system [37]. Umbrella 
cells rely on restricted transcellular permeability [38] of the asymmetric membrane on the apical side 
to survive the low pH and threefold higher osmotic pressure of urine [7,39] than the serum (Figure 
1). Intermediate cells replacing the infected, superficial urothelial cells are smaller in size than the 
mature umbrella cells [40], which allows for greater passive, paracellular diffusion of urine 
constituents [41-43], leading to dysuria, which also is a symptom of cystitis [35].  

 

Figure 1. The bladder luminal surface is lined with long-lived, highly differentiated, hexagonal 
shaped umbrella cells ranging in 20-150µm diameter with an apical layer formed by an asymmetric 
membrane, hallmarked by restricted permeability to urine constituents. Umbrella cells with an 
asymmetric membrane cover most of the luminal surface of the bladder but the apico-lateral surface 
between adjacent umbrella cell borders is lined by finger-like projections-tight junctions-amenable to 
passive paracellular diffusion of urine constituents. Infiltrating neutrophils near the infected foci 
release neutrophil extracellular traps (NET) into the lumen to ensnare the invading uropathogens and 
release substances that are detected in urine dipstick tests for UTI. 

3.1. Neutrophils 

As illustrated in Figure 1, neutrophils localized near umbrella cells post-infection by 
uropathogens in rodent models are foot soldiers of the innate immune response [44,45]. Neutrophils 
activated by chemokines [37] release a mesh-like structure called neutrophil extracellular traps (NET) 
to entrap the invading uropathogens in the urine-filled lumen [46] and those attaching to umbrella 
cells. The breakdown products of glycosaminoglycans products can mimic the function of NET [47]. 
NET includes a DNA backbone embedded with antimicrobial proteins including myeloperoxidase, 
neutrophil elastase, and histones [48], which are detectable in urine dipsticks. The combative role of 
neutrophils and NET can be inferred from the lower incidence of cystitis symptoms in 2nd and 3rd 
trimester of pregnancy, despite an abundance of bacteriuria with uropathogens [15]. Pregnancy-
related hormonal changes [49] modulate the innate immune cell activity and cause neutrophilia- 
marked by an abrupt rise in the number of neutrophils in the 2nd and 3rd trimester of pregnancy [50]. 
Neutrophils are considered to modulate innate and adaptive immune response [51] through 
interaction with macrophages, dendritic cells, natural killer cells and T and B lymphocytes [52], 
generate reactive nitrogen species, reactive oxygen species, and secrete a variety of cytokines and 
chemokines (CXCL-1, 8,) to combat cystitis [37]. The elevated urine levels of chemokines released by 
infected urothelium [37] decline with OAT and the breakdown products of glycosaminoglycans [47] 
from kidney to bladder are also detectable in urine. 

4. Cystitis Etiology and Treatment 
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Bacterial cystitis symptomatology is described by the symptoms of frequency, urgency and/or 
dysuria that also overlap with symptoms of interstitial cystitis and other urological diseases to 
complicate the diagnosis [35]. A history of two or more episodes of bacterial cystitis is an independent 
risk factor [11,25] for recurrent cystitis, defined as ≥2 episodes in 6 months or ≥3 in a year. Compared 
to men, higher incidence of cystitis in women is generally linked to their shorter urethra and easier 
entry of microbes from adjacent cavities of vagina and anus [53]. It is also likely that periodic 
shedding of urothelium, exclusively in female mammalian bladder [54-56] may shed light on the 
higher incidence of cystitis in women [35] accompanying lower incidence of urothelial carcinoma 
[57]. 

Cystitis is responsible for more non-elective hospital admissions in multiple sclerosis than any 
of its plethora of impairments [58]. Imaging based differentiation of upper and lower UTI (cystitis) is 
critical before initiating aggressive treatment reserved for complicated cystitis. The need for 
translational research to understand the pathogenesis of human cystitis cannot be overstated [59] 
considering the fact that critical elements of cystitis pathogenesis identified in mouse models, which 
are the intracellular bacterial colonies in the superficial umbrella cells of infected mice [12,60] could 
not be reproduced in the pig model of acute cystitis [61]. Given that pigs can weigh as much as 
humans and human bladder wall is as thick as that of pig bladder [62], human pathogenesis of cystitis 
is more likely to track the pathogenesis in the pig model [61].  

As the microbiome of the bladder is influenced by the microbiome of adjacent organs [63,64], it 
is plausible that symbionts of other organs may become opportunist uropathogens, hallmarked by 
their attachment to umbrella cells (Figure 1) and possession of specific virulence factors and the 
secretion of proteolytic enzymes [65], biofilm production [66] to survive in urine, quorum-sensing 
community support networks, short life spans and rapid proliferation of mutant colonies with 
vertical and horizontal transmission [1] of new genetic features through plasmid transfer, which 
helped identify DNA as the genetic material[67]. The highest prevalence of uropathogenic E. coli 
(UPEC) informed its selection for inoculation of pig bladder to model human cystitis, where the 
ingress of UPEC into umbrella cells was noted near tight junctions (Figure 1) [61].    

4.1. SWOT of Oral Antimicrobial Therapy (OAT) for UTI  

The primary strengths of OAT are simplicity and convenience, as self-medication does not 
burden doctors or nurses with having to administer the treatments. The primary weaknesses of OAT 
are inter-individual variability in clinical outcomes and AMR owing to inter-individual variability in 
pharmacokinetics [17] of OAT delaying the arrival of minimum inhibitory concentration (MIC) in 
urine. MIC is the lowest antimicrobial concentration required to prevent the visible growth of the test 
strain of a microbe after a definite incubation period under strictly controlled in vitro conditions [68].   

The antimicrobial effect of OAT takes effect only after the absorbed dose fraction gets filtered 
from plasma by the kidneys into urine (Figure 2). The variability in the pharmacokinetics of OAT 
stem from the variable absorption from the gut [69,70], first pass metabolism in liver, and systemic 
distribution followed by renal excretion (Figure 2) for an intermittent ureteric delivery of OAT into 
urine. Since the bladder [71] receives only 10% of the cardiac output delivered by the renal arteries to 
kidneys [72,73], the exposure of bladder mucosa to circulating drug levels[74] is minimal compared 
to the exposure of the luminal side to the urine drug levels(Figure 2). For all intents and purposes, 
bladder exposure to circulating OAT (Figure 3) leaves a time window of opportunity for invading 
microbes to activate AMR for the following reasons:  

A. The variability in initial drug concentration due to variable absorption from gut and variability 
in urine in-flow rate of 0.3-15mL/min (~50x difference) [33] 

B. The antecedent intravesical antimicrobial-free urine volume [75]  that can range from <10mL to 
potentially well over a liter (>100x difference) [76]. 

C. The urinary pH physiological range of 4.4-9.9, a log scale representing >300,000fold difference 
in acidity/alkalinity, a determinant of the aqueous solubility of excreted drugs [69] and their 
reabsorption by the bladder [77]. 
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A simple multiplication of the noted ranges; >50x >100x >300,000x incriminates potential 
differences in the physical and physicochemical characteristics of urine in stark contrast to the 
homeostasis of plasma volume and pH for optimal functioning of cells. The plot depicted below is 
projected from published human urine and plasma levels of nitrofurantoin in healthy human 
volunteers after oral dosing [69], which must be read with the following caveats: while there can be 
fixed sampling time points for plasma, there was no fixed sampling of urine after oral dosing. Based 
on frequent voiding of cystitis patients, one can infer that concentration build-up noted in healthy 
volunteers voiding less frequently (Figure 2) may not materialize in cystitis patients. Moreover, 
malaise and dehydration secondary to cystitis will alter the urine flow rate, pharmacokinetic 
parameters, and renal toxicity of OAT. 

 

Figure 2. Panel A - Oral antimicrobial treatment (OAT) reaches uropathogens infecting the bladder 
urothelium after the absorbed dose fraction is delivered to the kidneys via renal arteries and OAT gets 
excreted into urine. As a result, there is an initial mismatch between the initial urine concentration of 
OAT and the number of microbes infecting the urothelium. Panel B- Projected plots for serum and 
urine levels after a single dose of OAT (nitrofurantoin). Time 0 is the time of drug administration and 
the delay in reaching urinary MIC leaves a window of opportunity for the activation of AMR genes. 
Then the resistant descendants selected by the Darwinian principle proliferate exponentially. Please 
note the log-scale of the y-axis. 

Furthermore, the pharmacokinetic/pharmacodynamic modelling of OAT [78] found that drug 
exposure that suppresses the emergence of AMR in Gram-negative bacteria varies for each drug 
molecule. Modeling projects that the target plasma concentration should be 4-1000-fold higher than 
MIC to prevent AMR, which is however unfeasible owing to the toxicity and lower therapeutic index 
of OAT. If one were to analyze combat of OAT with uropathogens through a military lens, then the 
use of overwhelming force on first contact with the adversary (microbes) is more likely to extinguish 
any hope of resurgence (gain of AMR) [79]. Accordingly, urine concentration of OAT at first contact 
with the microbial colonies [4,5] infecting the urothelium is a crucial determinant in the emergence 
of a drug-resistant strain that proliferates exponentially to survive even subsequently higher drug 
concentration in urine (Figure 2). Therefore, the duration (Figure 3) between the arrival of the first 
drug molecule in urine and urinary MIC is a proverbial “window of opportunity” for microbes to 
activate latent AMR genes [3,80] or shelter from OAT by entering into leaky tight junctions of 
inflamed urothelium[41,61] or exfoliated vesicles. Uropathogens can adapt to OAT through a panoply 
of pathways [6] including negative tropism, acceleration of mutations [81], sheltering under biofilm, 
expulsion of OAT by membrane pumps. Biodiversity suggests there may be other mechanisms as 
well [81]. Thus, delay in urinary MIC of OAT in the wake of initial conditions is a threat for the 
emergence and prevalence of AMR.  
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4.1.1. Delay and variability in urinary MIC 

As depicted in the plots (Figure 2 B), even though the peak urine concentration Cmax of oral 
nitrofurantoin is twenty-five-fold higher than in plasma Cmax, the initial delay in reaching urine MIC 
leaves a window of opportunity (Figure 3) for the activation of AMR genes to survive subsequent 
higher concentration of nitrofurantoin. Nitrofurantoin reaches its peak serum concentration (Cmax) in 
the time range of 2-24 hours (Tmax ) after oral dosing [69] and only 20-25% of an absorbed dose of 
nitrofurantoin is ultimately excreted in urine [69] as opposed to 40-60% for sulfamethoxazole and 
trimethoprim [63,70].  

 

Figure 3. Repeat dosing of OAT is projected to engender time dependent variability in antibiotic 
concentration in urine with respect to MIC and leave a window of opportunity for activation of AMR. 

The figure above vividly illustrates with a mirage graph that OAT being dripped into urine of 
variable volumes at variable pH from kidneys to bladder may sufficiently facilitate the evasive actions 
of microbes to gain AMR. The graph is referred to as “mirage” because data points are unknowable 
and indeterminable for real-world treatment. Furthermore, MIC of OAT is sensitive to pH and the 
wide range of potential intravesical acidity/alkalinity makes it untenable to extrapolate in vitro MIC 
to the bladder. It is noteworthy that laboratory-based efficacy testing of MIC for cystitis [82] does not 
account for the variability in urine flow.  

4.1.2. Why urine levels are higher than plasma levels of OAT? 

Given that only 20-25% of the absorbed dose of nitrofurantoin is ultimately excreted in urine 
[69], the remainder of the absorbed dose (100-20= 80%) should have generated relatively higher 
plasma levels. Understanding of this anomaly requires a deep dive into pharmacokinetics to 
understand the counter-intuitive concept of volume of distribution (Vd), which is a theoretical 
volume for the distribution for any drug [77]. Accordingly, 75-80% of absorbed dose of nitrofurantoin 
(fraction not excreted in urine) is diluted on 0.46Liters/kg [83] of body weight or 32.2Liters for a 70kg 
adult to generate <1mg/L plasma concentration whereas 20-25% of absorbed dose is diluted in just 
1.5L of 24h urine to generate >10mg/L (Figure 2).  Simply stated, the bigger denominator for 75-80% 
dose leads to 25-fold lower plasma levels than the urine levels of nitrofurantoin. 

The variability in the time taken to reach peak urinary concentration (Tmax ) of OAT results from 
highly variable physiological and pharmacokinetic activities preceding the entry of OAT into urine, 
which are:  

A. Inter-individual differences in metabolism [84], 
B. Fluid and electrolyte consumption, e.g., dietary restriction of sodium significantly increases 24h 

voided urine volume [39].  

C. Inter-individual pharmacokinetic differences [78] 
The study on healthy humans [69] implicated the role of factors listed above in the inter-

individual variability in the mean value of urine Tmax, which is delayed by 2.5 hours relative to the 
plasma Tmax. The variability in the urine Tmax   contributes to the variability in the emergence of AMR 
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[6]. Compared to humans, it can be difficult to get urine samples “on demand” from dogs [85] and 
that sampling flaw may have generated the distorted inference that urinary Tmax  occurs an hour 
earlier than plasma Tmax and former ranges from 0 to 8h in healthy beagles upon repeat oral dosing of 
nitrofurantoin every 8h [85].   

5. Root cause analysis of OAT contribution to AMR 

Last October, the National health service (NHS) England reported that AMR was associated with 
1.8 million hospital admissions in the last 5 years and UTI was causative in over 800,000 with people 
over 65 years old providing most cases. A quarter of urine samples analyzed in the first half of 2023 
had drug resistant bacteria and there was only a 1.6% reduction in the total number of antibiotic-
resistant infections from 2018-2023, far below the ambitious goal of 10% by 2025. AMR is believed to 
be the proximate cause of over 300,000 deaths annually in India, the most populated country[16]. A 
tidal wave of momentum recognizes antimicrobial stewardship (AMS) as a critical tool to assail AMR 
[86]. According to NHS England, AMS refers to an organizational or healthcare system-wide 
approach to retard evolution of AMR by promoting and monitoring judicious use of antimicrobials 
to preserve their future effectiveness by optimal selection, dosing, and duration resulting in the best 
clinical outcome with minimal side effects to the patients [87]. However, widespread preference for 
oral fluoroquinolones to treat uncomplicated cystitis is not in accordance with AMS or treatment 
guidelines [22]. Importantly, a multimodal AMS initiative decreased outpatient usage of 
fluoroquinolone for cystitis by 39% [21] in a large Texas health system from 2016-2018. A modest 
success of AMS with OAT in cystitis merits a root cause analysis of AMR in light of the factors 
discussed in detail in preceding paragraphs and stated succinctly here:  

Cystitis treatment failures and AMR results from a bladder milieu that allows adaptable 
microbes to evade, escape or expel antimicrobials [14].  

Interchangeable use of UTI and cystitis. While absorbed OAT can reach pathogens of upper 
urinary tract via perfused blood, uropathogens causing cystitis can only be eliminated by the urinary 
fraction of absorbed OAT(Figure 2) because circulating levels [74] of OAT are less likely to reach the 
planktonic microbes and those attaching to the apical side of umbrella cells (Figure 1).   

The combat between OAT and the uropathogens provoking cystitis is heavily influenced by the 
physiology of urine flow [17] and physicochemistry. 

The principle of 5Ds -drug, dose, duration, drug-route, and de-escalation for AMS [87] advocates 
getting the right drug concentration in urine above MIC (Figure 2-4) [80,88]. 

 

Figure 4. Panel A - Intravesical antimicrobial therapy (IAT) delivers a bactericidal dose to microbial 
colonies invading the bladder without the delay associated with OAT. Exposure to the high dose does 
not give as much time for the activation of AMR and proliferation of resistant colonies. Panel B - 
Projected plots for serum and urine levels after a single intravesical dose of aminoglycoside 
(Gentamicin) for cystitis reveals an absence of delay in reaching MIC and delivering a lethal blow to 
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microbes with concomitant low plasma levels- owing to the poor systemic absorption-avoids the renal 
and ototoxicity. Notice the log-scale of the y-axis. 

The principle of 5”D”s can be best illustrated by intravesical Gentamicin 80mg(Figure 4B), 
delivering a bactericidal concentration with 90% elimination of live bacteria within 3h with a 
comparative lower incidence of AMR [89] and recurrence [90] than reported with OAT [14,79]. As 
opposed to urine and plasma plots of OAT shown in Figure 2B, the plot of Figure 4B is projected from 
a recent study on post-operative prophylaxis by intravesical Gentamicin [91]. As depicted by the low 
plasma levels (red curve of Figure 4B), the limited bioavailability from bladder can allow local 
administration of drug concentration (yellow curve of Figure 4B) that would be in a toxic range with 
systemic delivery [88]. Accordingly, one can safely deliver doses that generate concentration 4-1000-
fold higher than MIC [78] via the intravesical route at first contact with microbes to lower the 
likelihood of AMR development [79] whereas OAT exposes bladder urothelium to a higher 
concentration [69,70] in a gradual fashion allowing uropathogens to adapt and survive with AMR 
[15,86]. Although, intravesical antimicrobial therapy (IAT) (Figure 4) complies with the prescription 
of 5”D”s, IAT with aminoglycosides or any other broad-spectrum antibiotics is yet to receive a 
regulatory approval for therapy or prophylaxis [80]. 

6. Discussion 

Preceding paragraphs elucidate that current clinical practices of OAT prescriptions for cystitis 
and the physiology of urine flow into bladder [7,28,29] are critical determinants of AMR prevalence 
[14,16]. To avoid confusion among health practitioners, we suggest that cystitis should be treated as 
a distinct entity within the broad category of UTI in light of the SWOT and root cause analysis of 
AMR stemming from OAT for cystitis. While IAT for cystitis is both intracavity and topical (Figure 
4), OAT reaches the same site after urinary excretion and therefore the dynamic entry of the excreted 
fraction of absorbed OAT in the milieu of urine are critical factors in the efficacy of OAT and ensuing 
AMR [17].  

We performed SWOT of OAT here but SWOT of uropathogens is necessary to ensure treatment 
success. The major strengths of uropathogens are adaptability to survive the hyperosmotic urine 
while the weakness is outlined by the susceptibility reports and threat of AMR can be gleaned from 
both unknown and indeterminable Tmax in urine, which is a moving target for reasons discussed here. 
As illustrated by Figure 2, the variability in the initial intravesical conditions [4,5] can be 
consequential to the OAT sensitivity of bacterial descendants [5] but standard OAT offers no basis for 
knowing the duration of the window of opportunity.  

Recent studies suggest that evolutionary changes may mitigate AMR [1], but since hope is never 
a winning strategy in any war, we should be ready for AMR aggravated by climate change [2]. To 
slow the pace of evolution of AMR, the US Food and Drug Administration- and European Medicines 
Agency recently approved, Dequalinium chloride to inhibit the activation of the Escherichia coli 
general stress response, which promotes fluoroquinolone-induced mutagenic DNA break repair [8]. 
The entrapment of uropathogens by NET is mimicked by glycosaminoglycans [47] and a recent 
retrospective analysis of 151 patients found intravesical chondroitin sulphate to be superior to OAT 
in the treatment of recurrent cystitis [92]. This recent study confirmed reports from other groups 
using hyaluronic acid and chondroitin sulphate for prophylaxis of cystitis in spinal cord injured and 
spinal cord intact individuals [93,94]. Other groups have explored antimicrobial peptides [17] and 
bacteriophage treatment [23] as non-antibiotic prophylactic approaches for UTI.  

Analogous to the fecal microbiota transplantation for managing recurrent Clostridioides difficile 
infection [95], intravesical instillation of innocuous microbes into the bladder [9,10] is a non-antibiotic 
approach for cystitis. The intravesical inoculation of E. coli 83972 ASB strain in atonic bladders of 21 
spinal cord injured patients with chronic bacteriuria [10] achieved successful long-term bladder 
colonization in 13 participants that lasted for more than a year without causing bacteremia or sepsis. 
Another group diversified the urinary microbiome and disrupted the colonization by virulent strains 
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of uropathogens in 26 patients with neurogenic bladder, who regularly self-catheterized with 
instillation of Lactobacillus rhamnosus GG [9].  

As the science of OAT for cystitis is poorly understood and with limited available options for 
resistant uropathogens, many experts advise us to be judicious in picking battles with uropathogens 
and avoid pre-emptive strikes on ASB [22] with broad spectrum OAT before dysuria appears [96]. 
Only initiate OAT for uncomplicated cystitis if symptoms are refractory to non-steroidal analgesics. 
OAT prescriptions [96] for ASB with pyuria [53] have the potential to alter the diversity of the 
microbiome in favor of resistant pathogens [14] and adversely impact the memory of innate immune 
cells to combat uropathogens.  

Despite fortuitous successful OAT treatment of a high proportion of cases, the approach may 
produce failures and accentuate the evolution of AMR and complications we observe in clinical 
services. Extrapolation of treating bacterial infections in other parts of body to cystitis should be re-
evaluated in light of the pharmacokinetic considerations described here as an essential feature of 
AMS. Based on current understanding of the adaptability of uropathogens, we deign to hypothesize 
that any antibacterial treatment protocol [80] that fails to account for the evolutionary predisposition 
of microbes that have been adapting to climate change for billions of year [2] may be destined to fail 
the test of time. As the future of antibiotics evidently rests so firmly upon AMS [21,22,86], we leave 
that thought for all the stakeholders of health to consider.   
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