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ABSTRACT

The United Nations General Assembly (UNGA) has designed a blueprint for achieving sustainable development which
is intended to be achieved by 2030. The Sustainable Development Goals (SDGs) are interlinked with 17 goals that
have been set up for a better and more sustainable future for all. To achieve these goals, the practices and principles
associated with Chemistry, Biotechnology, Microbiology, and such related fields could play a pivotal role in achieving
the set targets by 2030. Antimicrobial resistance is one of the present-day concerns that could act as a barrier in the
quest for achieving many of these goals. One of the major goals includes goal 3 which caters to Health and well-being.
Antimicrobial resistance could directly have a deleterious effect which could turn into a roadblock in attaining health
and well-being for all. Drug resistance, in particular, antibiotic resistance to urinary tract infections has gained utmost
attention over the past decade, which has led to ineffective therapeutic management and increased recurrence of the
infection. The rising antimicrobial resistance also affects goal 8 which speaks about work and economic growth.
Several families could face financial as well as social inequality due to added burden of time away from home, and
loss of pay during absence from work to name a few. The present paper highlights various aspects of drug-resistant
UTTI including the major causative agents involved, female gender-specific prevalence, socio-economic consequences,
treatment strategies, and future directions to attain sustainable development with health, well-being, and economic
growth in mind.
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Review, Socio-Economic Impact.

RASAYAN J. Chem., Special Issue, 2022
This manuscript is focusing SDG-3: Good Health and Well-being

INTRODUCTION
Health, well-being, and economic growth of all are some of the major goals in the quest to reach the
Sustainable Development Goals set by UNGA. Antimicrobial resistance (AMR) could be one of the key
factors that could hinder the set goals especially goals 3 and 8 which cater towards health and wellbeing as
well as work and economic impact respectively. It is in this context that there is an urgent need to address
the risk associated with AMR not just at the national level but at the global setup. It has been observed that
excessive, inappropriate use of various antibiotics has turned them increasingly ineffective leading to
serious consequences on human and animal health, the environment as well as on the global economy. As
Escherichia coli (E. coli) is highly prevalent in humans, the environment, and animals and keeping in mind
one health approach, it becomes an ideal indicator in monitoring AMR across sectors. Urinary Tract
Infections (UTIs) remain to be one of the most frequently observed infectious conditions in clinical setups
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and are known to affect all people irrespective of their age. It accounts to be among the chief cause of
morbidity with an incidence of 150 million infections annually worldwide and signifies a severe public
health problem with far-reaching implications on individuals as well as society.' The prevalence of UTIs is
higher in females as compared to males due to various risk factors. Approximately 50-60% of women in
the world encounter UTI at least once in their life with a peak observed between 16 and 64 years.>** UTIs
can be either complicated or uncomplicated based on the clinical scenario. Complicated UTIs occur among
individuals accompanied by a heightened risk of complications during the infection including pregnant
females, any functional or structural anomalies of the urinary tract, renal diseases including diabetes,
indwelling catheter, and any other immunosuppressive disorder. Meanwhile, uncomplicated UTIs are acute,
sporadic, or recurrent that may be manifested as lower uncomplicated cystitis or upper uncomplicated
pyelonephritis. Uncomplicated UTIs are mostly confined to non-pregnant females without anatomical
dysfunction. Recurrent UTIs are defined as recurrent episodes of uncomplicated or complicated UTIs with
the incidence of at least three UTIs annually or two episodes in the prior six months. E. coli is the
commonest causative uropathogen among all types of UTIs. Antibiotic resistance in UTI has impacted the
clinical as well as socio-economic events associated with the infection. Drug resistance attributed to E. coli
ranks the top among all other bacterial strains followed by Klebsiella pneumonia and a few other Gram-
negative bacteria. Treatment in cases of drug resistance must be dealt with proper caution by optimizing
antibiotic therapy with an understanding of commonly isolated pathogens and local antibiotic sensitivity
patterns. Various drug molecules and alternative therapeutic choices are under investigation for the
effective and prospective management of drug-resistant UTIs.>%” The present paper highlights various
aspects of drug-resistant UTI including the major causative agents involved, female gender-specific
prevalence, socio-economic consequences, treatment strategies, and future directions.

The Causative Pathogen of UTI

UTIs develop as a result of microbial invasion of the urinary tract through the urethra by several
uropathogens. Although bacteria are the major culprit causing the highest incidence of infections with up
to 95%, various other micro-organisms including fungi and viruses also cause the disease. E. coli is the
common uropathogen resulting in both complicated and uncomplicated UTIs and accounts for about 80-
85% of total infections. In the case of uncomplicated UTI, the causative organisms in their decreasing order
of prevalence after E.coli are Klebsiella pneumoniae, Staphylococcus saprophyticus, Enterococcus faecalis,
group B Streptococcus (GBS), Proteus mirabilis, Pseudomonas aeruginosa, Staphylococcus aureus, and
Candida spp.®'! In case of complicated UTIs, the other responsible organisms include Enterococcus spp.,
K. pneumonia, Candida spp., S. aureus, P. mirabilis, P. aeruginosa and GBS.'>!* UTI causing bacterial
pathogens are known to have a unique property of biofilm formation and adaptable morphological
variations that makes it distinct enough to cause recurrent infections and increase resistance towards
antibiotics. Multi-drug resistance, especially of the Enterobacteriaceae family constituting E. coli, and
K.pneumoniae, pose a great threat to the management of UTIL. Extended-spectrum f-lactamases (ESBLs),
enzymes produced by Enterobacteriaceae, are the prime factor responsible for the increased resistance
towards Penicillin and Cephalosporins. E.coli extends its resistance towards aminoglycosides,
sulphonamides, and fluoroquinolones through their action of plasma—mediated transfer of genes encoding
ESBLs, meanwhile, K. pneumoniae exerts its mechanism of resistance via chromosome-encoded ESBLs,
which confer activity against B-lactams.'*

In addition to inhibition of drug activity by ESBLs producing E.coli strains, several other sub-groups of
ESBLs including CTX-M, OXAs, AmpC enzymes, and carbapenemase have demonstrated resistance
towards specific antibiotics used in the treatment of UTI. CTX-Ms have increased resistance to Penicillin,
Monobactams, and extended-spectrum cephalosporins including Cefotaxime and Ceftriaxone, but not
against Ceftazidime. Originating from the chromosomes of Kluyvera spp., these have gained popularity
during the last decade in both hospital and community settings with E. coli reporting the highest frequency
of this enzyme production.!> Another chromosomally encoded ESBL enzyme, AmpC is highly active
against Penicillin, third-generation, and extended-spectrum Cephalosporins, and Cephamycins as a result
of exposure to these drugs. It also extends its spectrum of activity to B-lactamase inhibitors, including
Clavulanic acid.
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Carbapenemase, ESBLs first originated in K. pneumonia through its swift transmission among the
Enterobacteriaceae family has resulted in carbapenem-resistant Enterobacteriaceae (CRE)— an alarming
crisis that targets the failure of Carbapenem (Figure 1) antibiotics left for the treatment of drug-resistant
UTL'® Studies have indicated the increasing prevalence of CRE, especially E.coli strains that encode genes
for Carbapenemase in their plasmids and offers high resistance towards extended-spectrum Penicillin and
Cephalosporins.'!® OXAs are carbapenemases that have specific activity against B-lactamase inhibitors
apart from resisting aminopenicillins, and penicillinase-resistant Penicillins through hydrolysis of the beta-
lactam ring.

Figure 1: 2D and 3D structure of Carbapenem

OXAs were primarily produced only in Pseudomonas aeuroginosa however, their presence has been
detected recently in E. coli species. Data from studies indicated that £.coli strains were found to be the most
prevalent in causing UTI and associated with resistance to multiple antibiotics.!*?%?!- A meta-analysis
showed that E.coli resistance was highest in Amoxicillin and least in Colistin among samples of humans,
animals, food, and environment.?> Even among children, the most prevalent causative organism of UTI is
E.coli followed by Klebsiella pneumonia and E.coli was found to be resistant to Ceftriaxone, Ampicillin,
Ampicillin-Sulbactam, Amoxicillin-Clavulanate, Cefuroxime Axetil, TMP-SMX and Ciprofloxacin.?**

Prevalence Among Females

UTI is among the most frequently occurring infections in clinical practice with a significantly higher
prevalence among females, approximately 8 times as in males, and recent evidence revealed that UTIs occur
in 50-60% of females once in their entire life.”> Recurrence of UTI and global statistics state that around
20-30% of women may suffer from re-infection within 3—4 months of the first occurrence. Several studies
have reported the evolution of drug-resistant UTIs in the female population, especially among pregnant
women. Factors such as age, structural changes, altered immune response, familial history, comorbid
conditions, prior or current catheterization, lack of personal hygiene, and pregnancy could be some of the
major factors attributing to the higher prevalence of UTI among females.?® A systematic review on drug-
resistant UTI among pregnant women in many developing countries in Asia and Africa over the last decade
reported an overall prevalence of 13.5% in the study population. The gestational stage in women is crucial
due to several predisposing factors such as physiological and hormonal alterations during pregnancy,
infection route, and urinary instrumentation that could induce the incidence of infection.?’ In addition,
history of UTI incidence, catheterization, poor socio-economic status, educational status, age between 25—
34 years, frequent sexual intercourse in the pregnancy period, recent contraceptive use, gestational age, and
multiparity exhibit significant association with infection.?-3*

Socio-Economic Impact

The advent and spread of drug-resistant UTIs at an unprecedented pace is a global health concern that
amplifies the clinical as well as socio-economic burden. Misutilization of antibiotics, application of
antibiotics in the food industry, genetic mutations in bacterial strains, and knowledge gap leads to the incline
in antimicrobial resistance over the years. A recent report on drug resistance by the World Bank suggests
that it poses a serious threat to developing countries by deteriorating their economic integrity relative to
other nations in the world. Few other studies forecast an approximately 1% reduction in the GDP per annum
and a net loss of 5—7 % in emergent nations by the year 2050. Increasing rates of antimicrobial resistance
in the modern era significantly affect the patient as manifested in clinical outcomes including extended
hospitalization, increased morbidity, and mortality rate, worsening quality of life, and socio-economic
outcomes like increased healthcare costs decreased productivity and unemployment. A prospective cohort
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study performed in different hospital settings in Lebanon compared the economic impact of UTI caused by
E. coli — resistant and — sensitive strains. The data revealed a higher count of resistant E.coli bacterial
isolates that exceeded the total costs of hospitalization by 29% and one-day longer duration of hospital stay
as compared to the E.coli sensitive stains.** Similar results of economic loss were reported among third—
generation cephalosporin—non-susceptible E.coli and K. pneumoniae isolates, Carbapenem-resistant K.
pneumoniae, P. aeruginosa, and A. baumannii in comparison to susceptible strains of these pathogens in a
multicenter retrospective analysis in China.’>-¢ Recurrent UTIs affecting the patient’s quality of life are
also associated with significant social and economic burdens.?” Ciani et al. demonstrated that recurrent
UTIs encountered within 6 months among females ultimately lead to resignation from their workspace for
appropriate symptom resolution, achieving beneficial health outcomes and improved quality of life.*

Treatment of Drug-Resistant UTI

UTIs represent a major health issue among healthcare professionals as well as patients and their appropriate
management is of paramount significance in current clinical practice. Older therapeutic agents such as
Trimethoprim-Sulfamethoxazole, Ciprofloxacin, and Ampicillin have been excluded from the empirical
therapy of UTIs due to high recurrence rates of infection and failure in therapy owing to the increasing
resistance by uropathogenic strains of Enterobacteriaceae family. UTI management must be patient—
directed, hence it warrants a consistent and careful approach to ascertain the presence of infection based on
urine culture and sensitivities, the site and type of infection along with risk factor assessment. Furthermore,
appropriate knowledge of the common UTI-associated pathogens and focus on local sensitivity patterns is
crucial in deciding rational antibiotics for empirical therapy of UTIs.*

Uncomplicated UTI

The Infectious Society of America (IDSA) recommends five-day therapy of Nitrofurantoin 100mg, a three-
day course of double-strength Trimethoprim-Sulfamethoxazole 160/80 mg twice daily in conditions where
the prevalence of E. coli resistance towards the drug is <20%, or a 3g single dose of Fosfomycin
Trometamol as first-line agents for treating uncomplicated cystitis among healthy adult non-pregnant
females. Second-line agents include fluoroquinolones and oral B-lactams including cephalosporins.
However, due to the mounting rates of antimicrobial resistance, researchers have indicated that Fosfomycin,
Nitrofurantoin, and Pivmecillinam are the drugs with the highest activity against multi-drug resistant
ESBLs and AmpC enzyme isolates producing E.coli among patients having acute cystitis.** Fosfomycin
(Figure 2), commercially available as Fosfomycin tromethamine in salt form is an approved choice single-
dose oral therapy for uncomplicated UTI due to E.coli and Enterococcus faecalis in women, but not
approved in Klebsiella associated UTIs. The extensive use of Fosfomycin in the management of multi-drug
resistant or complicated UTIs remains controversial due to scarce data and rising resistance rates with the
drug.*'*? Huttner A. ef al. in an open-label randomized trial conducted on 513 women with uncomplicated
lower UTIs found that Nitrofurantoin administered as 100mg thrice daily for 5 days, was dominant to 3g
single dose of Fosfomycin in terms of symptoms resolution and cure rate after 2 weeks and 4 weeks
respectively.* Nitrofurantoin (Figure 3) was also superior to fluoroquinolones owing to its primary
indication in UTI, narrow spectrum of activity, and safety profile.** Therefore, Nitrofurantoin is indicated
as the first choice of antibiotic therapy for acute cystitis and Fosfomycin should not be used unless in cases
of resistance or hypersensitivity reaction to Nitrofurantoin and renal failure (Creatinine clearance
<30ml/minute).

Fig.-2: 2D and 3D structure of Fosfomycin Fig.-3: 2D and 3D structure of Nitrofurantoin
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Fluoroquinolones and Trimethoprim-Sulfamethoxazole (Figure 4) can be considered in the management of
uncomplicated cystitis as an empirical or definitive choice of therapy only during antimicrobial resistance
as well as allergy to first-line agents and UTIs caused by Enterobacteriaceae except for E. coli.
Pivmecillinam, an orally administered synthetic Penicillin, is an alternative option in the treatment of ESBL
producing E.coli and ESBL-producing Klebsiella pneumoniae despite few cases have reported insignificant
clinical outcomes concerning MIC and failure in Mecillinam-susceptible ESBLs-E. coli strains.*>* Oral
cephalosporins occupy the last position in the list of activity against E.coli. Due to growing rates of
antibiotic-induced adverse events and diarrhea with Cephalexin, these agents are also considered a choice
after failure to Nitrofurantoin or Fosfomycin therapy.*’** Amoxicillin-Clavulanic acid in drug-resistant UTI
is restricted due to a dearth of data on its efficacy and safety, and booming rates of resistance, but its addition
to Aztreonam can be an effective approach in the treatment of Metallo-B-lactamases (MBLs) producing
Gram-negative bacteria.
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Fig.-4: 2D and 3D Structure of Trimethoprim-Sulfamethoxazole

Complicated UTI

Complicated UTIs are often associated with infection recurrences and therapeutic failure due to
physiological anomalies of the urinary tract that impose practitioners to target intravenous broad—spectrum
antibiotics in the empirical management of complicated UTIs including acute pyelonephritis caused by
Enterobacteriaceae. Switching from an intravenous route to the oral agent, to which the isolated pathogen
is susceptible, can be encouraged once initial therapy attains clinical response and antimicrobial sensitivity
testing is available for the completion of the antibiotic course even in cases of symptomatic bacteremia.
Ceftriaxone, a broad spectrum third-generation cephalosporin is the recommended first choice of empirical
therapy for acute pyelonephritis when risk factors are absent for resistance-producing organisms such as
ESBLs- Enterobacteriales, P. aeruginosa or Enterococci.® Cefepime and Ceftazidime possess similar
antibacterial activity to Ceftriaxone, with additional benefits.>*>! Cefepime is comparably stable to AmpC
enzyme hydrolysis, and studies have shown that 96.6% AmpC- producing E.coli strains are sensitive to
Cefepime while Ceftazidime is active against Pseudomonas species, hence both these drugs are a viable
option for the management of complicated UTI and pyelonephritis.** Ceftazidime-Avibactam combination
is approved by FDA to treat complicated UTIs as well as pyelonephritis and Gram-negative infections.
Evidence suggest that Ceftazidime-Avibactam has inhibited microbial resistance >99.9% of
Enterobacterales and 99.4% of P. aeruginosa which were initially resistant to Meropenem, Ceftazidime,
and Piperacillin-Tazobactum and 100% of OXA-48 enzyme producing uropathogens.>® Another
combination of cephalosporin and B-lactamase inhibitor, Ceftolozane-Tazobactam has profound inhibitory
activity against P. aeruginosa but not against ESBLs or MBLs. Randomized, double-blind, phase III trial
revealed high infection cure rates with the drug and was found to be superior to high-dose Levofloxacin in
complicated UTIs, however, an incremental rate of resistance among ESBLs-Klebsiella pneumoniae
restricted its use as a choice to Carbapenems.>*>>-¢ Ertapenem (Figure 5) is the most preferred choice of
Carbapenems in the management of moderate to severe complicated UTIs, commonly affected by ESBLs
—Enterobacteriaceae about its clinical efficacy, narrow spectrum activity, and convenience for ambulatory
therapy. Despite its inhibitory action, ertapenem is losing its glory in clinical practice due to growth in
resistance rates towards Enterobacter cloacae, K. pneumoniae, ESBL-Enterobacteriaceae, and nosocomial
infections.’
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Several innovative drugs have been investigated and introduced into the market that offers an effective
therapeutic approach in the management of complicated UTIs. One such antibiotic includes FDA approved
combination of Vaborbactam with Meropenem which has a four-fold increased potency compared to
Ceftazidime-Avibactum. It has shown superior efficacy to Piperacillin-Tazobactam in UTIs and significant
improvement in clinical response against the standard treatment options for CRE infections.>® Relebactam
is a non-B-lactam P-lactamase inhibitor with a similar spectrum of activity of Vaborbactam plus
P.aeruginosa which shows an additive effect with Amikacin or Colistin.3%

Fig.-5: 2D and 3D structure of Ertapenem

Among aminoglycosides, Plazomicin is the newly FDA-approved the choice of drug in complicated UTIs
including pyelonephritis due to the Enterobacteriaceae family when there are only limited or no other
treatment options available. Plazomicin showed non-inferiority to Meropenem in a randomized, double-
blind, phase III study attaining higher clinical response detected as a clinical cure and microbiological cure
rates.®! Another novel therapeutic option is Temocillin, a Ticarcillin derivative that shows in vitro activity
against AmpC-, ESBLs-, and KPC-producing Enterobacteriaceae,  Ceftriaxone-resistant
Enterobacteriaceae with the least likelihood of Clostridium-associated infection. Currently, Temocillin is
recommended at a dose of 2g either twice daily or thrice daily based on the severity of infection and
sensitivity patterns although its clinical efficacy in UTI management remains questionable. In addition to
the above antibiotics that have been used in ameliorating the severity of UTI attributed to resistance by
various uropathogens, vaccines open an alternative platform for effective therapeutic prevention of the
infection. Currently, four vaccines are commercially available that offer protection against common
uropathogens and prevents the recurrence of UTIL. The progressive development of several therapeutic
nuances that target the UTI mechanism and pathological factors is evident since the last decade. Vaccines
aimed at the protective capsule layer of the uropathogens, pathological steps of adhesion to the epithelium,
toxins produced by bacterial strains, and iron metabolism relevant to the survival of bacteria have been
studied with great prospects. Likewise, small compounds of bacterial substrates with inhibitory action on
protein and substrate binding sites of the uropathogens are also promising candidates in disease prevention.
However, further research is warranted in vaccines and other molecules in real-world settings to confirm
their efficacy and safety in the management of drug-resistant UTIs.

CONCLUSION
Antibiotic resistance to extended-spectrum Carbapenems is a flashpoint in the management of UTI
endangering the disease severity as well as the efficacy of existing antibiotics. Conversely, it put forward
the scope of newer agents in clinical practice. Trials on various drug molecules of different categories have
been found successful in the long run. Although fluoroquinolones are not recommended in the empirical
antibiotic therapy of complicated UTIs due to the rising fluoroquinolone-resistant E. coli strains,
Finafloxacin is a newer fluoroquinolone in its experimental stage which exhibits inhibitory activity against
ESBLs- Enterobacteriaceae and E. coli strains resulting in resistance to conventional fluoroquinolones.
Finafloxacin possesses higher potency in acidic pH relative to Levofloxacin and Ciprofloxacin and higher
clinical cure rates when compared with Ciprofloxacin. Cefiderocol is a recently developed cephalosporin
and a siderophore antibiotic with Burkholderia cepacia. A phase 1l trial demonstrated the superior efficacy
of Cefiderocol over Imipenem/Cilastatin in achieving a clinical and microbiological response in
complicated UTIs due to Gram-negative bacteria. Sulopenem is an investigational Carbapenem indicated
for the treatment of both complicated and uncomplicated UTI with a similar activity profile of other
Carbapenems against common uropathogens except P.aeruginosa. A few other promising candidates in the
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treatment of UTIs include Eravacycline and Omadacycline which are still in their developmental stages.
Eravacycline, a Tigecycline derivative has a broad spectrum of activity extending to CRE, A.baumannii,
and strains resistant to Polymyxin, Methicillin-susceptible and resistant Staphylococci, Vancomycin-
susceptible and resistant Enterococci. Omadacycline is a semisynthetic tetracycline antibiotic with
inhibitory action towards Gram-positive, and Gram-negative aerobes, anaerobes, and atypical bacterial
strains. Phage therapy has indeed come into the limelight for the treatment of severe antibiotic-resistant
UTIs. Even though there are only a few animal-based studies and case reports supporting its efficacy in
disease management, human trials are required to ascertain its significance. In a nutshell, drug-resistant
UTI remains a matter of concern in the current healthcare settings which necessitates cautious antibiotic
prescribing practices for appropriate management. Although recent reports on novel therapeutic substitutes
have demonstrated positive results in animal studies as well as few human trials, extensive real-world
evidence would help clinicians in the management of widespread antibiotic-resistant UTIs. A robust
tracking system, a comprehensive surveillance mechanism, preparedness, and lessons learned from
previous experiences along with effective management of antibiotic therapy would help in the realization
of sustainable development goals for a better future for all.
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