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Abstract: Escherichia coli is by far the leading cause of
community-acquired UTIs. Its emerging antimicrobial
resistance, along with the existence multidrug-resis-
tant (MDR) strains is one of the most difficult global
healthcare challenges. In Europe, including Serbia, E.
coliisolates obtained from patients with acute uncom-
plicated urinary tract infections (UTIs) have increasing
antimicrobial resistance, particularly to ciprofloxacin
and trimethoprim-sulfamethoxazole. Pivmecillinam,
the oral prodrug of the penicillin derivative mecil-
linam, was introduced in national and internation-
al protocols around the globe for UTIs treatment in
ambulatory settings after showing high efficiency for
uncomplicated low UTIs. During its application in
various European countries, mecillinam has shown a
satisfactory clinical effect against uropathogenic E. coli.
Thus, it is commonly used as the anibiotic of choice
for the empirical management of UTIs, mostly due to
its low resistance rates and low damaging effects on
the gut microbiota as a pro-drug. Research showed
that mecillinam exhibits high antimicrobial activity
against MDR E. coli strains, such is the case in metal-
lo-B-lactamase (MBL)-producing isolates (both NDM-
1 and IMP types) and OXA-48-like-positive strains.
Mecillinam is yet to be registered in Serbia, in order
to be tested as a potential first-choice antibiotic for
UTI caused by E. coli. Thus, we review the current
literature data on mecillinam’s antibacterial effect in
this particular bacteria.

Keywords: Escherichia coli; mecillinam; urinary infec-
tions; antibiotics; antimicrobial resistance

1. Introduction

Urinary tract infections (UTIs) are among the most
common bacterial infections in human population.
Escherichia coli (E. coli) is by far the leading cause of
community-acquired UTIs, with a urine sample prev-
alence of over 80% (Priyadharshana et al. 2019). Its
emerging antimicrobial resistance, along with the ex-
istence multidrug-resistant (MDR) strains is one of the
most difficult global healthcare challenges (Kahlmeter
et al. 2015; Zykov et al. 2020).

The most important antimicrobial resistance
mechanism of uropathogenic Escherichia coli
(UPEC) is the production of antibiotic-degrading
enzymes. A significant proportion of E. coli strains
produce different beta lactamases, including extend-
ed-spectrum {-lactamase (ESBL), with around half
of isolates being ESBL-producers. Other clinically
significant beta-lactamases are plasmid-mediated
AmpC, as well as carbapenemases, including OXA-
48-like enzymes. Carbapenemase-producing E. coli
is an emerging pathogen and a significant challenge
(Zykov et al. 2020).

In Europe, including Serbia, E. coli isolates ob-
tained from women with acute uncomplicated UTIs
have increasing antimicrobial resistance, particularly
to ciprofloxacin and trimethoprim-sulfamethoxaz-
ole (TMP-STX) (Kahlmeter et al. 2015; Djordjevi¢
et al. 2019). The aforementioned antibacterial agents
are the first-line antibiotics for acute, uncomplicat-
ed UTIs according to the ,Rational use of antibiot-
ics“guidelines issued by the Serbian Ministry of Health
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in 2018 (Hosn Hanmonanuu Bopuya 3a Panyonanny
Ynorpeby Autubnoruxa, 2018), as well as the already
two — decades old national UTI treatment strategy in
Serbia (Ministarstvo Zdravlja Republike Srbije, 2004).
Therefore, as aforementioned studies are reporting an
increasing resistance to these agents, the normative
rationale for their use as a first-line agent is being chal-
lenged (Bollestad et al. 2018).

Consequently, with the urgent need for new UTI
treatment modalities, older and less frequently used an-
tibiotics have been tested and evaluated against MDR E.
coli in numerous studies. One of these antibacterials is
pivmecillinam, the oral prodrug of the penicillin deriv-
ative mecillinam (also named amdinocillin). Based on
recent research, mecillinam resistance in E. coli mostly
remains low in Europe (Kahlmeter et al. 2015). When
mecillinam was introduced to clinical practice, E. coli
was found to be the most common uropathogen that
was highly susceptible to this antibiotic (Tutone et al.
2022). Therefore, in several nations, it is commonly
used as a first medication for the empirical manage-
ment of UTI, mostly due to its relatively low resistance
rates and low damaging effects on the gut microbiota
as a pro-drug and good in vitro efficacy against B-lact-
amase-producing E. coli (Zykov et al. 2020).

Pivmecillinam is yet to be registered in Serbia, in
order to be tested as a potential first-choice antibiotic
for UTI caused by E. coli; thus, we review the current
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literature data on mecillinam’s antibacterial effect in
this particular bacteria.

2. Methodology

A systematic review on the role of mecillinam in the
treatment of UTI caused by E. coli was performed.
A search of the Pubmed database was conducted to
identify relevant, original articles related to the afore-
mentioned topic. Terms used for the search were: me-
cillinam AND E. coli. In order to focus on innovative
findings, only articles published in the last 10 years
were included. Studies were included if they were
journal articles that reported: 1) UTIs caused by E.
coli treatment with mecillinam, 2) mecillinam as an
antibiotic of interest in terms of mechanism of action,
sensitivity, resistance and guidelines for clinical appli-
cation, 3) prevalence of E. coli resistance to mecillinam
and its clinically relevant mechanisms. Exclusion cri-
teria included: 1) reviews, abstracts, books, opinion
articles, letters to the editor, 2) non-English articles.
The PRISMA (Preferred Reporting Items for System-
atic Reviews and MetaAnalyses) protocol was adopted
in this literature review to offer the replicability of the
study, as shown in Figure 1 (Page et al. 2021). Addi-
tional manuscripts of interest were identified through
a manual search of the reference lists of the retrieved
articles. The final text represents an overview of the
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antimicrobial properties of mecillinam as a first-line
antibiotic in the treatment of UTIs caused by E. coli.

2.1. Mecillinam - mechanism of antibacterial action
Mecillinam is a f-lactam antibiotic that interfere with
the essential penicillin-binding protein 2 (PBP2) (Ko-
caoglu & Carlson, 2015). The target of p-lactam antibi-
otics is the transpeptidase activity of penicillin-binding
proteins (PBPs) for the synthesis of cross-links in the
peptidoglycan (PG) of bacterial cell walls (Thulin &
Andersson, 2019). The inhibition of PBP is identified
as a crucial element contributing to the lethal effects
of B-lactam antibiotics. The downstream metabolic
effects resulting from the administration of mecillinam
to E. coli demonstrate that the inhibition of PBP2 has
a distinct outcome of inducing toxic metabolic dys-
function, leading to the disruption of the usual balance
between anabolic and catabolic processes. The previ-
ously mentioned process leads to an unproductive loop
of cell wall synthesis and subsequent disintegration,
resulting in the depletion of cellular resources and
compromising the quality regulation mechanism for
enzymes responsible for breaking bonds in the cell wall
structure, ultimately posing an obstacle to the integ-
rity of PG (Cho et al. 2014). The maintenance of PG
homeostasis is closely associated with the activation
levels of the Cpx system, which is a stress response
system located in the cell envelope. The activation of
the Cpx system offers cellular protection against an-
tibiotics that block PG production. Fortunately, the
usual insufficient activation of Cpx leads to aberrant
cellular structures that exhibit a greater susceptibility
to B-lactam antibiotics, and substantial deficiencies
in cell division and growth. These observations are
in line with a disruption in the maintenance of PG
homeostasis (Delhaye et al. 2016).

2.2. Mecillinam for the UTI treatment
As an old penicillin derivative, mecillinam was in-
troduced worldwide in national and international
protocols for UTI treatment in ambulatory settings
after showing high efficiency for uncomplicated low
UTIs. In Germany, this drug was re-introduced in
2016, as a first-line treatment of acute uncomplicated
cystitis (Kresken et al. 2022). In 2019, pivmecillinam
was the recommended first-choice antibiotic used to
treat UTIs in Denmark (Nielsen et al. 2019). Along
with fosfomycin and nitrofurantoin, pivmecillinam
is a first-line treatment for uncomplicated cystitis in
women according to the newest European Association
of Urology (EAU) guidelines published in 2023 (EAU
Guidelines, 2023).

Dosing regimens of pivmecillinam that are prov-
en to be effective in UTI treatment are 200 mg and
400 mg, three times daily. Against clinical isolates of

E. coli, including multidrug-resistant (MDR) ones,
these dosages showed high effectiveness in bladder
localized infections (Zykov et al. 2020). An uncon-
trolled treatment trial documented that pivmecilli-
nam of 400 mg, given for 1 week following 3 days of
parenteral antibiotics, is a suitable treatment option in
patients suffering from bacteriemic UTI due to E. coli
(Hansen et al. 2022). In comparison, timocillin, also a
PBP2-specific beta-lactam showed low efficiency for
complications such as systemic infection (Chen et al.
2016), further highlighting the need for randomised
clinical trials studying the efficacy of pivmecillinam as
the standard of care for febrile UTI. It was also exper-
imentally demonstrated that there was a highly signit-
icant antimicrobial effect of mecilinam in the bladder,
as well as in the kidney, showing its high potential for
upper UTI treatment (Zykov et al. 2020).

As no differences in resistance rates were observed
in older patients, this patient population does not re-
quire specific treatment protocols for uncomplicated
UTIs, but recommendations based on gender seem
to be needed. It was registered that E. coli was signifi-
cantly more common in females than in males, with
other bacterial species being more common in male
UTIs, with a tendency for gender-dependent resis-
tance patterns (Fagan et al. 2015). New prescriptions
of UTI antibiotics and relapse within 3 months after
completion of therapy were more frequent with piv-
mecillinam than trimethoprim in treating lower UTIs
in men. Nevertheless, it still has acceptable efficiency
for empirical treatment (Montelin et al. 2019).

Itis a general knowledge that the odds of resistance
to any antibiotic increase significantly after recent ex-
posure to it, more precisely within 90 days prior to the
UTI episode. Mecillinam showed the lowest increase
in the odds for selection of resistance overall (Jensen
et al. 2022). so that leaves it as a valuable treatment
option even in recurrent UTIL.

2.3. Mecillinam as a treatment option for MDR,
B-lactamase-producing E. coli isolates

An increasing resistance of E. coli to different anti-
microbial agents has been noticed. Most widespread
antibiotics against which the resistance of E. coli is
prevalent are the following: ampicillin (21.0-53.7%),
amoxicillin (30-43.3%), amoxicillin-clavulanic acid
(16.7-20.5%), and cefuroxime (11.3-13.5%). Looking
at two commonly used antibiotics for UTI treatment,
E. coli also exhibits a highly prevalent resistance to
TMP-STX (16.1-31.6%) and ciprofloxacin (5.2-32.3%)
(Table 1). This is especially significant when com-
pared to overall low mecillinam resistance (0-10.8%)
(Sundvall et al. 2014; Bollestad et al. 2018; Ny et al.
2019; Kresken et al. 2022; Plambeck et al. 2022; Stolt-
idis-Claus et al. 2023).
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Country TMP-SXT Ciprofloxacin Mecillinam Reference
Germany 27 1.1 52 Kresken et al. 2022
Italy / 323 10.8

Spain / 16.8 8.5

UK / 15.0 10.0 Tutone, et al. 2021
Belgium / 14.4 10.1

Germany 16.1 6.1 /

Poland 31.6 25.3 10.5

Sweden 22.9 11.1 0

Finland 20.0 133 33 Ny etal. 2019
Latvia 241 5.2 1.7

Russia 26.4 28.4 4.1

Norway / / 8.5 Bollestad et al. 2018

Table 1. Prevalence of E. coli resistance (%) to most
frequently prescribed antibiotics for UTIs treatment in
different European countries compared to Mecillinam.

TMP-SXT, trimethoprim-sulfamethoxazole; UK,
United Kingdom

In Serbia, during the pre-COVID era, E. coli iso-
lated from community-acquired UTT cases exhibited
higher prevalence of resistance to TMP-STX (37.46%)
and ciprofloxacin (23.80%) to those shown in Table 1,
respectively (Djordjevi¢ et al. 2019). Also, MDR is not-
ed to be most prevalent in isolates showing high-level
ciprofloxacin resistance (Strand et al. 2014). This is
of high importance, as both ciprofloxacin and espe-
cially trimethoprim-sulfamethoxazole are key anti-
biotics in Serbian UTTI treatment guidelines (HoBu
Hamnuonanuu Boguu 3a Panmnonanny YunorpeGy
AnTnéuoruka, 2018). During the COVID-19 pan-
demic in Serbia, the overall antimicrobial resistance,
has escalated, especially in Gram-negative bacteria,
including uropathogenic isolates (Gajic et al. 2023).
This could potentially indicate that E. coli resistance
prevalence is a lot higher in 2023, a post-COVID pe-
riod. This could provide a further support for intro-
duction of mecillinam in Serbia, as well as testing it
for UTI treatment afterwards.

Mecillinam demonstrates potent antimicrobial ac-
tivity against strains that produce plasmid-mediated
enzymes (AmpCs) (Zykov et al. 2020), and ESBLs of the
CTX-M family (Plambeck et al. 2022; Zykov et al. 2020).
This is significant because the CTX-M mutation is the
most prevalent mutation in ESBL E. coli (Priyadharsha-
na et al. 2019). Despite this, mecillinam resistance re-
sulting from the CTX-M mutation remains uncommon
(Nielsen et al. 2019). The quantities of mecillinam re-
quired to inhibit 50% and 90% of the ESBL-producing
isolates, in comparison to other isolates, were nearly
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equivalent, hence emphasizing its anti-ESBL activity
(Kresken et al. 2022). Thus, mecillinam maintains its
status being a carbapenem-sparing drug (O’Kelly et al.
2016; Fuchs & Hamprecht, 2019; Farfour et al. 2022).
This fact supports the recommendation to regard piv-
mecillinam as a first-line option for the treatment of un-
complicated lower UTTIs in adults (Kresken et al. 2022),
as well as in pediatric population (Thaulow et al. 2021).

Further evidence show that mecillinam exhibits
high antimicrobial activity against MDR E. coli strains,
including p-lactamase producing ones. (Fuchs & Ham-
precht, 2019) Such is the case in metallo-f-lactamase
(MBL)-producing isolates (both NDM-1 and IMP
types) and OXA-48-like-positive strains (Samuelsen et
al. 2017; Fuchs et al. 2020; Zykov et al. 2020; Emeraud
et al. 2022; Plambeck et al. 2022), even in those with
high carbapenem MICs (minimal inhibitory concen-
trations) (Fuchs et al. 2020).

2.4. Mecillinam and other antibiotics as a treatment
choice for highly resistant E. coli isolates

In European countries, 80-97.4% of clinical E. coli iso-
lates tend to show high sensitivity to mecillinam, based
on the recent studies (Samuelsen et al. 2017; Fuchs &
Hamprecht, 2019; Priyadharshana et al. 2019; Emeraud
et al. 2022; Tutone et al. 2022). However, certain authors
reported MDR E. coli associated with ESBL-producing
plasmids that have become a major problem, especially
if they are also mecillinam-resistant with a CTX-M-15
mutation. Further investigation might show if a drug
combination could be a potential solution for limiting
resistance mutations. (Rosenkilde et al. 2019).
Mecillinam combined with ceftazidime/avibact-
am or avibactam only substantially reduced MICs for
almost all evaluated strains, making them susceptible
to this combination. Mecillinam in combination with
avibactam or ceftazidime/avibactam has a notable ef-
fect on most types of MDR Gram-negative bacteria
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both in vitro and in vivo (List et al. 2022). This com-
bination could be a new efficient antibiotic treatment
against multi-drug-resistant carbapenemase-produc-
ing E coli, resistant to individual treatment regimes.
The combination of trimethoprim and mecillinam
shown restricted synergy in specific instances, whereas
mecillinam and nitrofurantoin combinations showed
antagonistic interactions against all tested strains
(Fatsis-Kavalopoulos et al. 2020), hence application
of both combinations should be reconsidered in clin-
ical practice. Mecillinam-resistant isolates exhibited a
cross-resistance to temocillin (same antibiotic group),
and were more likely to have cross-sensitivity towards
drugs from other groups, such as azithromycin and
chloramphenicol (Podnecky et al. 2018). A compre-
hensive examination was carried out by researchers
on antibiotic combinations involving mecillinam.
The study specifically highlighted the remarkable
effectiveness of a triple combination comprising of
fosfomycin, a highly potent treatment for multi-drug
resistant uropathogens (Chen et al. 2016), along with
aztreonam and mecillinam in significantly reducing
bacterial populations (Hickman et al. 2014).

2.5. Treatment options for Mecillinam-resistant
E. coli isolates

In laboratory settings, the prevalence of mutations
leading to E. coli mecillinam resistance is reported to
be significant. However, in clinical practice, it is seen
to be a rare occurrence, with reported resistance of
0-10.8% in adults (Sundvall et al. 2014; Bollestad et al.
2018; Ny et al. 2019; Kresken et al. 2022; Plambeck et
al. 2022; Stoltidis-Claus et al. 2023), and around 4% in
children (Thaulow et al. 2021). Urinary tract infections
continue to have a favourable clinical response to me-
cillinam, and the frequency of mecillinam resistance
in E. coli remains relatively low, despite its use over
the years as the first choice for the UTIs treatment in
most countries (Thulin et al. 2015; Nielsen et al. 2019).
Thus, it has been of high interest to understand and
describe resistance mechanisms and their different in
vivo and in vitro manifestations.

In clinical isolates of E. coli, isolated from UTIs,
inactivation of the cysB gene, which encodes the main
regulator of cysteine biosynthesis, is the major cause
of mecillinam resistance in clinical strains (Thulin et
al. 2015). CysB mutations induce a gene regulatory
response that alters the expression of more than 400
genes. These cysB mutants exhibit increased expres-
sion of genes involved in the regulation of several
proteins, including PBP1B and LpoB. In cases when
both are overexpressed, they act as a main resistance
mechanism, reviving E. coli cells previously inhibited
by mecillinam. However, the introduction of various
reducing agents to these strains is shown to lead to the

reversal of resistance and a drop in aforementioned
protein levels. This provides an opportunity to exter-
nally modify the resistance and enhance treatment suc-
cess (Thulin & Andersson, 2019). Mecillinam-resistant
strains of E. coli with a cysB mutation, including both
laboratory and clinical isolates, consistently exhibited
greater susceptibility to mecillinam when cultivated
in urine compared to laboratory medium. This indi-
cates that mecillinam may still be a viable therapeutic
choice for clinical isolates of E. coli that are classified
as mecillinam-resistant in laboratory assessments,
whether through disc diffusion or standardized MIC
assays. The susceptibility level differed among urine
samples collected from various individuals, showing a
correlation with urine osmolality. Mecillinam had high
efficacy against bacteria that were resistant in vitro,
specifically in urine with low osmolality. Enhancing
water consumption or employing diuretics to decrease
urine osmolality alongside elevated cysteine intake
may potentially enhance antibiotic susceptibility in
resistant strains of E. coli, thereby improving treatment
efficacy (Thulin et al. 2017). Mecillinam-resistant mu-
tants are distinctive in that they developed through a
single-step mutation, where a solitary genetic alter-
ation could grant clinical resistance to mecillinam
(Podnecky et al. 2018). But, as previously described,
this is the first example exhibiting conditional resis-
tance where a genetically stable antibiotic resistance
can be phenotypically reverted to susceptibility by me-
tabolites present in its surroundings, urine in this case.

The clinical strains displayed much higher levels of
fitness and a wide variety of mutations, in comparison
to the laboratory-isolated mutants. The majority of
clinical mecillinam resistant isolates have a reduced
rate of proliferation, hence decreasing the likelihood
of their stable persistence within the bladder (Thulin
et al. 2015). In general, mutants resistant to mecillinam
display severely reduced growth rates, suggesting high
costs of resistance (Podnecky et al. 2018). Therefore, it
is likely that the same dosing regimen can effectively
treat all clinical MDR isolates of E. coli, including those
that showed resistance to mecillinam under laboratory
settings (Zykov et al. 2020).

Apart from previously described mechanisms of re-
sistance, a narrow-spectrum p-lactamase CTX-M-215
was identified in an E. coli clinical isolate in China
in 2020. Exhibiting high-level resistance to mecilli-
nam, CTX-M-215 differed from the previously known
CTX-M-125, a CTX-M ESBL, indicating an in vivo
evolution of these mutations. Fortunately, this strain
was sensitive to cefotaxime (Yin et al. 2020). Therefore,
despite the remarkable antibacterial characteristics ex-
hibited by mecillinam, the uncontrolled utilization of
this antibiotic carries significant risks and may result
in potentially life-threatening outcomes.
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4. Conclusion

The findings of the reviewed literature support the
recommendation that mecillinam should be used as
the first-line option for empirical treatment of uncom-
plicated lower UTIs caused by E. coli. Mecillinam has
shown a low increase in the odds for selection of resis-
tance, as well as good susceptibility in multidrug-resis-
tant E. coli isolates, that persists over the years. These
antimicrobial properties indicate that mecillinam is a
favourable antibiotic of choice. An assessment of anti-
biotic resistance in E. coli isolates in Serbia is necessary,
and the findings should be taken into account when
updating the UTTI treatment guidelines in Serbia.
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