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a b s t r a c t 

This study aimed to evaluate the potential synergistic and bactericidal effects of mecillinam in combi- 

nation with amoxicillin and clavulanic acid against extended-spectrum β-lactamase (ESBL)-producing Es- 

cherichia coli . Eight clinical E. coli isolates with varying susceptibility to mecillinam [minimum inhibitory 

concentrations (MICs) of 0.125 mg/L to > 256 mg/L] and high-level resistance to amoxicillin (MICs > 256 

mg/L) were used. Whole-genome sequencing was performed to determine the presence of β-lactamase 

genes and mutations in the cysB gene. The activities of single drugs and the combinations of two or 

three drugs were tested in 24-h time–kill experiments. Population analysis was performed for two strains 

before and after experiments. Only one strain had a mutation in the cysB gene resulting in an amino 

acid substitution. With the two-drug combinations, initial killing was observed both with mecillinam and 

amoxicillin when combined with clavulanic acid. Synergy was observed with mecillinam and clavulanic 

acid against one strain and with amoxicillin and clavulanic acid against three strains. However, following 

significant re-growth, a bactericidal effect was found only with amoxicillin and clavulanic acid against 

two strains. Pre-existing subpopulations with elevated mecillinam MICs were detected before experi- 

ments and were selected with mecillinam alone or in two-drug combinations. In contrast, the three-drug 

combination showed enhanced activity with synergy against six strains, a bactericidal effect against all 

eight strains, and suppression of resistance during 24-h antibiotic exposure. This combination may be of 

clinical interest in the treatment of urinary tract infections caused by ESBL-producing E. coli . 

© 2018 Elsevier B.V. and International Society of Chemotherapy. All rights reserved. 
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1. Introduction 

The increasing prevalence of Escherichia coli producing

extended-spectrum β-lactamases (ESBLs) has become a major

challenge in the management of patients with urinary tract infec-

tions (UTIs) [1] . Therapeutic options are limited, especially for oral

administration, owing to the frequent co-resistance to multiple

β-lactam antibiotics, quinolones and trimethoprim in these strains

[1] . Therefore, there is a need to re-evaluate old antibiotics that

are still active against ESBL-producing E. coli and to learn more

about how the efficacy of these drugs can be enhanced by optimal

dosing or the use of combination therapy. 

Mecillinam (also known as amdinocillin) is active against En-

terobacteriaceae and has been used extensively for uncomplicated

cystitis in Scandinavia since the 1980s. Susceptibility rates remain

high ( > 90%) in clinical E. coli isolates [2] , including ESBL-producing

strains [3] . However, clinical data are sparse and indicate that the
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fficacy of mecillinam is uncertain when used for infections caused

y ESBL-producing strains [4,5] . 

An inoculum effect, which can be reversed by adding a

-lactamase inhibitor, is usually observed in vitro with mecilli-

am and other β-lactam antibiotics against ESBL-producing bac-

eria [6] . In one study, a synergistic interaction with mecillinam in

ombination with clavulanic acid was found against 21 (44%) of 48

SBL-producing E. coli strains in static time–kill experiments [3] .

owever, re-growth occurred in most experiments and a sustained

ynergistic effect after 24 h was found only for seven strains. Syn-

rgy against E. coli has also been reported in vitro and in vivo with

ecillinam in combination with other β-lactam antibiotics, includ-

ng amoxicillin and ampicillin [7] . The combination of amoxicillin

nd clavulanic acid is active against some ESBL-producing E. coli

nd has been used for cystitis with good clinical response in cases

f susceptible strains with low minimum inhibitory concentrations

MICs) [8] . 

This study was carried out to determine the potential syner-

istic and bactericidal activity of the three-drug combination of

ecillinam, amoxicillin and clavulanic acid. Eight clinical isolates
rved. 
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f ESBL-producing E. coli were exposed to the single drugs and to

ombinations in 24-h static time–kill experiments. The ability of

he tested antibiotic regimens to suppress the emergence of mecil-

inam resistance was assessed by population analysis. 

. Materials and methods 

.1. Bacteria and media 

Eight ESBL-producing E. coli clinical isolates were used in this

tudy. All strains originated from urinary samples from patients

reated for UTI in Uppsala County, Sweden. Escherichia coli re-

istant to cephalosporins were examined for ESBL production by

he double-disk synergy test using ceftazidime, cefotaxime and

efepime with and without clavulanic acid according to Euro-

ean Committee on Antimicrobial Susceptibility Testing (EUCAST)

uidelines [9] . Bacteria were cultivated in cation-adjusted Mueller–

inton II (MHII) broth and on MHII agar plates (Becton Dickinson,

xford, UK). 

.2. Minimum inhibitory concentration determination and resistance 

enes 

MICs were determined in triplicate by the gradient test method

Etest; bioMérieux, Lyon, France) in accordance with the manu-

acturer’s instructions (mecillinam), or by broth microdilution in

ccordance with EUCAST guidelines (amoxicillin with and without

lavulanic acid at 2 mg/L). The results were interpreted using

UCAST clinical breakpoints for uncomplicated UTI and systemic

nfections [10] . Whole-genome sequencing was performed using

llumina paired-end reads with a HiSeq sequencing approach

Illumina Inc., San Diego, CA). The fastq files were uploaded to

esFinder [11] to determine the presence of β-lactamase genes.

he coding sequence of the cysB gene in the clinical isolates

as compared with those of reference strains UTI89 (GenBank

ccession no. NC_007946) and MG1655 (GenBank accession no.

C_0 0 0913) using CLC Main Workbench 8.0 (QIAGEN, Hilden, Ger-

any). Only sequence differences resulting in amino acid changes

ere considered potential resistance mutations. 

.3. Antibiotics 

Mecillinam, amoxicillin and potassium clavulanate were pur-

hased from Sigma-Aldrich Chemie GmbH (Schnelldorf, Germany).

tock solutions were prepared in sterile water. Mecillinam and

moxicillin were prepared freshly for each experiment, and stock

olutions of clavulanic acid were stored at –80 °C. In the initial
Table 1 

Minimum inhibitory concentrations (MICs), classification of an

on Antimicrobial Susceptibility Testing (EUCAST) definitions, an

at a fixed concentration of 2 mg/L. The susceptibility breakpoin

urinary tract infections (UTIs). Susceptibilities for amoxicillin/cla

for uncomplicated UTI and systemic infections (32 mg/L and 8

Strain MIC (mg/L) [susceptibility] 

MEC AMX 

ARU752 > 256 [R] > 256 [R] 

ARU646 16 [R] > 256 [R] 

ARU652 4 [S] > 256 [R] 

ARU654 2 [S] > 256 [R] 

ARU660 1 [S] > 256 [R] 

ARU651 0.5 [S] > 256 [R] 

ARU653 0.25 [S] > 256 [R] 

ARU648 0.125 [S] > 256 [R] 

MEC, mecillinam; AMX, amoxicillin; CLA, clavulanic acid; S, sus
a MIC of AMX in the presence of 2 mg/L CLA. 
ime–kill experiments, mecillinam and amoxicillin were added at

2 mg/L and clavulanic acid at 4 mg/L. The three-drug combina-

ion was also tested using lower concentrations of mecillinam and

moxicillin corresponding to 1 × and 2 × mecillinam MIC against

ll strains except ARU752, which was highly resistant. 

.4. Time–kill experiments 

An overnight culture from a single colony was diluted 1:100,

as incubated for 1.5 h at 37 °C to achieve exponential growth

hase, was further diluted to a starting inoculum of ca . 5 × 10 6 

FU/mL and was incubated at 37 °C with shaking during experi-

ents. Samples were taken at 0, 2, 4, 6 and 24 h, were serially

iluted in phosphate-buffered saline and were spread on plates.

olonies were counted following incubation overnight at 37 °C.

rug carryover effects were controlled for by adding samples on

 single spot on the plates and allowing them to diffuse briefly be-

ore spreading. If observed, the affected area was not counted. Re-

ults below the lower detection limit of 10 CFU/mL were counted

s 1.0 log 10 CFU/mL. All experiments were performed in duplicate

nd the mean values were used in the analysis. Synergy was de-

ned as a ≥2 log 10 CFU/mL decrease at 24 h with the combina-

ion compared with its most active compound [12] . The three-drug

ombination was compared with the most active single antibiotic

s well as the most active two-drug combination. A bactericidal

ffect was defined as a ≥3 log 10 reduction in CFU/mL at 24 h com-

ared to the starting inoculum [12] . 

.5. Population analysis 

Population analysis was performed in duplicate for ARU653 and

RU652 to describe the presence of resistant populations before

nd after experiments. Samples were taken at 0 h and 24 h and

ere plated on agar containing mecillinam at concentrations of

–16 mg/L. Viable counts were performed as described above. 

. Results 

.1. Antimicrobial susceptibility and resistance genes 

MICs, antimicrobial susceptibilities and β-lactamase genes of

he eight isolates are shown in Table 1 . Six strains were suscepti-

le to mecillinam (MICs of 0.125–4 mg/L) and two were resistant

MICs of 16 mg/L and > 256 mg/L). All strains were highly resistant

o amoxicillin alone and six strains were susceptible (uncompli-

ated UTI) to amoxicillin when combined with clavulanic acid

MICs of 4–32 mg/L). Genes encoding CTX-M-type ESBLs were de-

ected in all isolates, most commonly bla CTX-M-15 , and up to three
tibiotic susceptibility according to European Committee 

d β-lactam resistance genes. Clavulanic acid was added 

t for mecillinam (8 mg/L) applies only for uncomplicated 

vulanic acid are presented using the clinical breakpoints 

 mg/L, respectively). 

β-lactamase gene(s) 

AMX + CLA a 

> 32 [R/R] bla TEM-1D , bla CTX-M-1 , bla OXA-1 

> 32 [R/R] bla TEM-1B , bla CTX-M-15 

32 [S/R] bla CTX-M-15 , bla OXA-1 

16 [S/R] bla TEM-1B , bla CTX-M-15 

8 [S/S] bla TEM-1B , bla CTX-M-15 

32 [S/R] bla CTX-M-15 , bla OXA-1 

4 [S/S] bla CTX-M-3 

4 [S/S] bla CTX-M-14 

ceptible; R, resistant. 
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β-lactamase genes were detected in the same strain (ARU752).

A single mutation in the cysB gene resulting in an amino acid

substitution (L256P) was found in ARU652, whereas the other

strains were wild-type for cysB . 

3.2. Time–kill experiments 

Bacterial reductions of 0.4–3.0 log 10 CFU/mL were observed af-

ter 2–6 h with mecillinam alone ( Fig. 1 ). However, substantial re-

growth occurred in all experiments and after 24 h no bacteri-

cidal effect was observed despite using concentrations of up to

256 × MIC. Negligible activity was noted with amoxicillin or clavu-

lanic acid alone. 

The two-drug combination of mecillinam and amoxicillin at 32

mg/L resulted in 1.1–3.5 log 10 CFU/mL reductions after 2–6 h but

was not synergistic or bactericidal ( Fig. 1 ). Mecillinam and clavu-

lanic acid showed 0.3–4.1 log 10 CFU/mL reductions at 2–6 h and

synergistic activity against one strain (ARU660). All other strains

had 24-h bacterial concentrations higher than the starting inocu-

lum with this combination. Amoxicillin and clavulanic acid was the

most active double combination, exhibiting synergistic and bacte-

ricidal effects against three and two strains, respectively. 

The three-drug combination of mecillinam and amoxicillin at

32 mg/L and clavulanic acid at 4 mg/L resulted in a 3.7–5.6

log 10 CFU/mL decrease in bacterial concentrations after 2–6 h ( Fig.

1 ). Synergy was achieved against six strains. For ARU648 and

ARU653 this combination was not synergistic compared with the

two-drug combination of amoxicillin and clavulanic acid, which

was also highly active. A bactericidal effect was found against all

tested strains and re-growth was observed only with ARU652 (3.2

log 10 CFU/mL at 24 h). The activity was reduced when using the

lower concentrations of mecillinam and amoxicillin but a bacteri-

cidal effect was still noted for three strains (ARU646, ARU654 and

ARU660) ( Supplementary Fig. S1 ). As the single drugs and two-

drug combinations were not tested at these concentrations, syn-

ergy could not be assessed. 

3.3. Population analysis 

The population analysis with ARU653 and ARU652 showed

growth on plates containing mecillinam at concentrations up to 8

mg/L and 16 mg/L, respectively, corresponding to 32 × and 4 × MIC

for these strains ( Fig. 2 ). This was observed also at 0 h and after

24 h without antibiotic exposure (positive control) indicating the

presence of pre-existing resistant subpopulations. Selection of re-

sistant populations was pronounced after exposure to mecillinam

alone and in two-drug combinations with amoxicillin or clavulanic

acid. With ARU653, bacterial growth at 24 h was similar ( < 1 log 10 

CFU/mL difference) on plates containing mecillinam and on non-

antibiotic containing plates. The same pattern was observed with

ARU652 in one of the replicates, but the proportions of bacteria

growing on antibiotic-containing plates were similar to the posi-

tive control in the other replicate. Single and double combination

regimens not containing mecillinam resulted in similar proportions

of bacteria growing on antibiotic-containing plates as the positive

control. Suppression of resistance was found with the triple combi-

nation against both strains and with the combination of amoxicillin

and clavulanic acid against ARU653. 

4. Discussion 

In this study, the effects of amoxicillin, mecillinam and clavu-

lanic acid combinations against ESBL-producing E. coli were

investigated. The three-drug combination demonstrated synergy

against six strains and a bactericidal effect against all eight strains.

With this combination, synergistic and bactericidal effects were
lso observed against strains that were highly resistant to the

ingle antibiotics. The three-drug combination was recently shown

o lower the MICs of E. coli resistant to mecillinam owing to high-

evel expression of TEM-1 [13] . A plausible mechanistic explanation

or the observed interaction is that mecillinam and amoxicillin act

imultaneously on different tar get molecules [penicillin-binding

rotein 2 (PBP2) [14] and PBP1a [15] , respectively] of the same

athway resulting in enforced inhibition of cell wall synthesis

nd maintenance, whilst clavulanic acid counteracts the enzymatic

egradation of these antibiotics. With lower antibiotic concentra-

ions corresponding to 1 × and 2 × mecillinam MIC, a bactericidal

ffect was still detected against three strains. 

Several possible explanations exist for the re-growth observed

uring experiments also at very high antibiotic concentrations,

uch as an inoculum effect, antibiotic degradation, and selection

f pre-existing or emerging resistant subpopulations. Mutations re-

ulting in inactivation of the cysB gene, involved in the cysteine

iosynthesis pathway, are frequently found in clinical isolates of

ecillinam-resistant E. coli [16] . In the current study, a single non-

ilent mutation in the cysB gene was found in one of the strains

ut the function of the resulting amino acid substitution has not

een described. Based on the population analysis, we conclude that

he observed re-growth was at least in part caused by pre-existing

ubpopulations with elevated mecillinam MICs. Selection of resis-

ant populations occurred with mecillinam alone and in combi-

ations with one of the other drugs but not with the three-drug

ombination. 

The finding that the combination of mecillinam and clavulanic

cid was superior to mecillinam alone is in line with the results of

he study by Lampri et al. where enhanced initial killing was found

n almost one-half of the tested ESBL-producing E. coli . However,

lso in this study re-growth was common and a 24-h synergistic

ffect was observed only against 15% of the strains [3] . The combi-

ation of amoxicillin and clavulanic acid has been used for cystitis

aused by ESBL-producing E. coli with an overall clinical cure rate

f 84%, and significantly higher in cases of MICs ≤ 8 mg/L than

ith higher MICs (93% vs. 56%) in one study [8] . Still, clinical data

re limited and our results suggest that the addition of mecillinam

o this combination can enhance its antibacterial activity by syner-

istic interaction. 

In clinical practice, mecillinam is administered orally as the

rodrug pivmecillinam, and clavulanic acid is available in fixed

ombinations with amoxicillin. The antibiotic concentrations used

n this study are normally exceeded in urine for most of the dosing

nterval. For mecillinam, peak ( C max ) urine concentrations of 176–

324 mg/L have been detected and the estimated half-life is 1.79

 [17] . Persistent high concentrations in urine have also been ob-

erved with amoxicillin (131 mg/L after 8–12 h) and clavulanic acid

8 mg/L after 4–8 h) [18] . However, blood concentrations are sig-

ificantly lower. The C max of mecillinam has been reported to be

.5 mg/L after administration of 200 mg pivmecillinam [19] and,

lthough recommended for pyelonephritis in Denmark and Nor-

ay, clinical evidence for this indication is insufficient. With amox-

cillin/clavulanic acid 500/125 mg, maximum blood concentrations

f ca . 8 mg/L and 4 mg/L, respectively, have been reported [20] .

hus, the drug concentrations used in the current study are clearly

elevant for lower UTI but are usually not achieved in patient

lood. However, both mecillinam and amoxicillin are well tolerated

nd a higher than normal dosage may be considered. 

This study has several limitations. Only eight isolates were

ested in the experiments and more studies are needed to validate

ur findings. The absence of an immune response, which probably

as an important role in preventing the re-growth of resistant

acteria, is an inherent limitation of all in vitro infection models.

here may also be differences in fitness of mutants in rich growth

edium such as MHII broth, which was used in these experi-
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Fig. 1. Time–kill experiments for eight clinical Escherichia coli isolates with concentrations of mecillinam (MEC) and amoxicillin (AMX) at 32 mg/L and clavulanic acid (CLA) 

at 4 mg/L. 
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Fig. 2. Population analysis with Escherichia coli strains ARU653 and ARU652 performed at 0 h and at 24 h in experiments without addition of antibiotics (control) or after 

exposure to the single drugs or drug combinations. Samples were spread on agar containing mecillinam at concentrations of 0–16 mg/L. MEC, mecillinam; AMX, amoxicillin; 

CLA, clavulanic acid. 
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ments, compared with the in vivo situation where mutants may

be more challenged [16] . Furthermore, we did not assess antibiotic

concentrations during experiments or the genetic characteristics

of surviving resistant populations. However, the main purpose was

to evaluate potential synergistic and bactericidal effects with the

three-drug combination, which was clearly demonstrated. 

In conclusion, the three-drug combination of mecillinam, amox-

icillin and clavulanic acid showed enhanced bacterial killing

against ESBL-producing E. coli compared with the single antibi-

otics and two-drug combinations and was able to suppress the

emergence of resistance during 24 h. The efficacy of mecillinam

and amoxicillin/clavulanic acid is uncertain also when the isolated

pathogen is deemed susceptible. Thus, concurrent administration

of all three drugs could be considered to improve the clinical out-

come in patients with lower UTI. More research is required to es-

tablish pharmacokinetic/pharmacodynamic targets and the poten-

tial clinical use of this combination also for systemic infections. If

sufficient activity is found, perhaps with the requirement of higher

dosing, this combination could be valuable in the management of

patients with pyelonephritis. 
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