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Abstract Temocillin, a 6-a-methoxy derivative of ticar-
cillin, is a forgotten antibiotic that has recently been redis-
covered, and issues about clinical breakpoints and optimal
therapeutic regimens are still ongoing. Temocillin spectrum
is almost restricted to Enterobacteriaceae. The addition of
the o-methoxy moiety on ticarcillin confers resistance to
hydrolysis by Ambler classes A and C f-lactamases (ex-
tended spectrum B-lactamases, Klebsiella pneumoniae car-
bapenemase and AmpC hyperproduced enzymes).
Temocillin is bactericidal, and the effect of inoculum size on
its activity is relatively mild. The proportion of spontaneous
resistant mutants in vitro to temocillin is low, as found
in vivo. After intravenous infusion, temocillin showed a
prolonged elimination half-life of approximately 5 h. The
percentage of protein binding of temocillin is high (ap-
proximately 80%), and is concentration-dependent. Temo-
cillin clearance is mainly renal, and urinary recovery is high,
ranging from 72 to 82% after 24 h. Furthermore, the pene-
tration of temocillin into bile and peritoneal fluid is high, but
poor into cerebrospinal fluid. The cumulative percentage of a
24-h period during which the free drug concentration
exceeds the minimum inhibitory concentration (fT > MIC)
at steady-state pharmacokinetic conditions seems to be the
best pharmacokinetic/pharmacodynamic (PK/PD) index
correlating with temocillin efficacy. An fT > MIC of
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40-50% is associated with antibacterial effect and survival
in vivo. Monte Carlo simulations performed in critically ill
patients showed that the 2 g every 12 h and 2 g every 8 h
regimens provide a 95% probability of target attainment of
40% fT > MIC up to an MIC of 8 mg/L. In less severely ill
patients or in specific foci of infection, such as urinary tract
infection, a 4 g daily regimen should be adequate for strains
with temocillin MIC up to 16 mg/L. Data regarding actual
wild-type MIC distribution, clinical efficacy, PK profiling in
volunteers or patients, and PD targets are scarce, and further
studies are required to support appropriate dosing recom-
mendations and determination of clinical breakpoints.

Key Points

Temocillin is an old antibiotic that has been
rediscovered because of its limited spectrum of
activity focused on resistant enterobacteriaceae,
which are worrying bacteria worldwide.

Optimal dosing regimens of temocillin, according to
bacterial susceptibility and patient characteristics,
are not yet well-defined.

Additional pharmacokinetic studies are required in
infected, non-intensive care unit patients.

1 Introduction

Temocillin (BRL 17421) is a 6-o-methoxy derivative of
ticarcillin belonging to the B-lactam family (Fig. 1), mar-
keted as Negaban® (Eumedica, Brussels, Belgium), which
contains an R:S epimer ratio of approximately 65:35.
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Temocillin exhibits a low molecular weight (414 Da) and
high water solubility (logD at pH 7.4 = —5.19) [1].

Temocillin was developed in the 1980s but was quickly
abandoned due to its narrow spectrum, which, at that time,
was perceived as a major drawback. It was mainly used as
an orphan drug for the treatment of Burkholderia cepacia
infections in patients with cystic fibrosis. As the epidemi-
ologic threat of extended-spectrum B-lactamase-producing
Enterobacteriaceae (ESBL-E) has grown, interest in
neglected and disused antibiotics, such as colistin, cefox-
itin, fosfomycin and temocillin, has increased [2]. Indeed,
the singular spectrum of temocillin, almost restricted to
Enterobacteriaceae, and its resistance to hydrolysis by
numerous B-lactamases are now recognised as an important
ecological and bacteriological advantage.

To date, temocillin is available in numerous countries
(UK, Belgium, Luxembourg and France) and is recom-
mended for the treatment of septicaemia, urinary tract
infection (UTI) and lower respiratory tract infection where
susceptible Gram-negative bacilli are suspected or con-
firmed. French guidelines for the management of acute UTI
restricted its use for documented UTI caused by proven
susceptible ESBL-E [3].

We reviewed the antimicrobial activity, pharmacody-
namics (PD) and pharmacokinetics (PK) of temocillin, and
the impact of the temocillin PK/PD profile on its thera-
peutic use in clinical practice and in specific populations.

2 Antimicrobial Activity

The addition of the o-methoxy moiety on ticarcillin
structure has some microbiological consequences.

1. Temocillin has reduced affinity to penicillin-binding
protein (PBP)1, PBP2 and PBP3, but binds tightly to
PBP5 and PBP6 [4, 5], explaining the restricted
spectrum to Enterobacteriaceae and the lack of
activity against Gram-positive bacteria and anaerobic
bacteria [6—16]. Remarkably, Neisseria gonorrhoea is
usually sensitive to temocillin (Table 1) [17].

Fig. 1 Chemical structure of
ticarcillin (left) and temocillin @)
(right). Adapted from PubChem
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2. By blocking the entry of a water molecule into a serine-
dependent active site of B-lactamase [18], the a-methoxy
radical confers resistance to hydrolysis by Ambler classes
A and C B-lactamase (i.e ESBL, Klebsiella pneumoniae
carbapenemase [KPC] and AmpC hyperproduced
enzymes), but not to class B metalloenzymes or some
class D enzymes (Table 2) [19-28].

The MexAB-OprM-driven efflux contributes to the
intrinsic resistance of Pseudomonas aeruginosa to temo-
cillin, but some strains (15%) with mutations in mexA or
mexB, isolated from cystic fibrosis patients, are sensitive to
temocillin, with minimum inhibitory concentrations
(MICs) <8 mg/L [29, 30].

3 Pharmacodynamics

3.1 Relationship Between Concentrations
and Bactericidal Activity

Temocillin is bactericidal, like all B-lactams, with minimal
bactericidal concentration (MBC) values being the same or
twofold greater than MIC values for Enterobacteriaceae
[6, 7]. Bactericidal activity under discontinuous exposure
to temocillin concentrations in vitro, simulating serum PKs
of 2 g every 12 h in humans, showed a rapid bactericidal
effect (<8 h) against Enterobacteriaceae, with an MIC of
2 mg/L [10]. Nevertheless, bactericidal kinetics are slower
against Enterobacteriaceae with chromosomic AmpC -
lactamase, despite similar temocillin MICs [8, 10]. The
in vitro postantibiotic effect of temocillin has not yet been
specifically assessed, but, as for other penicillins, it is
expected to be absent against Enterobacteriaceae.

3.2 Inoculum Effect

The effect of inoculum size on temocillin activity is rela-
tively mild and B-lactamase-producing-dependent. Indeed,
minimal MIC and MBC changes are observed, with
growing inoculum size between 10° and 10’ colony-
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Table 1 Temocillin activity Organisms No. of isolates ~ MIC range (mg/L) ~ MICS0 (mg/L)  MIC90 (mg/L)
against various bacteria without
acquired resistance [6—16] Enterobacteriaceae
Citrobacter freundii 172 2-64 4 16
Enterobacter cloacae 445 1-128 4 8
Escherichia coli 932 0.5-32 4 8
Klebsiella pneumoniae 547 0.5-32 4 8
Klebsiella oxytoca 119 0.5-16 2 4
Morganella morganii 119 1-8 4 8
Proteus mirabilis 353 0.5-32 2 4
Proteus vulgaris 113 0.54 2 4
Salmonella spp. 212 1-16 4 8
Serratia marcescens 303 2-256 16 32
Shigella spp. 27 2-32 8 16
Providencia stuartii 86 1-256 2 4
Other Gram-negative rods
Pseudomonas aeruginosa 104 64 to >256 >256 >256
Acinetobacter spp. 51 2 to >256 >256 >256
Burkholderia cepacia 106 2 to >256 8 32
Haemophilus influenzae 218 0.1-2 1 2
Gram-positive cocci
Staphylococcus spp. 110 >256 >256 >256
Streptococcus spp. 21 64 to >256 >256 >256
Enterococcus spp. 50 >256 >256 >256
Gram-negative cocci
Neisseria gonorrhoeae 484 0.05-2 0.5 1
Neisseria meningitidis 32 0.05-0.125 0.125 0.125
Anaerobic Gram-negative
Bacteroides spp. 118 8 to >256 32 >256
Anaerobic Gram-positive
Clostridium spp. 9 >256 >256 >256

Table 2 Cumulative temocillin

MIC frequencies against

Enterobacteriaceae according
to B-lactamase production

[19-28]

MIC minimum inhibitory concentration, MIC50 concentration required to inhibit 50% of the strains, MIC90
concentration required to inhibit 90% of the strains

B-lactamase producing Enterobacteriaceae MIC (mg/L)

<05 1 2 4 8 16 32 64 128 =>256

ESBL (n = 1603) 0 0 7 20 72 92 99 100 100 100
CTX-M (n = 1134) 0 0 8 19 74 93 100 100 100 100
Non-CTX-M ESBL (n = 207) 0 0 7 21 60 8 99 100 100 100

dAmpC (n = 265) 0 0 5 23 60 8 98 100 100 100

Carba-R (n = 1128) 0 1 2 10 31 52 66 74 100 100
KPC (n = 702) 0 1 3 16 49 79 94 99 100 100
OXA-48 (n = 101) 0 o0 o0 0 o0 4 10 100 100
VIM/NDM/IMP (n = 252) 0 0 0 o 3 11 27 100 100
Without carbapenemase production (n = 73) 0 0 1 3 16 40 70 92 97 100

MIC minimum inhibitory concentration, ESBL extended spectrum [-lactamase, CTX-M cefotaximase-
Munich, dAmpC derepressed AmpC cephalosporinases, Carba-R carbapenem-resistant strains, KPC
Klebsiella pneumoniae carbapenemase, VIM Verona integron-encoded metallo-f-lactamase, NDM New
Delhi metallo-f-lactamase, IMP active on imipenem
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forming units (CFU)/mL for Escherichia coli and Kleb-
siella pneumoniae, whereas inoculum effect is markedly
higher for Enterobacteriaceae with chromosomic AmpC -
lactamase (i.e. Enterobacter cloacae, Serratia marcescens,
Morganella moraganii, Providencia stuartii), mostly on
MBC, with an 8- to 16-fold increase between 10° and 10’
CFU/mL [6]. A modest inoculum effect was observed on
MIC with emerging B-lactamase-producing strains (i.e.
CTX-M-15, KPC), with a two- to fourfold MIC increase,
but data regarding inoculum effect on MBC are lacking for
such strains [26, 31].

3.3 Protein-Binding Impact

Since temocillin is highly bound to human serum proteins
(~80%), the impact of protein binding on MIC was
assessed in vitro by adding human serum or albumin to the
medium. A two- to fourfold increase of MIC was observed
in the presence of human serum, but the maximal killing
rate (obtained at a concentration of four times the MIC)
was not impaired by the addition of human serum, sug-
gesting that the impact of protein binding on temocillin
activity in vivo may be limited [6, 7, 31].

3.4 Mutant Selection Frequency

The proportion of spontaneous resistant mutants in vitro to
temocillin is low (ranging from 1 x 10~ %to 1 x 107'°), is
not affected by PB-lactamase production, and appears only
after repeated (six to eight) subcultures [7, 26, 31]. These
data are consistent with data found in vivo, with no
temocillin mutant selection after treatment for 24 h in two
animal models with two different inoculum sizes (10° and
10’ CFU/mL) [31, 32]. Only one case of breakthrough
bacteraemia during temocillin treatment has been reported,
occurring in a K. pneumoniae-infected patient with tran-
sient renal dysfunction and probable insufficient dosing
regimen (1 g once daily) [33]. In such mutants, resistance
mechanisms to temocillin are still poorly studied.

3.5 Drug-to-Drug Interaction

3.5.1 Antibiotic Interaction Effect

The in vitro combination effect of temocillin with amino-
glycosides produces no synergistic action against Enter-
obacteriaceae [6, 34], as against Burkholderia cepacia
[11].

3.5.2 Temocillin Compatibility with Other Drugs

Temocillin compatibility with other drugs under conditions
mimicking their coadministration through the same line of
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infusion was assessed in one study. The main incompati-
bilities were with carbapenems, piperacillin/tazobactacam
and amoxicillin/clavulanate for chemical incompatibilities,
and vancomycin, ciprofloxacin, propofol, and midalozam
for physical incompatibilities [35]. These incompatibilities
should be kept in mind as the combination of two or three
antimicrobial agents through prolonged or continuous
infusion is recommended for treating infections by mul-
tidrug-resistant, Gram-negative bacteria, especially in
critically ill patients [36].

4 Pharmacokinetics (PKs)
4.1 PK Parameters in Healthy Volunteers

No oral formulation of temocillin is available; an o-methyl
phenyl ester was studied but is not presently marketed [37].
Temocillin is administrated intramuscularly or intra-
venously at doses of 1 or 2 g two or three times daily. The
percentage of protein binding of temocillin is high (ap-
proximately 80%), and is concentration-dependent.
Decreased serum binding was observed with increasing
doses of temocillin (i.e. 85% after intravenous adminis-
tration of 500 mg vs. 63% after intravenous administration
of 2 g) [7, 38, 39]. Indeed, Overbosch et al. found that there
was only one binding site for temocillin on each albumin
molecule [38]. Key PK parameters from 10 healthy sub-
jects are reported in Table 3 [39].

As a consequence of protein-binding saturation, the
volume of distribution increases with increasing temocillin
doses [39, 40]. The urinary concentration of temocillin
after 500 mg twice daily is approximately 500 mg/L [7].
The penetration of temocillin in prostate tissue was asses-
sed in 20 patients receiving a 2 g intravenous dose of
temocillin prior to prostatectomy. The mean temocillin
concentration was 38 and 27 mg/kg in peripheral and
central prostate tissue, respectively [41]. Furthermore, the
bile concentrations of temocillin were assessed in two
studies in patients with biliary tract diseases [42, 43], and
were up to eight to ten times the corresponding serum
concentrations, but with huge variations in the bile/serum
concentration ratios. Two studies focused on the
intraperitoneal penetration of temocillin. Mean temocillin
concentrations in peritoneal fluid were 46 mg/L 2 h after
intravenous administration of 1 g, and 52 mg/L 4 h after
intravenous administration of 2 g, corresponding to a tis-
sue/plasma area under the curve over 24 h ratio of 0.6.
Remarkably, temocillin accumulation was noted with a
tissue/plasma concentration ratio of 1.7, 12 h after infusion
[44, 45]. Cowan et al. studied lung tissue penetration of
temocillin in eight patients undergoing elective resection of
the whole or part of the lung. The serum and lung tissue
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Table 3 Mean pharmacokinetics parameters (SD) of temocillin in 10 healthy volunteers [39]

Dose (g) Ciax (mg/L) t, (h) Vd, (L/kg) AUC,, (mg-h/L) CL (mL/min) CLgi (mL/min) Urinary recovery (0-24 h, %)
0.5 77.9 (£28.4) 5.2 (£0.3) 0.15 (£0.01) 344.1 (+18.7) 25.0 (£1.5) 18.5 (£3.2) 74.0 (£12.9)

1.0 160.8 (£58.2) 5.0 (£0.2) 0.17 (£0.01) 573.3 (£27.8) 29.7 (£1.4) 19.6 (£5.0) 66.1 (£16.8)

2.0 236.1 (£93.3) 5.0 (£0.2) 0.24 (£0.01) 784.5 (£47.1) 43.8 (£2.7) 29.8 (£2.6) 68.1 (£6.0)

C,.ox Maximum plasma concentration, t, elimination half-life, Vd,, volume of distribution at steady-state, AUC area under the plasma con-
centration-time curve from time zero to infinity, CL total body clearance from plasma, CLg renal clearance of drug from plasma, SD standard

deviation

concentrations of temocillin were determined 30 min after
a2 g intravenous bolus of temocillin. The mean lung tissue
concentration was 45 mg/kg, corresponding to a tissue/
serum concentration ratio of 0.26 [46]. Temocillin con-
centration in sputum after administration of 2 g twice daily
was approximately 2 mg/L [47]. Briickner et al. assessed
the diffusion of temocillin in cerebrospinal fluid (CSF) in
four neurosurgical patients with external ventricular drains
and four patients with meningitis. The temocillin dose was
2 g twice daily. Temocillin concentration in CSF was low,
with a CSF/serum concentration ratio of approximately
10%, albeit this ratio was higher in meningitis patients
(15%, versus 8% in patients without meningitis). No CSF
temocillin accumulation was observed [48]. Table 4 sum-
marises temocillin concentrations in various tissues and
compartments.

After intravenous infusion, temocillin showed a pro-
longed elimination half-life of approximately 5 h, regard-
less of dose infusion (i.e. 0.5, 1 or 2 g). Temocillin
clearance is mainly renal. Glomerular filtration is more
important than tubular excretion as probenecid slightly
affects renal clearance of temocillin [38]. Renal clearance
of temocillin increases with dose, but, as serum binding
decreases, the renal clearance of free temocillin is not
affected by dose variation [38]. The urinary recovery of
unmetabolised temocillin is high, ranging from 72 to 82%
after 24 h [7].

4.2 PKs in Specific Populations
4.2.1 Patients with Renal Impairment

As temocillin is primarily excreted by the renal route,
impairment of renal function altered temocillin PKs.
Nevertheless, peak serum concentration and distribution
volume at steady state are not influenced by renal impair-
ment. Temocillin clearance is found to be linearly corre-
lated with creatinine clearance; therefore, several dosage
adjustments have been proposed with dose or interval
adjustments. As temocillin is a time-dependent antibacte-
rial effect, and serum concentrations of temocillin in the

first 4 h are not affected by renal impairment, interval
adjustments should be preferred (Table 5) [40, 49, 50].

4.2.2 Intermittent Haemodialysis Patients

In patients with end-stage renal disease (ESRD), the
elimination half-life of temocillin is markedly prolonged—
26 h for a 2 g every 48 h schedule. Volume of distribution
is not affected in haemodialysis patients as it is in patients
with renal impairment, and huge variations are observed in
serum albumin and protein binding in ESRD. Temocillin is
highly dialysable, with a fraction eliminated by dialysis of
approximately 55%. According to these results, a three-
times-weekly schedule was proposed by Vandecasteele
et al., producing a time during which the free serum con-
centration remained above the MIC (%fT > MIC) as high
as 50-90%, even for MICs of 16 mg/L [51].

4.2.3 Intensive Care Unit Patients

Key PK parameters were evaluated in one study of 10
intensive care unit (ICU) patients. After a 2 g infusion of
temocillin, peak serum concentration (147 mg/L), volume
of distribution (14.3 L), total clearance (40.7 mL/min),
serum half-life (4.3 h), and protein binding (76.3%) were
consistent with values observed in healthy volunteers,
despite use of two different PK/PD models (i.e. a one-
compartment model for critically ill patients, a two-com-
partment open model for healthy volunteers) [35, 39].
Nevertheless, wide variations of PK parameters (mainly on
clearance and volume of distribution) were observed in
ICU patients, as reported for other B-lactams in ICU
patients [52].

5 PK/PD Relationship and Temocillin Activity
5.1 PK/PD Predictive Parameter
Despite numerous in vivo studies having defined the

cumulative percentage of a 24-h period during which the
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Table 4 Temocillin penetration in various tissues and compartments [7, 41, 42, 44, 46, 48, 59]

Tissue/compartment Dose No. of Method Time to sample Mean Tissue/plasma concentration
patients (h) concentration ratio
Lung 2glv 8 Microbiological 0.5 45 mg/kg 0.26
Prostate 2glV 20 Microbiological 1.8 38 mg/kg 0.35
Peritoneal fluid 1glv 26 Microbiological 1 58 mg/L 0.59
Peripheral lymph 1glv 5 Microbiological 2 30 mg/L 0.64
Urine 500 mg 10 Microbiological 12 490 mg/L 98
M
Cerebrospinal fluid 2 g IV 8 HPLC 2 10 mg/L 0.10
Muscle 2glV Microbiological 4 18 mg/kg 0.15
Bile 1glv 16 Microbiological 120 mg/L 1.10

HPLC high-performance liquid chromatography, IV intravenously, /M intramuscularly

Table 5 Dose adjustments for subjects with renal impairment

CLcRr (mL/min) Daily dose

2 g* 4 g* 6g°
>50 1gql2h 2gql2h 2gq8h
31-50 1gql2h 2gq24h 1gqg8h
10-30 1 gq24h 2gq24h 1.5gq24h
<10 1gq48h 2gq48 h 750 mg q24 h
Haemodialysis® NA 2 g q48 h° 2 g q48 h°

NA not available, CLcg creatinine clearance, ¢ x h every x hours
? Leroy et al. [49]
® Laterre et al. [55]

¢ Vandecasteele et al. [51]

free drug concentration exceeds the MIC (%fT > MIC) at
steady-state PK conditions, such as the major PK/PD index
correlating with the efficacy of B-lactam antibiotics against
Gram-negative bacteria [53], no specific study aimed to
define the best PK/PD index correlating with the in vivo
efficacy of temocillin. Nevertheless, it could be postulated
that temocillin follows the same PK/PD index as other B-
lactam antibiotics. Indeed, two experimental studies con-
firmed this hypothesis. In a murine model of UTI, Soubirou
et al. treated mice infected with a well-characterised uro-
pathogenic E. coli with a temocillin MIC of 8 mg/L, with
various therapeutic schedules. The authors found that the
fT > MIC was well-correlated with the maximum effect
(Emax) after 24 h of temocillin treatment [31]. Interestingly,
they also found that the E,,,, was observed for a fT > MIC
of 40%, which is consistent with values for penicillin
associated with bacteriostatic effect and survival in animal
models with Gram-negative bacteria [54]. In a lethal
murine model of infection, Alexandre et al. treated mice
infected by isogenic strains with increasing temocillin MIC
(MICs from 8 to 256 mg/L) with a humanised therapeutic
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schedule [32]. Reduction in viable bacteria counts and
survival rates after 24 h of treatment with temocillin were
correlated with fT > MIC [32]. Together, these data sug-
gest that fT > MIC is the best PK/PD index correlating
with temocillin efficacy, and that a fT > MIC of 40-50% is
associated with antibacterial effect and survival in vivo.

5.2 Probability of Target Attainment

Due to its singular commercial history, few data are
available regarding the temocillin PK/PD index and prob-
ability of target attainment (PTA) for various dosing regi-
mens in different patient populations. Indeed, only two
studies using Monte Carlo simulations are available,
focusing only on ICU patients. The first set of Monte Carlo
simulations was performed by De Jongh et al. with PK data
from six subjects receiving 30-min infusions of 2 g every
12 h for a mean duration of therapy of 8 days [35]. Pop-
ulation PK modelling was performed using a one-com-
partment model. The PTA of temocillin was estimated for
one dosing regimen (2 g every 12 h) for MIC targets
ranging from 0.25 to 128 mg/L (Fig. 2). This Monte Carlo
simulation showed that the 2 g every 12 h regimen pro-
vides a 95% PTA of 40% fT > MIC up to an MIC of 8§ mg/
L. The mean fT > MIC values of populations were also
simulated for two additional temocillin regimens: 2 g every
24 h and 2 g every 8 h (Table 6). An fT > MIC > 40%
was expected to be reached for isolates with an MIC of 4
and 16 mg/L, for the 2 g every 24 h and 2 g every 8 h
regimens, respectively. Due to the small subject sample
and the singularity of ICU patients, wide variations in
Monte Carlo simulation were observed, with 95% confi-
dence intervals (CIs) for reaching MIC, with a fT > MIC
of 40% ranging from 8 to 32 mg/L (Fig. 2).

The second set of Monte Carlo simulations was per-
formed by Laterre et al. using data from 11 ICU patients
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receiving temocillin as a 2 g every 8 h regimen (over a
30-min period) [55]. Population PK modelling was per-
formed using a two-compartment model. The PTA of
temocillin was estimated for one dosing regimen (2 g every
8 h) for MIC targets ranging from 2 to 256 mg/L. The 2 g
every 8 h regimen provides a 95% PTA given at a 40%
fT > MIC target up to an MIC of 8 mg/L, according to this
Monte Carlo estimation. The mean population fT > MIC
for MICs of 8, 16 and 32 mg/L were >90, 80%, and just
below 40%, respectively (Fig. 3).

5.3 Clinical Applications

Despite these two discerning studies, PK/PD data regarding
less severely ill patients are lacking. Moreover, epidemio-
logic data surveillance of temocillin resistance have just
began in some countries (i.e. France). This could explain
the two major issues regarding temocillin clinical use: (1)
the optimal dosing regimen and (2) the lack of international
consensus regarding clinical breakpoints.

One retrospective study including 92 patients infected
with Enterobacteriaceae (with 52% of strains producing
ESBL or dAmpC) treated with temocillin showed thata 1 g
every 12 h regimen was associated with a relative risk of

— Median
----05% confidence interval
100
80 -
)
> 60 -
A
&
® 40 4
20 A
0 Y
02505 1 2 4 8 16 32 64 12
MIC (mg/L)

Fig. 2 Probabilities of target attainment of temocillin (obtained using
Monte Carlo simulation: solid line indicates median value; dotted
lines indicate 95% confidence interval) for the 2 g every 12 h
schedule, using the pharmacokinetic data of the six patients treated
according to this dosage. The abscissa shows the MIC range used for
the simulations and the ordinate the fraction of time (as a percentage)
during which free serum levels remain above the corresponding MIC.
The horizontal dotted line indicates the 40% fT > MIC limit. MIC
minimum inhibitory concentration. Reproduced from De Jongh et al.
[35], with permission

Table 6 Fraction of time (%) during which the free serum concen-
tration (median values) remains above a given MIC (%fT > MIC)
after administration of temocillin 2 g q24 h, q12 h, or g8 h; results
obtained by Monte Carlo simulation starting from the pharmacoki-
netic data of patients treated with a temocillin 2 g q12 h regimen in
the study by De Jongh et al. Reproduced from De Jongh et al. [35],
with permission

MIC (mg/L) T > MIC (%) of free temocillin (2 g) administered
q24 h ql2 h q8 h
0.5 100.0 100.0 100.0
87.5 100.0 100.0
2 70.6 100.0 100.0
53.7 100.0 100.0
8 36.7 79.7 100.0
16 19.4 45.1 80.3
32 1.6 9.5 26.9
64 0.0 0.0 0.0

MIC minimum inhibitory concentration, gxh every x h

— Average
---- 95th percentile

o

1 2 4 8 16 32 64 128 256

MIC (mg/L)

Fig. 3 Probabilities of target attainment of temocillin (obtained using
Monte Carlo simulation) for the 2 g every 8 h schedule. The abscissa
shows the MIC range used for the simulations and the ordinate the
fraction of time (as a percentage) during which free serum levels
remain above the corresponding MIC. The horizontal dotted line
indicates the 50% f7' > MIC limit. MIC minimum inhibitory
concentration. Reproduced from Laterre et al. [55], with permission

clinical and microbiological failure of 2.9 (95% CI 1.1-7.7)
and 5.0 (95% CI 1.7-14.6), respectively, compared with a
2 g every 12 h dosing regimen [56]. It is now recognised
thata 1 g every 12 h regimen is a suboptimal dosage with a
higher risk of failure.

Controversy is still ongoing between the use of a 2 g
every 12 h or 2 g every 8 h regimen. Based on their results,
Laterre et al. proposed that temocillin 6 g daily was ade-
quate to reach an average %fT > MIC value of 80% for an
MIC of 16 mg/L (Table 6) [55]. However, this study was
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not designed to assess the clinical efficacy of temocillin
and included only severely ill patients. In less severely ill
patients, or in a specific focus of infection, such as a UTIL, a
4 g daily regimen should be adequate, even for strains with
temocillin MIC up to 16 mg/L (Table 6; Fig. 2). Indeed, in
the study by Balakrishnan et al., strains were defined as
susceptible for a temocillin MIC up to 16 mg/L, and no
clinical or microbiological cure rate differences were found
according to temocillin MICs. Interestingly, 100% of
clinical and microbiological cure rates were observed in the
subset of patients with UTIs due to ESBL- or dAmpC-
producing strains [56]. These data are consistent with
recent data found in two animal models where a temocillin
regimen simulating a 2 g every 12 h human regimen
demonstrated significant activity against strains whose
temocillin MIC were up to 16 mg/L [31, 32].

Saturable binding to albumin may have several conse-
quences. First, in hypoalbuminemic patients, such as ICU
patients, the unbound active fraction may increase. Second,
a short duration perfusion could result in a higher peak
concentration and higher unbound active fraction, leading
to greater tissue penetration. Nevertheless, these consider-
ations should be taken with caution according to the wide
interindividual variability of protein binding.

Finally, in the majority of less severe patients, particu-
larly in patients with UTI, a 2 g every 12 h regimen should
be adequate, even against strains with a temocillin MIC up
to 16 mg/L. For ICU patients, due to the wide variations in
actual antibiotic concentrations and the need for a higher
%fT > MIC target, a 2 g every 8 h regimen should be
preferred. Moreover, to avoid intraindividual variation of
antibiotic concentrations in such patients, temocillin may
be administered by continuous infusion as this adminis-
tration showed a higher probability of reaching the desired
PK/PD target than three-times-daily infusion [55]. Never-
theless, no prospective study evaluating temocillin efficacy
according to temocillin regimen, foci of infection, patient’s
severity and temocillin MICs is available. In addition,
current epidemiological data of temocillin resistance
focusing on a specific focus of infection, such as a UTI, are
lacking. Hence, physicians should follow national guide-
lines regarding temocillin breakpoints and regimens
pending for international consensus about these issues
(Table 7).

6 Conclusion and Perspectives

Temocillin is an old ‘revived’ antibiotic with an interesting
antimicrobial activity, with both (i) a narrow spectrum
almost limited to Enterobacteriaceae, strongly suggesting
a reduced impact on human gut microbiota and therefore
little propensity for selecting resistance pathogen and a

A\ Adis

Table 7 Clinical breakpoints of temocillin according to countries
where temocillin is actually marketed

Country MIC (mg/L)

S R
Belgium [15] <16 >32
UK, systemic infection [60] <8 >8
UK, uncomplicated UTI [60] <32 >32
France [61] <8 >8

S sensible strain, R resistant strain, U717 urinary tract infection

minimal risk of Clostridium difficile infection, as suggested
by retrospective studies [33, 56, 57]; and (ii) a resistance to
hydrolysis by numerous B-lactamases, including the pan-
demic ESBL or a worrying threat such as KPC.

As for other disused antibiotics, data regarding clinical
efficacy, PK profiling in volunteers or patients, and the PD
target are scarce [58]. This is in contrast with the urgent
medical need of therapeutic options against emerging,
multiresistant, Gram-negative bacteria, supporting the use
of old antibiotics despite present-day processes and
requirements.

Nevertheless, available PK/PD data provide valuable
information. Temocillin exhibits a long serum half-life,
suitable for its use in a twice-daily regimen. One gram
twice daily in normal renal function patients should be
abandoned. Renal clearance is predominant, and high
unchanged temocillin concentrations are recovered in
urine. Monte Carlo simulations regarding %fT > MIC
revealed that a 2 g every 12 h regimen is adequate to treat
infection caused by strains with temocillin MIC up to
16 mg/L. In specific populations with altered PK and PD
parameters, such as ICU patients, a 2 g every 8 h regimen
should be preferred for treating MIC with the same clinical
breakpoints. However, based on actual PK/PD data, a
clinical breakpoint of 32 mg/L appears difficult to reach,
except for the treatment of uncomplicated UTIs, as rec-
ommended by the British Society for Antimicrobial Che-
motherapy (Table 7).

There is a clear need for redevelopment for old antibi-
otics. Temocillin studies regarding wild-type MIC distri-
bution (particularly from urine samples), PK data for non-
severely ill patients or specific populations such as elderly
patients, as well as clinical PK/PD studies, are required to
support appropriate dosing recommendations and deter-
mination of clinical breakpoints.
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