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The antimicrobial class of penems has the potential to address most of the relevant
resistance issues associated with g-lactam antibiotics because of their exceptionally broad
spectrum of antibacterial activity and their intrinsic stability against hydrolytic attack by
many B-lactamases including ESBL and AmpC enzymes. The subclass of carbapenems
covers the spectrum of hospital pathogens whereas the subclass of penems covers com-
munity pathogens. The only currently available penem, faropenem, has a low propensity for
resistance development, B-lactamase induction and selection of carbapenem-resistant
Pseudomonas aeruginosa. This makes it attractive for the treatment of community-acquired
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infections and for step-down or sequential therapy following carbapenem treatment with-
out jeopardizing the activity of carbapenems or the entire B-lactam class in the hospital

environment.

© 2006 Elsevier Inc. All rights reserved.

1. Introduction

The discovery of penicillin in 1929 [1] and its isolation in 1940
[2], the isolation of 6-aminopenicillanic acid in 1959 [3] and the
synthesis of 7-aminocephalosporanic acid in 1962 [4] provided
the basis for the initial development of B-lactams antibiotics.
By the middle of the 1970s, virtually all the significant
developments had been achieved by adding different side
chains to the classical penicillin (i.e., penam) and cephalos-
porin (i.e., cephem) nuclei [5]. Since that time, further attempts
to manipulate the penicillin or cephalosporin nucleus failed to
deliver substantially novel agents [6].

Nevertheless, the large variety of commercially available B-
lactams antibiotics covered a broad range of Gram-positive
and Gram-negative bacterial species, including penicillinase-
producing staphylococci. Because of their widely recognized
in vitro activity, clinical efficacy and low toxicity, B-lactams
have become the cornerstones of antibacterial treatment.
However, their extensive use and sometimes inappropriate
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overuse has contributed to the development of microbial
resistance to these agents. Resistance has occurred because of
the expression of bacterial B-lactamases, lower target affinity
to the modified penicillin-binding proteins, impaired entry or
increased efflux. Consequently, there remains a high medical
need for the development of new agents that overcome the
structurally inherent weaknesses of the existing penams and
cephems.

Since the late 1970s, considerable progress in useful
alterations of the basic penam or cephem ring structures
has been made. Naturally occurring oxapenams (e.g., clavu-
lanic acid), monocyclic B-lactams (e.g., monobactams) and
carbapenems (e.g., olivanic acid) were discovered [7-10] and
the penems were synthesized [11]; these compounds were
found to be inhibitors of some p-lactamases. Drugs that belong
to some of these structural classes are still used widely in
clinical practice.

Thienamycin, which is produced by Streptomyces cattleya
and identified because of its exceptionally broad spectrum and
high B-lactamase stability, was the first representative of a
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diverse family of naturally occurring and synthetic antibiotics
that all have the carbapenem nucleus in common [12]. The
term “‘carbapenem” was introduced into the nomenclature by
the researchers as it “denotes similarity with the 4:5 fused ring
lactam of penicillins, the substitution of carbon for sulfur and
the presence of unsaturation in the five-membered ring” [13].
Since the discovery of thienamycin, many other related
compounds have been extensively studied [14-16], but most
have been either abandoned as development candidates or
have not yet been fully exploited. The compounds that are in
clinical use in North America and in Europe are imipenem,
meropenem, and ertapenem; doripenem is under develop-
ment. In Japan, two other carbapenems are used clinically,
panipenem and biapenem. Like thienamycin, all of these
compounds have a carbon atom at position 1 of the penem
core structure and are thus classified as carbapenems.
Faropenem, which is orally bioavailable, is in clinical use in
Japan (as the sodium salt) and is in the pre-registration phase
in the U.S. as the medoxomil (or daloxate) ester. Faropenem
has obvious structural similarities to carbapenems but also an
important difference with a sulfur atom at position 1 (Fig. 1).
Therefore, the taxonomic assignment of faropenem should be
distinct from but related to carbapenems. Consequently, the
Clinical Laboratory Standards Institute (CLSI) recently
renamed the carbapenem class of drugs as simply “penems”
with two subclasses, i.e., “carbapenems” and “penems.” The
appearance in the CLSI M100 Glossary is as follows: (1)
antimicrobial class =penem; (2) antimicrobial subclass =
penem with the only agent faropenem included and the
second subclass = carbapenems, which currently includes
doripenem, ertapenem, imipenem, and meropenem. This
assignment follows exactly the precedent of the 5:6 fused ring
system of cephems.

This article provides a brief synopsis of the chemical and
functional identities, similarities, and differences between the
two subclasses, i.e., the penems and the carbapenems. Itis not
the aim of this article to summarize in depth the antibacterial
spectra and potency of penems, their pharmacology or their
clinical utility and safety.

2. Chemistry

In general, B-lactam antibiotics consist of the 4-membered B-
lactam ring fused either to a five-membered (as in penams and
penems) or six-membered (as in cephams or cephems)
heterocyclic ring which is either saturated or unsaturated
with a double bond positioned either between C-2 and C-3 of
the five-membered heterocycle or C-3 and C-4 of the six-
membered heterocycle (Fig. 1). The chemical reactivity of the
B-lactam ring, which is important for antibacterial activity, is
influenced to a large degree by the nature of the five- or six-
membered rings to which it is fused.

2.1.  Antimicrobial class of penems

Penems (as a class) differ from the conventional penicillins
and cephalosporins by two features: first, the C-6 hydro-
xyethyl side chain of thienamycin and most other carbape-
nems as well as faropenem is radically different from the
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Fig. 1 - General structures of penems and carbapenems as
they relate to penams (penicillins) and cephems
(cephalosporins).

acylamino side chain of the penicillins and the cephalospor-
ins. Second, the hydrogen atoms at C-5 and C-6 of the penems
are in the trans-orientation, i.e., each hydrogen is on the
opposite side of the B-lactam ring, with S stereochemistry at
the C-6 position (Fig. 2). In penicillins and cephalosporins, both
hydrogens are in the cis configuration, with R stereochemistry
at the corresponding C-6 or C-7 position. These differences
result in the entire C-6 side chain of penems being oriented on
the opposite side of the B-lactam ring compared to the
analogous position of penicillins and cephalosporins. This
unusual stereochemical configuration is responsible for
making the penems in general remarkably stable to degrada-
tion by B-lactamases.

A shared feature of penems as a class is the double bond
between positions C-2 and C-3. Like with cephalosporins, the
presence of a double bond conjugated to the B-lactam nitrogen
increases the reactivity of the g-lactam ring in two ways. First,
the double bond conjugated to the amide nitrogen competes
for the unshared nitrogen electrons thus reducing the extent
to which they are delocalized into the adjacent carbonyl group
and raising the ground state energy of the g-lactam ring [11].
Second, the conjugated double bond reduces the basicity of
the departing amine nitrogen thus making it a better leaving
group and lowering the transition state energy of the g-lactam
ring cleavage [17,18]. The net effect is increased reactivity of
the B-lactam ring to various nucleophiles including water (i.e.,
hydrolysis), amines, as well as the active site serine residues of
penicillin-binding proteins.
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Fig. 2 - Structural comparison of penem and carbapenem subclasses.

2.2.  Antimicrobial subclass of carbapenems

Carbapenems are considered to be intrinsically less stable
than penams. The clinical development of thienamycin was
prevented by its instability in both concentrated solutions and
the solid state; the primary amine in the C-2 side chain of one
thienamycin molecule is both a base and a strong nucleophile
that can interact with the B-lactam ring of a second molecule
to assist in hydrolysis or to form an inactive dimer.
Furthermore, thienamycin is quickly hydrolyzed by the renal
enzyme dehydropeptidase-I (DHP-I) and its degradation
products are nephrotoxic [19,20]. Imipenem, bearing a more
basic amidine function which is essentially fully protonated at
physiological pH, is chemically more stable than thienamycin
but has to be co-administered with cilastatin to prevent
hydrolysis by DHP-I [20]. Cilastatin also reduces the nephro-
toxicity seen with imipenem alone. Meropenem is relatively
stable to DHP-I because of its 1-B-methyl side chain and can be
administered as a single agent [21]. In addition, the secondary
amine of the C-2 side chain of meropenem is sterically more
hindered compared to thienamycin (Fig. 2). Nevertheless, both
imipenem and meropenem are rather unstable at 25-37 °C.
Aside from hydrolysis, the instability of imipenem results
from a complex, pH-dependent process that can be accounted
for by the intermolecular attack on the p-lactam ring by the
carboxyl group or the formylimidoyl group [17,23]. In
meropenem, the 1-B-methyl group provides some degree of
protection against attack on the p-lactam ring [24], however,
its stability in concentrated solution remains limited [17]. Both
imipenem and meropenem are degraded by 70 and 60%,
respectively, at 37 °C within 24 h [17,22]. Published data on the
stabilities of ertapenem and doripenem, respectively, are not
yet available; however, it is reasonable to expect that both

carbapenems are relatively unstable because of their struc-
tural similarity to meropenem. According to the product
information, the lyophilized powder of ertapenem has to be
stored below 25°C and the dissolved drug has to be used
within 6 h.

Another shared feature of carbapenems is a positively
charged C-2 side chain due to the basic amine or amidine
moieties that are extensively protonated at physiological pH.

2.3.  Antimicrobial subclass of penems

The first penem was synthesized by Woodward as a fusion of
the penam and cephem nuclei (Fig. 1). The importance of
Woodward’s synthetic achievement is best illustrated by the
question he posed: “Suppose we put the double bond (of
cephalosporins) in the 5-membered ring (of the penam
system): will we have here the best of both worlds?” [11].
Unlike the carbapenems, this hybrid p-lactam structure does
not occur naturally, and the penems are produced entirely
synthetically. With smaller C-S-C bond angle and longer C-S
bond length, the presence of a thiazoline ring with sulfur at
position 1 instead of carbon in a pyrroline ring results in
altered conformation of the five-membered ring and reduced
intra-ring stress [17,18,25]. At present, faropenem is the only
representative of this subclass that is either in its pre-
registration phase (U.S., faropenem medoxomil) or is com-
mercially available (Japan, faropenem sodium).

Although faropenem shares with the carbapenems the
same unsaturation in its five-membered ring as well as the
stereochemistry and substituents in the B-lactam ring, it
differs from the carbapenems in that it lacks a protonatable C-
2 side chain which in faropenem is a chiral, abasic tetra-
hydrofuran ring. Crystal structures of faropenem and related
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Table 1 - In vitro activities of carbapenems and the penem faropenem against selected key pathogens®

Dori Erta Imi Mero Faro
E. coli, ESBL— <0.015/<0.015 <0.015/<0.015 0.12/0.25 <0.06/<0.06 0.25/1
E. coli, ESBL+ 0.03/0.06 0.03/0.05 0.25/0.5 <0.015/0.06 1/1
K. pneumoniae ESBL— 0.03/0.03 <0.015/0.03 <0.06/<0.06 <0.12/<0.12 0.5/1
K. pneumoniae ESBL+ 0.06/0.12 0.06/0.25 0.5/1 0.03/0.06 0.5/1
P. aeruginosa 0.25/0.5 4/16 1/2 0.25/1 >128/>128
H. influenzae 0.12/1 0.06/0.25 0.5/1 = 0.25/0.5
M. catarrhalis <0.015/0.03 <0.015/<0.015 0.06/0.12 <0.015/<0.015 0.25/0.5
S. pneumoniae (penS) <0.015/<0.015 <0.015/0.03 <0.06/<0.06 <0.015/<0.015 <0.015/0.03
S. pyogenes (penS) <0.015/<0.015 <0.015/<0.015 <0.015/<0.015 <0.015/<0.015 0.03/0.03
S. aureus (MSSA) 0.06/0.06 0.25/0.25 <0.06/<0.06 0.06/0.25 0.12/0.12
S. aureus (MRSA) 1/4 2/16 0.12/2 1/8 2/2
E. faecalis 2/>32 8/>32 1/>8 8/16 1/8
B. fragillis 0.25/0.5 0.5/1 0.25/1 0.12/1 0.25/2
Prevotella spp. 0.12/0.25 0.25/1 0.25/1 0.12/0.25 0.25/0.5

& Data represent MICso/MICqy values in pg/mL [28-35].

molecules have revealed that the already constrained cyclic
tetrahydrofuran ring at the C-2 position is further conforma-
tionally restrained by the van der Waals contact between the
S1 and the 02’ atoms [26]. It is probably because of these
unique structural differences that faropenem shows remark-
able chemical stability. Faropenem is inactivated by only 6% in
aqueous solution at 37 °C and neutral pH after 24 h and its
stability is superior to that of cephalosporins that contain
basic substituents (like carbapenems) at the C-3 position [17].
Faropenem is also relatively stable to hydrolysis by DHP-I [27].
Thus, faropenem as a representative of the penem subclass is
chemically distinct from the carbapenems.

These differences may have pleiotropic implications. The
stability and neutral C-2 side chain of faropenem versus the
instability of carbapenems and positively charged side chain
at physiological pH have clinical relevance in that, first,
carbapenems as injectable drugs have a limited dosing
flexibility. Second, excitability of the central nervous system
(CNS) is closely correlated to the positive charge of the
molecule. Third, the protonation state (and thus charge) of the
C-2 side chain has an impact on the antibacterial spectrum of

the carbapenems and penems, respectively. These aspects
will be discussed below.

3. Antibacterial spectrum

In general, the antibacterial spectrum, activity and clinical use
of an antibiotic are dependent on many physicochemical
factors such as lipophilicity/hydrophilicity and the charge at
physiological pH. In general, activity against Gram-positive
bacteria is favored by lipophilicity, whereas hydrophilicity
allows penetration through the water-filled porins of Gram-
negative organisms. Antipseudomonal activity in particular
and in a broad sense activity against Gram-negative bacteria is
dependent on the charge of the drug.

Table 1 provides an overview of the antibacterial activities
of carbapenems and the penem faropenem against bacterial
species selected according to the key pathogens causing
bacterial infections in the Food and Drug Administration (FDA)
approved or clinically studied indications (Table 2). This
synopsis of the in vitro activities of carbapenems and the

Table 2 - FDA-approved indications for the carbapenems, imipenem, meropenem, and ertapenem

Imipenem/cilastatin
(Primaxin)

Meropenem
(Merrem)

Ertapenem (Invanz)

Doripenem? Faropenem?

Skin and skin
structure infection
Intra-abdominal

Lower respiratory
tract infection
Urinary tract infection

infection

Complicated intra-abdominal

Complicated skin and skin

Nosocomial pneumonia Acute bacterial sinusitis
(fast track)

Complicated skin and Acute exacerbations

Intra-abdominal
infection
Gynecological infection

Bacterial septicaemia
Bone and joint infection
Skin and skin

structure infection
Endocarditis
Polymicrobial infection

infection
Bacterial meningitis
(pediatric)

structure infection
Community-acquired
pneumonia
Complicated urinary
tract infection

Acute pelvic infection

skin structure infection
Complicated urinary tract
infections including
pyelonephritis

of chronic bronchitis
Community-acquired
pneumonia
Uncomplicated

skin and skin-structure
infections

& For doripenem and faropenem, indications under clinical development are listed.
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penem [28-35] clearly indicates that zwitterionic carbapenems
(e.g., doripenem, imipenem, meropenem) have favorable
activity against Pseudomonas aeruginosa and Enterobacteria-
ceae. Ertapenem, which has a net negative charge at
physiological pH with a second carboxylate group at the C-2
side chain, also exhibits activity against a broad spectrum of
Enterobacteriaceae and is less active than imipenem against P.
aeruginosa and the enterococci. Molecules with uncharged
substituents at the C-2 position (e.g., faropenem), however, are
less active against Enterobacteriaceae or inactive against P.
aeruginosa as compared to imipenem (Table 1). In general, -
lactamase (ESBL) production status of the Enterobacteriaceae
does not affect the activity the penems in Table 1.

Furthermore, both penem subclasses exhibit good activity
against methicillin-susceptible staphylococci, penicillin-sus-
ceptible and penicillin-resistant streptococci and other patho-
gens causing community-acquired respiratory tract infections
as well as certain anaerobes. None of these drugs have
clinically relevant activity against methicillin-resistant iso-
lates of S. aureus.

In summary, the differences in the chemistry of the two
penem subclasses are mirrored by the differences in their
antibacterial spectra. The subclass of carbapenems covers
hospital pathogens, whereas the penem subclass representa-
tive faropenem is active against pathogens causing commu-
nity-acquired infections. In this context it is worth noting that
all the carbapenems have to be administered parenterally;
however, faropenem medoxomil (previously called faropenem
daloxate) has very good oral bioavailability of 70-80%. The
high oral bioavailability of faropenem medoxomil is in large
part due to the ester pro-drug form of the antibiotic. While
faropenem sodium is poorly absorbed (20-30%), faropenem
medoxomil is rapidly absorbed upon oral administration and
subsequently hydrolyzed in serum to the active moiety
faropenem. Therefore, faropenem medoxomil may be a
suitable candidate for sequential therapy (i.e., switch from
intravenous to oral administration) and a step-down therapy
(i-e., more focused spectrum) following previous intravenous
treatment of infections like community-acquired pneumonia
with e.g., ertapenem. Its primary use, however, is likely to be in
ambulatory patients with community-acquired infections.

4. Mechanisms of and propensity for
resistance selection in difficult to treat organisms

In general, the activity of -lactams is either affected by target
modifications, efflux, or by the production of g-lactamases. To
date, the latter mechanism has proved to be the most
important clinically. Although more than 400 B-lactamases
have been described, they can be classified on the basis of their
primary structure into four molecular classes (class A through
D, Ambler-classification), or phenotypically on the basis of
their substrate spectrum (Bush-classification) and responses
to B-lactamase inhibitors. Class A, C, and D are active site
serine-B-lactamases and class B enzymes are metallo B-
lactamases. Class A and D enzymes are frequently encoded by
genes carried on plasmids, thus contributing to their intras-
pecies spread and interspecies exchange; class B and C
enzymes are frequently encoded by chromosomal genes
and are therefore confined to particular species. The substrate
preferences of the various B-lactamases are summarised in
Table 3. In contrast to penicillins (exemplified by penicillin G)
and cephalosporins (exemplified by cephaloridine), carbape-
nems and the penem faropenem are stable against hydrolysis
by most of the B-lactamases, except class B enzymes [88].

With a trans-configured C-6 side chain, penems are
intrinsically stable against hydrolysis by almost all class A,
C, or D-B-lactamase producing organisms, including those
producing ESBL or AmpC B-lactamases. In all the other B-
lactam antibacterials the relative configuration at the C-6is cis,
and thus, these agents are labile to B-lactamase promoted
hydrolysis (Table 3).

More recently, so called “carbapenemases” were described.
In assessing this threat it is important to note that “carbape-
nemases’” are class B enzymes, i.e., metallo p-lactamases.
Carbapenemases are a diverse group of B-lactamases, compris-
ing the IMP-, the VIM- and KPC-families as well as SPM- and
GIM-enzymes. These enzymes have a wide geographic dis-
tribution throughout the world; however, they remain rare. The
carbapenemases have the ESBL (i.e., oxyimino-cephalosporins)
and AmpC (i.e., cephamycins plus oxyimino-cephalosporins)
substrate profile and hydrolyze the carbapenems and penems.
Most recently, some OXA-type serine B-lactamases with

Table 3 - Substrate preferences of various p-lactamases®

Molecular classes Functional Activity® Inhibition
Ambler roup (Bush — . 3 by clavulanate
( ) group ( ) Penicillin Cephaloridine Imipenem Faropenem Y
Serine B-lactamases
A 2a +++ + = = ++
2b +++ ++ - - ++
2c ++ + - ? +
2e ++ ++ - - ++
2f ++ + ++ +
C 1 ++ +++ - - -
D 2d ++ + - Inhibitor =
Metallo B-lactamases
B 3 ++ ++ ++ ++ -

# Modified according to Refs. [40,88].
b

+++, preferred substrate (highest Viayx); ++, good substrate; +, hydrolyzed; +, barely hydrolyzed; -, stable;?, not known as not tested.
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carbapenemases activity have been described; these enzymes
hydrolyse carbapenems poorly (recent reviews by Walsh et al.
[89] and Jacoby and Munoz-Price [90]).

Clearly, B-lactamase stability is of significant clinical
relevance since many Enterobacteriaceae have acquired
plasmid-mediated B-lactamases. ESBL- or AmpC-producing
organisms are being isolated with increasing frequency and
have started to spread into the community setting [36]. B-
lactamase induction and selection of ESBL producers will not
only put the inducing and/or selecting agent at risk but may
jeopardize the entire class of B-lactam antibiotics.

To preserve the utility of penems as powerful agents for the
treatment of ESBL producers, it is of utmost importance that
penems do not act as B-lactamase inducers and/or that they do
not select for resistance and ESBL production in Enterobacter-
iaceae, in particular the gut Enterobacteriaceae. Imipenem
acts as a strong inducer of ESBL production, whereas
meropenem acts as weak inducer; both carbapenems were
not selective for derepressed mutants [37-39]. In contrast to
carbapenems, faropenem was not found to act as an ESBL
inducer [40]. This is likely to be due to its preferential affinity
for the high molecular weight penicillin-binding proteins [41].
Published data on ertapenem and doripenem are not yet
available. Thus, faropenem is at present the only agent within
the entire penem class thatis known not to act as an inducer of
ESBL/AmpC enzymes. Therefore, it is unlikely that faropenem
will select for ESBL producers; this is of clinical relevance since
the gut Enterobacteriaceae are exposed to faropenem follow-
ingits oral administration, although this problem is alleviated
to some extent by the high oral bioavailability of the pro-drug
form of faropenem (faropenem medoxomil) and the fact that
the pro-drug lacks antimicrobial activity.

The pronounced antibacterial effect of the class of penems
against Enterobacteriaceae but the variable degree of activity
of carbapenems and the lack of activity of faropenem against
P. aeruginosa results from an interplay of poor penetration and
efflux. In contrast to penams and cephems which are effluxed
by a large variety of different transporters in Gram-positive
and Gram-negative bacteria, carbapenems and penems are
extruded only by efflux pumps expressed in P. aeruginosa [91].
Multidrug efflux in P. aeruginosa is mediated by four pumps,
with MexAB-OprM being the most important one. With
respect to their anti-pseudomonal activities it is interesting
to note that in contrast to any other carbapenem or penem,
imipenem is a poor substrate for MexAB-OprM, probably
because it lacks any lipophilic phenyl or heterocyclic side

chains. Consequently, mutations in MexAB-OprM increase the
MICs of all the carbapenems except imipenem.

Carbapenems but no other B-lactams are taken up through
the porin OprD; the primary role of OprD is the uptake of basic
amino acids. Imipenem is taken up through this porin 10 times
faster than meropenem [42]. In contrast, faropenem, with a
neutral C-2 side chain, does not penetrate through the OprD
porin and therefore does not interfere with imipenem uptake
through this channel [43]. Furthermore, faropenem is not likely
to select for efflux-mediated carbapenem resistance. Although
faropenem is pumped out by the MexAB-OprM efflux system, it
appears to have a distinct binding site since it does not interact
with other MexAB-OprM substrates (i.e., B-lactams, B-lacta-
mase inhibitors, quinolones, chloramphenicol, sulphamethox-
azole, novobiocin) [43,44] (Table 4). Furthermore, two general
aspects are worth mentioning: first, all of these efflux pumps,
and the MexAB-OprM in particular, are characterized by a very
broad substrate specificity. Consequently, chemically unrelated
drug classes select for carbapenems resistance. For example, in
the era of carbenicillin and ticarcillin therapy of P. aeruginosa
infections these penicillins selected for carbapenem resistance.
Thus, resistance mediated by porins and pumps is unspecific
and not a class phenomenon. Second, efflux may cooperate
with other resistance mechanisms. In P. aeruginosa, the high-
level carbapenemresistance results from the interplay between
outer membrane barrier, active efflux by MexAB-OprM, and
AmpC derepression. As mentioned above, faropenem does not
derepress AmpC production.

As would be anticipated, assessments of resistance
selection with faropenem have confirmed an almost non-
existent induction of carbapenem resistance in P. aeruginosa. It
is likely therefore that faropenem may not affect the clinical
usefulness of imipenem or meropenem in the treatment of
severe infections due to non-fermenters in the hospital.

The carbapenems, however, do select for cross-resistant P.
aeruginosa mutants [47]. Imipenem largely escapes efflux-
mediated resistance in P. aeruginosa but is affected by a
mutational loss of OprD, which occurs frequently during
imipenem therapy [49-51]. The OprD mutants selected with
imipenem are mostly resistant to carbapenems only. Ertape-
nem-selected mutants develop through OprD loss and
another, yet undefined mechanism, called MK-X [46]. It is
likely that this mechanism is associated with additional
membrane modifications. Ertapenem also selects for MexAB-
OprM mutants, as well as other phenotypically diverse
mutants [52]. Likewise, meropenem and doripenem select

Table 4 - Consequences of mutations affecting efflux pumps and/or outer membrane proteins®

Mutational event Dori Erta® Imi Mero Faro®
Up regulation of MexAB-OprM R R - R R
Up regulation of MexEF-OprN nd nd /R R (r)
Loss of OprD r R R r -
Loss of OprD plus up regulation of MexAB-OprM R R R R R

-: No effect on MICs, r: moderate effect on MICs, R: resistance usually conferred or substantial increase in MICs (>8-fold) in case of intrinsic
resistance. (r) MexEF-OprN over expression occurs only in MexAB-OprM deficient background; thus, this phenomenon may not be clinically

relevant, nd: not done.

# Modified according to [51] and amended with data from [46,49,52].

b Ertapenem and faropenem are intrinsically inactive against P. aeruginosa.
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for OprD and efflux mutants [45,49] (Table 4). Although the
selection of efflux and porin double mutants seem less likely
in vivo [48,51], efflux mutants are often combined with other
drug-resistant phenotypes, including resistance to non-p-
lactam antibiotics. Consequently, meropenem-, doripenem-
and ertapenem-resistant P. aeruginosa mutants are cross-
resistant to carbapenems, other g-lactams and non-B-lactam
antibacterials.

5. Pharmacodynamics

The in vitro activities of antibacterial agents are most
commonly described by determining the minimal inhibitory
concentration (as summarized in Table 1) or by performing
time-kill experiments using constant drug concentrations.
Typically, the bactericidal activities of penicillins and cepha-
losporins show minimal enhancement with increasing drug
concentrations beyond the concentration producing a max-
imal effect, which is generally near the MIC [48,53]. Likewise,
the in vivo efficacy is dependent on the time that serum
concentrations exceed the MICs [53,54], but independent of
maximal serum concentrations.

However, penems are not typical of the B-lactams class.
Carbapenems such as imipenem, meropenem and ertapenem
show increasing bacterial killing with increasing concentra-
tions; these observations have been made with S. aureus, S.
pneumoniae, H. influenzae, Enterobacteriaceae, P. aeruginosa and
Acinetobacter spp. [55-58]. The penem faropenem kills strains
of H. influenzae, M. catarrhalis, S. pneumoniae including peni-
cillin-resistant strains, S. pyogenes, S. aureus, E. coli, K.
pneumoniae and B. fragilis in a concentration-dependent
manner also [59,60] (Fig. 3).

Furthermore, carbapenems like imipenem, meropenem
and LJC 11,036 as well as experimental penems like CGP17520,
CGP31608 and their congeners were found to be exceptional in
that they retained superior bactericidal activity against slowly
growing cultures of several pathogens [61-66]. The pro-
nounced effect of imipenem or the penems tested against
slowly growing bacteria is in contrast to that of penams and
cephems. As a general rule, penicillins and cephalosporins kill
bacteria at a rate that is strictly proportional to the rate of
bacterial growth such that a constant fraction of the
population is killed per generation [67]. In contrast, the
growth rate is not the rate-limiting attribute for the bacter-
icidal activity of carbapenems and penems.

Another aspect differentiating penicillins and cephalos-
porins from the penem class is the impact of drug exposure on
organism growth after the elimination of the drug from the
focus of infection, i.e., the post-antibiotic effect (PAE).
Moderate to prolonged PAEs have been found with carbape-
nems [56] and the penem faropenem [59] but minimal or no
PAEs were seen with penams or cephems against Gram-
negative bacteria and streptococci [53,54].

Studies integrating pharmacokinetics (PK) and pharmaco-
dynamics (PD) have demonstrated that the efficacy of B-
lactam antibiotics in general is dependent on the time during
which free drug serum concentrations remain above the MIC
(T >MIC). The carbapenems and the penem faropenem
require distinctly less T >MIC (approximately 20% of the

6 o,
S. pneumoniae
5
o~
£
N a f
* @ =
/' imipenem
2- e
N —
i :.;‘/:____—o——'—""_——" ertapenem
. o=
0 T r T : : :
0 1 2 4 8 16 32
MIC Multiple
6 | P
K. pneumoniae imipenem
51 / taropenem
=~ 47
£
x 31
meropenem
oy e ertapenem
14 4./
0 . T T T T
0 1 2 4 8 16 32

MIC Multiple

Fig. 3 - Apparent first-order kill rate constants (k) of
carbapenems and the penem faropenem against S.
pneumoniae and K. pneumoniae as a function of
concentration. The Kkill rate constants for each point were
calculated as described in Ref. [58] by analyzing the time-
and concentration-dependent decrease in viable counts.
The bacteria were exposed to multiples of their individual
MICs.

dosing interval) than penicillins which in turn require slightly
less T > MIC than cephalosporins [54]. Most of the penams and
cephems require T > MIC of approximately 40% of the dosing
interval [54] (Table 5). These differences in the magnitudes of
the PK/PD indices required for efficacy mirror the differences
in the PD characteristics between carbapenems or penems, on
the one hand, and penams or cephems, on the other.

6. CNS excitability

Although characterized by low toxicity, all B-lactam anti-
biotics are recognized to have excitatory potential and may
cause seizures if given at high doses, particularly in patients
with moderate to severe renal insufficiency.

It is suggested that the excitatory potential of pB-lactams
may be due to inhibition of binding of gamma-aminobutyric
acid (GABA) to its receptors [73], thus causing convulsions;
however, this explanation is incomplete [14,15,74].

In general, the neurotoxicity of carbapenems depends
primarily on their C-2 side chain [75,76]. The convulsant activity
of carbapenems in animal models and the affinity of the
carbapenems to the GABA receptor A was found to correlate
with the basicity of the C-2 side chain. The more basic the side
chain, the higher the tendency to produce neurotoxicity [77];
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Table 5 - In vivo pharmacodynamic activity of carbape-

nems and the penem faropenem against S. pneumoniae
and Gram-negative bacteria

Drug Infecting organism T > MIC
Faropenem S. pneumoniae 13.9
Ertapenem S. pneumoniae 24.0
Ertapenem Enterobacteriaceae 32.0
+ P. aeruginosa

Doripenem P. aeruginosa 10.4
Imipenem P. aeruginosa 22.1
Meropenem P. aeruginosa 22.5
Ceftazidime P. aeruginosa >33.0
Amoxicillin S. pneumoniae 25-30
Ceftriaxone S. pneumoniae 39.0
Cefotaxime S. pneumoniae 38.0

For comparison, the data for three cephems, i.e., ceftazidime,
ceftriaxone and cefotaxime, and the penam amoxicillin are
provided. The data were generated in the thigh muscle infection
model in neutropenic mice. Animals were treated with a range of
doses and a sigmoid dose-response model derived from the Hill
equation was used to calculate the doses of drug producing a net
bacteriostatic effect over 24 h. The time above MIC (T > MIC, % of
24 h) for each static dose using the free drug concentration were
estimated from pharmacokinetics and MIC values. Important to
note: The presence of white blood cells further enhances the activity
of drugs in general approximately two-fold [54]; the activity of
faropenem was enhanced about three- to four-fold [68]. Data were
compiled from Refs. [30,68-72].

Table 6 - Binding affinity of carbapenems and the penem
faropenem for the GABA receptor A®

Drug Concentration needed to
inhibit 50% of specific

muscimol binding (mM)

Imipenem 0.6

Imipenem/cilastatin 0.5

Meropenem 27.6

Panipenem 0.33

Biapenem 4.2

Doripenem 50.0

Ertapenem” -

Faropenem*® >50.0

# Binding of the drugs to the GABA receptor A (and by inference
their CNS toxicity) was examined by measuring their ability to
compete with specific *H-muscimol binding to the GABA
receptors. Data were compiled from Refs. [14,82,85-87].

® No data are available.

€ No inhibition of *H-muscimol binding was observed at the
highest concentration tested (50 mM).

thus, the excitatory potential of carbapenems is: panipe-
nem > imipenem > biapenem > meropenem > doripenem
[78-81] (Table 6). The low excitatory potential of faropenem
correlates well with the uncharged nature of its C-2 side chain
[82-84].

7. Conclusion

Based on differences in their chemical structures, carbape-
nems and penems represent two distinct subclasses within

the antimicrobial class of penems. The structural differences
between carbapenem and penem subclasses are mirrored by
differences in chemical stability, antibacterial spectra, pro-
pensity for resistance selection and CNS excitatory potential.
At the same time, carbapenems and penems have in common
similar pharmacodynamic characteristics that are different
from those of other g-lactam antibiotics.

The antimicrobial class of penems has the potential to
address most of the relevant resistance issues associated with
B-lactam antibiotics because of their exceptionally broad
spectrum of antibacterial activity and their intrinsic stability
against hydrolytic attack by many B-lactamases including
ESBL and AmpC enzymes. The subclass of carbapenems
covers the spectrum of hospital pathogens whereas the
subclass of penems covers community pathogens. The only
currently available penem, faropenem, has a low propensity
for resistance development, B-lactamase induction and
selection of carbapenem-resistant P. aeruginosa. This makes
faropenem medoxomil attractive for the treatment of com-
munity-acquired infections and for step-down or sequential
therapy following carbapenem treatment without jeopardiz-
ing the activity of carbapenems or the entire B-lactam class in
the hospital environment. For a community pg-lactam anti-
biotic, this may indeed represent the best of both worlds.
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