
Chapter 2
Penicillins

Iain J. Abbott and Kelly A. Cairns

Abstract Penicillins are among the most widely used class of antibiotics, utilised
for a wide variety of clinical indications, including critical illnesses and sepsis.
Clinical efficacy and the prevention of the emergence of resistance are critically
dependent upon the correct dosing strategy in order to meet the required
time-dependent pharmacodynamic target. Penicillins mainly experience increases in
volume of distribution and renal clearance in obese patients, such that standard
doses may not be sufficient to achieve target attainment. The dosing recommen-
dation for penicillin antibiotics in obesity is, however, complex and lacking clinical
evidence. This chapter will review the current literature and make suggestions for
altered dosing for commonly prescribed penicillin antibiotics. Fortunately, given
the relative safety profile of the penicillin antibiotics, greater flexibility at upper
range of the dosing schedule, or frequency of administration, is available. Strategies
such as extended and continuous infusions are explored, together with reference to
front-loading dosing, therapeutic drug monitoring and Bayesian estimation tech-
niques and software to promote individualised drug dosing. Critical illness in obese
patients warrants careful consideration of penicillin dosing and must take into
consideration the pharmacokinetic and pharmacodynamic changes and altered
targets.
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Introduction

Penicillins represent the oldest class of antibiotics, since their discovery in 1928,
and have been in clinical use since the 1940s. Over the years, this class of
beta-lactams has expanded from the narrow spectrum penicillins, to combinations
with beta-lactamase inhibitors, providing a broad spectrum of activity [1]. Narrow
spectrum penicillins, such as intraveneous benzylpenicillin (penicillin G), intra-
muscular procaine penicillin and benzathine penicillin, and oral phe-
noxymethylpenicillin (penicillin V), are mainly active against Gram-positive
organisms, but are inactivated by beta-lactamase enzymes. Despite their narrow
spectrum, these penicillins remain the treatment of choice for many infections,
including Streptococcus pyogenes, pneumococcal pneumonia, and syphilis.
Antistaphylococcal pencillins, dicloxacillin and flucloxacillin, are stable to beta-
lactamases, and are the standard of care for infections caused by methicillin-
susceptible Staphylococcus aureus. The aminopenicillins, amoxycillin and ampi-
cillin, have a relatively narrow spectrum of activity against susceptible Gram-
negative pathogens, such as Escherichia coli, which is the most common urinary
tract pathogen, but are again inactivated by strains that produce beta-lactamase
enzymes. Broad-spectrum penicillins, piperacillin and ticarcillin, have an expanded
spectrum that includes Pseudomonas aeruginosa species. The combination of a
penicillin antibiotic and a beta-lactamase inhibitor, such as clavulanate and
tazobactam, which in themselves have little inherent antibacterial activity, inhibit
the enzymes produced by a variety of Gram-positive, Gram-negative and anaerobic
bacteria. In combination, amoxycillin and ticarcillin with clavulanate, and piper-
acillin with tazobactam, the spectrum of activity is significantly expanded.
Piperacillin-tazobactam (TZP) is currently a standard of care as empiric therapy for
a number of critical infections, such as febrile neutropenia [2, 3], ventilator asso-
ciated pneumonia [4], and severe diabetic foot infections [5]. All currently available
penicillin antibiotics are vulnerable to expanded resistance mechanisms, either
newly acquired or intrinsic in some organisms. Extended-spectrum beta-lactamases
(e.g. blaCTX-M), cephalosporinases (e.g. AmpC-type blaCMY) and carbapenamases
(e.g. metallo beta-lactamases, blaKPC, and blaOXA) all potentially inactivate
antibiotics in the penicillin class. Despite their longstanding and widespread use,
very little information is available about dosing in patients with an increased
body-mass-index (BMI) for the class as a whole. Given that the penicillin class of
antibiotics are frequently used in critical illness, where time to adequate antibiotic
exposure is critical for survival, more studies are required to further understand the
true impact of obesity on the pharmacokinetic/pharmacodynamic (PK/PD) targets,
together with clinical outcomes.
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Pharmacodynamic Target

Penicillins, like other beta-lactam antibiotics, display time-dependent pharmaco-
dynamics (PD) (see Fig. 2.1, panel a). The antibiotic activity is due to inhibition of
bacterial cell wall synthesis, which occurs over time to result in a relatively slow
bactericidal action [6]. Bacterial kill and efficacy correlates best with the length of
time (ƒT) that free (unbound) serum concentrations of the drug exceeds the
organism’s minimum inhibitory concentration (MIC) (i.e. ƒT>MIC) [7]. Maximal
organism kill occurs when drug concentrations are maintained at four-times the
MIC [8]. The target for penicillin antibiotics is ƒT>MIC of roughly 50 % of the
dosing schedule [9]. A post antibiotic effect is seen against Gram-positive organ-
isms, but is minimal against Gram-negatives [10], thereby suggesting Gram-
negative infections would benefit from a higher percentage ƒT>MIC. Penicillins are
also affected by an inoculum effect, such that infections with a high bacterial
density require higher antibiotic concentrations, for longer durations, to inhibit
growth [10]. In the setting of concurrent immunosuppression or critical illness a
ƒT>MIC target approaching 100 % has been suggested [11]. In clinical practice, the
MIC of the infecting organism is often not known at the time antibiotics are started,
such that empiric dosing is required to cover organisms with a range of MICs,
including those at the higher end of the susceptible range. Adequate drug exposure
is also critical to prevent the emergence of resistance within an organism population
[12], factoring in also the impact of the inoculum size, the duration of therapy and
the presence of immune dysfunction [13].

Pharmacokinetic Changes in Obesity

Penicillins are hydrophilic antibiotics that are essentially eliminated by renal
clearance, have a low volume of distribution (V) and a lower intracellular and tissue
penetration [14]. The summary of expected changes in the PK of penicillins to be
seen in obesity is presented in Table 2.1. Penicillins mainly experience increases in
V and renal/creatinine clearance (CrCl) in obese patients, suggesting that standard
doses may not be sufficient to achieve target attainment (50 % ƒT>MIC), especially
for bacteria with higher MICs (see Fig. 2.1, panel b). Despite applying adjusted
body weight (ABW) and/or lean body weight (LBW) as size descriptors for dose
adjustment for hydrophilic medications, an assessment of individual’s calculated
BMI and how that relates to the changes in the PK of the penicillins is more
complex. Individuals with a raised BMI will not only have an increase in adipose
tissue but also variable amounts of concurrent increases in lean muscle weight and
blood volume. An elite athlete with a BMI � 30 kg/m2, for example, who has a
large proportional increase in lean muscle mass, will have vastly different penicillin
antibiotic PK changes compared with an individual with the same BMI but whose
excess weight is predominantly made up of an increase in adipose tissue. This
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differentiation is important when dosing penicillins given the potential that the
degree of increase in V may be unrecognized, which in turn has the potential to
result in decreased plasma drug concentrations.

Review of Existing Literature

There is a dearth of clinical PK/PD studies examining dosing of penicillin antibi-
otics in obesity, and much of the more recent literature deals only with TZP (see
Table 2.2). When compared to parameters in reference populations [1, 15, 16],
there are consistent reports of increases in V and CrCl in obese subjects who have
been administered TZP. In the critically ill cohort, however, it seems that severe
sepsis alters the PK/PD more than obesity alone [17]. Similarly, renal function and
the use of continuous renal replacement therapy have a large impact on PK/PD
targets. In general, the doses of TZP studied were either at the upper end of the
recommended dosing schedule (e.g. 4.5 g 6-hourly, 30 min infusion), or utilised
extended infusions over 4 h.

b Fig. 2.1 Schematic representation of the potential changes in PK/PD seen in obesity.
Figure adapted from [9, 11]. Panel a Time-concentration curves. In the obese host there can be
a reduced peak concentration due to the increased V, although obesity-related reduction in protein
binding may counteract this for heavily protein-bound drugs such as di/flucloxacillin. Augmented
renal/creatinine clearance accounts for a steeper clearance curve. Both factors impact on the
ƒT>MIC. Panel b MIC-target attainment curves. There is a quicker drop off in the percentage target
attainment in the obese host as the organism becomes more resistant (i.e. increasing MIC). Panel c
Time-organism re-growth curves. A theoretical risk of the emergence of a resistant sub-population
during antibiotic treatment course. This is not only impacted upon by the reduction in ƒT>MIC but
also the impact of immune dysregulation seen in obesity that would normally assist the antibiotic
in organism kill

Table 2.1 Overview of penicillins ppharmacokinetic (PK) changes in obesityObesity

PK parameter Effect of obesity

Absorption

Oral
Intramuscular
Intravenous

Minimal change
Avoid
No change

Distribution

Protein binding
Volume of distribution

Reduceda

Increased

Metabolism No change

Excretion Increasedb (augmented renal/creatinine clearance)
aResults in an increase in the unbound penicillin concentrations, contributing to increased
clearance
bOccurs in the absence of co-morbidities impacting on renal function
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For penicillin antibiotics that have been administered via the intravenous route,
the impact of obesity on absorption should be minimal. The impact of obesity on
oral penicillin absorption is also largely unaffected by obesity [18, 19]. Miskowiak
et al. determined that in a small cohort of eight female patients, the absorption of
phenoxymethypenicillin was no different before and three months after gastroplasty
[20]. The absorption of phenoxymethylpenicillin and flucloxacillin is impaired by
the presence of food in the stomach, and patients should be appropriately counseled
by their pharmacist on the correct administration. For the remaining oral penicillin
antibiotics, the increased splanchnic blood flow and delayed gastric emptying
should also have minimal effects on absorption [21, 22]. Intramuscular adminis-
tration represents a small proportion of penicillin administration. Where possible,
the intramuscular administration of penicillins, such as benzathine penicillin and
procaine penicillin, should be avoided in obese patients. Inadvertent administration
of penicillin antibiotics into subcutaneous tissue, also known as ‘intralipomatous’
injections [23], may cause pain, altered absorption kinetics and potential tissue
necrosis. General recommendations for tissue damage associated with the
extravasation of injectable medications include those with a pH below 5.5 or greater
than 8.5. The pH of both benzathine pencillin and procaine penicillin is reported to
be between 5 and 7.5 [24].

The impact of obesity on the distribution of penicillin antibiotics represents a
complex dilemma and is dependent on a number of variables. Penicillin antibiotics
are generally hydrophilic [19, 25] and their V is generally low [26]. As such, they
have poor distribution into adipose tissue [19]. Excess weight associated with
obesity also includes increased lean mass to carry the adipose tissue thereby,
providing an increased V for penicillin drugs [18, 19]. Kampmann et al. [27]
reported a higher V for ampicillin in a small cohort of patients prior to gastric
bypass surgery (0.60 L/kg, in patients with an average weight of 131 kg) compared
to the same patients one year later when they were on average 44 kg lighter (V of
0.41 L/kg). Yuk et al. [28] measured nafcillin serum levels in a single morbidly
obese (162 kg) endocarditis patient, and also identified an increased volume of
distribution. Based on this, the authors were able to provide nafcillin dosing rec-
ommendations in obese patients. The predicted proportion of plasma protein
binding of the penicillin antibiotics in the standard population varies markedly from
20 % for ampicillin to up to 93 % for flucloxacillin, although there are significant
differences between measured and predicted unbound drug concentrations for the
highly protein-bound beta-lactams [29]. The increased levels of lipoproteins,
cholesterol and free fatty acids observed in obese patients has the potential to bind
to serum proteins, such as albumin [19]. Suh et al. demonstrated that high levels of
free fatty acids significantly reduced the protein binding of dicloxacillin, but
increased the protein binding of benzylpenicillin [30]. As the free concentration of
drug is responsible for therapeutic effects, a reduction in the availability of albumin
increases the free concentration of the penicillin. In this previous work by Suh et al.
there was a fivefold increase in the free dicloxacillin fraction and a 50 % reduction
in the free fraction of benzylpenicillin observed [30]. The increase in free fraction of
a protein-bound antibiotic will increase the peak penicillin concentration, but more
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importantly, will increase the amount of drug available for renal clearance. Given
the time-dependent efficacy of penicillins, decreased protein binding has the
potential to reduce target attainment of adequate %ƒT>MIC.

It is recognized that obese patients have a higher hepatic clearance of drugs due
to increased glucuronidation and the activity of specific cytochrome P450 enzymes
[31]. In particular, an increase in CYP2E1, CYP2C9, CYP2D6 and CYP2C19
enzyme activity and a reduction in CYP3A4 has been reported [18, 31]. The
involvement of the cytochrome P450 enzyme system is thought to be minimal for
penicillin antibiotics. Most penicillins are excreted by the kidneys as intact mole-
cules, with only a minor degree of metabolism [26, 32]. Van Seane et al. [31] also
report the potential of impairment of hepatic antimicrobial clearance due to hepatic
steatosis in late obesity, which is of minimal impact in the metabolism of peni-
cillins. Hepatic steatosis and diabetes does, however, contribute to the risks of drug
induced liver injury (DILI) [33, 34]. Within the penicillin class, flucloxacillin and
amoxicillin-clavulanate are the agents most commonly associated with DILI, where
there are additional risks reported, including being female, being over 55 years of
age and having a human leukocyte antigen (HLA)-B*5701 genotype for fluclox-
acillin, and HLA-A*3002 and B*1801 for amoxicillin-clavulanate [33–36].

Penicillins are primarily excreted through the kidney and are revolved largely
unchanged [26]. Beta-lactamase inhibitors (clavulanate and tazobactam) are also
excreted by the kidneys, but to a lesser extent, especially that of clavulanate [1].
Renal clearance is directly influenced by V, renal blood flow and glomerular fil-
tration rate (GFR). Renal clearance can be increased because of greater kidney mass
and global filtration, as demonstrated in obese kidney donors who have been shown
to have significantly higher glomerular planar surface area compared to that of
non-obese donors [37, 38]. Conversely, renal clearance can be decreased because of
chronic kidney insufficiency due to concurrent hypertension or diabetic
nephrophathy [39, 40]. In the absence of comorbid conditions, GFR can be
increased by approximately 62 % in obesity [18]. Accurate measurements, how-
ever, with existing equations to estimate GFR, especially in the setting of aug-
mented renal clearance (ARC), are limited [41–44].

Obesity increases morbidity and mortality through multiple effects, including a
reduction in immune responses, leading to an increased risk of a wide range of
infections, including postoperative and other nosocomial infections, as well as the
development of serious complications from common infections [45]. The specific
impact of obesity on clinical antibiotic treatment failure is less well established. In a
historical cohort study, where 16.0 % received amoxicillin and 8.8 % received
phenoxymethylpenicillin, obesity was a significant risk factor for antibiotic treat-
ment failure, after accounting for other potential confounding variables [46]. The
role of penicillin antibiotics in surgical prophylaxis, where adequate tissue con-
centrations of drug are critical, is also limited and the poor penetration of penicillins
into adipose tissue could be of concern [47]. Gulluoglu et al. [48] demonstrated the
successful administration of 1 g of intravenous ampicillin-sulbactam as a
pre-operative prophylaxis for breast cancer surgery in patients with a
BMI � 25 kg/m2, and showed a significant decreased in the rate of surgical site
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infection compared to placebo (65 % reduction). In regard to the studies examining
TZP administration in obesity, few studies also collected clinical outcome data.
Zakrison et al. [49] reported, in a post hoc analysis, a reduced response rate in
complicated intra-abdominal infections in patients with a BMI � 30 kg/m2 who
received TZP (response rate 65 % compared with 86 % for patients with a
BMI < 30 kg/m2). More clinical outcome studies with PK/PD data are warranted.

Increasing antimicrobial resistance is a significant challenge to treating clinicians
and represents a global problem. What is not known, however, is whether the obese
cohort also have a greater tendency for the emergence of resistance while on
therapy due to their altered PK/PD and relative immune dysfunction related to
obesity (see Fig. 2.1, panel c) [9, 12, 13, 45]. One study, which examined the risk
factors for postoperative mediastinitis due to methicillin-resistant S. aureus
(MRSA), found that obesity was an independent predictor for infection with
methicillin-sensitive S. aureus, only diabetes, female gender and age >70 years
were found to be independent predictors for MRSA [50]. Despite this, adequate
penicillin drug exposure, for the shortest effective duration, is paramount for sup-
pressing the emergence of the resistant sub-population [12].

Recommendations

The dosing recommendation for penicillin antibiotics in obesity is complex and
lacking clinical evidence. The PK changes of antibiotics in obesity have been
likened to those seen in septic patients [31]. In the absence of controlled trials to
provide clear dosing recommendations for penicillin antibiotics in obese patients,
extrapolation of dosing evidence in sepsis is generally required. Fortunately, given
the relative safety profile of the penicillin antibiotics, greater flexibility at upper
range of the dosing schedule, or in the frequency of administration, is available.

An accurate assessment of renal function is paramount, given that there may be
normal renal function, ARC, or renal insufficiency. When classified as obese, the
proportion of the increased BMI that represents increased lean muscle mass, as well
as adipose tissue, is important when predicting the impact on V. In the obese patient
in ICU, the concurrent use of organ support, such as continuous renal replacement
therapy, will further impact upon the dose required [51, 52]. Although additional
supports, such as extracorporeal membrane oxygenation (ECMO), does not seem to
significantly impact specifically on TZP levels [53], they could impact on more
highly protein bound penicillin drugs, such as flucloxacillin, which are prone to
sequestration in ECMO circuits [54]. Underlying co-morbid conditions, such as
surgery, trauma, burns, and immune dysfunction for example, will further alter the
PK via changes in cardiac output and fluid balance, development of ARC, and
immune response to infection. Finally, the specific infecting pathogen(s), the MIC
and the site of infection will impact upon the required dosing schedule.
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Despite the limitations in published data and clinical evidence, the following
recommendations can be made in regard to dosing penicillin antibiotics in patients
with a BMI in the obese range (�30 kg/m2).

• Dosing should be at the upper end of recommended doses, or increased
frequency of dosing, such that the highest effective dose that can be safely
administered with minimal side effects, especially in those obese patients
with normal renal function or ARC.

• Consider using a front-loading strategy, where antibiotics are given at
higher doses initially and then reduced to standard dosing, depending on
culture results, organ function and response to therapy.

• Extended or continuous infusions, after an initial bolus dose, will best
ensure that ƒT>MIC is maintained at greater than the minimum target of
40–60 % of the dosing interval, and can provide a means to achieve a
ƒT>MIC closer to 100 % when faced with critical illness or immune system
compromise.

There is insufficient evidence to provide specific weight-based dosing schedules
for each penicillin antibiotic. Table 2.3 outlines general recommendations for
specific common penicillin antibiotics. Future aims should be to utilize therapeutic
drug monitoring of penicillin antibiotics in order to provide individualised drug
dosing, using Bayesian estimation techniques and dosing software, in patients with
increased BMIs with altered and difficult to predict PK/PD changes. This will
facilitate adequate drug exposure and promote optimal clinical outcomes, similar to
what has been proposed for dosing in critically ill patients [52, 55].

Table 2.3 Recommended dosing of common penicillin antibiotics in obesity

Antibiotic Usual adult dose Dosing in
obesity

Comments

Narrow spectrum penicillins

Benzylpenicillin, iv 1.2 Q6H—2.4 g
Q4H

1.2–2.4 g
Q4H

Consider extended infusion
(12 h stability at room
temperature)

Procaine penicillin, im 1.5 g Avoid if
possible

Risk of intra-lipomatous
infectionBenzathine penicillin, im 900 mg–1.8 ga

Phenoxymethylpenicillin,
oral

500 mg Q12H 500 mg Q6H Risk of poor adherence with
more frequent dosing

Antistaphylococcal penicillins

Dicloxacillin, oral 500 mg Q6H 1 g Q6H Dicloxacillin preferred to
flucloxacillin to limit the risk
of drug induced liver injury

(continued)
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Table 2.3 (continued)

Antibiotic Usual adult dose Dosing in
obesity

Comments

Flucloxacillin, iv 1–2 g Q6H-Q4H 2 g Q6H-Q4H High dose and frequent
administration via a small
peripheral cannula may be
limited by thrombophlebitis.
Consider also extended
infusions (24 h stability at
room temperature)

Aminopenicillins

Amoxycillin, oral 500 mg–1 g
Q12H-Q8H

1 g Q8H Amoxycillin concentrates in
the urine such that increased
doses may not be necessary
for urinary tract infections

Amoxycillin-clavulanate,
oral

500/125 mg
Q12H-Q8H;
875/125 mg
Q12H

875/125 mg
Q12H-Q8H;
1000/62.5 mg
ER
(2 tabs
Q12Hb)

Less clavulanate and less
diarrhoea with Q12H
regimen.
Amoxycillin-clavulanate
(875/125 mg) can be
combined with an additional
amoxycillin dose

Ampicillin, iv
Amoxycillin, iv

2 g Q6H-Q4H 2 g Q4H Extended infusions limited
by lack of stability at room
temperature (stable only for
3 h at 30 mg/ml, stable 8 h
at 10–20 mg/ml)

Antipseudomonal penicillins

Ticarcillin-calvulanate, iv 3.1 g Q6H 3.1 g
Q6H-Q4H

Consider administration by
extended or continuous
infusion, after an initial
bolus dose (TIC stable for
48 h at room temperature;
TZP stable for 24 h at room
temperature and 12 h in an
ambulatory pump)

Piperacillin-tazobactam,
iv

3.375 gb Q6H;
4.5 g Q8H

3.375 gb q4 h;
6.75 gb Q8H
(over 4 h);
4.5 g Q6H;
13.5–18 g
(over 24 h)

aEquivalent to 1.2–2.4 million units
bDose/formulation not available in Australia. ER, extended release
The doses listed below are general recommendations only, based upon the maximum dosing
recommendations and assume good renal function. This table serves as a guide only and the choice
of agent and dose is dependent upon on the infection treated, the susceptibility of the organism and
host factors. The use of prolonged infusion of beta-lactam antibiotics, either as extended infusion,
defined as a discontinuous infusion of �2 h, or as continuous infusion, will maximize ƒT>MIC, but
should only be used following an initial loading dose, when intravenous access and drug stability
is ensured [62, 63]
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