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Abstract Oxazolidinones are a class of synthetic antimi-

crobial agents with potent activity against a wide range of

multidrug-resistant Gram-positive pathogens including

methicillin-resistant Staphylococcus aureus and van-

comycin-resistant enterococci. Oxazolidinones exhibit

their antibacterial effects by inhibiting protein synthesis

acting on the ribosomal 50S subunit of the bacteria and

thus preventing formation of a functional 70S initiation

complex. Currently, two oxazolidinones have been

approved by the US Food and Drug Administration: line-

zolid and more recently tedizolid. Other oxazolidinones are

currently under investigation in clinical trials. These

antimicrobial agents exhibit a favourable pharmacokinetic

profile with an excellent bioavailability and a good tissue

and organ penetration. In-vitro susceptibility studies have

shown that oxazolidinones are bacteriostatic against ente-

rococci and staphylococci, and bactericidal for the majority

of strains of streptococci. In the context of emergence of

resistance to glycopeptides, oxazolidinones have become

an effective alternative to vancomycin treatment frequently

associated with nephrotoxicity. However, oxazolidinones,

and linezolid in particular, are associated with significant

adverse events, myelosuppression representing the main

unfavourable side effect. More recently, tedizolid has been

shown to effectively treat acute bacterial skin and skin

structure infections. This newer oxazolidinone offers the

advantages of once-daily dosing and a better safety profile

in healthy volunteer studies (fewer gastrointestinal and

haematological side effects). The potential use of tedizolid

for other infections that could require longer therapy war-

rants further studies for positioning this new oxazolidinone

in the available antimicrobial armamentarium. Moreover,

other oxazolidinones are currently under active

investigation.

Key Points

Oxazolidinones are a class of synthetic antibiotics

with an activity against Gram-positive pathogens

including methicillin-resistant Staphylococcus

aureus and vancomycin-resistant enterococci,

approved for the treatment of acute bacterial skin and

skin structure infections (linezolid and tedizolid),

community-acquired and nosocomial pneumonia

(linezolid).

Tedizolid is a new oxazolidinone exhibiting a

favourable pharmacokinetic and safety profile and

potential activity against linezolid-resistant strains.

Further research is needed to determine the place of

tedizolid in the antimicrobial arsenal.
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1 Introduction

Oxazolidinones represent a class of antimicrobial agents

with a strong activity against Gram-positive bacteria. They

were firstly discovered in the late 1980s but their devel-

opment was discontinued because of safety issues involv-

ing hepatotoxicity [1]. However, as the emergence of

resistance to glycopeptides has become a major concern for

the hospital infection community, especially in methicillin-

resistant Staphylococcus aureus (MRSA) and vancomycin-

resistant enterococci (VRE), interest returned to oxazo-

lidinones in the 1990s. Consequently, linezolid was the first

oxazolidinone approved and released by the US Food and

Drug Administration in April 2000. A decade elapsed

before tedizolid, the second oxazolidinone was approved

by the Food and Drug Administration in 2014 and by the

European Medicine Agency in 2015 [2, 3].

Oxazolidinones act as a protein synthesis inhibitor on

the ribosomal 50S subunit of the bacteria targeting the

initiation phase of the protein synthesis. This leads to

functional initiation and messenger RNA translation

blockage. This mechanism of action differs from other

protein synthesis inhibitors such as chloramphenicol,

tetracyclines, lincosamides or macrolides. This original

mechanism of action prevents oxazolidinones from cross-

resistance to pathogens harbouring genes that affect the

ribosome, rendering antimicrobials such as lincosamides

and macrolides ineffective.

Oxazolidinones exhibit a good activity against the vast

majority of Gram-positive microorganisms including less

susceptible pathogens such as VRE and MRSA [4]. These

antimicrobial anti-infective agents have become an effec-

tive alternative to vancomycin treatment frequently asso-

ciated with nephrotoxicity and emergence of resistance to

glycopeptides. Linezolid has also demonstrated potent

in vitro activity against Mycobacterium tuberculosis, Co-

rynebacterium spp., Moraxella catarrhalis, Nocardia spp.,

Listeria monocytogenes and Bacteroides fragilis [5, 6].

This report reviews the available data on the pharmacoki-

netics (PK)/pharmacodynamics and toxicodynamics of the

two approved oxazolidinones, linezolid and tedizolid as

well as their main clinical indications.

2 Methods

A comprehensive literature search was conducted using

PubMed and Web of Science for all materials containing

the names: [linezolid OR tedizolid OR tedizolid phosphate

OR torezolid OR oxazolidinones] AND [pharmacokinetics

OR pharmacodynamics OR PK OR PD OR clinical indi-

cations]. The search included citations published up to May

2017. From the retrieved citations, only those fulfilling the

following criteria were included in this review: original

research article, clinical and experimental studies reporting

at least one pharmacokinetic or pharmacodynamic param-

eter or clinical outcome as study outcome.

3 Linezolid

3.1 Linezolid Pharmacokinetics

3.1.1 Pharmacokinetic Profile

The pharmacokinetic profile of linezolid has been largely

studied in healthy volunteers [7–10] (Table 1). Linezolid is

an amphiphilic drug exhibiting a time-dependent activity

against mainly Gram-positive pathogens. Linezolid also

has limited concentration-dependent killing activity and

modest post-antibiotic effects. The plasma protein binding

of linezolid is approximately 31% (range 4–32%) and is

concentration independent [11, 12]. The volume of distri-

bution of linezolid at steady state averaged 36.1–47.3 L in

healthy adult volunteers [10, 13]. Animal and human

pharmacokinetic studies have demonstrated that linezolid

readily distributes to well-perfused tissues [14]. Linezolid

is rapidly and completely absorbed after oral administra-

tion, with absolute bioavailability of 100%, thus allowing

early switch from intravenous to oral administration [15].

Linezolid is 30% renally excreted as unchanged drug

whereas 50% of linezolid is primarily metabolised by

oxidation of the morpholine ring into two inactive car-

boxylic acid metabolites [10]. The elimination half-life

varies from 3 to 7 h, requiring twice-daily dosing regimens

[9]. A small degree of nonlinearity has been observed, with

a 30% decrease in clearance after a fivefold increase in

dose. The nonlinearity seemed not relevant over the ther-

apeutic dosage range [10]. Nevertheless, a population

pharmacokinetic analysis, from a large cohort of patients

treated in a compassionate use programme, has highlighted

that a parallel-first order plus Michaelis–Menten model

best described the data suggesting some degree of non-

linearity [16]. In this population pharmacokinetic analysis,

ideal body weight and creatinine clearance both affected

linezolid PK.

3.1.2 Linezolid Tissue Penetration

Antibiotic tissue penetration and distribution depend on

physicochemical properties of substances and pathophysi-

ological changes in patients.

3.1.2.1 Intrapulmonary Penetration Linezolid is widely

used to treat community acquired and nosocomial pneu-

monia owing to the emergence of MRSA pneumonia,
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especially in USA [17–20]. The pharmacokinetic proper-

ties of linezolid are of interest in pneumonia as its distri-

bution in epithelial lining fluid (ELF) is almost 100%

[21, 22]. In a piglet model of MRSA pneumonia, linezolid

concentrations in ELF and lungs were higher than linezolid

concentrations in blood [23]. In a study including critically

ill patients, the mean ± standard deviation linezolid peak

and trough concentrations were 17.7 ± 4.0 and

2.4 ± 1.2 mg/L in plasma and 14.4 ± 5.6 and

2.6 ± 1.7 mg/L in ELF, respectively [21]. High pulmonary

penetration has also been reported in obese patients espe-

cially when continuous infusion of linezolid is used [24].

3.1.2.2 Cerebrospinal Fluid Penetration As linezolid is

bacteriostatic and not bactericidal against S. aureus, it was

not initially considered as an antimicrobial candidate for

central nervous system (CNS) infections. However, line-

zolid has been reported to have a favourable pharmacoki-

netic profile exhibiting a large volume of distribution and a

relatively low protein binding, favouring its penetration

into the CNS with an area under the concentration–time

curve (AUC)CSF/AUCplasma close to 1 [25]. Animal models

of MRSA meningitis have confirmed the good penetration

of linezolid through the blood–brain barrier and an effec-

tive bacterial clearance from cerebrospinal fluid (CSF) at

24 h of treatment [26, 27]. In humans, studies in post-

neurosurgical infections have reported a ratio between CSF

and plasma linezolid trough concentrations between 0.66

and 1, resulting in maximum concentrations of up to

7.1 ± 2.2 mg/L in CSF at steady state after intravenous

infusion of 600 mg every 12 h [28–31]. Moreover, the

half-life of linezolid has been reported as prolonged in CSF

(6.8 ± 6 h) compared with plasma (3.7 ± 1 h) [29]. These

findings emphasise that linezolid may achieve adequate

CSF concentrations in patients requiring antimicrobial

therapy for CNS infections caused by Gram-positive

pathogens.

3.1.2.3 Skin and Soft-Tissue Penetration Hospital and

community-acquired acute bacterial skin and skin structure

infections (ABSSSIs) due to multidrug resistant (MDR)

Gram-positive pathogens (MRSA, VRE, vancomycin

intermediate-resistant S. aureus, heterogeneous van-

comycin intermediate resistant S. aureus and glycopeptide

intermediate-resistant S. aureus) are of particular concern.

In healthy volunteers, linezolid concentrations in soft tis-

sues are considered sufficient to inhibit growth of several

relevant bacteria [14]. After multiple doses, the mean

(± standard deviation) ratio of AUC from 0 to 8 h

(AUC0–8) to the AUC0–8 for free plasma were 1.4 ± 0.3

and 1.3 ± 0.4 for adipose and muscle tissues, respectively

[14]. However, in critically ill and diabetic patients,

antimicrobial tissue penetration can be altered [32]. Clini-

cal studies in diabetic foot infections and soft-tissue

infections have shown a mean AUC0–12 h value of

114.1 ± 31.8 mg�h/L, a mean minimum plasma concen-

tration (Cmin) of 5.4 ± 2.4 mg/L and a good penetration

into inflamed diabetic foot infected tissues with tis-

sue/plasma ratios of mean 101.7% (95% confidence inter-

val 55.9–147.6) [33]. In nine diabetic patients with chronic

lower limb infections, the mean areas under the concen-

tration–time curves from 0 to 12 h for the free fraction of

linezolid ($AUC0–12 values) ± standard deviation for

plasma, wound tissue and thigh tissue were 51.24 ± 12.72,

Table 1 Comparison of pharmacokinetics/pharmacodynamics of linezolid and tedizolid from healthy volunteers

Parameters Linezolid

600 mg 12 hourly

Tedizolid

200 mg 24 hourly

Cmax (mg�L-1) 12–20 2–3

Cmin (mg�L-1) 3–8 0.25–0.5

AUC0–? (mg�h L-1) 80–140 24–34

Volume of distribution (L) 36–47 67–80

Elimination half-life (h) 3–7 11

Clearance (L�h-1) 4.7–8.3 3.6–7.2

Protein binding (%) 31 86–91

Oral bioavailability (%) 100 91

Elimination route 30% in urine as unchanged drug, 50–70% as metabolites

10% in faeces as metabolites

18% in urine

82% in faeces

PK/PD index $AUC0–24h/MIC, %T[MIC $AUC0–24h/MIC

AUC area under the concentration–time curve, Cmax maximum plasma concentration, Cmin minimum plasma concentration, MIC minimal

inhibitory concentration, PK/PD pharmacokinetic/pharmacodynamic

PK data presented in this table refer to steady-state PK data

Data from [7–10, 148, 149]
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82.76 ± 59.01 and 92.52 ± 60.44 mg�h/L, respectively.

Tissue penetration ratios (tissue $AUC to plasma $AUC)
were similar for thigh (1.42; range 1.08–2.23) and wound

(1.27; range 0.86–2.26) tissues (p = 0.648) [11]. In criti-

cally ill patients, the penetration of linezolid into interstitial

tissues exhibits a high inter-individual variability ranging

from 20.2 to 144% (mean value: 80%) [34] without influ-

ence of sepsis severity [35]. Based on these pharmacoki-

netic findings, linezolid appears to be a good alternative for

ABSSSIs when difficult-to-treat Gram-positive pathogens

are suspected.

3.1.2.4 Bone Penetration Bone composition differs from

other tissues and it is difficult to predict whether antimi-

crobial agents exhibiting a good penetration into other

tissues will also achieve adequate concentrations in bone.

Linezolid bone penetration is controversial [36, 37]. In 12

patients undergoing hip replacement surgery, the mean

ratio of bone-to-serum linezolid concentrations was 0.51

(95% confidence interval 0.43–0.75) [36]. In a clinical

study using microdialysis to measure bone concentrations

in diabetic foot infections, linezolid tissue penetration

assessed by the ratio of free AUC0–12 ($AUC0–12) in bone

to the $AUC0–12 in plasma was higher (1.09 ± 0.11) [37].

Penetration of linezolid into bone and joint tissues was

studied in 13 patients experiencing implant-associated

infections with MRSA [38]. Mean concentrations of line-

zolid in infected tissues around the prosthesis were greater

than 10 mg/L, except in bone specimens, where they

reached 3.9 ± 2.0 mg/L [38]. Penetration of linezolid into

osteo-articular tissue and fluid was studied in ten patients

undergoing primary total knee replacement. Linezolid

600 mg 12 hourly was given orally over the 48 h before the

operation and intravenously 1 h before the induction of

anaesthesia. Mean concentrations of linezolid at 90 min

after the final dose, in serum, synovial fluid, synovium,

muscle and cancellous bone, were at least twice the MIC90

for staphylococci and streptococci [39]. After a single dose

of 600 mg linezolid in patients undergoing routine car-

diopulmonary bypass surgery, penetration of linezolid into

the body of the sternum was 44.28% (range 37.76–49.87%)

at 2 h and 31.93% (range 17.06–53.35%) at 5 h [40]. Small

observational studies have shown a favourable outcome in

patients treated with prolonged linezolid therapy for

osteomyelitis and/or prosthetic infections but have also

reported a high incidence of adverse events (AEs) [41–44].

3.1.2.5 Heart Valve Penetration Although bactericidal

antimicrobial agents represent the first choice for endo-

carditis treatment, the emergence of MDR Gram-positive

bacteria led to the reconsideration of bacteriostatic agents

such as linezolid. However, few clinical data are available

to support the use of linezolid in MRSA and vancomycin

intermediate-resistant S. aureus endocarditis treatment

[45]. In a review of 23 case reports and three case series,

Falagas et al. have reported a clinical cure rate of 63.6%

after linezolid therapy [45]. Experimental data from animal

endocarditis models do not support the superiority of

linezolid over vancomycin [46, 47]. Treatment with line-

zolid induced a mean reduction in aortic valve vegetation

bacterial counts of 2.44 log10 colony forming units/g

(p\ 0.05 compared with controls). However, no linezolid

concentrations in valve vegetation were measured in this

study. Further randomised clinical trials are needed to

determine whether linezolid could represent an alternative

option in the treatment of infective endocarditis.

3.1.2.6 Biofilm and Antitoxin Properties Linezolid had

been reported to reduce S. aureus virulence factor

expression in vitro [48]. Together with a good intrapul-

monary penetration, antitoxin properties of linezolid could

represent an advantage for treating toxin-producing S.

aureus. Animal models of necrotizing MRSA pneumonia

have shown suppressed bacterial production of Panton–

Valentine leukocidin and a-hemolysin, reduced production

of the neutrophil-chemoattractant interleukin-8 in the lungs

and improved survival outcomes in the group treated with

linezolid [49]. In an open-label clinical trial comparing

linezolid with vancomycin, for nosocomial pneumonia

treatment, clinical and microbiological cure rates were

equivalent [50, 51]. However, in post-hoc analyses from

these trials, linezolid clinical response was superior to

vancomycin for hospital-associated MRSA pneumonia

[52]. These findings have been lately confirmed in a ran-

domised controlled trial [53]. The effects of linezolid on

biofilm inhibition or growth remain to be further evaluated

[54].

3.1.3 Linezolid Pharmacodynamics

Linezolid exhibits minimal bactericidal activity against

staphylococci, high bactericidal activity against strepto-

cocci and is bacteriostatic against Gram-positive cocci such

as enterococci. The time plasma drug concentrations

remain above the minimal inhibitory concentration

(%T[MIC) and the AUC above the minimal inhibitory

concentration (AUC/MIC) are the (pharmacokinetic/phar-

macodynamic) indexes that best correlate with linezolid

efficacy [7, 10, 55]. In a mouse thigh infection model, the

AUC/MIC ratio was the most important pharmacokinetic/

pharmacodynamic index for linezolid against strains of S.

aureus and Streptococcus pneumoniae; however, the

%T[MIC was also an important index to consider espe-

cially for staphylococci [55]. The pharmacodynamic anal-

ysis from a compassionate use programme has shown a

linear relationship between %T[MIC and AUC/MIC at
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AUC/MIC values less than 120. Beyond this value, the

correlation between these two pharmacokinetic/pharma-

codynamic indexes no longer exists [56]. Higher success

rates may occur at AUC/MIC values of 80–120 for bac-

teraemia and ABSSSIs [56]. Clinical success rates also

appear to be higher when concentrations remain above the

MIC for the entire interval [56]. Some recent studies have

reported inadequate linezolid trough concentrations (\ 2

or[ 10 mg/L) in 30–40% patients receiving conventional

dosing regimens, leading to inadequate drug exposure and

potential toxicity [57, 58]. However, the small sample size

of these studies did not allow any correlation with poor

clinical outcomes.

3.1.4 Linezolid Dosing Considerations and Therapeutic

Drug Monitoring

Experimental data from a rabbit S. aureus endocarditis model

have demonstrated that continuous infusion of linezolid was

associated with in-vivo linezolid bactericidal activity, sug-

gesting that continuous infusion of linezolid may be an

alternativemodeof administration in severe infections [47]. In

ventilator-acquired pneumonia, the alveolar diffusion of

linezolid administered by continuous infusion was 100% and

the plasma and ELF concentrations remain above the sus-

ceptibility breakpoint for S. aureus (4 mg/L for the entire

dosing interval) [22]. Comparing intermittent to continuous

infusion of linezolid, Adembri et al. reported better pharma-

cokinetic/pharmacodynamic target attainment in the contin-

uous infusion group especially when the highest MICs were

considered (MIC between 2 and 4 mg/L) [59].

High doses of linezolid, i.e. 600 mg 8 hourly, have also

been studied aiming to improve the probability of phar-

macokinetic/pharmacodynamic target attainment [60]. In a

small cohort of critically ill patients, clinical cure was

achieved in 7/7 (100%) of patients. However, 57.1% of

patients manifested haematological toxicity associated with

high trough concentrations. The concomitant use of ther-

apeutic drug monitoring (TDM) could help optimise drug

exposure in difficult-to-treat infections and at-risk popula-

tions such as critically ill patients. In a retrospective study

including 45 patients undergoing linezolid TDM, Pea et al.

has emphasised the need for linezolid TDM in about 30%

of studied patients to avoid either drug overexposure

leading to toxicity or sub-therapeutic concentrations lead-

ing to clinical failure [58].

More recently, the same authors confirmed in a larger

cohort of 1049 patients over 10 years that routine linezolid

TDM aiming to maintain trough concentrations within a

desirable range of 2–7 mg/L may be a valuable tool to

optimise drug exposure and to reduce toxicity given the

wide inter-individual variability observed in trough con-

centrations [61, 62]. The good linear relationship between

Cmin and estimated AUC0–24 (r
2 = 0.85) suggests that Cmin

may represent a useful predictor of linezolid total body

exposure in daily clinical practice [11]. As the MIC90 of

linezolid against staphylococci and enterococci is 2 mg/L

[63], Pea et al. have shown that the achievable AUC0–4 in

the presence of Cmin of[ 2 mg/L is[ 160 mg�h/L,
meaning that for a Cmin of linezolid[ 2 mg/L both the

pharmacodynamic targets of efficacy (Cmin higher than

MIC90 and AUC/MIC90 ratio of[ 80) may be attained

[63]. A toxicodynamic model has shown that a

Cmin of[ 8.06 mg/L may result in thrombocytopenia by

inhibiting platelet synthesis by 50% [64]. Matsumoto et al.

also redefined this threshold of 8 mg/L to minimise line-

zolid-induced thrombocytopenia [65]. Thus, we suggest

maintaining linezolid trough concentrations within a range

of 2–8 mg/L to ensure optimal drug exposure.

3.1.5 Resistance to Linezolid

Although early linezolid-resistant strains have been repor-

ted after linezolid release, results from post-Food and Drug

Administration approval surveillance study groups have

shown the rate of resistance to linezolid development to be

relatively low and stable since its clinical approval [66].

The two most common resistance to linezolid mechanisms

are mutations to the 23S ribosomal RNA and the presence

of a transmissible chloramphenicol-florfenicol resistance

(cfr) ribosomal methyltransferase [67, 68]. Acquisition of

the cfr gene results in resistance to linezolid, as well as

other antimicrobials such as phenicols, lincosamides,

streptogramin A and 16-member-ring macrolide antibi-

otics. The potential for horizontal transmission of this

mechanism of resistance potentially leading to widespread

dissemination is a major concern.

3.1.6 Linezolid Safety Profile and Adverse Events

Adverse events have been mainly described with linezolid,

which has been widely used over the last 17 years. The

main reported side effects range from moderate (asthenia,

vomiting, weight loss) to severe AEs: anaemia, thrombo-

cytopenia, peripheral and/or optical neuropathy and severe

lactic acidosis [69, 70]. These AEs have been mainly

reported in prolonged treatment. For a short treatment

duration, severe AEs are rare and oxazolidinones have an

interesting safety profile when comparing with van-

comycin, which remains the reference drug.

3.1.6.1 Haematological Toxicity Myelosuppression has

been reported in 1 over 750 patients. The mechanisms of

myelosuppression are not clearly elucidated, even if inhibi-

tion of mitochondria function has been widely evoked,

though not proven [64, 70, 71]. Recent population

Clinical Pharmacokinetics and Pharmacodynamics of Oxazolidinones 563



pharmacokinetic and toxicodynamic models have high-

lighted that inhibition of platelet formation was the main

mechanism of action to explain linezolid-induced throm-

bocytopenia [64, 72]. The toxicity of linezolid is dose

dependent [73, 74]. The co-administration of rifampicin and

linezolid could decrease the myelosuppression risk [75].

Thrombocytopenia is the main side effect of linezolid. In

post-marketing studies, thrombocytopenia has been reported

in 1 over 1700 patients [76]. In phase III studies, thrombo-

cytopenia has been documented in 2–4% of patients, only

when treatment duration exceeded 14 days [77, 78].

While treatment duration is a key issue for linezolid-

induced thrombocytopenia, renal failure is the second

major factor [75]. During renal dysfunction, linezolid

blood concentrations have been shown to increase and to

be correlated with thrombocytopenia risk, in a dose-de-

pendent manner [73]. Combining renal function assessment

and trough linezolid concentration monitoring helps avoid

myelosuppression [65]. It is therefore recommended to

monitor platelet counts once a week in the case of renal

failure or treatment duration exceeding 14 days [70]. The

risk significantly increases at day 10, whereas therapy for

5–7 days is considered as safe [64]. The risk of thrombo-

cytopenia also depends on the basal platelet count. The risk

increases when the basal platelet count is below

150 9 109/L [64]. Stopping treatment is frequently asso-

ciated with resolution of thrombocytopenia [70].

Anaemia is the second haematological side effect. It

occurs in 1 in 2900 exposed patients [76]. As for throm-

bocytopenia, anaemia increases with treatment duration

and renal dysfunction [73, 76].

3.1.6.2 Neurological Toxicity Peripheral and optic neu-

ropathy has been described with prolonged use of linezolid

(12–15 months), mainly during treatment of mycobacterial

infection [79–82]. This complication occurs after a median

of 5 months [83]. Peripheral neuropathies are generally

sensory, with paraesthesia, numbness and peripheral pain.

Electromyography shows severe sensory-motor axonal

neuropathy [80, 83]. The prognosis of peripheral neu-

ropathy is poor, with a high rate of non-recovery. Optic

neuropathy is generally less severe, with complete or par-

tial recovery in the majority of cases over a few weeks after

stopping treatment [83]. If blurred vision is observed in

30% of patients, the occurrence of documented optic

neuropathy ranges from 1 to 13% of patients with pro-

longed treatment [82, 84]. In this context, a regular oph-

thalmologic screening is mandatory.

3.1.6.3 Lactic Acidosis Lactic acidosis is a rare but

potentially life-threatening complication of linezolid

administration. Linezolid inhibits bacterial growth by

binding to bacterial ribosomes (16S subunit) and therefore

blocking bacterial protein synthesis [85]. Some mitochon-

drial DNA polymorphisms may induce cross-reaction

between linezolid and human mitochondrial ribosomes

with secondary inhibition of human mitochondrial activity

[71, 86, 87]. In extreme cases, mitochondrial toxicity can

cause whole-body energetic failure, with decline of oxygen

extraction, vasodilatory shock, acute respiratory and renal

failure, leading to rapid fatal issue [88].

The diagnosis of such an AE can be very difficult to

distinguish from spontaneous evolution of septic shock. It

is therefore important to consider this potential diagnosis

whether secondary aggravation of septic shock occurs after

initial stabilization. Muscle biopsy can help to diagnose

this complication, showing diminished activity and

expression of respiratory chain subunits encoded by mito-

chondrial DNA. However, such analysis remains only

possible in highly specialised laboratories [88]. Therefore,

unexpected mental confusion, acute respiratory failure and

shock occurring during linezolid treatment should lead to

the investigation of potential linezolid-induced lactic aci-

dosis. Early diagnosis and prompt linezolid discontinuation

have been associated with total resolution of symptoms and

favourable outcomes [89]. The onset of linezolid-related

lactic acidosis is usually delayed ([ 6 weeks) [89–91], but

some rapid onset (few days) has been reported in the lit-

erature [88, 92]. Therefore, monitoring of lactate levels

during linezolid treatment is probably useful.

3.1.6.4 Other Toxic Events Some cases of pancreatitis

and hypoglycaemia had also been reported [92]. Hypo-

glycaemia can be related to monoamine oxidase (MAO)

inhibition and dopaminergic properties [92]. Such mecha-

nisms also imply a caution with the use of linezolid in

hypertensive patients or in co-administration with sero-

toninergic or adrenergic agents [77].

3.1.7 Linezolid Drug Interactions

Linezolid was first studied as a potential reversible inhibitor

of a MAO antidepressant. As mentioned above, co-admin-

istration of linezolid with other inhibitors of MAO can

worsen a serotonin syndrome. As cytochrome P450 enzymes

do not play a significant role in linezolid metabolism, major

pharmacokinetic drug–drug interactions with these drugs are

not expected. Nevertheless, few case reports have demon-

strated interactions between rifampicin, levothyroxine or

warfarin leading to drug underexposure [93–95].

3.1.8 Linezolid Clinical Indications

Linezolid is indicated for suspected or documented infec-

tion to penicillin-resistant Gram-positive bacterial infec-

tions, especially MRSA (Table 2). This antibiotic is
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Table 2 Summary of clinical use of oxazolidinones: a practical view

Spectrum of activity All Gram-positive bacteria:

Staphylococcus aureus, including MRSA, VISA, VRSA

Anti-toxin Gram-positive activity, especially against Panton–Valentine leukocidin

Coagulase-negative Staphylococci, including resistant strains to methicillin and glycopeptides

Enterococcus faecalis or faecium, including VRE

Streptococcus pneumonia

All streptococci groups

Corynebacterium spp.

Listeria spp.

Nocardia spp.

Erysipelothrix rhusiopathiae

Rhodococcus equi

Anaerobes

Gram-positive:

Clostridium spp.

Peptostreptococcus spp. Propionibacterium acnes

Actinomyces spp.

Gram-negative:

Fusobacterium spp.

Prevotella spp.

Bacteroides (MIC 2–4 mg/L)

Mycobacterium spp., including extensively drug-resistant tuberculosis strains

Proven indications Linezolid: VAP and HAP due to MRSA

Linezolid and tedizolid: ABSSSIs

Possible indications CNS infection with glycopeptide-resistant strains

Bloodstream or endocarditis infection with glycopeptide-resistant strains

Doses Linezolid:

Oral route:

600 mg 12 hourly

IV route:

600 mg 12 hourly

High doses

600 mg 6–8 hourly

Consider if clinical failure in obese patients, CNS infection, critically ill patient undergoing CRRT

Adjustment dose for renal failure: TDM required to minimise haematological toxicity

Tedizolid:

Oral route:

200 mg 24 hourly

IV route:

200 mg 24 hourly

Adjustment dose for renal failure: no

Moderate adverse events Headache, asthenia, vomiting, diarrhoea, weight loss, blurred vision, abdominal pain

Severe adverse events Myelosuppression (treatment[ 14 days):

Thrombocytopenia

Anaemia

Neurological adverse events (treatment[ 14 days)

Polyneuropathy

Optic neuropathy

Lactic acidosis (short- or long-term treatment)

Hypoglycaemia

Arterial hypertension

Pancreatitis

ABSSSIs acute bacterial skin and skin structure infections, CNS central nervous system, CRRT continuous renal replacement, HAP hospitalised-acquired
pneumonia, IV intravenous,MIC minimal inhibitory concentration, MRSA methicillin-resistant Staphylococcus aureus, VAP ventilator-acquired pneumonia,
VISA vancomycin intermediate Staphylococcus aureus, VRE vancomycin-resistant Enterococcus, VRSA vancomycin-resistant Staphylococcus aureus
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considered as a promising alternative to glycopeptides,

which remain the reference therapeutic class for such

infections. In this section, we review the potential clinical

interest of linezolid over glycopeptides. Considering its

excellent distribution into the interstitial subcutaneous fluid

(ISF) and lung, linezolid is particularly effective for the

treatment of pneumonia and ABSSSIs. Linezolid has also

been considered for the treatment of nosocomial meningitis

and bone infection. Its role during bloodstream infections

(BSI) and endocarditis remains controversial. Finally,

linezolid represents an important adjunct to treatment of

resistant mycobacteria infection. This specific issue will

not be discussed in this article.

3.1.8.1 Theoretical Clinical Advantages of Line-

zolid Linezolid offers some advantages that could lead

physicians to consider oxazolidinones in Gram-positive

infections over glycopeptides in daily practice: available

oral route; no venous toxicity requiring central venous

access; no renal toxicity; and activity against glycopeptide-

resistant Gram-positive bacteria.

3.1.8.2 Pneumonia Despite an excellent pulmonary dif-

fusion of linezolid, the superiority of linezolid over van-

comycin (the reference drug) for MRSA pneumonia

treatment in terms of mortality has not been demonstrated

both in intensive care unit (ICU) and non-critically-ill

patients [96–99]. Nevertheless, linezolid is associated with

a better microbiological eradication, a better clinical suc-

cess and a significant reduction in acute renal failure as

compared with vancomycin [99–101]. This leads to a sig-

nificant reduction in hospital and ICU stay. Despite a

higher intrinsic cost, linezolid has a better economic and

clinical profile than vancomycin, both in ICU and non-ICU

patients [20, 102–107]. Because pneumonia treatment

duration dose not exceed 14 days, the side effects of

linezolid are rarely observed during pneumonia treatment.

In the 2016 American guidelines (Infectious Disease

Society of America and American Thoracic Society) for

the treatment of hospital-acquired or ventilator-associated

pneumonia, the experts recommend to treat hospital-ac-

quired or ventilator-associated pneumonia with van-

comycin or linezolid rather than other antibiotics or

antibiotic combinations (strong recommendation, moder-

ate-quality evidence) [108]. The choice between van-

comycin and linezolid should be guided by patient-specific

factors such as blood cell counts, concurrent prescriptions

for serotonin-reuptake inhibitors and renal function [108].

3.1.8.3 Acute Bacterial Skin and Skin Structure Infec-

tions As for pneumonia, despite the theoretical advan-

tages of oxazolidinones, the superiority of linezolid over

vancomycin during the treatment of ABSSSIs is not clearly

demonstrated in terms of outcomes. Numerous randomised

trials and meta-analyses have been published on this issue.

One recent meta-analysis suggested equivalence of

clinical efficacy between vancomycin, daptomycin and

linezolid for the treatment of ABSSSIs [109]. Nevertheless,

the authors reported a wide uncertainty margin, indicating

the heterogeneity of the available evidence and the need for

further research [109]. In contrast, several meta-analyses

suggest a better efficacy and tolerance of linezolid com-

pared with vancomycin for the treatment of ABSSSIs

[110–115].

A recent comparison of the available meta-analyses

(meta-analysis of the meta-analyses) suggests that linezolid

could be associated with a shorter intravenous course and

shorter hospital stay. However, because of the hetero-

geneity of available data and sponsoring by the pharma-

ceutical company producing linezolid, the data are not

considered sufficient enough to support the widespread use

of linezolid over vancomycin [111, 116]. The Infectious

Disease Society of America guidelines suggest linezolid as

an alternative to glycopeptides for the treatment of MRSA

ABSSSIs, taking into account a patient’s condition, espe-

cially renal failure and blood cell count [117, 118]. Finally,

despite an intrinsic higher cost, linezolid could be more

cost effective than vancomycin or daptomycin for the

treatment of ABSSSIs, especially because of a better tol-

erance [119, 120].

3.1.8.4 Skeletal Infections Despite its excellent bone

diffusion, there is a lack of evidence to support the routine

use of linezolid for skeletal infections, mainly owing to the

side effects of long-term linezolid treatment [121]. In the

2013 Infectious Disease Society of America guidelines for

prosthetic joint infection management, vancomycin

remains the first-line drug when MRSA is suspected [122].

Linezolid is the first alternative drug when vancomycin

cannot be used [121, 122].

3.1.8.5 Central Nervous System Infections Owing to the

bacteriostatic activity of oxazolidinones, its class is not the

first choice for CNS infection treatment. Nevertheless,

because of its excellent distribution into several compart-

ments, linezolid can be considered for CNS infection. In

healthcare-associated meningitis and ventriculitis, van-

comycin remains the first therapeutic step but linezolid is

strongly recommended, despite low evidence, as long as

vancomycin cannot be used [123]. In severe CNS infec-

tions, the standard dose of linezolid (600 mg twice daily)

can be insufficient to achieve adequate CNS concentrations

[31].

3.1.8.6 Bloodstream Infections Owing to the bacterio-

static activity of oxazolidinones, its class is not
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recommended for BSI treatment. A meta-analysis has

suggested that linezolid was non-inferior to vancomycin in

staphylococci BSIs [124]. Nevertheless, one study has

reported a higher mortality rate in catheter-related BSIs

treated with linezolid when considering both Gram-nega-

tive and Gram-positive pathogens; this effect was no longer

observed in the Gram-positive infection group [125].

However, linezolid could be effective to treat vancomycin-

resistant enterococci BSI [126, 127]. Despite promising

experimental data, oxazolidinones are not currently indi-

cated for endocarditis related to vancomycin-susceptible

strains, especially when daptomycin can be used

[127, 128].

3.1.8.7 Special Populations

3.1.8.7.1 Critically Ill Patients and Renal Failure. In

stable patients, no dose adjustment is necessary when renal

dysfunction occurs. In patients receiving long-term dialy-

sis, linezolid must be administered after dialysis session. In

critically ill patients, commonly observed acute kidney

injury (increasing the risk of drug accumulation) and

increased volume of distribution (risk of subtherapeutic

drug concentrations) both make the right dose for the right

patient difficult to predict [129–131]. Variable linezolid

exposure has been reported in this population [132]. In

critically ill patients with renal replacement therapy, con-

tinuous modalities (continuous renal replacement therapy)

are mainly used given their haemodynamic stability [133].

Moreover, continuous techniques provide a continuous

clearance, resulting in more stable and predictable PK of

drugs, especially antibiotics [133–138]. During continuous

renal replacement therapy, there is a profound PK vari-

ability of linezolid exposing patients to underdosing [139].

Suboptimal achievement of therapeutic targets occurs at

the EUCAST breakpoint MIC of 2 mg/L using intravenous

600 mg 12 hourly, especially for patients with a body

weight[ 90 kg [140]. In such patients, Monte Carlo sim-

ulations suggest a dosing regimen of 900 mg 12 hourly as

the optimal dosing [140].

3.1.8.7.2 Obese Patients. It is classically admitted that

drug dosing adjustments based on body mass index alone

are not required in obese patients [16, 141, 142]. Standard

doses for patients with body weights up to approximately

150 kg should provide AUC values similar to those seen in

non-obese patients [141]. Nevertheless, despite their small

sample size, some studies suggest that the optimal dosing

regimen in obese patients could be 600 mg 6–8 hourly

[143], in particular when less susceptible (MIC C 2

or C 4 mg/L) strains of S. aureus are suspected [144].

Monitoring of trough concentrations if clinical failure

occurs is probably the only way to identify patients

requiring higher doses.

4 Tedizolid: A Newer Oxazolidinone

Tedizolid phosphate (formerly TR-701 or torezolid phos-

phate) is a novel expanded-spectrum oxazolidinone with

potent activity against a wide range of Gram-positive

pathogens, including MRSA, VRE, S. pneumoniae, beta-

hemolytic streptococci, viridans group streptococci and

some linezolid-resistant strains [145, 146] (Table 3). Sim-

ilarly to linezolid, tedizolid inhibits protein synthesis by

binding the 23S ribosomal RNA of the 50S subunit.

Tedizolid differs from other oxazolidinones by its modified

side chain at the C5 position of the oxazolidinone nucleus,

Table 3 Potential clinical advantages and disadvantages of linezolid and tedizolid

Advantages Disadvantages

Linezolid Excellent tissue penetration

Clinical efficacy against a broad spectrum of Gram-positive

pathogens

Good activity against MDR Mycobacterium tuberculosis

Cost (generic drug)

Twice-daily dosing in outpatients

Myelosuppression for prolonged therapy

Drug interactions with serotoninergic and adrenergic agents

Tedizolid Single daily dosing

Better safety profile:

Lower haematological toxicity

Lower gastrointestinal side effects

Lower risk of serotonin syndrome

Four- to eight-fold more potent in-vitro activity against

linezolid-resistant strains

Current clinical indications limited to ABSSSIs

Lack of pharmacokinetic data in critically ill, renally impaired

and obese patients

Cost

ABSSSIs acute bacterial skin and skin structure infections, MDR multi-drug resistant
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conferring its activity against some linezolid-resistant

strains harbouring the resistant cfr gene [147]. Tedizolid

exhibits a favourable pharmacokinetic profile with a bio-

logically prolonged half-life, allowing once-daily admin-

istration and a more favourable haematological tolerability

profile.

4.1 Tedizolid Pharmacokinetics

4.1.1 Pharmacokinetics Profile

Tedizolid phosphate is rapidly converted by apical alkaline

phosphatases into the microbiologically active drug, tedi-

zolid (Table 1). The addition of the phosphate group

improves water solubility and provides excellent bioavail-

ability. Indeed, the bioavailability of tedizolid after a single

oral 200-mg dose was 91.5% [148]. Tedizolid also has

minimal accumulation at steady state (* 3 days) and has

the benefit of a prolonged half-life allowing for once-daily

dosing [149]. The pharmacokinetic profile in healthy vol-

unteers is similar after single and multiple daily doses

suggesting linear PK of tedizolid [149]. The mean AUC

from time zero to the time of the last collected sample was

30 (± 10.3) mg�h/L, the mean maximum plasma concen-

tration was 2.6 (± 0.6) mg/L and the mean half-life was 11

(± 0.8) h after a single intravenous 200-mg dose in healthy

volunteers [148]. After analysing data from seven clinical

trials, Flanagan et al. determined that the PK of tedizolid

fits a two-compartment model with sigmoidal absorption,

absolute bioavailability and linear elimination [150]. No

clinical covariates affecting tedizolid PK were identified.

Tedizolid is primarily metabolised by the liver, only 18%

of the administered drug is eliminated in urine.

4.1.2 Tissue Penetration

4.1.2.1 Intrapulmonary Penetration Pulmonary disposi-

tion of tedizolid following administration of 200 mg of oral

tedizolid phosphate once daily was determined in healthy

volunteers [151]. The calculated AUC0–24 values for ELF

and alveolar macrophages were 109.3 and 52.95 mg�h/L,
respectively. The ratio of penetration into the epithelial

lining fluid and alveolar macrophages using the AUC0–24 in

the respective compartment compared with $AUC0–24 in

plasma were 40 and 20, respectively [151].

4.1.2.2 Skin and Soft-Tissue Penetration In twelve heal-

thy volunteers, tedizolid distribution into the ISF of sub-

cutaneous adipose and skeletal muscle tissues was

determined using microdialysis probes [152]. The mean

ratios of free AUC in tissues over free AUC in plasma

($AUCtissue/$AUCplasma) were 1.1 ± 0.2 and 1.2 ± 0.2 for

adipose and muscle tissue, respectively [152].

4.2 Tedizolid Pharmacodynamics

Based on MIC50 and MIC90 values, tedizolid is four- to

eight-fold more potent than linezolid against all species of

staphylococci, enterococci and streptococci, including

drug-resistant phenotypes such as MRSA, VRSA and VRE

[146]. A neutropenic mouse thigh model determined that

the free-drug AUC over 24 h at steady state over the MIC

($AUC0–24h/MIC) best correlated with efficacy against

MRSA and methicillin-susceptible S. aureus [153]. The

target total and free drug AUC/MIC ratios were calculated

as 250 and approximately 50 (considering a protein binding

of 80%), respectively [3, 153]. In non-neutropenic animals,

the presence of granulocytes considerably increased the

activity of tedizolid and lower exposures were required

compared with neutropenic cohorts [154]. To achieve stasis

in immunocompetent mice, the target $AUC/MIC was 3 or

total AUC/MIC target of 15 (80% protein binding).

4.3 Tedizolid Dosing Considerations

and Therapeutic Drug Monitoring

Unfortunately, to date, no information is available on

tedizolid TDM and dosing optimisation.

4.4 Resistance to Tedizolid

As mentioned above, resistance to oxazolidinones is mainly

the result of chromosomal mutations affecting the 23S ribo-

somal RNA or ribosomal proteins. Thus, pathogens resistant

to linezolid owing to mutations in genes encoding 23S ribo-

somal RNAor ribosomal proteins are generally cross resistant

to tedizolid. Resistance to linezolid can also be conferred by

the plasmid-borne cfr gene. However, the hydroxymethyl

group at the C5 position of the A-ring of tedizolid (which

differs from the linezolide acetamide group at theC5 position)

has been shown to maintain tedizolid potent activity against

certain linezolid-resistant MRSA strains harbouring the cfr

gene (in the absence of certain chromosomal mutations con-

ferring reduced oxazolidinone susceptibility) [155–157].

4.5 Tedizolid Safety Profile and Adverse Events

4.5.1 Haematological Toxicity

From data of the two phase III, randomised double-blind

clinical trials (ESTABLISH-1, ESTABLISH-2), tedizolid

seems to confer a lower platelet reduction than linezolid (6.4%

for the tedizolid phosphate group vs. 12.6% for the linezolid

group) [158, 159]. In healthy volunteers treated with tedizolid

for 21 days, no haematological side effects were observed

[74]. However, additional data are required especially in at-

risk populations treated with prolonged tedizolid therapy.
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4.5.2 Neurological Toxicity

Preliminary data from a murine model do not provide any

evidence for peripheral and optic neuropathy with tedizolid

phosphate at plasma tedizolid exposures well above (ap-

proximately eightfold) the human therapeutic exposure

levels [3]. The animal study involved 9 months of dosing

as compared with 6 months in the study in which neu-

ropathy findings were observed with linezolid [3]. Phase III

trials including ABSSSI patients with a treatment period of

6 days revealed comparable incidences of peripheral or

optic neuropathy between the tedizolid phosphate and the

linezolid arms (peripheral neuropathy 1.2 vs. 0.6% for

tedizolid phosphate and linezolid, respectively; optic nerve

disorders 0.3 vs. 0.2%, respectively) [158, 159].

4.5.3 Lactic Acidosis

Recent experimental studies suggest that the mitochondrial

toxicity of tedizolid could be less than linezolid, but this

needs further investigations [71].

4.5.4 Gastrointestinal Toxicity

Fewer gastrointestinal side effects (16% for the tedizolid

phosphate group vs. 23% for the linezolid group) have been

reported in the two phase III, randomised clinical trials

[160].

4.6 Tedizolid Drug Interactions

Tedizolid exhibits weak reversible inhibition of MAO

in vitro [161]. Monoamine oxidase inhibitors co-adminis-

tered with vasoconstrictors such as tyramine or pseu-

doephedrine can cause blood pressure elevations and

induce hypertensive crises. Co-administration with sero-

toninergic agents may lead to potentially life-threatening

serotonin syndrome. The potential interaction between

tedizolid and oral tyramine and pseudoephedrine has been

investigated in two randomised placebo-controlled trials

[161]. Provocative testing in humans and animal models

failed to demonstrate any potential for hypertensive or

serotonergic adverse consequences at the therapeutic dose

of tedizolid phosphate [161].

4.7 Tedizolid Clinical Indications

4.7.1 Acute Bacterial Skin and Skin Structure Infections

This new oxazolidinone has been approved on the basis of

two phase III clinical trials (ESTABLISH-1, ESTABLISH-

2) showing the non-inferiority of a 6-day course of 200 mg

of tedizolid given once daily compared with a 10-day

course of 600 mg linezolid given twice daily in ABSSSIs

[158, 159].

4.7.2 Pneumonia

Currently, a phase III study is investigating the efficacy of

7 days of tedizolid in presumed Gram-positive healthcare-

associated pneumonia or ventilator-associated pneumonia

[Tedizolid Phosphate (TR-701 FA) vs Linezolid for the

Treatment of Nosocomial Pneumonia (MK-1986-002),

NCT02019420].

4.7.3 Special Populations

4.7.3.1 Renal and Hepatic Impairment In renally and

hepatically impaired patients, no dose adjustment seems

necessary [162]. The mean AUC from time zero to the time

of the last collected sample in the control group was 32.02

( ± 9.32) mg�h/L compared with 29.69 ( ± 8.93) mg�h/L
in the severe renal impairment group and 34.80 ( ± 20.72)

mg�h/L in the hepatic impairment group. Haemodialysis

does not require additional dosing considerations as, con-

versely to linezolid, tedizolid is highly protein bound

( * 80–90%).

4.7.3.2 Obese Patients A retrospective analysis of phase

I studies investigated the PK of tedizolid in obese (body

mass index C 30 kg/m2) patients and reported similar PK

to those observed in non-obese patients, regardless of the

degree of obesity. The authors conclude that no dose

adjustment is required in such a population [163].

Several unaddressed questions regarding tedizolid PK

remain, especially in populations such as critically ill

patients and patients with hypoalbuminemia. Moreover,

other oxazolidinones are currently under active investiga-

tion [164].

5 Conclusion

Antimicrobial resistance in Gram-positive pathogens is a

major healthcare concern. In this context, oxazolidinones

appear an effective alternative to vancomycin to treat MDR

Gram-positive bacteria infections. Linezolid has been the

only oxazolidinone approved for 14 years. Even though

emergence of resistance to this antimicrobial agent remains

relatively slow and stable over time, linezolid-resistant

Gram-positive strains could become a future issue. Tedi-

zolid, a newer oxazolidinone, may provide an effective

treatment for linezolid-resistant strains and may overcome

some of the limitations reported for linezolid. Its pharma-

cokinetic profile allows single daily dosing that can

improve compliance in an outpatient setting and its safety
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profile appears better than linezolid in healthy volunteers

with less myelosuppression. Further investigations are

needed to determine the place of tedizolid in the antimi-

crobial arsenal.
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