UNIVERSITA DEGLI STUDI DI TORINO

Thisis an author version of the contribution published on:

Baietto L,Corcione S,Pacini G,Di Perri G,D'Avolio A,De Rosa FG
A 30-years Review on Pharmacokinetics of Antibiotics. Isthe Right Time for
Pharmacogenetics?
CURRENT DRUG METABOLISM (2014) 15
DOI: 10.2174/1389200215666140605130935

The definitive version is available at:
http://www.eurekasel ect.com/122608/article


http://www.eurekaselect.com/122608/article

A 30-year s Review on Pharmacokinetics of Antibiotics: Isthe Right Time for Phar macogenetics?
Lorena Baiettd, Silvia Corcioné*, Giovanni Pacirf,

Giovanni Di Perri, Antonio D'Avolio™and Francesco Giuseppe De Résa

! Department of Medical Sciences, University of Tutitfectious Diseases, Amedeo di Savoia HospitaliriTitaly.

“Novartis Farma SPA, Origgio, Varese, ltaly.

*both authors equally contributed to this work.

#last authors contributed equally

Corresponding Author:

Antonio D’Avolio, (BSc, MSc, SM)

Department of Medical Sciences, University of Tutiffectious Diseases at Amedeo di Savoia Haspita
Corso Svizzera 164, 10149. Turin, Italy.

Tel. +39.011.4393979, Fax: +39.011.4393882

e-mail: antonio.davolio@unito.it;

Keywords: metabolism, pharmacology, pharmacogenomic, singtdeotide polymorphism (SNP), tailored therapy,

therapeutic drug monitoring (TDM), transporter atraent

Running title: Pharmacogenetic influence on pharmacokinetics tibiatics



Abstract

Drug bioavailability may vary greatly amongst indivals, affecting both efficacy and toxicity: in rhans, genetic
variations account for a relevant proportion oftsuariability. In the last decade the use of phaxmganetics in clinical
practice, as a tool to individualize treatment, $laswn a different degree of diffusion in variolisical fields.

In the field of infectious diseases, several stiddientified a great number of associations betwieest genetic
polymorphisms and responses to antiretroviral fher&or example, in patients treated with abactngrscreening for
HLA-B*5701 before starting treatment is routinenatial practice and standard of care for all pasipetavirenz plasma
levels is influenced by single nucleotide polymaspt (SNP)CYP2B6516G>T (rs3745274). Regarding antibiotics,
many studies investigated drug transporters inwblire antibiotic bioavailability, especially for ftwoquinolones,
cephalosporins, and antituberculars. To date, fata ére available about pharmacogenetics of rgceetveloped
antibiotics such as tigecycline, daptomycin or Zima. Considering the effect of SNPs in gene cgdior proteins
involved in antibiotics bioavailability, few datate been published.

Increasing knowledge in the field of antibiotic pmacogenetics could be useful to explain the higly dnter-patients
variability and to individualize therapy. In thigger we reported an overview of pharmacokinetibarmacodynamics,
and pharmacogenetics of antibiotics to underlireinportance of an integrated approach in choaogiagight dosage

in clinical practice.



Introduction

Pharmacogenetics (PG), known as the study of intbvidual variation in DNA sequences related to
pharmacokinetics/pharmacodynamics (PK/PD) of drugas rapidly evolved over the past decade andcigasingly
recognized as a discipline with great potentialifatividualization, especially in critical care patts [1]. Important
applications of PG include the identification oihngéic mechanisms that may influence drugs exposoxeity and/or
response to treatments [2]. Individual PK variapitian also play a role in treatment failure, aittlieectly through sub-
therapeutic drug levels, or indirectly when toxiagllevels are associated with side effects.

PK variability of antibiotics depends on severaltfas, among which the most important are:

Drug—drug interactionsThere are plenty of interactions involving anttiagents [3]. The more common interaction
depends on co-administration of antibiotic with gaunds that induce or inhibit the activity of meihking enzymes
as cytochrome P450 (CYP P450) system or transgastah as P-glycoprotein (P-gp).

Drug—food interactionsinteractions between food and oral drugs can antitinally reduce or increase the absorption
and, indirectly, the effect of drug, resulting imetapeutic failure or increased toxicity. The migyoof clinically
relevant food-drug interactions are caused by foddced changes in bioavailability of drug. For mxde,
ciprofloxacin [4], doxicycline [5], norfloxacin [6pral absorption is reduced if administered withknaind the clinical
effect observed is treatment failure.

Sex:Most reports of sex differences involve oral adstmation of low bioavailable drugs that undergdéocjrome 3A4
(CYP3A4) metabolism and P-gp transport. For examgieater inhibition of clarithromycin on intestimaetabolism
was observed in women than in men [7]. Moreoverybothss index and volume of distribution of drugsreve
influenced by sex.

Disease statéi.e. renal and hepatic function): Renal or haepatipairment is associated with lower excretiordnfgs
that are excreted via these two ways. Accumulatifodrugs in these compartments is often correlatitdl emergence
of toxicity. For example meropenem, vancomycin, aabtomycin are mainly excreted through the kidnayd

therefore a dosage adjustment is required for pati@ith renal impairment [8].

The hypothesis that genetic differences could plagle in influencing a patient’s response was sugg by reports
showing that patients from distinct ethnic groupsvéh significantly different clinical response [90]1 Genetic
variability in drug metabolizing enzymes or drugrisporters across ethnic groups, probably expkamse of the
differences between populations, although othetofacsuch as body weight may also contribute. tush also be
considered that while initial plasma concentratioray be unaffected by genetics, the inducibilitydoig metabolizing
enzymes by rifampicin or other co-administered drogiy vary according to the various polymorphisffecting gene
regulation such as promoter variation or nucleetoia

In the last decade, PG has been used in clinicattipe to individualize treatment. In some areashsas in
cardiovascular diseases or in cancer, PG testialydady applied for selecting or dosing a specifedication, while in
other fields, such as in psychiatry, the PG apgrolaas been mostly used for the identification, dation and
development of new biomarkers.

In the last years several single nucleotide polyhisms (SNPs) that alter the expression of drugsparters proteins
or metabolizing enzymes were found to influencegd?PK. To date, SNPs in several genes coding fdn puateins are
known:

Multi-drug transporter genes.Drug transporters can be generally divided imto tajor classes: uptake and efflux

transporters. Uptake transporters act by facititatthe translocation of drugs into cells or commpertts. Efflux
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transporters act by exporting drugs from the irgiatar to the extracellular compartment. For ex@nmmongst
uptake transporters, the organic anion transpomiolypeptide 1B1 (OATP1B1), which plays a majorerdoh the
hepatic uptake of drugs, is coded by a polymorpghkite. The aplotype OATP1B1*15 was found to be edlatith high
plasma levels of pravastatin in Caucasians [1], T genetically polymorphic transporter P-gpMIDR1 is a well-
known efflux transporter with ubiquitary expressioaded in humans bpBCB1 gene. The most famous SNP is
3435C>T (rs1045642). It was observed that subjeitts 3435C>T mutation have higher levels of mutafedp in the
duodenum and higher plasma area under the curv&€)All orally-administered digoxin than subjectshwibe wild
type allele [13]. Many clinical studies investigatihe influence of SNPs ckBCB1to clarify the clinical impact on the
PK and PDs of various substrate drugs becausesafethtively high frequency of this mutation antnét¢ differences
in the frequency (about 10% in African-American@,-80% in Caucasians and Asians) [14].

Another genetically polymorphic efflux transporterthe breast cancer resistance protein (BCRP)dthgeABCG
gene. The most important SNP is 421C>A (rs2231148iake its frequency is relatively high, severalichl studies on
this SNP have been carried out. 421C>MBDRPgene was reported to cause the increase in theplasncentrations
of rosuvastatin and diflomotecan [15, 16]. Moreg\&tC>T (rs717620) mutation in the gene codingtier multidrug
resistance—associated protein 2 (MRP2) caused rtbiaise in the steady-state plasma trough contientraf
mycophenolic acid in transplanted patients [17] tiredincrease in the plasma AUC of methotrexatg [18
Cytochrome P450 metabolizing enzymes:

To date, it is well established that the SNP 516Q¥rsB745274) in gene coding for CYP2B6 is assodiatéth
significantly greater efavirenz plasma exposureirguHIV therapy [19, 20]. Among antifungals, vori@zole is
extensively metabolized by the cytochrome P450esysind CYP2C19 is involved in the primary routelhination.
Several studies reported that SNPs in CYP2C19 godene are associated to voriconazole plasma lévedslult
patients [21] and children [22].

The study of the association between drug plasm@ideand SNPs in gene coding for protein involvedimtibiotics
absorption, distribution, metabolism, and elimioatiADME) processes may be useful to choose thet dgsage
especially at the beginning of treatment. We preaetcomprehensive review of the published litematior summarize
the state of the art of PG and PK of antibiotics.



Aminoglycosides

Aminoglycosides (AGAs) have been extensively ustaptomycin was the first aminoglycosides discedesnd was
isolated in 1943 fronstreptomyces griseué second generation of AGAs, such as dibekacd7{), amikacin (1972),
arbekacin (1973), isepamicin (1975), and netilm{@i®76) were developed during the past decades [23]

Despite their nephrotoxicity and ototoxicity, AGAse valuable in current clinical practice, sinceythretain good
activity also against multidrug-resistant gram-rniegapathogens, such &seudomonas aeruginosadAcinetobacter
spp

M echanism of action. Aminoglycosides act mostly as protein synthesishitors, although their exact mechanism of
action is not fully known: they interfere with tipeoofreading process, causing increased rate of grisynthesis with
premature termination. Also, there is evidencenbfhition of ribosomal translocation where the jpdydttRNA moves
from the A-site to the P-site. They can also distbp integrity of bacterial cell membrane.

PK-PD parameters predictive of efficacy. Time-kill studies have shown a concentration-depetdand partially
concentration-dependent bacterial killing agaimahgnegative and gram-positive bacteria, respdgti®D data show
that the administratioby an extended-interval dosing scheme greatly esdsathe potential of these agents, with the
goal of achieving an AU®f 100 mg*h/L and a G/MIC ratio of 8-10. Aminoglycosides are charactedizby a
significant variability in the relationship betweéme dose administered and the resultant plasnmaslén blood and
therapeutic drug monitoring (TDM) is frequently eesary to obtain the correct dose.

ADME. Aminoglycosides can only be administered parefijeraxcept for intestinal infections or indicatidor
decontamination. Protein binding is weak (0 to 308aQ the apparent elimination half-life is approately 2h.
Volume of distribution is low (<0.3 L/kg) thus anoiglycosides are mainly distributed in blood plasifae major
route of aminoglycosides elimination is renal exoreas only a small fraction was found to be afiated through the
bile (0.5-2% of the administered dose). The bictfarmation is negligible (<10%); they are found ashentirely in
the unchanged, biologically active form in the ariThe PK of elimination is independent of the dasd route of
administration. Tissue diffusion is poor, but these good diffusion into peritoneal, pleural aratipardial fluid and
synovial effusions, where the concentration attélBsto 50% of levels in serum; the renal accumaitatbccurs
particularly in the cortex [24].

PG data. To date, only one study was published about P@rohoglycosides (Table 1). Oral absorption of saimays
is inhibited by P-gp which is involved in drug effl in the brush border of intestinal mucosa. Baeegt al. [25] found
that P-gp is involved in tobramycin efflux. Therefp P-gp inhibitors may have potential role to sport
aminoglycosides, through gut, which is otherwiserpoabsorbed after oral administration.

Tetracyclines

Tetracyclines, represent a large group of antilvedée some of which were first introduced inton@ial practice in the
1950s (tetracycline) while others have recentlynbagproved (the glycylcycline, tigecycline). Thecnobial spectrum
includes gram-positive and gram-negative bactenacellular Chlamydiae, Mycoplasma, Rickettsiaad several
parasites such as malaria [26].

Mechanism of action. Tetracyclines are generally bacteriostatic. Theyersibly bind to the 16S part of
the 30S ribosomal subunit.

PK-PD parameters predictive of efficacy. Tetracyclines exhibit a predominantly time-dependelling activity with
a prolonged post-antibiotic effect. The PK paramegtedictive of efficacy in these compounds is &i¢C related to
MIC (AUC/MIC). A target PK/PD breakpoint has stilbt been clearly identified.



ADME. Tetracycline is only available as a oral formwati while doxycicline and minocycline can be giwather
orally or intravenously (iv not in Italy). The reped tissue distribution varies depending primanlgon the
liphophilicity of the individual drugs. Protein lding is modest from 20% to 60%.

Oral absorption of tetracyclines occurs in the stomand proximal small intestine. Oral bioavail@pibf these
compounds is relatively high, ranging from 75% @0%. Food can reduce the absorption of both tetteey and
doxycycline up to 50% [27]. Half-life of tetracyoks is relatively long, from 8 to 25 hours. Thesenpounds are
eliminated by both hepatic and renal mechanisney; #ne filtered by the glomerulus but primarily vearbed because
of their high lipid solubility. Tetracycline clagge not effectively dialyzed, thus dose adjustniemiot necessary in
patients with renal impairment.

PG data. It was reported that minocycline exhibits anti-ralegenerative properties [28-30] and that it &ribiuted to
brain when administered by oral route [31]. Milateal. investigated the interaction between rilezohynocycline and
P-gp at the blood-brain barrier (BBB). They foumhdtt mynocycline and riluzole are both substrat®-afp and that
mynocycline is also inhibitor of P-gp and increa#fes brain diffusion of riluzole. Therefore the dyuconfirmed that
mynocycline and riluzole are transported by P-gphet BBB level and that minocycline is involved iituzole

disposition into the brain trough P-gp [32] (Takh)e

in-vitro ADME process

Other antibiotics Transporter Coding gene model involved Reference
Aminoglycosides
Tobramycin P-pg ABCB1 Mice Oral delivery Banerjee et al. 2000 [25]
Tetracyclines
Minocycline P-pg ABCB1 Mice BBB transport Milane et al. 2007 [32]
Riluzole
Macrolides

Biliary and intestinal

P-pg ABCB1 Rats excretion

Azithromycin Sugie et al. 2004 [33]

AZyromycin - 5ATp1a5  SLCO1AS Ce'\l’l's[’gn';"rats Intestinal absorption Garver et al. 2008 [34]
Claritromycin

MDCKII .
' cells and Intlracellular actlylty .
Daptomycin P-pg ABCB1 THP-1 against phagocytizeSl. Lemaire et al. 2007 [35]
Aureous
macrophages
Rifampicin P-pg ABCB1 Mice Intracellular Schiuetz et al. 1996 [36]

accumulation

Table 1. Specific transporters of aminoglycosides, tetrdogd, macrolides, daptomycin, rifampicin and tyge o
ADME processes involved. ADME, absorption distribat metabolism elimination; P-gp, P-glycoproteinATQ

organic anion transporter; ABC, ATP binding cagse®_C, solute carrier; BBB, blood brain barrier.



Tigecycline

Tigecycline is an injectable antibacterial agetdssified as a glycylcycline. It is the first memlod this class that has
been specifically developed to overcome the twoomagechanisms of tetracycline resistance, ribosgmatection and
efflux. In vitro, tigecycline is active against a wide range ofng@ositive and gram-negative aerobic and anaerobic
bacteria.

Mechanism of action. Tigecycline acts through inhibition of the bacdmprotein translation by binding to the 30S
ribosomal subunit and blocking the entry of amilegtadRNA molecules into the A site of the riboso&].

PK-PD parameters predictive of efficacy. Tigecycline exhibits time-dependent bactericidahdty not only against
Streptococcus pneumonijdaeut also againdtlaemophilus influenzaand Neisseria gonorrhoeaf88]. The AUC/MIC
ratio is considered the most predictive index exlato the clinical and microbiological efficacy [390 date no
efficacy and toxicity breakpoints have been idéeiif

ADME. Tigecycline is available as a parenteral agenttduts limited oral bioavailability and it is adnistered i.v. as
a 30-minute to 1h infusion, twice dailyigecycline has a large volume of distribution (41/kg) thus it is widely
distributed in the body, with an half-life of 42 urs [39]. Tigecycline is moderately bound to human plasmaems
(71-89%) and it is eliminated by the liver via bily excretion as unchanged drug and glucuronidaRemal clearance
is only a minor excretory way for tigecycline (appimately 10-15% of total systemic clearance) viétbs than 22%
excreted unchanged in the urine. Tigecycline patetrwell into tissues and body fluids reachindh@igconcentrations
compared to serum levels [4B®K of tigecycline is not altered in patients wittvere renal impairment as well as in
patients with mild hepatic impairment. Thereforedusage adjustment is required in these type dduat[39].

PG data. Eukaryotic efflux transporters can modulate thduts concentration and the intracellular activiby
antibiotics.Thus, Lemaire et al. investigated the role of Pagd MRP1 in the modulation of the cellular accuriaia
and activity of tigecycline. In contrast with othemtibiotics, where accumulation and intracelldativity are reduced

by P-pg, tigecycline was found to be substrateeither P-pg or MRP1 efflux transporters [41].

Macrolides

Macrolides, such as erythromycin, oleandomycimaspycin, roxithromycin, josamycin, midecamycin,ritaromycin,
azithromycin and dirithromycin, are active agaimggam-positive staphylococci such &taphylococcus aureus
coagulates-negative staphylococ@i;hemolytic streptococci, other streptococci specésl some enterococci.
Additional activity has been documented, especiaifysome agents, agairtdaemophilus influenzasome pathogenic
Neisseria species,Bordetella Corynebacterium Chlamydia Mycoplasma Rickettsiaand Legionella species [42].
Azithromycin is considered one of the first choitedreat patients with peptic ulcer to eradicitdicobacter pylori
together with other antibacterial agents, suchnaaxicillin and metronidazole.

M echanism of action. Macrolides act by reversibly binding to the 238somal RNA (rRNA) in the 50S subunit of
susceptible organisms, and inhibiting mRNA-direcpedtein synthesis. Moreover, they stimulate thesagiation of
peptidyl-tRNA during translocation, suppressing RNépendent protein synthesis and inhibiting baategrowth.
Resistance to macrolides in clinical isolates isstrfoequently due to post-transcriptional methglatiof a adenine
residue of 23S ribosomal RNA, which leads to castaace to macrolides, lincosamides and streptoigiatyipe B (the
so-called MLSB phenotype) [43].

PK-PD parameters predictive of efficacy. Macrolides are generally bacteriostatic. Bactdatiactivity may occur

under certain conditions or against specific micganisms. Macrolides are different from the othé&sses of
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antibacterial agents since they do not fall inragla category. T>MIC is, indeed, the most importaatameter for
erythromycin. Optimal efficacy is obtained when ThkMs greater than 40% of the dosing interval [44].

However, experimental studies show that both T>MHd AUC/MIC influence the clinical efficacy of cldiromycin
and azithromycin. For azythromycin AUC/MIC appetrde the most important parameter with the ratimeeding 25
for optimal efficacy [43].

ADME. Macrolides tend to be characterized by high bidabgity. After oral administration they are refdabsorbed
from the gastro intestinal tract if not inactivateglgastric acid. They are characterized by a hi@lbme of distribution
(1-2.5 L/kg) that reflects the extensive tissuegbeation.

They actually accumulate within many cells, inchglimacrophages, in which they may 320 times the plasma
concentration. Macrolides tend to concentrate éngbleen, liver, kidneys, and particularly the linghey enter pleural
and peritoneal fluids but not the cerebrospinaidfi(lonly 2—-13% of plasma concentration unless thaninges are
inflamed). They concentrate in the bile and milkp tb 75% of the dose is bound to plasma proteinstabblic
inactivation of the macrolides is usually extensiat the relative proportion depends on the raitadministration
and the particular antibiotic. After oral admington, 80% of an erythromycin dose undergoes méitabmactivation,
whereas tylosin appears to be eliminated in arveadrm. Macrolide antibiotics and their metabdlitere excreted
mainly in bile (>60%) and often undergo enterohiepeycling. Urinary clearance may be slow and Jaga(often
<10%) but may represent a more significant routeliofination after parenteral administration [44].

PG data. According to “rule of 5” by Lipinski et al. [45], atrolide antibiotics azithromycin and clarithromy@aire
predicted to have poor permeation or absorptioralxee of their large molecular weight and hydrogerdibg
potential; however, these macrolides show modeecagxcellent oral exposure in preclinical specied humans [34].
One study reported that the biliary and intestaalretion of azithromycin in rats is mediated bggPrand MRP2 [33]
(Table 1). The possible involvement of P-gp inlazitnycin disposition is confirmed by the study désed by He et
al. [46]; they found that PK of azytromycin may ipluenced by SNPs iABCB1gene in healthy Chinese volunteers
(Table 4). Garver et al. [34] found that the intest OATPs transporters are involved in the orasaaption of
azithromycin and clarithromycin in the rat (Table 1

Oxazolidinones

Among oxazolidinones agents linezolid is the fast the only oxazolidinone approved for therapeusie by FDA. It
is active against gram-positive bacteria, includpagicillin-resistanStreptococcus pneumonjaegancomycin-resistant
enterococci (VRE) and methicillin-resistaéitaphylococcus aureMRSA). It is used for the treatment of nosocomial
pneumonia, uncomplicated and complicated skin aftl tssues infections caused by gram-positive dract[47].
Moreover, linezolid may be used in the treatmennaiti-drug resistant tuberculosis, as seconddigent.

M echanism of action. It acts by binding to the 50S subunit of the baateibosome producing an early inhibition of
protein synthesis [48].

PK-PD parameters predictive of efficacy. Linezolid shows a time dependent killing. Data frétarature reported
that PK/PD parameters predictive of linezolid effig against staphylococci and enterococci are AUCAOO,
%Tmc>85, G2 mg/L and/or AUC>160-200 mg-h/L for [49, 50]. Rutal overexposure was defined @g;,>10
mg/L and/or AUC>400 mg-h/L [49, 51]. Linezolid iadieriostatic with a significant post-antibiotidesit against the
key pathogens.

ADME. Linezolid is available as intravenous formulatiihm-coated tablets and oral suspension. The stahdose is
600 mg every 12 h and no dose adjustment is nested switching from the intravenous to oral forntiglas or when

there is moderate renal or hepatic impairment [F2fre are few data of linezolid PK in special &itons such as
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ECMO [53]. Linezolid is well absorbed, with a bi@ability of approximately 100% in healthy voluets. The level
of plasma protein binding is 31% and the volumeisfribution approximates to the total body watentent of 40-50
L. Linezolid is metabolized to two inactive metabes, an aminoethoxyacetic acid (metabolite A) arttydroxyethyl
glycine (metabolite B). It is excreted by non-re(@8%) and renal mechanisms. Renal tubular reabsarmay occur.
A proportion of the dose is excreted unchangetiénurine [52].

PG data. The only published study dealing with linezolid M@s reported by Gebhart et al. These authors lptestu
that rifampicin may stimulate induction of P-gp esgsion, leading to increased clearance of lindzdlhey found a
significant reduction in linezolid plasma levels avha critically ill patient was treated with intemous linezolid and
rifampicin respect to linezolid alone. Thus, thésearch supports the hypothesis that P-gp expnegkigs a role in the
potential interaction between linezolid and rifanipi[54].

Fluoroquinolones

Fluoroquinolones are broad spectrum antimicroldalseloped synthetically from the quinolone clasamfmicrobials
[55]. Ciprofloxacin exhibits activity against gramegative and atypical organismdycoplasma pneumoniae
Chlamydia pneumoniaéegionella pneumophijabut lack potentn vitro activity againstStreptococcus pneumoniae
Second and third generation fluoroquinolones sushlemofloxacin and moxifloxacin, closed this cowgragap,
providing enhanced bactericidal activity agaigsam-positive organisms [56].

M echanism of action. Fluoroquinolones act by inhibiting two bacterialzgmes, DNA gyrase and topoisomerase 1V,
which have essential and distinct roles in DNA iegilon. Quinolones bind to the complex of eachiheflse enzymes
with DNA,; the resulting complexes, including theudr block progress of the DNA replication enzymenptex.
Ultimately, this action results in damage to baatddNA and bacterial cell death [57].

PK-PD parameters predictive of efficacy. Fluoroquinolones exhibit concentration-dependeitiing and a post-
antibiotic effect [58]. Overall, the AUC/MIC hasdh#he greatest correlation with outcome in eitinevitro or animal
models of infection [59], but the greatest debats focused on the magnitude of the AUC/MIC needethdximize
outcome or prevent emergence of resistance. Lintd from studies of human infections are avadldor the
purpose of evaluating the PD thresholds necessargnéximizing therapeutic success. Attempts at “size-fits-all”
cutoff values or thresholds have been problematithave lead to some pointed debate. While theRiesPD targets
to guide the use of fluoroquinolones may be unclda currently accepted target remains an AUC/MfG125 for
gram-negative organisms [58].

ADME. After oral administration fluoroquinolones are idp absorbed from the intestine and widely disitédxl
throughout the body [60, 61]. The major route abfloquinolone elimination is renal excretion asyamlsmall fraction
was found to be eliminated through the bile. Meliglbo accounts for the hepatic elimination of fluguinolones, and
biliary excretion is usually a minor eliminationtpavay, except for moxifloxacin. Fluoroquinolone iedlic pathways
include glucuronidation, N-oxidation and desmettigla [62]. PK data regarding the most commonly used

fluroquinolones are reported in Table 2.



. Protein . i 0
Fluoroquinolone gy Distibution b btion (96) M etabolism (%) Excretion )

Agent (%) Volume (L/kg) Renal Hepatobiliary
Ciprofloxacin 20-40 - 70 - 40-50 (parent drug) -
Levofloxacin 24-38 1.1 100 Limited by the liver §¥arent drug) -

Moxifloxacin 48 3.6 - 52% (N-sulfate and acyl glueoide conjugates) 40 (parent drug and metabolites) 60 (parent draignaetabolites)
Ofloxacin 32 - 98 Limited by the liver 65-80(paretitg) 4-8 in feces (parent drug)
Gemifloxacin 60-70 1.6-12.1 71 Limited by the liver 36% (parent drug and metabolites)

60 (parent dnehmetabolites)

A U B~ W N

Table 2. PK data of fluoroquinolone compounds. Gl, gastestinal.[60, 62, 63].
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PG data. Since these antibacterial agents are zwitterionimpounds, a passive diffusion mechanism may ndy ful
explain their high intestinal absorption, selectiigsue distribution and selective excretion. Adoagly, involvement
of membrane transporters has been proposed. Ifashgears many studies investigated the involverérseveral
transporters in fluoroquinolone bioavailability. Mdthstanding that all these studies were perfornmeditro, they
could have important consequences in clinical pradbr example in the field of drug-drug interacts. Moreover, for
transporters coded by polymorphic gene the studyobfmorphisms implicated in drug PK variabilitycaresponse to
treatment may be useful to improve outcome.

In Table 3 specific transporters involved in fluguinolone bioavailability are reported. The infleerof SNPs on gene
coding for transporters has been only investigédednoxifloxacin. In particular Weiner et al. [6fdund that the SNP
3435C>T (rs1045642) iMBCB1 gene coding for P-gp have no influence on moxdr PK values in patients.

Therefore P-gp seems not to be involved in moxétin disposition (Table 4).
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Fluoroquinolone

Agent Transporter Coding gene M odel ADME Process Involved Ref.
Grepafloxacin P-gp ABCB1 Caco-2 Gastrointestinal secretion Yamaguchy &G0 [65]
Levofloxacin
Levofloxacin P-gp ABCB1 LLC-PK1 Renal tubular secretion Ito et al. 1997][66
Levofloxacin MRP2, P-gp  ABCC2, ABCB1 Caco-2 and MDCK Transepitelial secretion Lowes|e2@02 [67]
Levofloxacin OATP1A2 SLCO1A2 Xenopuzocytes and Caco-2 Cellular uptake Maeda et 8i7 268]
Ciprofloxacin
Ciprofloxacin BCRP ABCG2 MDCK and mice Milk secretion/oral availability Meao et al. 2006 [69]

Ofloxacin
Ciprofloxacin BCRP ABCG2 MDCK Biliary excretion Ando et al. 2007 [70]
Ofloxacin
Ciprofloxacin MRP4 ABCC4 Murine macrophages Intracellular excretion Margeieal. 2009 [71]
Ciprofloxacin OATP1A5 SLCO1A5 Rat enterocytes and Xenopus oocytes Intestinakptico Arakawa et al. 2012 [72]
Ciprofloxacin BCRP ABCG2 MDCK, HEK 293 and Caco-2 Intestinal secretion Haskt al. 2011 [73]
Sparfloxacin P-gp ABCB1 LLC-PK1 BBB transport de Lange et al. 2000 [74]
Sparfloxacin P-gp ABCB1 Caco-2 Intestinal elimination Cormet-BoyaKa et1#198 [75]

Table 3. Specific transporters of fluoroquinolones and ADMEbcesses involved. ADME, Absorption distributiometabolism elimination; P-gp, P-glycoprotein; MRP,

multidrug resistance—associated protein; OATP, micganion transporting polypeptide; BCRP, breastcea resistance protein; ABC, ATP binding cassedeCO, solute

carrier organic anion transporter; BBB, blood bradmrier.
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Antibiotic | ansporter/ - Coding SNP investigated in-vivo effect Model Reference
nzyme gene
Macrolides
2677G>T Lower G, axin patients with 2677TT/3435TT
Azytromycin P-pg ABCB1 3435C>T genotype, higher [, in patients with Healthy Chinese volunteers, n=20 He et al. 2069 [4
1236C>T 2677TT/3435TT genotype
Fluoroquinolones
. . SNP 3435C>T do not influence moxifloxacin plasma Weiner et al. 200
Moxifloxacin P-pg ABCBL 3435C>T levels Healthy volunteers, n=16 [64]
Beta-lactams
SNP 3435C>T do not influence dicloxacillin plasma Putnam et al. 200
Dicloxacillin P-pg ABCB1 3435C>T levels, use of rifampicin increases dicloxacillin )
) _ [76]
metabolism Healthy volunteers, n=18
Cloxacillin P-pg ABCB1 1236C>T Lower Gnay AUC, and urinary excretion in subjects  pealthy Chinese male volunteers, n=18  Yin et ad2[77]
with 1236CC genotype
Lipopeptides
Higher Cmax in patients with 3435TT, 2677TT, and Baietto et al. 2012
Daptomycin P-pg ABCB1 3435C>T 1236TT genotype. Higher AUC in patients with Caucasian patients, n=19 (78] '
3435TT genotype and lower clearance
Sulfonamides
CYP2C9*2,
CYP2C9Arg144 to Cys Subjetcs with homozygous mutate genotype for Human liver, n=26 Gill et al. 1999 [79]
Sulphamethoxazole CYP2C9 CYP2C9 . CYP2C9Argl44 to Cys and CYP2C9lle359 to Leu
CYP2C9’3, showed decrease in the activity of CYP2C9
CYP2C9lle359 to Leu
Sulphamethoxazole ~ GCLC GCLC rs761142F G rs761142 P G influences sulphametoxazole induced ,/ oients n= 171 and n=249 ~ Vang etal. 2012

hypersensitivity

[80]

13



Table 4. Continued.
M odéel Reference

Antibiotic | ansporter/ - Coding SNPinvestigated  in-vivo effect
nzyme gene
Antituberculars
463C>A,521T>
OATP1B1 SLCO1B1 C,1463G>C,
. - 388A>G,11187G>A Lower rifampicin exposure in patients with SLCO1833CA . _ Weiner et al. 2010
Rifampicin Patients, n=72
genotype [81]
OATP1B3 SLCO1B3 334T>G
P-pg ABCB1 3435C>T
. - 463C>A, Lower rifampicin exposure in patients with SLCO1833CA _ Kwara et al. 2014
Rifampicin  OATP1B1 SLCO1B1 521T> C, 388A>G genotype Healthy volunteers, n=11 82]
Rifampicin CES2 CES2 2263A>G, tzhzeeg'g‘;ee may alter rifampicin metabolism by affegtiexpression of Korean patients, n=35 Song et al. 2013 [83]
3435C>T, 2677G>T,
P-pg ABCB1 1236C>T, rs3842
521T>C, rs4149032 -
: - OATP1B1 SLCO1B1 J ' Patients heterozygous and homozygous for SLCO148148032 . . _ )
Rifampicin 463C>A polymorphism had low-level rifampin exposure African patients, n=60  Chigutsa et al. 2011
PXR PXR 63396C>T, 44477T>C [84]
CAR CAR 1s2307424
NAT2*5, 341T>C
NAT2*6, 590G>A
N .
Isoniazid NAT2 NAT2 NAT2*7, 857G>A NAT2 genotype affects isoniazid plasma levels Pédien=60 Parkln[se;]al. 1997
NAT2*12, 803A>G

NAT2*13, 282C>T
NAT2*14, 434A>C

14



O 00 N O U1 B W N B

Table 4. Continued.

Antibiotic | ansporter/ - Coding SNPinvestigated  in-vivo effect M odel Reference
nzyme gene
Isoniazid NAT2 NAT2 NAT2*5 21 health o h
NAT2*6 NAT2 genotype affects isoniazid PK variability (\:limcr?tzlgg ﬁgltgy Klngllg-zso%slpigg]rs et
NAT2*7
Isoniazid NAT2 NAT2 NAT2 genotype affects the EBA of isoniazid oveaage of doses African patients, n=87 Donald et al. 2004

[87]

Table4. PG studies regarding association among antibiRii@and genotype of transporters and enzymes indatv DME processesADME, absorption distribution

metabolism elimination; P-gp, P-glycoprotein; OAfganic anion transporter; ABC, ATP binding cagse®L_C, solute carrier; CES, Carboxylesterase-RXegnane X

receptor; CAR, constitutive androstane receptorTNAl-acetyltransferase; CYP, Cytochrome P450; GQjl@amate-cysteine ligase catalytic subunit. Rsimer: ABCB1
2677G>T, rs2032582; ABCB1 3435C>T, rs1045642; ABARB6C>T, rs1128503; SLCO1B1 463C>A, rs1104581€,G1B1 521T> C, rs4149056; SLCO1B1 1463G>C,
rs59502379; SLCO1B1 388A>G, rs2306283; SLCO1B11GHEY, rs4149015; SLCO1B3 334 T>G, rs4149117;SLCOAB3G>A, rs11045819; PXR 63396C>T, rs2472677;
PXR 44477T>C, rs1523130; NAT2*5, 341C>T, rs 18BL,2NAT2*6, 590G>A, rs1799930; NAT2*7, 857G>A, r€Ig931; NAT2*12, 803A>G, rs1208; NAT2*13, 282C>T,

rs1041983.
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p-lactam antibiotics

B-lactam antibiotics are a broad class of antibsoticaracterized by havingdactam ring in their molecular structures.
This class includes penicillin derivatives, ceplkalarins, monobactams, and carbapenddrlactam antibiotics are
administered for the prophylaxis and treatmentaaftérial infections caused by susceptible organidey are active
against a wide variety of gram-positive and gramgatiee bacteria, including anaerobes.

M echanism of action. Most B-lactam antibiotics work by inhibiting cell wall dsynthesis in the bacterial organism and
are the most widely used group of antibiotiBdactams are bactericidal, and act by inhibiting 8ynthesis of the
peptidoglycan layer of bacterial cell walls.

PK-PD parameters predictive of efficacy. The PK/PD index that best describes efficacyfdactam agents is the
time the free drug concentration remains above KIIT>MIC) [88]. However, the optimal f T>MIC is comoversial.
Targeting trough concentration (4-5xMIC) may deseedhe likelihood of suboptimal plasma concentretioThe
higher concentration would enable enhanced digtabuof drug into tissues with deranged microciatigdn (e.g.,
septic shock) and improve impaired tisfdiactam penetration [89-91]. In the absence of wellducted, prospective,
clinical trials addressing the therapeutic beneficurrently recommended PK-PD targets, 100% f TE€Mlbuld be
considered a prudent PK/PD target fidlactams in critically ill patients or immunocongpnised. Non-critically ill and
non-immunocompromised patients may only requireimmith exposures of 40-70% f T>MIC [92].

ADME. Penicilins. Penicillins have different values of protein bimgli with the exception of piperacillin and
clavulanic acid that are not orally absorbed, thetintestinal absorption is >50% for almost aligs considered.
They are minimally metabolized and the main rodtelimination is renal excretion as parent drug. ¢Haracteristics

of penicillins are reported in Table 5.
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Protein

Gl

i<t i i 0,
Peniillins Binding V(Eﬁﬁ;g‘(’i'/‘f(” )0 absorption  Metabolism (%) Excretion (%)
(%) g (%) Renal Hepatobiliary
Penicillin G 20-30 0.17-0.21 50 20 60 (parent drug)
Cloxacillin [77, 93] )
>90 na 37-60 22 (hydrolysis) >90
Dicloxacillin [94] 97 na 50 10 >90 (parent drug)
Ampicillin [95-97] 28 0.32 8d 10 65 (parent drug) minimal
Amoxicillin [98] 20 0.43 75 <30 >70 (parent drug)
Piperacillin [99-103]
30 0.23-0.27 no 56-73 (parent drug)
Clavulanic Acid 25 - no 55-75 -
Sulbactam [95-97] 28 0.34 80 10 46 (parent drug) minimal
Tazobactam [99, 100] 20-23 0.18-0.27 50 60

a, value obtained considering a body weight of §0 k

b, after administration of sulfaticillin (ampicifli+ sulbactam)

1
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Table 5. PK characteristics of penicillins. Gl, gastroiriesl.

ADME. Cephalosporins. Cephalosporins are a new class of broad-spectrtilniatits that bind to plasma proteins in

different degrees. Reported values for protein ingpdange from 6% for cephradine to 92% for cefee§l04].

Cephalosporins generally distribute well into thend, kidney, urine, synovial, pleural, and perigardiuids.

Penetration into the CSF of some third generataphalosporins (cefotaxime, ceftriaxone, and ceftam) is adequate

to effectively treat bacterial meningitis. Elimifat is primarily via the kidneys, though a few eptiens include

cefoperazone and ceftriaxone which have signifidaliry elimination. Biliary excretion of cephalparins is highly

dependent on molecular weight in rats: less the# % the dose is excreted into the bile for cepsadoins with a

molecular weight of less than 450, but those withaecular weight of more than 450 exhibit 15 t@%0recovery in

bile [105]. In addition, their elimination pathwéy/mainly excretion into bile and/or urine with rimmal metabolism in
the body [106, 107].

ADME. Carbapenems. Plasma protein binding of imipenem, meropenem dadpenem is low (20, 2 and 9%

respectively) and independent of plasma drug cdratons [108]. Ertapenem is highly bound to plagmatein, from

~95% at concentrations of 50 mg/L to ~92% at cotre¢ions of 150 mg/L [109]. Carbapenems are natyadbsorbed,

therefore they are administered via infusion. MPKreacteristics of carbapenems are reported in Table
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Excretion (%)

Protein Distibution
Carbapenems binding Volume M etabolism (%) o
(%) (L/kg) Renal Hepatobiliary
Imipenem [110] 20 0.20-0.23 - 70 (parent drug)
Merobenem 19-27 (chemical hydrolysis,
[111 p112] 2 0.18-0.30 extrarenal metabolism, 70 (parent drug)
' and renal metabolism via DHP-I
Doripenem
[113, 114] 9 0.24 no 97.2 (parent drug)
Ertapenenj109, ) 0.11-0.12 (total - N
115] 95-92 fraction) minimal 40 (parent drug) 10 (parent drug)

a, value obtained considering a body weight of 0 k

Table 6. PK characteristics of carbapenems.

PG data. As above reportefl-lactam agents are primarily excreted by the kidnayd are poorly metabolized. From

1995 many studies, especially on cephalosporingsiigated transporters responsible pelictam bioavailability

(Table 7). Uptake transporters as peptide transpdriand 2 (PEPT1, PEPT2) were found to be involredtestinal

and renal absorption of cephalosporins [116-118]jrédver cephalosporins showed interaction withattganic anion
tranporters 1, 3, and 4 (OAT1, OAT3, OAT4) locatize the proximal tubule where they play a distirae in the
basolateral and apical uptake of cephalosporirbitits [119-121]. Recently, Kato et al. [122] falthat weight-

dependent biliary excretion of several cephalospoincluding cefoperazone, cefbuperazone, cefpaayall of which

are mainly excreted into bile, is mediated by MRB&sporter. The involvement of P-gp pitactam disposition was

only investigated for dicloxacillin and cloxacillify7, 123]. The influence of SNPs in gene coding tfansporters
involved inB-lactam bioavailability was poorly studied. Putnatral. [76] found that 3435C>T (rs1045642) variaht

the ABCB1do not influence dicloxacillin plasma levels in ¥8lunteers but the data suggested that rifampicnces
intestinal P-gp and increases dicloxacillin metéml Yin et al. [77] found that the 1236C>T (rs1%@8) variant of

ABCBlappeared to be an important contributor to inteividual differences in plasma cloxacillin expasim healthy

Chinese male subjects. This effect depends maalylihrough an effect on oral absorption rathentba disposition

(Table 4).
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Beta-lactams agents

Transporter

Coding gene

M odel ADME Process | nvolved Ref.

Dicloxacillin

Ceftriaxone
Cefoperazone
Cefbuperazone
Cefpiramide

Cefaloridine
Cefdinir
Cefotiam

Cefaloridine

Cefazolin
Cefotiam

Cephalexin

Cephalexin
Cefadroxil
Cefaclor
Cyclacillin
Cephradine
Moxalactam

Ceftibutene

Cephradine

Ceftibutene
Cephradine

Ceftibutene

Cephradine

P-pg

MRP2

OAT3

OAT1

OAT1

PEPT2

PEPT1

PEPT1

PEPT1

ABCB1

ABCC2

SLC22A8

SLC22A6

SLC22A6

SLC15A2

SLC15A1

SLC15A1

SLC15A1

MDCK Renal clearance Susanto et al. 2002 [123]

Biliary excretion Kato et al. 2008 [122]

HEK?293 cells Renal secretion Ueo et al. 2005 [119]

Xenopus laevis oocytes  Renal secretion Jariyawat et al. 1999 [120]

Xenopus laevis oocytes  Renal secretion Uway et al. 2002 [121]

SKPT cells Renal reabsorption Luckner et al. 20@41]1

Matzumoto et al. 1994

Caco-2 cells [116]

Intestinal absorption

Intestinal and renal

Xenopus oocytes absorption

Saito et al. 1995 [117]

LLC-PK1 Intestinal absorption Terada et al. 1997gJL

Table 7. Specific transporters of cephalosporins and typ&RI¥E processes involved. ADME, absorption disttibno

metabolism elimination; P-gp, P-glycoprotein; MRMRultidrug resistance—associated protein; OAT, cigyamion

transporter; PEPT, peptide transporter; ABC, ATiRling cassette; SLC, solute carrier.
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Daptomycin

Daptomycin is a lipopeptide antibiotic used for theatment of complicated skin and soft-tissuedtiéms, right-sided
infective endocarditis due t8taphylococcus aureuS. aureusbacteraemia when associated with right-sided fiviec
endocarditis or with complicated skin and softdsénfections. It is active against gram-positiaeteria only [125].
Mechanism of action. Daptomycin is rapidly bactericidal. It acts by pegagng into the membrane of gram-positive
bacteria and causing rapid membrane depolariz§ti2s.

PK-PD parameters predictive of efficacy. Daptomycin has a concentration-dependent badleficictivity in-vitro
andin-vivo animal models. The PK/PD indices that best caieelath its activity are G,,/MIC or AUC/MIC. Optimal
theoretical PK/PD determinants correlated with ioyed outcome and reduced toxicity arg,C60 mg/L [127] and
Cnin<24.3 mg/L [128], respectively for infections sustal by microorganisms having MIC<1 mg/L.

ADME. Animal studies showed that daptomycin is not aimsdrto any significant extent after oral administra The
volume of distribution at steady state of daptomydén healthy adult subjects was approximately 0/kgL
corresponding with a predominantly extracellulatidbution and high protein binding [129]. In hégltvolunteers and
patients treated with daptomycin, protein bindimgraged about 90% including subjects with renaladimpent. The
binding is reversible and concentration indipendgi®5, 130]. Tissue distribution studies in ratoowhd that
daptomycin appears to only minimally penetrateBB&8 and the placental barrier following single andltiple doses.
Daptomycin is mainly excreted by the kidneys. Itigrgs with severe or terminal renal insufficier{cyeatinine CL<
30 ml/min) and in subjects undergoing hemodialymisperitoneal dialysis daptomycin should be usedticasly
because elimination half-life and AUC are increasgdwo- to three-fold [131]. Im-vitro studies, daptomycin was not
metabolized by human liver microsomes with only imia involvement of the CYP P450 isoenzymes [1Z8% of
the administered dose was recovered from the l@sed on total radioactivity, whilst urinary recovef unchanged
daptomycin was approximately 50% of the dose. Ali#t of the administered radiolabeled dose is egdr@t the
feces [125].

PG data. In a recent study conducted by Lemaire et al. [B&hs reported that daptomycin is subjected tioefrom
THP-1 macrophages and MDCK cells by P-gp, whichuced its intracellular activity against phagocydize
Staphylococcus aure$able 1). The influence of SNPs &BCB1lgene coding for P-gp on daptomycin bioavailability
was observed by Baietto L et al. [78]. They fouhat patients with homozygous mutate genotype (ol B435C>T
(rs1045642), 1236C>T (rs1128503) and 2677G>T (13283) had significantly higher levels of daptomygiasma
levels and reduced clearance. These results hightige importance of P-gp in understanding intelividual

variability of daptomycin PK (Table 4).

Glycopeptides: Vancomycin and Teicoplanin

Glycopeptide antibiotics are a class of antibidiiugs active against gram-positive bacteria. Theycharacterized by
a narrow spectrum of action, and are active agaiagthylococci (including methicillin resistantatrs), streptococci,
enterococci anclostridiumspp. Tissue diffusion is not generally good, dse inhe cerebrospinal fluid, for example.
Penetration can be influenced by inflammation aisdate state.

Mechanism of action. They inhibit the synthesis of cell walls in susilele microbes by inhibiting peptidoglycan
synthesis. They bind to the aminoacids within tbkéwall preventing the addition of new units te theptidoglycan.
PK-PD parameters predictive of efficacy. Vancomycin and teicoplanin have a time dependenivity and
vancomycin has clear dose-response correlationse diighly significant association between clinicate and an

AUC/MIC>400 was demonstrated [132]. Based on thislyg current dosing guidelines propose targetgholevels of
20
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15-20 mg/L for a pathogen with an MIC of 1 mg/Ldiotain the target AUC/MIC [133]. The dose-toxicilationship
remains to be established [134]. TDM of vancomysifrequently employed especially in patients vittpairment of
renal function. Some authors suggested a specifie for continuous infusion to increase the likebd of
AUC/MIC>400 [135].

Teicoplanin acts in a time dependent manner: trocghcentrations >10 mg/L have been recommendednfust
infections and >20 mg/L for endocarditis [136].

ADME. Vancomycin protein binding is low, a level of 5&9% is most often stated [137, 138]. Volume of dlsttion
is around 0.4 L/Kg. Teicoplanin is characterizedabligh protein binding of 90% and a volume of rilisttion of 1
L/kg [139]. Both vancomycin and teicoplanin areackd unchanged renally, and doses should be redogeatients
with renal impairment.

PG data. To date, no data were published about PG of vancomgnd teicoplanin. As vancomycin induced kidney
damage is determined via the tubular secretion][iAQhe future, investigating the influence of B&Nin genes coding
for proteins involved in renal transporters activias P-gp, OCT, and OAT, could be useful to furtinelividualize
therapy. Del Moral et al. [141] reported that P-gpthought to be involved in the defense againstlasporin
nephrotoxicity. Considering these data, studying itifluence of P-gp in vancomycin elimination coldld useful to

reduce the drug induced kidney damage.

Polymixins: Colistin and polymixin B

Colistin and polymixin B are old antibiotics whiblad fallen out of favour in the 1970s due to repoftnephrotoxicity
and neurotoxicity [142]. In 1980s due to increasatbrgence of bacterial resistance and decliningldpment of new
antibiotics, colistin had to be used against ndritig resistant bacteria.. We will focus on colistis an example of this
class of antibiotics. Colistin is a cationic antinabial peptide available in two different formalistin sulphate and
sodium colistin methanesulphonate (CMS). CMS issl®xic’ than colistin when administered parentgfd43] and
hence it is CMS that is present in all parentemadd(most inhalational) formulations. Colistin isedgor the treatment
of infections caused by gram-negative bacilli, irthg multidrug-resistanPseudomonas aerugingsacinetobacter
baumanniiandKlebsiella pneumoniagl44].

Mechanism of action. Colistin is an amphipathic compound. Hydrophobhidfophillic regions interact with the
cytoplasmic membrane like a detergent, solubilizhrgmembrane in an aqueous environment.

PK-PD parameters predictive of efficacy. Colistin has a concentration dependent activitycdtly it was revealed
that CMS is an inactive pro-drug of colistin, tHere showing separate determination of CMS and éatroolistin
concentrations are essential to fully understaerdptiermacology of CMS/colistin [145] and to optimithe outcome in
clinical practice. In clinical practice the attaient of steady-state plasma colistin concentratiaipsve the MIC
breakpoint of 2 mg/L was found to be associateti witproved outcome [146-148].

ADME. Both colistin sulfate and CMS are administeredawvgnously and colistin sulfate is also availatdetapical
formulation for skin infections. Colistin is not sdrbed from the gastrointestinal tract [149]. Relleg an intravenous
bolus dose of colistin sulfate only 0.18 + 0.14%tleé total colistin dose is recovered in urine o2drh [150].
Therefore this result suggested that colistin upoes very extensive renal tubular reabsorptionutinoa carrier-
mediated process, and that it is cleared mainlyngarenal pathway [151]. After administration of SMcolistin
appears rapidly in plasma [152]. PK analysis rlace#hat only approximately 7% of the administedede of CMS
was converted to colistin systemically. CMS is défiated predominantly by the kidneys. After parester
administration, approximately 60% of CMS is excdeitethe urine during the first 24 h [152].
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PG data. Given that one of the side effects associated wglfstin treatment is neurotoxicity [153], and tlwalistin

exhibits some of the characteristics possessednbwik P-gp substrates [154], Jin et al. [155] itigased whether
efflux by P-gp was also contributing to the low ibraptake of colistin. These studies suggested Ragp does not
contribute to the low brain up-take of colistin aidit the brain uptake of colistin is significanthycreased during

systemic inflammation when BBB integrity is compilised.

Sulfonamides

Sulfonamides were the forerunner of the moderro&gantibiotis after discovery of sulfamidochrysaidiin 1935.

The combination of adverse effects and bactersikt@nce lead to a decrease in sulfonamides ppéscyi but their
potential activity against parasitic infectionsik@d the interests in these class of antibiotiisc& 1968, sulfonamides
have been one of the components in combination avithdrofolate reductase (DHFR) inhibitors, suchrasethoprim
(co-trimoxazole; TMP-SMX).

Sulfonamides are classified in short or intermediatting (sulfisoxazole, sulfamethoxazole, sulfaidie; these
compound can also be used in combination ) andmtigg (sulfadoxine and sulfamethoxine).

They are active again§.aureusincluding MRSA, streptococck. faecalis Corynebacterium diphterigeNocardia
and Actinomycess well as the majority of enteric gram negatieetbria. Combination of proguanil and certain
sulfonamides are used in malaria du€tdalciparum TMP- SMX has also activity against selected protoand it is
approved for the treatment &fneumocystis jirovecpneumonia (PCP) prophylaxis and treatment [156].

Mechanism of action. Sulfonamides act by inhibiting the formation dlfigtropteroic acid by competing with para-
aminobenzoic acid for condensation with 7,8-ptesirophosphate, a reaction catalyzed by the enzglihgdropteroate
synthase (DHPS). Inihibition results in the ceksbming depleted of thetrahydrofolate [156].

PK-PD parameters predictive of efficacy. Sulfonamides are generally bacteriostatic, no PKgafameters predictive
of efficacy or toxicity have been identified.

ADME. Sulfonamides are administered orally or parentergulfadiazine) and they are well absorbed by
gastrointestinal tract. Half life ranges from 10160 hours, according to different compounds. Thaye a well
distribution in CSF, pleural and peritoneal fluisl \&ell as placental barrier. Protein binding ighh{50 to 95%). The
major route of sulfonamides metabolism is liver enhthey were acetylated and glucuronidated, wahlistination is
act by glomerular filtration.

PG data. The majority of PG data available are focused aolptemethoxazole. Sulphamethoxazole undergoes
bioactivation to a hydroxylamine by CYP2C9 enzyrhe.a study performed by Gill et al., it was obseruhat
CYP2C9*2 and CYP2C9*3 polymorphisms may have sonfkiénce on the bioactivation of sulphamethoxazole,
particularly in individuals who are homozygous mmita and this could act as a protective factor regjai
sulphamethoxazole hypersensitivity [79].

Pirmohamed et al. investigated the influence of SNi® gene coding for enzymes involved in co-trinania
metabolism in HIV-positive patients. They found ttimone of the SNPs investigated in CYP2C9, GSTM$TTL,
GSTP1 and NAT2 coding genes resulted major predisgofactors in determining individual susceptililto co-
trimoxazole hypersensitivity in HIV positive patisn[157]. A study performed by Wang et al. showkedt tSNP in
glutamate cysteine ligase catalytic subunit codjage (GCLC) (SNP rs761142 T>G) was significanflyagiated with
sulphamethoxazole -induced hypersensivity and vdttuced GCLC mRNA expression in HIV infected pasei80]
(Table 4). Susanto et al. found that sulphametdeasmot a P-gp substrate [123].
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First line antituberculars

Antituberculars agents used as first line treatnaeat isoniazid, rifampicin, , ethambutol and pymamide. They are
used in the treatment of susceptible mycobactetubmarculosis. The treatment consists in the contionaf the four
drugs during the first two months of therapy andésohiazid and rifampicin for the remaining four mtios.

Mechanism of action. Isoniazid and ethambutol act by inhibiting mycdieaal cell wall lipid, and nucleic acid
synthesis [158]. Rifampicin blocks transcriptiorb§]l while mode of action of pyrazinamide is pooulyderstood; it
probably acts by disrupting membrane energetics iahibiting membrane transport function in Mycolaaim
tuberculosis [159].

PK-PD parameters predictive of efficacy. No precise TDM targets are available from humadist Targets plasma
levels refers to findings in healthy volunteerseTbllowing target ranges of peak plasma concedotrat(2 hours post-
dose) have been proposed by Peloquin et al. [B6]mg/L for isoniazid 300 mg qd, 8-24 mg/L forarifipicin 600 mg
qd, 2-6 mg/L for ethambutol 25 mg/kg qd and 20-5@lfor pyrazinamide 25 mg/kg gd. To date, no tayitargets
have been proposed.

ADME. Food reduces absorption of isoniazid, rifampaoil ethambutol; no effect on pyrazinamide oral &iiawbility
was observed [161]. Thus isoniazid, rifampicin, atitambutol should be given in an empty stomacB][18oniazide
is metabolized in the liver to acetylisoniazid \Weacetyltransferase (NAT2) enzyme, following, atisbniazid is
hydrolized to acetylhydrazine that is further hyglred to hepatotoxic compounds by cytochrome P45D(ZYP2EL).
Among antituberculars, isoniazid is the main dragrniduce hepatotoxicity [162]. Rifampycin is methbed to 25-
desacetyl rifampicin (it has 20% of microbiologi@ativity that of the parent compound) by liver mgomes [163]
and it is excreted via biliary and renal route [[LByrazinamide is metabolized by the liver to mynaic acid, 5-
hydroxy-pyrazinamide, 5-hydroxy-pyrazinoic acid gmgazinuric acid and excretion is via renal rolthambutol is
metabolized by the liver, approximately 50% and 28Rhe initial dose is excreted unchanged in ttieey and in the
feces, respectively [165].

PG Data. Even if PG data regarding antituberculars wereomeg in a previous published review written by
Ramachandran et al. [166], we have chosen to rafistudies published until today in order to havenore clear and
updated overview of antitubercular PG. Data ar@ntep in Tables 4 and 8. Considering antitubersulRiK, several
studies investigated the influence of SNPs in SLBQ1ABCB1, CES2, PXR, CAR, NAT2 coding gene and
antitubercular PK. In particular it was found ti$dtO1B1 463 CA genotype (rs11045819) and SLOCO1B148032
are associated to rifampicin plasma levels [81,832,(Table 4). The most common side effect agsed to first line
antituberculars is hepatitis [167]. In Table 8 veparted previous published studies regarding tedistion among
genotype of antitubercular transporters and meizibgl enzymes and toxicity. Several studies ingedéd the
association between NAT2 genotype and emergencdrof induced hepatotoxicity [168-173]. NAT2 is eddby a
highly polymorphic gene and variability in its egpsion can affect drug levels. NAT2 genotype tesuklso
associated to isoniazide plasma levels [85], toigdde PK variability [86], and to the early baat&lal activity (EBA)
of isoniazid [87]. The association between CYP2Ehajype and hepatotoxicity was also previously stigated. It
was observed that patients with homozygous wilde tggnotype (CYP2EL cl/cl) had higher risk of hepatoity
[162, 169, 171, 174]. GST are a group of enzymeslued in solubilization and elimination of isonidztoxic
metabolites. Two recently published studies rembtteat hepatotoxicity is also associated to GSTM@l &STT1
genotype [175, 176]. Kim et al. hypothesized thalymorphisms in tumor necrosis factdNFo) gene are associated
with hepatitis and they found an influenceTafFo. 308G>A (rs1800629) on anti-tuberculosis drug indubepatitis
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[177]. The same authors found that SNPs in gengngddr P-gp, OATP1, and MRP2 were not associabekepatitis
induced by antituberculosis drugs in Korean pasi¢ht8].
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Antibictic

Transporter/

administered Enzyme Coding gene Alleles SNP in-vivo effect M odel Reference
Isoniazid NAT2%5  481C>T NAT2 genotype affects the incidence of
Rifampici,n NAT2 NAT2 NAT2*6 590G>A isoniazid and rifampicin-induced Japanese patients, n=77 Ohno et al. 2000 [172]
NAT2*7 857G>A hepatotoxicity
NAT2*5  341T>C
Isoniazid NAT2 NAT2 i i i
NAT2*6  590G>A NAT2_ gen_otype is as;oma}teql to adverse drug Japanese patients, n=102 Hiratsuka et al. 2002
reactions induced by isoniazid [170]
NAT2*7 857G>A
NAT2*5 -
I NAT2 NAT2 NAT2*6 - NAT2 genotype affects the incidence of . _
Isoniazid CYP2E1 CYP2E1 NAT2*7 ) isoniazid induced hepatotoxicity Korean patients, n=132 Cho etal. 2007 [169]
cl,c2 -
Isoniazid NAT2 NAT2 NAT2*5 -
Rifampicin CYP2EL CYP2EL NAT2*6 - NAT2 and CYP2E1 genotype affects the Taiwanese patients. n=34 Lee et al. 2010 [171]
» incidence of ATDH P T '
NAT2*7 -
cl,c2 -
Isoniazid NAT2 NAT2 NAT2*5  481C>T o
NAT2 genotype affects the incidence of Tunisian patients. N=66 Ben Mahmoud et al.
>A isoniazid induced hepatotoxicity -
NAT2*6 590G>A isoniazid induced h ici P ’ 2012 [168
NAT2*7  857G>A
Isoniazid NAT2 NAT2 - - NAT2 genotype affects the incidence of 474 cases, 1446 controls Wang et al. 2012 [173]

ATDH
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Table 8. Continued.

Antibiotic

Transporter/

administered Enzyme Coding gene Alleles SNP in-vivo effect M odel Reference
Isoniazid
Rifampicin Patients with homozygous wild genotype

P CYP2E1 CYP2E1 cl,c2 - CYP2E1cl/cl had a higher risk of Indian pediatric patients, n= 111 Roy et al. 20084]
Ethambutol hepatotoxicity.
Pyrazinamide

iazi MnSOD
Isoniazid NQOL MnSOD 4rc>t MnSOD and GSTM1 genotypes affect the
Rifampicin NQO1 609C>T mmplence qlrug-mduced liver injury (DILI) . Taiwanese patients, n=115 Huang et al. 2007 [176]
GST Patients with MnSOD CC genotype and with
Etambutol GSTM1, GSTT1 - - - .
GSTML1 null genotype are at increased risk to

Pyrazinamide have DILI.
Isoniazid
Rifampicin GST GSTML, GSTT1 i i QSTMl and GSTT1 genotypes affect the Indian patients, 50 cases, 246 Gupta et al. 2013 [175]
Etambutol incidence of ATDH controls
Pyrazinamide
Isoniazid
Rifampicin Higher number of patients with ATD-induced Korean ATD-induced

P TNF-o TNF- - 308G>A hepatitis had 308AG or 308AA genotypes  hepatitis patients, n=77, Korean Kim et al. 2011 [177]
Ethambutol compared with ATD-tolerant controls ATD-tolerant control, n=229
Pyrazinamide
Isoniazid
Rifampicin Pgp ABCB1 SNPs in gene coding for P-gp, OATP1, and

P OATP1 SLCO1B1 - - MRP2 were not associated to hepatitis Korean patients, n=67 Kim et al. 2012 [178]
Ethambutol MRP2 ABCC2 induced by antituberculosis drugs

Pyrazinamide
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Table 8. PG studies regarding association among firstdimituberculars associated toxicity and genotypeasfsporters and enzymes involved in ADME procesABME,
absorption distribution metabolism elimination; NAN-acetyltransferas€YP, Cytochrome P450; Mn SOD, Manganese superalgteutase; NQO1, NAD (P) H Quinone
oxidoreductase 1; GST, glutathione S-transferali, Tumor necrosis factor; P-gp, P-glycoprotein;TQArganic anion transporter; MRP, multidrug resise-associated
protein; ABC, ATP binding cassette; SLC, soluteiesr Rs number: NAT2*5, 481C>T, rs1799929; NATB80G>A, rs1799930; NAT2*7, 857G>A, rs1799931; NAS?
341C>T, rs1801280; MnSOD 47C>T, rs4880; NQO1 60BGs 1800566; TNF-308G>A, rs1800629.
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Conclusions

In the last years the antibiotic resistance iséased and the research on new compounds has detLré&dv and PG
represent two new strategies to individualize thgrim an era of enhanced complexity of patients @edtments, to
increase the likelihood of appropriate therapy. ®ptmization of the plasma and tissue concentnatimf antibiotics is
crucial especially in critically ill and immunocomgmised patients. In this review we focused on desg PK of
antibiotics and reporting PG studies to better wstded the role of PG in improving treatment outeoiRegarding
antituberculosis treatment, several studies shawatdPG plays an important role especially in iaaid metabolism.
Considering the other antibiotics, most of the R@lies were mainly focused on drug transporterslired in drug
elimination and distribution and data regardingdbsociation between SNPs and clinical effect @fdagking.

P-gp resulted the most studied transporter probadatuse it has a ubiquitary expression, it is ddjea polymorphic
gene, and because several SNPARCB1 gene are correlated with P-gp activity. As repiri this review, P-gp
seems to have an influence on disposition of sévanéibiotics. P-gp is involved in transport of talmycin,
azithromycin and clarithromycin through the gut @ncan potentially restrict intestinal absorpti@®, 33, 179]. At the
BBB level, P-gp was found to act as an efflux tpaomger for minocycline [32] and sparfloxacin [78-gp is also
involved in fluoroquinolone secretion at differem@mpartments: gastrointestinal [65, 73, 75], rd66], hepatic [70],
transepithelial [67]. This efflux transporter issalimportant in PG because many drugs, as mino®ychre P-gp
inhibitors. Minocycline, for example, was founditarease plasma levels of riluzole, and for thaspm it is considered
an antibiotic with anti-neurodegenerative proper{i@2]. B-lactams are substrate of uptake transporters a &l
PEPT that mediate renal and intestinal absorpfiendate, no SNPs in gene coding for these transgfsohtave been
identified. But, knowing the association betweeansporters and antibiotics could be useful bothingudrug
development both in clinical practice when sevdrabs are co-administered.

Notwithstanding antibiotic therapy is shorter tretiretroviral therapy, improving research on idfegdtion of SNPs
involved in antibiotic bioavailability could be Uséto understand the importance of a PG approadfical practice.
In this review we reported data regarding PK, P&l PG of antibiotics to underline the importantamintegrated
approach to individualize therapy. We acknowledus in the last years PK/PD indexes, predictiveeffitacy and
toxicity, have been identified for almost all ambiics and the use of TDM in clinical practice iscieasingly
recognized as a tool to optimize treatment.

A new approach based on TDM and PG could be ugeftiirther optimize therapy and perhaps to redumstsc
associated to patients hospitalization. Furthedistuare needed to investigate new correlationsngn®G and drug

bioavailability and to understand the full potehti& this innovative approach.
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