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Abstract

In the last 40 years, only rifapentine and bedaquiline have been approved in the USA for the treatment of
active tuberculosis. Therefore, one focus of research involves optimizing the current antituberculosis
drugs’ pharmacokinetic and pharmacodynamic properties. The aim of this chapter is to review both the
pharmacokinetics and pharmacodynamics of the antituberculosis drugs. Specifically, the pharmacokinetic
properties of absorption, distribution, metabolism, and elimination are reviewed for each drug. Regarding
pharmacodynamics, we discuss pharmacodynamic modeling, mechanisms of resistance, and current meth-
odologies used to evaluate a drug’s susceptibility to Mycobacterium tuberculosis. As a whole, we highlight
the importance of pharmacokinetic/pharmacodynamic (PK/PD) modeling and the challenges faced in
applying PK/PD to tuberculosis. Finally, therapeutic drug monitoring (TDM) is discussed as a tool that
provides clinicians a means to optimize a drug’s PK/PD relationship for an individual patient.
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1 Introduction

There is evidence of tuberculosis (TB) since prehistoric times, and
it is hypothesized that Mycobacterium tuberculosis (Mth) might
have been responsible for more deaths than any other infection in
history [1]. In 2012, an estimated 8.6 million people became ill
with TB, and the disease caused an estimated 1.3 million deaths
[2]. TB is considered to be the second leading killer as sole infec-
tious agent, with the leading killer considered to be the human
immunodeficiency virus (HIV). That said, TB is the leading cause
of death among patients with HIV [3], and one of the major causes
of death among women of reproductive age [2].

The initial drug used for TB treatment was streptomycin (SM)
[4, 5]. However, the use of a single agent rapidly promoted the
emergence of resistance [5]. In an effort to prevent drug resis-
tance, combined therapy was evaluated. Initially p-aminosalicylic
acid (PAS) was evaluated with SM, and in 1952, isoniazid (INH)
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was introduced [4, 5]. INH has strong early bactericidal activity
(EBA), rapidly reducing the number of bacilli in sputum. INH is
continued throughout therapy in an effort to prevent resistance.
A three-drug regimen, with an initial 6-month intensive phase of
SM, PAS, and INH, followed by PAS and INH for 12 more
months, proved to be more effective than the two drug regimen.
This regimen helped introduce the concept of an initial intensive
phase, followed by a continuation phase [5]. Murine studies with
pyrazinamide (PZA) demonstrated its sterilizing activity when
combined with INH against Mz [6]. Studies with rifampin (RIF)
demonstrate similar sterilizing behavior [7, 8]. Sterilizing activity is
the ability to kill off persisting organisms, and to prevent post-
treatment relapses. Sterilizing activity thus is the most sought-after
characteristic in a TB drug. Regimens containing INH and RIF
could be completed in only 9 months, half of the prior duration
without RIF. Further, studies proved that RIF and PZA had
synergistic activities [4]. The addition of PZA to INH and RIF
reduced the duration of therapy from 9 to 6 months. PZA appeared
to produce most of its sterilizing activity during the first 2 months
of therapy, while RIF has this effect throughout treatment [4].
A randomized clinical trial demonstrated that an intensive phase
regimen of INH, RIF, PZA, and SM, followed by a 4-month con-
tinuation phase of INH and RIF promoted very low relapse rates.
The current “first-line” regimen, according to the World Health
Organization (WHO) follows the same pattern, substituting eth-
ambutol (EMB) for SM [9]. EMB is recommended as the fourth
drug, along with INH, RIF, and PZA, to further prevent the emer-
gence of resistance, since susceptibility data often are delayed, or
absent altogether. Further studies aimed at shortening the dura-
tion of therapy to less than 6 months were unsuccessful, primarily
in terms of preventing post-treatment relapses [ 10]. The structures
of the TB drugs are shown in Fig. 1.

Resistance to at least INH and RIF characterizes multidrug-
resistant tuberculosis (MDR-TB) [11]. The current treatment
recommendation for MDR-TB is to use any remaining first-line
drugs, plus a fluoroquinolone [levofloxacin (LEVO) or moxifloxa-
cin (MOXI)], and an injectable agent [amikacin (AK), kanamycin
(KM), SM or capreomycin (CM)]. Other “second-line” drugs that
might be used, depending on susceptibility data, include cycloser-
ine (CS), ethionamide (ETA), and PAS. “Third-line” drugs also
used for TB include clofazimine, linezolid, amoxicillin/clavula-
nate, imipenem, macrolides, and high-dose isoniazid. These drugs
are especially important for the treatment of extensively drug-
resistant tuberculosis (XDR-TB), characterized by MDR-TB plus
resistance to a fluoroquinolone and at least one injectable agent. In
2012, bedaquiline (TMC-207) was approved by the US Food
and Drug Administration (FDA) for the treatment of multidrug
resistance as a part of the combination therapy [12]. In 2013,
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Fig. 1 Chemical structure of the main drugs used on the treatment of tuberculosis. The figures were drawn
with the software Chemsketch version 14.01, 2012

delamanid (OPC-67683) was similarly approved by the European
Medications Agency (EMA) [13].

The aim of this chapter is to review different aspects of the
pharmacokinetics (PK) and pharmacodynamics (PD) of TB drugs.
We begin with a review of the mechanisms of action and mecha-
nisms of resistance for the TB drugs, followed by current method-
ologies to evaluate TB drug susceptibility. Next, we review PD
models and their application to TB drugs. Finally, we highlight the
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use of therapeutic drug monitoring (TDM) as a means of optimizing
treatment for individual patients. We note why the current drugs
are used, and point out important gaps in our knowledge. As a
whole, we highlight the importance of PK/PD and the challenges
faced in applying it to TB treatment.

2 Mechanism of Action

2.1 First Line Drugs

A general overview of the mechanisms of action for the TB drugs
is shown in Fig. 2.

RIF inhibits the DNA-dependent RNA-polymerase, thus preventing
the transcription of DNA to RNA [14]. The RNA polymerase
enzyme has the following subunits: a2, g, ', and o. The inhibition
occurs through the binding of the drug to the 4 subunit, encoded by
the 7poB gene (same gene where mutations can cause drug resistance)
[15]. RIF has potent, concentration-dependent bactericidal activity,
and starts to kill microorganisms within minutes [8]. RIF displays
sterilizing activity throughout the entire treatment period [4].

INH is a pro-drug, activated by the mycobacterial enzyme
KatG [16]. The drug inhibits enzymes responsible for the synthesis
of cell wall lipids. Specifically, INH inhibits the i#AA protein activ-
ity for the synthesis of mycolic acids for the cell wall [17]. INH has
strong bactericidal activity, and is particularly eftective at the begin-
ning of treatment against actively replicating microorganisms [ 18].
INH is not particularly effective against persisting bacilli [5]. INH
use is maintained throughout treatment in an effort to prevent
resistance. The absence of sterilizing activity is a characteristic seen
among current TB drugs whose mechanism of action is based on
cell wall inhibition.

PZA also is a pro-drug, and it is only active at an acidic pH.
Mth enzyme nicotinamidase/pyrazinamidase converts it to
pyrazinoic acid (POA), which becomes trapped within the bacilli
[19, 20]. Debate continues regarding its precise mode of action. It
is hypothesized that POA, as an uncharged acidic conjugate
(HPOA), causes acidification of the cytoplasm. This leads to the
inhibition of important enzymes, and the disruption of the mem-
brane potential. PZA only appears to kill microorganisms with low
rates of metabolism, because they are unable to prevent HPOA
accumulation and acidification [5]. The drug kills extracellular
microorganisms, and in combination with RIF, it is responsible for
the elimination of “persister” organisms. PZA’s sterilizing activity
is evident primarily during the first 2 months of therapy.

EMB inhibits mycobacterial cell wall synthesis [21, 22]. The
drug inhibits the synthesis of arabinogalactan by preventing
the polymerization of arabinose by an arabinosyl-transferase. The
drug has moderate bactericidal activity in the initial phase of the
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Cell Wall:
- inhibition of cell wall synthesis: INH, EMB,
CS and Thioamides

Plasma Membrane:
- disruption of plasma membrane: PZA *

Ribosome:
- inhibition of protein synthesis: cyclic
peptides and aminoglycosides

Nucleic Acid:

- inhibition of RNA synthesis: RIF

- inhibition of the synthesis of DNA
precursors: PAS

- inhibition of the DNA gyrase:
fluoroquinolones

* Might also disrupt the energy metabolism —
Exact mechanism of action not known

Fig. 2 Known or proposed targets for the TB drugs

treatment but it lacks sterilizing activity [4, 23, 24]. EMB’s
main use is to prevent further drug resistance while susceptibility
data are pending. Once the susceptibility results are available,
and if the microorganism is susceptible to the other three drugs,
EMB can be stopped. EMB also is used as part of MDR-TB treat-
ment regimens.

Fluoroquinolones inhibit topoisomenrase 11, also known as DNA
gyrase, in Mzh. In other microorganisms these drugs also inhibit
topoisomerase IV, absent in Mt [25]. DNA gyrase is a bacterial
enzyme responsible for preserving the superhelical twists in the
DNA [26]. This enzyme consists of two subunits A and two sub-
units B, encoded by the genes gyrA and gyrB, respectively [25].
These drugs possess EBA and sterilizing activity [27].

Aminoglycosides inhibit protein synthesis by binding to the
16S ribosomal RNA sequence [28]. This inhibition does not affect
human protein synthesis, since the ribosomal RNA structures are
different [29]. Although CM is a polypeptide and not an amino-
glycoside, it is often placed in the same category as the aminogly-
cosides, “the injectable agents,” because of similarities in terms of
dose, route of administration, pharmacokinetics, and toxicity [30].
All injectable agents are highly bactericidal against Mzb [31].
However, they lack potent sterilizing activity.



390

Aline B. Barth et al.

CS inhibits two enzymes, preventing peptidoglycan synthesis
and d-alanine metabolism: d-alanine-d-alanine ligase, and alanine
racemase, respectively [32]. ETA is a pro-drug, activated within
the microorganism by a mono-oxygenase enzyme that is encoded
by the ethA gene [17]. ETA inhibits the i#hA protein activity that
is responsible for the synthesis of cell wall mycolic acid (similar
mechanism as INH). The mechanism of action of PAShas been
debated for many years but may involve the inhibition of
dihydrofolate reductase [33]. PAS displays tuberculostatic activity
against Mt [34]. In combination, it enhances the activity of SM
and INH [33].

3 Development of Resistance

Mycobacterium tuberculosis acquires spontaneous chromosomal
mutations that generate resistance to antimicrobials, with different
frequencies depending on the drug [35]. The frequencies are
approximately 1 in 10° microorganisms for INH and 1 in 10®
microorganisms for RIF. Considering that a TB lesion may contain
10® microorganisms or more, mutant organisms are likely to be
present. These will be spared when administering a single antimi-
crobial agent. When administering drugs with different mecha-
nisms of resistance, the probability of resistance to both being
present in a single bacterium is the sum of the probability for each
drug. For INH and RIF, the probability of selecting a dual-resistant
mutant would be 1 in 10'* microorganisms. INH and RIF have
among the strongest early bactericidal effects, and therefore are
eftective in reducing the bacillary burden and preventing resistance
in combined therapy. EMB has intermediate EBA, and PZA has
the lowest EBA of the first line drugs.

Spontaneous mutations that confer resistance to fluoroquino-
lones happen in the frequency range of 2 in 10° microorganisms to
1 in 10® microorganisms [25]. Therefore 1-100 resistant M¢b are
expected within the TB lesion. Cross-resistance also has been
described for the fluoroquinolones. If there is diminished suscepti-
bility to one of the drugs within the class, it is likely that the sus-
ceptibility is reduced for all fluoroquinolones [25].

The genes associated with resistance mutations, and the cor-
responding gene products, are shown for each TB drug in Table 1.
The relationship with the mechanism of action with the resistance
gene is described in Sect. 2 for the majority of the drugs.

Patient adherence to treatment is thought to play an important
role in the prevention of drug resistance. This topic presents an
important challenge, considering the long treatment duration, and
the need for multiple drugs, each with adverse effects. After a study
demonstrated the possibility of domiciliary treatment as opposed
to long stays in a sanatorium, treatment costs were drastically
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Table 1

Gene and product correlated with resistance for the tuberculosis drugs [130-132]

Drug Gene correlated with resistance  Gene product
Rifampin rpoB B-Subunit of RNA polymerase
Isoniazid katG Catalase /peroxidase

inhA Enoyl reductase

abpC Alkyl hydroperoxide reductase
Pyrazinamide pncA Pyrazinamidase /nicotinamidase
Ethambutol embB Arabinosyl transferase
Levofloxacin/moxifloxacin ~ gyrA/gyrB DNA gyrase
Capreomycin tiyA rRNA methyltransferase
Amikacin/kanamycin rrs 16S rRNA
Streptomycin 7psL S$12 ribosomal protein

7rs 16S rRNA

JidB 7-Methylguanosine methyltransferase
Cycloserine alrA? d-alanine racemase
p-Aminosalicylic acid thyA Thymidylate synthase A
Ethionamide mhA Enoyl reductase

sStudy with Mycobacterium smegmatis

reduced [5]. At the same time, the means for assuring regular drug
administration, directly observed therapy (DOT), was initiated
only gradually. Large numbers of patients failing to take drugs reg-
ularly often is blamed for much of the current drug resistance.
In the US, DOT consists of the direct supervision of drug intake
by a member of the healthcare team, and now is offered to a major-
ity of TB patients throughout their treatment.

Considering the difficulty of seeing a patient 7 days a week,
most TB programs provide a drug holiday over the weekend [36].
A study conducted by Drusano and colleagues evaluated the effect
of drug holidays on the emergence of resistance to rifampin and
moxifloxacin, using an in vitro system. They concluded that the
5/7 days regimen generated resistance to moxifloxacin, while the
7/7 days regimen did not. Another study by Srivastava et al., based
on clinical trial simulations, concluded that around 1 % of TB
patients develop drug resistance solely due to PK variability [37].
Dartois, however, points out the influence of PK variability on
noncompliance [38]. She states that a patient with high drug expo-
sure might not develop resistance because of missing doses while a
patient with low drug exposure may. The impact of PK variability
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on resistance reinforces the importance of therapeutic drug
monitoring (TDM) discussed in Sect. 17.

In addition to the factors discussed above, other limitations
exist in the current treatment of TB. The flexibility of doses with
regard to differences in body weight is low and this factor can
provide variability in drug exposure among patients. The current
doses were optimized many years ago when the mean population
weight was significantly lower than today. In addition, due to evo-
lution Mtb strains present MIC distributions that might differ from
place to place [39, 40]. Therefore, there is a need for revising the
current TB drug doses in order to avoid resistance.

4 Susceptibility Testing

The ultimate aim of the drug susceptibility test (DST) is to verity if
the isolate differs from the wild-type Mz& in terms of susceptibility
to specific antimicrobials [41]. DSTs can be classified as qualitative
or quantitative. Qualitative tests suggest susceptibility or resis-
tance, but do not provide a specific value. Quantitative tests deter-
mine the MIC, the smallest concentration that produces 99 % or
more of inhibition on the microorganism population. The inter-
pretation of the qualitative test is restricted to “susceptible,”
“intermediate,” and “resistant” without a final MIC value. To
interpret MIC results it is important to take into consideration the
relationship with the drug concentrations achieved at the infection
site, the correlation between the isolate MIC, and the MIC from
other strains of the same species, as well as previous use of antimi-
crobial agents. The results of DST are solely suggestive. It is the
clinician’s responsibility to consider the drug’s metabolism and
pharmacology, patient specific characteristics, and the use of con-
comitant drugs, among other factors [42].

Drug susceptibility testing on TB patients’ samples is per-
tormed with the objective of evaluating the adequacy of the drugs
for treatment, to confirm if a treatment failure is due to drug resis-
tance, and to estimate the prevalence of drug resistance [43]. Some
of the limitations of drug susceptibility testing include the fact that
the environment conditions are different than the ones in the host
[42]. This includes the fact that a unique microorganism is grown
in an environment with plenty of nutrients. However, one result
that can always be used in the clinic is the evaluation of resistance.
If the microorganism is resistant to a certain antibiotic in vitro,
there is a good chance that it will be resistant in the patient as well.

Direct and indirect methods have been used for DST on TB
isolates [44]. The direct method refers to the direct inoculation of
the sample. The advantage of this approach is a shorter time for
obtaining results. The indirect method requires the isolation of the
microorganism prior to susceptibility testing. Advantages of the
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indirect approach include a more precise inoculum size, and
reduced contamination by other organisms.

The most common solid media used for Mzb are the egg-based
Lowenstein—Jensen (L-J) and the agar based 7HI11 [45]. 1-]
media presents some disadvantages, such as a high batch-to-batch
variation (depending on the egg quality), difficulties on distin-
guishing colonies from debris, and obtaining consistent drug con-
centrations. In contrast, the 7H11 media is transparent, promoting
an easy differentiation of colonies from debris and therefore small
colonies can be detected earlier. However, plates are expensive,
with a short half-life (1 month) and they have to be protected from
light that can cause degradation and formation of formaldehyde,
toxic to the mycobacteria.

Both direct and indirect methods can be used in agar plates by
the proportion method [44]. “Critical” drug concentrations are
incorporated in the agar. Those concentrations are empirical with-
out relationship to concentrations obtained in the human body. It
is presumed that the patient will not respond to the treatment if
the result of the test is “resistant.” The sample is inoculated in
quadrants with and without drug and the percentage of resistance
is calculated based on this relationship. The isolate is considered
susceptible if the drug completely inhibits growth and at least 100
colonies are found on the control (agar without drug), and resis-
tant if there is at least 1 % of growth on the agar containing drug
in relation to the control.

Difterent systems have been used for liquid media [45]. The
Bactec 460 TB system is based on the use of radioisotopes. The
microorganisms metabolize [*C] palmitic acid to *CO,, detected
by the equipment [45]. The production and quantity of *CO, is
directly proportional to the growth of the microorganism. Some
limitations of this system include the impossibility of evaluating
colony morphology, the overgrowth of contaminants, cost, the dis-
posal of the radioisotopes and safety, considering the necessity of
using syringes with needles. This system was discontinued due to
the use of radioisotopes.

The BACTEC 960 MGIT system is a continuous monitoring
system based on the use of mycobacterial growth indicator tubes
(MGIT) [45]. These tubes contain a fluorescence sensor that is
bound to oxygen. The sensor consists of silicon rubber that con-
tains ruthenium pentahydrate. Initially, there is no fluorescence.
However, as the mycobacteria (or other microorganisms) metabo-
lize the bound oxygen, the indicator starts to fluoresce. The instru-
ment then is able to detect the change in fluorescence, and it
calculates a number (growth index) that is used in an algorithm to
determine growth.

Both indirect qualitative and quantitative analysis can be per-
formed for the BACTEC systems [44]. Regarding the qualitative
analysis, resistance is indicated if the daily growth index in the drug
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containing-vial is higher than the observed growth of the control
diluted 1:100. For the quantitative analysis (MIC definition), three
drug concentrations are necessary. The lowest concentrations
correspond to the highest MIC found for wild strains [41] and the
sample is considered susceptible if the MIC is lower or equal to this
concentration. The MIC is the sample with the lowest drug con-
centration where minimal or no growth index increase is detected.

It has been demonstrated that both sensitivity and time to
growth are similar for Bactec 460 TB and BACTEC 960 MGIT
system and superior to solid media [45]. The advantage of the
BACTEC 960 MGIT system over the BACTEC 460 TB system is
the lack of need for radioisotopes, the reduced potential for cross-
contamination, reduced labor, the possibility of continuous moni-
toring and electronic data management [45].

To perform DST with PZA, the pH of the broth has to be
reduced to 6 (usually 6.8-7), due to the fact that the drug is more
active at lower pH values [44]. For more details about DST and
critical drug concentrations we recommend the following books
by Leonid Heifets [41, 44].

Molecular tools can be used to reduce diagnostic time through
the evaluation of mutations associated with resistance [46].
Campbell and colleagues used molecular methods to detect TB
drug resistance and compared the results with the phenotypic data,
as well as calculated accuracy values. The results of the study sup-
port the use of molecular methods to detect resistance to TB drugs.
However, it is important to emphasize that molecular tests do not
replace the use of culture and the DST [47]. Phenotypic and geno-
typic results need to be evaluated together to provide more accu-
rate clinical information.

The adequacy of the current recommended susceptibility
breakpoints and their clinical relevance has been a topic of much
discussion. Mt¥’s evolution was pointed out as a reason for the
inadequacy of the previously established breakpoints, as well as
the variability in the MIC values according to different regions,
in addition to PK variability [ 39, 48]. Gumbo evaluated the cur-
rently used critical concentrations in terms of the probability of
achieving an area under the curve /MIC that correlates with 90 %
or more of maximal M¢b kill in 90 % or more of patients [40].
This study embraced the use of Monte Carlo simulations using
10,000 virtual patients. The author proposed that the susceptibil-
ity breakpoints of isoniazid, rifampin, and pyrazinamide should
be lowered, while the concentrations of moxifloxacin and etham-
butol were adequate. A change in the current ofloxacin break-
point from 2 to 0.5 pg/mL was suggested by a study that also
used Monte Carlo simulations to evaluate the probability of tar-
get attainment [49].
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5 PK/PD Indices

5.1 Limitations
of the Use of PK/PD
Indices

When evaluating the PK/PD indices it is important to take into
account the role of protein binding. The binding of drugs to
proteins is an important factor that influences the amount of drug
that can penetrate into the tissues (at the site of infection) and
exert its effect [50, 51]. The serum protein binding is especially
important when it is higher than 70-80 %, considering that any
small change in the binding can have a significant effect on the
free fraction [51].

Anti-infective drugs have been classified into two major groups
according to the Kkilling profile: time-dependent killing and
concentration-dependent killing [52, 53]. The parameters associ-
ated with the concentration-dependent killing drugs are given by
the ratio of the area under the curve of the free drug concentration
over the MIC (fAUC/MIC) or the ratio of the maximum drug
concentration over the MIC (fC,,,,/MIC) [35]. The eftfect of the
concentration-dependent drugs increases with an increase in dose.
Fluoroquinolones, aminoglycosides and rifamycins are examples of
concentration-dependent drugs. Once above the MIC by twofold
to fourfold, the effects of the time-dependent drugs do not increase
with an increase in dose. For these compounds the effect depends
on the time that the drug concentration remains above the MIC
(T>MIC). Beta-lactams are examples of time-dependent killing
compounds. Considering that the effect within the PK/PD param-
eter is given by the ratio of an exposure variable to a potency vari-
able (MIC), the higher the MIC value, the lower the microbiological
effect of a drug [54].

The PK/PD indices use the drug concentrations in the plasma
or serum [53]. This approach has the drawback of not taking
into consideration the tissue distribution, and historically, pro-
tein binding was not considered. Additionally, the MIC provides
important information regarding the potency of the interaction
between the microorganism and the drug, but does not offer
information about the effect of the drug over time [55]. The
MIC does not generate specific information regarding the rate
of antibactericidal effect and how different doses can affect this
rate [53]. The MIC is a static parameter that relies on the bac-
terial count at a certain time point. It does not take into consid-
eration that different microorganism growth and death rates
can generate the same final MIC value. The MIC also does not
supply information about a possible postantibiotic effect of the
compound [55].
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6 Pharmacodynamic Models

6.1 In Vitro Models

An alternative approach in relation to the PK/PD parameters is to
evaluate the efficacy of antimicrobials with time-kill curves [53].
This methodology considers the microbial growth and kill as a
function of time and drug concentration. In some systems, it is
possible to mimic the human PK drug profile and therefore expose
the microorganism to this change in concentration over the time.
Mathematical models can be used to analyze the data and through
the use of simulations, the optimal dosage regimen can be identi-
fied. This approach presents several advantages over the use of the
MIC: direct comparison of the effect of different drug concentra-
tions, more detailed information regarding the PK-PD relation-
ship, and information about the effect of the antimicrobial over
time. Time-kill curves can be obtained from in vitro systems as well
as animal models. In this section we will provide information about
some commonly used in vitro systems for mycobacteria, as well as
animal models for TB.

Regarding in vitro models, the hollow fiber system (HES) fre-
quently has been used to perform time-kill curves with different
drugs and Mtb [36, 56, 57]. The HES contains hollow fiber car-
tridges and the microorganisms are placed in a peripheral compart-
ment, as shown in Fig. 3a. Semipermeable hollow fibers separate
the central compartment from the peripheral and allow the trans-
ference of nutrients and drug, but not microorganisms, according
to the membrane pore cutoff [56]. The drug is added in a dosing
port located in the central compartment. Peristaltic pumps con-
tinuously infuse broth into the central compartment and at the
same rate remove broth containing drug from the central compart-
ment to waste. The pump rates are set in such a manner that the
human plasma drug profile can be mimicked within the system.
Media samples are serially collected and plated. Time-kill curves
are obtained by plotting the change in the colony-forming unit per
mL (CFU/mL) over time.

An alternative model was developed by Budha and collabora-
tors based on previously developed in vitro systems and is shown in
Fig. 3b [58]. A peristaltic pump continuously infuses broth into
the main double-armed flask while a second pump is set at the
same rate and removes broth from the main flask through a filter
that prevents microorganism elimination. Drug doses are added on
a lateral arm. The rates at which the pumps work allow the bacteria
to be exposed to the human PK profile of the drug within the main
flask. The double-armed flask is kept at 37 °C by water recircula-
tion through a water jacket and the culture is maintained
homogeneous through the use of a magnetic stirrer. The samples
are collected and further plated in the same manner as described
for the HES.
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Fig. 3 The hollow fiber system cartridge (a) and the dilution system (b). Adapted
from Vaddady PK et al. 2010 [59]

The in vitro models represent a simplification of what occurs
in vivo [59]. The differences are related to pathogen, host and PK
factors. Regarding the pathogen factors, the majority of the micro-
organisms present different growth rates in vitro in relation to
in vivo. Additionally, host factors, such as the immune response,
are not fully captured, and plasma protein binding may not be
taken into account.

Animal models take into account the interaction between the
microorganism, the host and the drug, which is not possible with
in vitro systems [60]. The vast majority of preclinical TB studies
were performed with mice, rabbits, and guinea pigs [61]. In addi-
tion, nonhuman primates and cattle models have been used.
Considering the three species, mice are the least vulnerable to
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infection (even less vulnerable than humans) followed by the rabbit
and then the guinea pig, which is extremely vulnerable. Infection
is commonly done by aerosol, but it can also be done by intrave-
nous injection.

The mouse model has proved to generate reliable data
regarding sterilizing and bactericidal drug activity [60]. In addi-
tion this model is able to represent the activity of the current TB
drugs reasonably well, though mice do not develop necrotic
granulomas as humans do [52, 60]. More recent models with
the so-called Kramnic mouse may be more human-like [62].
After infection the granuloma in the guinea pig and in the rabbit
progress to caseation. Due to the low cost, small size, and large
amount of data available, the mice model is still the method of
choice, with the exception of studies that require caseation [63].
In order to describe the drug’s bactericidal effect, lung tissue
homogenates are obtained to determine the CFU/mL. During
these studies the emergence of resistance also can be evaluated.
To study the sterilizing drug activity, studies longer than 2
months are necessary.

Some of the drawbacks in using animal TB infection models
are related to the fact they do not entirely reflect human disease.
Some of the factors that differ are the course of the disease over
time, drug susceptibility, and the disease characteristics such as
granuloma formation.

7 Challenges to Obtaining Clinical Pharmacodynamic and Tissue

Pharmacokinetic Data

Tuberculosis atfects different organs in the human body. The main
targets are the lungs, and for a drug to reach the site of action it
needs to be transported from the blood to the lesions—which may
not be vascularized—and penetrate into caseous granulomas to
reach Mtb [64]. Doses for the first line TB treatment were estab-
lished many years ago at a time when pharmacokinetics and phar-
macodynamics were used sparingly as dose optimization tools.
Therefore, drug penetration was not taken into account and this
represents a major factor why today we have suboptimal doses. The
unique structure of the lungs make the acquisition of human data
difficult regarding drug penetration, information about the tem-
poral kill profile of the microorganisms during treatment, as well as
data about resistance patterns.

Data from drug concentrations in the epithelial lining fluid
(ELF) is often equated to the extracellular drug concentrations in
the pulmonary tissue [65]. Although these drug concentrations
are considered to be in equilibrium with the extracellular fluid, it
does not represent the drug concentration inside the TB lesion.
The TB granuloma is protected by a fibrous wall and may contain
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caseous material with different pH values in relation to healthy
tissue. These factors could promote different patterns of drug
penetration into the lesions as compared to healthy tissue.
Although this approach offers an alternative considering the pro-
tected location of the infection, its clinical significance has not
been proven yet.

Sputum samples are used to evaluate the resistance of clinical
isolates. However, it has been demonstrated that the lung cavity
presents an environment that favors the development of resistance
[66, 67]. Additional drug resistance has been demonstrated in the
cavity in relation to sputum [66, 67]. The lack of vascularization in
the caseous lesions results in diminished delivery of oxygen and
nutrients, generating metabolic quiescence that leads to a reduc-
tion of Mtb cellular proliferation [64]. In addition, the lack of vas-
cularization leads to a reduced penetration of drugs as well as T
lymphocytes. These factors lead to an increase in drug tolerance
within the lesion.

The ritamycins consist of three drugs used in the treatment of TB:
rifampin, rifabutin, and rifapentine. First introduced in the late
1960s, rifampin is the most important of TB drugs. The rifamycins
work by inhibiting RNA polymerase. Consequently, mutations in
the 7poB gene encoding RNA polymerase can result in the forma-
tion of resistant organisms.

The rifamycins are concentration-dependent killers of TB. Both
Ciax/MIC or AUC/MIC are associated with mycobacterial kill-
ing. Studies reveal that the rifamycins concentrate within macro-
phages, although higher intracellular concentrations may not equal
higher intracellular activity [68]. Burman et al. point out that there
is large variability in study results [69].

Clinically evaluating the PD properties of the rifamycins can
be difficult. Rifamycin monotherapy leads to resistance by most
pathogens, necessitating the use of combination therapy.
However, separating the extent of the rifamycins’ effectiveness
from companion drugs is problematic. Additionally, unless mea-
sured in vitro, the immune system “interferes” with evaluating
the killing of Mtb by rifampin (or any antimicrobial), thus, HFS
are often used to assess the clinical utility of anti-TB drugs,
including the rifamycins.

The current recommended rifampin dose for active TB disease is
600 mg. Arrival at this dose is somewhat cloudy, but Van Ingen
et al. give three reasons initial investigators chose this particular
dose: (1) cost of the drug at the time was prohibitive due to its
semisynthetic nature (2), concern over possible toxicity at higher
doses, and (3) a 600 mg dose provided a C,,,, between 8.8 and 12
pg/mL, which is 40-60 times the MIC of Mth, not taking into
account protein binding [70]. This C,../MIC suggests that



400 Aline B. Barth et al.

7.3 Rifabutin

7.4 Rifapentine

600 mg would be more than sufficient to eradicate Mtb. However,
even a modest reduction in dose to 450 mg resulted in a significant
decline in rifampin’s activity [71]. EBA also decreases with a
300 mg dose, but increases with higher doses [72].

For ritampin, many early studies pointed to C,,,/MIC as the
parameter most associated with efficacy. However, recent studies by
Jayaram and Gumbo suggest a greater correlation with the AUC/
MIC [57, 73]. Gumbo et al. used a HES to show increased killing
of Mth with increasing AUC [57]. In agreement, Jayaram et al.
identified the AUC/MIC as the PK/PD parameter most associated
with microbial killing using an aerosol infection model [73].
However, C,,..,/MIC was the parameter most associated with pre-
vention of resistance. Gumbo et al. noted that a fC,,,,/MIC> 175 is
required for the prevention of rifampin monoresistance [57].

Caution is necessary when attempting to translate model
results to humans. Human pulmonary TB primarily consists of
extracellular bacilli while murine TB models are primarily intracel-
lular. Additionally, as many researchers point out, animal models
may have many features that limit their usefulness. We discuss this
further in the rifapentine section.

Rifabutin shares some structural features with rifampin, but differ-
ences exist in their PK properties due to rifabutin’s increased lipid
solubility [74]. This increased lipophilicity leads to a larger volume
of distribution, a decreased clearance and, thus, a much longer
half-life. Despite a much lower C,,,,/MIC (approximately 7.5 pg/
mL) compared to rifampin, rifabutin seems to be as active as
rifampin [69, 75]. Additionally; rifabutin’s inductive capabilities
are much less than ritampin’s (~40 %) [76]. Unfortunately, rifabutin
is a CYP3A4 substrate, resulting in many bidirectional interactions
with CYP inhibitors (e.g., protease inhibitors). Rifabutin, unlike
rifampin, is limited by concentration-related toxicities. The risk of
patients experiencing anterior uveitis, neutropenia and thrombocy-
topenia increases with increasing concentrations.

A cyclo-pentyl derivative of rifampin, rifapentine has a much longer
half-life (~12 h) than rifampin. The longer half-life was thought to
lend itself to intermittent dosing, but in humans, that has not
proven to be the case. Additionally, early in vitro and murine stud-
ies indicated rifapentine was more potent than rifampin [77-79].
However, clinical trials show rifapentine to be no more active than
rifampin [80-82]. Study 29 compared 10 mg/kg rifampin plus
standard therapy (INH, PZA, EMB) to 10 mg/kg rifapentine plus
standard therapy during the first 2 months of treatment. The study
showed no difference in outcomes (time to culture conversion)
between the two groups [81]. Three possible reasons were offered
by the authors: (1) rifapentine’s high protein binding might have
detracted from its effect, (2) the dichotomous endpoint used in the
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study reduced statistical power, and (3) the medications generally
were taken without food, which increases rifampin absorption but
decreases rifapentine absorption.

One reason for this discrepancy between preclinical and clinical
studies may be the animal model used. In the murine model, rifa-
pentine looked superior to ritampin, but in the guinea pig model,
the two rifamycins were similar, just as in Study 29 [83]. Guinea
pigs, when infected with TB, develop necrotic granulomas similar
to humans with Mtb concentrated extracellularly rather than intra-
cellularly. Mice, on the other hand, do not develop necrotic granu-
lomas and Mtb are primarily intracellular. Rifapentine is believed to
penetrate macrophages better than rifampin, which would account
for the greater efficacy in in vitro and murine studies [68].
Extracellular activity is comparable between the two [68].

Increasing the dose of rifapentine could result in greater effi-
cacy. However, unlike rifampin, rifapentine’s dose—response curve
appears to flatten just short of a 1200 mg dose. Doubling the dose
from 600 to 1200 mg does not result in a proportional increase in
exposure. In a recent POP PK analysis by Savic et al., modeling and
simulation showed that, while rifapentine exposure increased less
than proportionally, there was no plateau in exposures from 450 to
1800 mg [84].

As with isoniazid, Dr. Mitchison makes a case for rifapentine’s
Chax as the parameter most associated with efficacy rather than
AUC, citing Study 29 as an example [85]. He advises that future
murine studies are conducted with a “chronic” disease model
whereby mice are infected for months rather than a couple of weeks
[86]. This model would allow for the presence of persister popula-
tions of Mzh. Further, he suggests using liquid media rather than
solid media [85]. However, Neuremberger et al. argue that the
duration infection in the murine studies is long enough to produce
persisters [87].

8

Isoniazid

Along with rifampin, isoniazid is a main drug in TB treatment.
The complex interplay between isoniazid pharmacokinetics and
pharmacodynamics is often difficult to unravel. Mutations in the
N-acetyl transferase (NAT-2) gene lead to two distinct rates of
clearance. Whether or not this difference in clearance affects
outcomes is often debated.

Isoniazid is a prodrug, converted to its active form by the cata-
lase peroxidase enzyme (KatG). The activated intermediate is
believed to be an isonicotinoyl radical which couples to NAD+/
NADPH and forms an adduct [88]. This INH-NAD adduct is
responsible for antitubercular activity by blocking mycolic acid
synthesis [16]. Mutations disrupt catalase peroxidase’s activity,
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resulting in an INH resistant organism [89, 90]. The most common
mutation, accounting for 30-60 % of KatG mutations, is a point
mutation, S315T [90, 91]. This alteration in the KatG enzyme
confers complete resistance to INH at 1-2 pg/mlL. A mutation in
the zmhA gene also confers resistance to isoniazid but to a lesser
extent. InhA, an enoyl reductase enzyme, looks to be the main
target for the INH-NAD adduct. Resistance to this target occurs in
approximately 1 in 107 bacteria. Mutations in izhA confer resis-
tance to not only isoniazid, but the structurally similar antituber-
cular drug ethionamide [92, 93]. Some evidence exists that higher
doses of isoniazid (16-18 mg/kg/day) can overcome low-level
resistance [94].

Isoniazid is considered bactericidal and produces a post-
antibiotic effect which can last up to 5 days [95]. The clinical rel-
evance of this effect is not known. Isoniazid eliminates Mt& in the
log-phase stage of growth, causing a rapid decline in bacilli within
the first few days of administration. This decline in bacillary rate is
referred to as early bactericidal activity (EBA). Isoniazid’s decline
in bactericidal activity is attributed to the reduction of bacteria in
log phase; however, Gumbo et al. believe it is due to the emer-
gence of isoniazid resistance within the bacterial population [96].
Mitchison et al. disagree, stating there are no clinical data to sup-
port this and growth rates are slower in actual patients [97].
Regardless of the mechanism, the PD parameter primarily associ-
ated with efficacy is either C,,,, or AUC. Gumbo et al. identified
the AUC/MIC as the PK/PD parameter primarily associated with
both microbial kill and prevention of resistance [98]. However,
Mitchison et al. maintain C,,,, as the PK parameter primarily associ-
ated with efficacy [85]. Knowing the appropriate PK parameter
associated with efficacy may determine what TB drugs are used
together. For instance, Weiner et al. state that the reason once
weekly isoniazid /rifapentine was less effective than a twice weekly
regimen was due to low isoniazid concentrations, in other words,
a “pharmacokinetic mismatch.” [99] The authors suggest a com-
panion drug with a higher AUC may prove more effective.
However, Srivastava et al. contend that a pharmacokinetic mis-
match does not lead to emergence of resistance to either isoniazid
or rifampin [100].

9 Pyrazinamide

A prodrug, PZA is converted to its active form, pyrazinoic acid, by
the bacterial pyrazinamidase enzyme. Most mycobacterial species
are resistant to PZA. PZA’s activity is limited to Mtb, and M. afri-
canum. Resistance is conferred through mutations in the pncA
gene that encodes pyrazinamidase [101]. The exact mechanism of
action has yet to be fully elucidated [102-104]. Pyrazinoic acid
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seems to be the active constituent. PZA is most effective in an
acidic environment but Mzh appears not to consume any signifi-
cant amount of acid, thus, it is believed that only pyrazinoic acid
created within M4 is active [19, 104]. PZA’s preference for an
acidic environment makes it difficult to assess resistance through
culture methods. Alternative methods for assessing resistance
include genetic sequencing of pncA, the Wayne Assay, a color
metric assay, which assesses pyrazinamidase activity, or molecular
based assays [105].

PZA’s efficacy appears to be dose-dependent. Currently, the
recommended US dose is 25 mg/kg daily or 50 mg/kg twice
weekly. Some studies suggest higher doses should be used to maxi-
mize efficacy (>30 mg/kg/day). A murine and guinea pig study by
Ahmad et al. showed dose-dependent activity at human-equivalent
doses. Utilizing an in vitro PK/PD model examining PZA’s steril-
izing activity against Mzb (pH of 5.8) Gumbo et al. state that the
current PZA dosing recommendation of 20-25 mg/kg/day is
suboptimal. The authors’ modeling suggests doses of 3000-
4000 mg per day (40-60 mg/kg/day) are necessary.

The PK/PD parameter primarily associated with PZA activity
is believed to be AUC/MIC [106]. Gumbo et al., utilizing a HFS,
showed that PZA’s sterilizing effect correlated best with AUC/
MIC while the time above the MIC correlated with suppression of
resistance [106]. However, as stated previously, the MIC depends
on the pH of the media used. For example, the highest PZA MIC
against 21 susceptible M5 strains was shown to be eightfold lower
atapH of 5.5 (less than 50 pg/mL) than ata pH of 5.95 (400 pg/
mL) [107]. The variability seen in vitro may be less than the vari-
ability seen within the lysosomes of macrophages, which is believed
to range between a pH of 4.8-7 [108].

The primary concern with using higher doses is the fear of
hepatotoxicity. INH and RIF are potential hepatotoxins, so the
rate of hepatotoxicity due solely to PZA is difficult to determine.
Early PZA studies using higher doses showed an association
between PZA and an increased incidence of hepatotoxicity.
However, a meta-analysis by Pasipanodya and Gumbo suggests
that a majority of cases may be idiosyncratic [109]. Additional
adverse reactions include GI upset, arthralgia and an increase in
uric acid concentrations [110]. The 1959 USPHS study of PZA
and INH showed PZA dose-related increases in hepatotoxicity.
In the study, 4 of 160 (2 %) patients given PZA 25 mg/kg daily,
developed hepatotoxicity while 11 of 167 (7 %) given PZA 40
mg/kg daily developed hepatotoxicity [111]. Hepatotoxicity in
the high dose group was associated with elevated bilirubin and
symptoms of liver dysfunction. A meta-analysis of 29 studies by
Pasipanodya and Gumbo suggest hepatotoxicity is not dose related
but idiosyncratic [109]. They did note a trend toward increasing
frequency of hepatotoxicity at doses greater than 40 mg/kg but
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that doses of up to 60 mg,/kg were not predicted to have a significant
increase in hepatotoxicity. The mechanism through which toxicity
occurs is unclear. In the same study, the most frequent adverse
event was arthralgia which was associated with higher doses, how-
ever, the clinical importance of this side effect was considered
“nonsevere” [109].

10 Ethambutol

EMB is a synthetic agent that was specifically designed to be used
against Mzb. It is believed EMB targets arabinosyltransferases that
are necessary for the synthesis of arabinan (in arabinogalactan), a
cell wall component. Inhibiting this synthesis leads to mycolic acid
accumulation and eventually cell death [21, 112]. EMB is bacte-
riostatic at lower doses with MICs in the 0.5-2 pg/mL range,
depending upon the media used. Higher doses of EMB can be
bactericidal in vitro. Resistance occurs from mutations primarily in
one of the genes encoding arabinosyltransferases, designated
embC, embA, and embB (embCAB operon).

The most important adverse event seen with EMB is optic
neuritis. The incidence of optic neuritis is low with standard
doses in patients with normal renal function. It may add to
visual problems in patients with preexisting ocular conditions,
such as cataracts or diabetic retinopathy. Ezer et al. report a
cumulative incidence of visual impairment of 22.5 per 1000
persons with permanent impairment at 4.3 persons per 1000
[113]. Snellen charts are used to test for visual acuity while
Ishihara color plates are used for green—red color discrimina-
tion. Tests should be conducted at baseline and throughout
treatment. Adverse vision changes are dose related with an
increased incidence seen with 30 mg/kg/day compared with
15-25 mg/kg/day. Visual changes in patients on EMB gener-
ally are reversible once EMB is discontinued, though not always.
Additional adverse events include GI disturbance, arthralgia,
and neutropenia and thrombocytopenia.

11 Fluoroquinolones

11.1 Levofloxacin
and Moxifloxacin

Oral LEVO bioavailability is close to 100 % and absorption is fast,
with a T, range of 0.8-2.4 h [114]. The drug penetrates well into
most tissues with a volume of distribution of 1.1 L/Kg. LEVO
binds mainly to albumin with protein binding ranging from 24 to
38 %. The protein binding does not depend on serum drug con-
centrations. MOXI bioavailability is higher than 85 %. The Ty is
about 2 h, while the volume of distribution is around 2.7 L/kg
[115]. MOXI protein binding is around 50 %. Fluoroquinolones
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can cross the placenta and can be detected in breast milk. The kid-
neys primarily clear LEVO, while MOXI is eliminated by the liver
(52 %) and by the kidney (20 %). The elimination half-life is 7.4 h
for LEVO and 6.5 h for MOXI when measured in TB patients
[116]. Considering that the kidneys eliminate the majority of
LEVO, caution has to be taken with patients that present renal
dysfunction and MOXI might be a better option [30]. The fluoro-
quinolones present GI side effects such as nausea, diarrhea and
vomiting. They also can cause tendinitis, tendon rupture and pho-
totoxicity. MOXI seems to be more toxic then LEVO in terms of
QT interval prolongation. Currently, the recommended doses for
LEVO are 750 and 1000 mg once a day (orally or intravenously),
while the MOXI dose is 400 mg once a day.

In vitro and in vivo studies demonstrated absence of induction or
inhibition of the cytochrome CYP P450 and as a consequence no drug
interactions associated with this metabolizing enzyme are expected,
however, RIF reduces MOXI concentrations 25-30%, probably
through induced sulphation or glucuronidation [117]. An increase on
the effect of warfarin and its derivatives was noticed in patients taking
the drug concomitantly with LEVO [117]. In addition, altered blood
glucose concentrations have been described for patients taking diabetic
drugs. LEVO interactions with other drugs used for TB is not com-
mon [25]. The drug absorption might be reduced by the concomitant
ingestion of antacids with multivalent cations [25].

12 Aminoglycosides and Polypeptides

12.1  Amikacin, These drugs are commonly prescribed once resistance to SM has
Kanamycin, been demonstrated [30]. The drugs are intravenously administered
Streptomycin, at a dose of 12-15 mg/kg 5-7 days a week, and 20-27 mg/kg 2
and Capreomycin or 3 days per week [115]. When administered intramuscularly, the

drugs take between 30 and 90 min to be absorbed. The intrave-
nous infusions typically last 30 min. The drugs present low plasma
protein binding, with a volume of distribution in the range of
0.25-0.30 L/kg. No metabolites have been described so far. The
drugs are eliminated by the kidneys with elimination half-lives in
the range of 2—4 h and with the clearance in parallel to the creati-
nine clearance. The main side effects for these drugs are related to
auditory, vestibular and renal toxicities. Reversible non-oliguric
acute tubular necrosis might increase the serum creatinine. Renal
cation loss also has been demonstrated. Periodic monitoring of
blood urea nitrogen, serum creatinine, calcium, potassium, mag-
nesium is recommended. Physical examinations for vestibular
changes also are recommended. Injectable TB drugs may enhance
the nephrotoxicity of other drugs, such as amphotericin B, and
they may enhance the effects of neuromuscular blocking agents in
selected patients [115].



406 Aline B. Barth et al.

13 Ethionamide

A structural analog of INH, ETA also inhibits mycolic acid synthesis.
Cross-resistance between INH and ETA is possible. Mutations in
the nbA structural gene or in the promotor region typically cause
resistance to both INH and ETA. Mutations in the kazg gene affect
only INH, allowing the use of ETA[118, 119].

ETA is usually administered twice a day at the doses of 250—
500 mg [115]. The drug is adequately absorbed, and the T, is in
the range of 1.5-2.5 h (500 mg dose). The plasma protein binding
ranges from 10 to 30 %. Some ETA reaches the CSF, but CSF
concentrations may be below the MIC. It also promptly crosses
the placenta. The PK/PD of ETA have not been adequately stud-
ied. Based on some similarity to INH, one might posit that AUC/
MIC is the most important parameter. In light of that, it is easy to
see why ETA is a weak TB drug, because both C,,,/MIC and
AUC/MIC are low. Further, Time > MIC is brief, so ETA has very
little going for it. The drug is mostly metabolized in the liver and
the sulphoxide metabolite can be converted back to the parent
drug [30]. ETA has significant GI side effects manifested in the
majority of patients as nausea and in many patients as vomiting.
ETA suppositories can be taken together (or singularly) with a
reduced oral dose in order to prevent the GI side effects [115].
Another important side effect is hypothyroidism that is more com-
mon in patients also treated with PAS.

14 Para-Amino Salicylic Acid

PAS, structurally similar to aspirin, is available as a granule dosage
form. Its exact mechanism of action is unknown. It is believed PAS
inhibits dihydropteroate synthase (DHPS) in Mth by competing
with its structural analog, para-aminobenzoate (PABA), a necessary
precursor in folate synthase, though research continues [33, 120].

As with aspirin, PAS may cause GI upset. GI complaints are
the most common side effects experienced with PAS and increases
with increasing dose. PASER®, a sustained-release, enteric-
coated, granule dosage form was created to lessen these side
effects. The granules typically are administered as a packet of
small beads, which can be sprinkled onto soft food (provided
that they are not chewed), or poured into the mouth and washed
down with liquid.

PAS is given two to three times daily. It is metabolized by
N-acetyl transferase 1 (NAT-1). The parent drug is predominately
cleared by the liver, with metabolites renally cleared. As noted, PAS
has the potential to cause hypothyroidism and patients should be
monitored for this side effect.
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15 Cycloserine

Cycloserine, sometimes called “psycho-serine” because of its
untoward CNS side effects, is one of the less pleasant drugs taken
by TB patients. A small molecule (molecular weight=102 g/mol),
cycloserine easily penetrates the CNS. The drug works by disrupt-
ing the incorporation of d-alanine into peptidoglycan, an integral
component of the bacterial cell wall. The appropriate PK/PD
parameter associated with efficacy is unknown, while toxicity
appears to be concentration-dependent. CNS side effects are the
primary concern with administering cycloserine. Vega et al. esti-
mate the incidence of anxiety, depression, and psychosis each occurs
in 12-13 % of patients [121]. The exact mechanism for causing
CNS effects is unknown, but may be through its actions as a partial
agonist of the N-methyl-d-aspartate (NMDA) receptor [122, 123].

16 Bedaquiline

At the time of this writing, bedaquiline (Sirturo®) is the latest drug
to be approved for use in TB treatment in the US. A diarylquinoline,
bedaquiline represents the first novel class of anti-TB drugs in over
four decades. Bedaquiline inhibits the proton pump of adenosine
triphosphate (ATP) synthase, a necessary enzyme in the synthesis of
Mtb[124]. No cross-resistance with first- and second-line TB drugs
occurs, due to its unique mechanism of action. Some cross-resis-
tance may be seen with the reserve TB drug clofazimine [125].
Currently only approved for use in MDR TB, bedaquiline shows
bactericidal activity against other mycobacterial species. Bedaquiline
is active against both sensitive and drug resistant strains with an MIC
of 0.03 pg/mL [126]. An early murine study indicates AUC as the
PD parameter most associated with efficacy [127]. Rouan et al.
administered bedaquiline to mice at doses of 15, 30, or 60 mg/kg
divided daily (5 days per week), twice weekly, or once weekly.
Bactericidal activity correlated with total weekly dosing (and expo-
sure) rather than frequency of administration [127].

The primary concern with bedaquiline is the potential for QT
prolongation. An additive, or even synergistic, prolongation in the
QT interval may be seen when administered with other
QT-prolonging agents such as the FQs and the macrolides [128].
Thus, close monitoring of ECGs are necessary.

17 TDM

As with many other conditions, TDM can benefit TB patients by
individualizing drug therapy. TDM can reduce the risk of toxicity,
or increase the likelihood of efficacy. Drug therapy can be modified
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to achieve specific, targeted concentrations. Patients with TB often
experience reduced serum drug concentrations because of (1) a
low initial dose, (2) malabsorption, or (3) drug—drug interactions.
All of these problems can be alleviated through TDM [129].

Multiple factors may influence drug absorption, including: dis-
case states (e.g., diabetes, HIV), food, antacids, or gut transporters
altered by concurrent medications. Drugs may be malabsorbed,
undergo delayed absorption. Measuring serum concentrations at
two time points (typically 2 and 6 h post dose) can distinguish
between the two problems. TDM allows for a prompt change in
dose, and contributes to a more rapid and complete response to
treatment [129].

18 Conclusions

The clinical pharmacodynamics of the TB drugs were insufficiently
studied in the past, but significant efforts have been made in recent
years to better understand and control therapy. Many treatment
centers in developing nations still rely on clinical diagnosis, perhaps
supplemented with sputum microscopy. Under such conditions,
treatment remains empiric. Other centers use cultures and suscep-
tibility testing. Most often, “critical” concentrations are used, but
more focus has been placed on using MICs, similar to what is done
in most other infections. Combining MIC values with PK param-
eters, such as C,,,, the AUC, or Time > MIC, gives clinicians the
ability to target desired PK/PD values.

Determining the appropriate targets can be difficult with TB,
because multiple drugs are used simultaneously. Lacking clear data
regarding synergist combinations, it seems reasonable to optimize
each drug within these combination regimens. New drugs are
being developed to treat Mth and MDR-TB, but these new drugs
will be combined with older, weaker second- and third-line TB
drugs. Further research is needed to optimize these new combina-
tion regimens.

Several studies suggest that higher doses of TB drugs should
be used, especially RIF and PZA, in order to increase efficacy.
Certain diseases, including diabetes and HIV, may reduce TB drug
concentrations. Further, high interindividual and intraindividual
PK variability can be seen with TB drugs. The current standard
doses might not be adequate for certain patients. TDM is a useful
tool for determining the appropriate doses of the TB drugs on a
case-by-case basis.
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