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Abstract Tuberculosis (TB) remains a major public

health problem, representing the second leading cause of

death from infectious diseases globally, despite being

nearly 100 % curable. Multidrug-resistant (MDR)-TB, a

form of TB resistant to isoniazid and rifampicin (rifampin),

two of the key first-line TB drugs, is becoming increasingly

common. MDR-TB is treated with a combination of drugs

that are less effective but more toxic than isoniazid and

rifampicin. These drugs include fluoroquinolones, amino-

glycosides, ethionamide, cycloserine, aminosalicyclic acid,

linezolid and clofazimine among others. Minor adverse

effects are quite common and they can be easily managed

with symptomatic treatment. However, some adverse

effects can be life-threatening, e.g. nephrotoxicity due to

aminoglycosides, cardiotoxicity due to fluoroquinolones,

gastrointestinal toxicity due to ethionamide or para-

aminosalicylic acid, central nervous system toxicity due to

cycloserine, etc. Baseline evaluation may help to identify

patients who are at increased risk for adverse effects.

Regular clinical and laboratory evaluation during treatment

is very important to prevent adverse effects from becoming

serious. Timely and intensive monitoring for, and man-

agement of adverse effects caused by, second-line drugs

are essential components of drug-resistant TB control

programmes; poor management of adverse effects

increases the risk of non-adherence or irregular adherence

to treatment, and may result in death or permanent mor-

bidity. Treating physicians should have a thorough

knowledge of the adverse effects associated with the use of

second-line anti-TB drugs, and routinely monitor the oc-

currence of adverse drug reactions. In this review, we have

compiled safety and tolerability information regarding

second-line anti-TB drugs in both adults and children.

Key Points

Most of the second-line tuberculosis (TB) drugs

cause adverse effects.

Minor adverse effects are common, and most are

manageable with symptomatic treatment.

Timely and intensive monitoring for, and

management of, adverse effects caused by second-

line drugs are essential components of drug-resistant

TB control programmes, because poor management

of adverse effects increases the risk of non-

adherence or irregular adherence to treatment, and

may result in death or permanent morbidity.

1 Introduction

Tuberculosis (TB) remains a major global health problem.

It causes ill health among millions of people each year and

ranks as the second leading cause of death from an infec-

tious disease worldwide, after HIV. Multidrug-resistant

(MDR)-TB is a form of the disease resistant to isoniazid

and rifampicin (rifampin), two of the most important first-

line TB drugs. In 2012, the WHO estimates that 450,000

people globally developed MDR-TB, and 170,000 people

died of MDR-TB [1].

G. Ramachandran � S. Swaminathan (&)

National Institute for Research in Tuberculosis (Indian Council

of Medical Research), Mayor VR Ramanathan Road, Chetpet,

Chennai 600 031, India

e-mail: doctorsoumya@yahoo.com; soumyas@nirt.res.in

Drug Saf (2015) 38:253–269

DOI 10.1007/s40264-015-0267-y



2 Treatment of Tuberculosis (TB)

The chronic nature of mycobacterial infections generally

necessitates prolonged therapy over several months. An

ideal agent should have minimal toxicity with maximal

efficacy. Regimens containing multiple drugs are necessary

to prevent the development of drug-resistant strains, since

spontaneous mutations in the bacteria occur at varying

frequencies for different drugs [2]. A list of drugs used in

the treatment of TB is given in Table 1. Mycobacterium

tuberculosis grows slowly; hence, patient compliance, drug

toxicity, drug tolerance and the development of bacterial

resistance present special therapeutic problems.

The long-term goal of TB chemotherapy research now is

to develop short, safe and effective regimens, which can be

effective in both patients with drug-resistant and drug-

sensitive TB [3]. Currently, treatment of drug-sensitive TB

lasts for a minimum of 6 months, while MDR-TB is treated

for 20–24 months and extensively drug-resistant TB even

longer (24–30 months) [4].

3 Methods Used for Data Collection

A structured review of the literature was performed to

evaluate the drugs in this review. The PubMed database

was searched using the keywords TB, MDR-TB, second-

line anti-TB drugs, safety, tolerability, adults and children.

Children refer to the age group 0–18 years. However,

findings may not be generalisable to neonates and young

infants in all cases, since developmental changes can affect

drug pharmacokinetics. Reference lists of identified articles

were also reviewed for additional relevant reports.

Abstracts from meetings and review articles were also

included.

Two searches were performed for each drug reviewed.

The first was a more general search on the drug. The sec-

ond search was more focussed on the safety and tolerability

of each drug in adult and paediatric populations. The

search period was from August 2014 to January 2015.

4 Fluoroquinolones: Ofloxacin, Levofloxacin

and Moxifloxacin

Ofloxacin, levofloxacin and moxifloxacin are fluorinated

quinolones, a synthetic class of antibacterials. Ofloxacin is

generally considered to be a second-generation fluoro-

quinolone, levofloxacin a second- or third-generation

fluoroquinolone and moxifloxacin a fourth-generation

fluoroquinolone. Fluoroquinolones target the enzymes,

DNA gyrase and topoisomerase IV [5, 6]. Levofloxacin is

the I-isomer and more active component of the racemate

ofloxacin [7], and has approximately twice the activity of

ofloxacin against most bacterial pathogens [8–10].

Moxifloxacin has an additional methoxy group, which

increases its affinity towards DNA gyrase and topoiso-

merase IV [6]. Further, moxifloxacin has a different

metabolic pathway, which may influence the occurrence of

adverse effects [11]. The US FDA approved ofloxacin,

levofloxacin and moxifloxacin in 1990, 1997 and 1999,

respectively.

4.1 Safety Data

Generally, fluoroquinolones are well-tolerated when given

for a short duration in adults [5]. There are limited data in

children, especially when used for a long duration. How-

ever, the toxicity profile of fluoroquinolones in children

and adults are similar [12].

4.1.1 Gastrointestinal Adverse Effects

Gastrointestinal events, such as nausea, anorexia, diar-

rhoea, vomiting and abdominal pain, are the most common

Table 1 Groups of drugs used to treat tuberculosis [61]

Group name Drugs

Oral agents Isoniazid

Rifampicin (rifampin)

Ethambutol

Pyrazinamide

Rifabutin

Rifapentine

Injectables Kanamycin

Amikacin

Capreomycin

Streptomycin

Fluoroquinolones Moxifloxacin

Levofloxacin

Ofloxacin

Oral bacteriostatic agents Ethionamide

Prothionamide

Cycloserine

Terizidone

Para-aminosalicylic acid

Others with unclear efficacy Clofazimine

Linezolid

Amoxicillin–clavulanic acid

Thiacetazone

Meropenem–clavulanic acid

Imipenem/cilastin

High-dose isoniazid

Clarithromycin
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adverse effects of the fluoroquinolones. These gastroin-

testinal effects have been reported in 3–17 % of adults in

clinical trials, but are mild, rarely requiring discontinuation

of the drug [5]. Treatment with fluoroquinolones was found

to be associated with Clostridium difficile-associated diar-

rhoea [5, 13, 14]. In a systematic review and meta-analysis

of children with MDR-TB, ofloxacin was potentially im-

plicated as a cause of nausea in some patients [15].

4.1.2 CNS Adverse Effects

CNS adverse effects have been described to occur in

0.9–11 % of adults treated with fluoroquinolones [5, 16].

The CNS manifestations of fluoroquinolone toxicity vary

from less serious effects such as insomnia, dizziness,

headaches, confusion, somnolence and muscle jerks to

more serious effects such as delirium, psychosis and

seizures. Most of these could be related to inhibition of

GABA or activation of NMDA receptors [17] by

fluoroquinolones [16, 18, 19]. Sleep disturbance has been

reported in about 4.7 % of patients receiving fluoro-

quinolones [20]. Seizures have been reported to occur

with ofloxacin [20] and levofloxacin [21, 22], which

could be related to drug interactions with NSAIDs, an-

tidepressants, theophylline and metoclopramide. CNS

manifestations are quite common in those with seizure

disorders, electrolyte abnormalities, the elderly and those

with renal failure, but, overall, occur in less than 1 % of

patients [17, 19–22].

Two cases of seizures associated with nalidixic acid

overdose in children have been reported [23, 24], but

reports of seizures attributed to ofloxacin, levofloxacin or

moxifloxacin in children are lacking. Sleep disorders,

nightmares and insomnia related to ofloxacin have been

described in children [25]. A systematic review describing

adverse effects in 182 children with MDR-TB did not re-

port any CNS effects attributed to fluoroquinolones [15]. A

report from a cohort of children receiving an ofloxacin-

containing MDR-TB preventive treatment regimen

observed nine and four of 193 experiencing Grade 1 or 2

mood/sleep disturbances, respectively [26]. In general,

mild sleep disturbances and nightmares are quite common

in children receiving ofloxacin, but are usually mild, more

frequent at start of treatment and resolve spontaneously

without discontinuing treatment.

4.1.3 Prolongation of the QT Interval

The fluoroquinolones are known to cause prolongation of

the QT interval in a dose-dependant manner by inhibition

of potassium channels, especially the delayed rectifier

potassium current IKR, coded by the hERG (human ether-à-

go-go) gene [18, 27]. QT interval prolongation predisposes

to Torsades de pointes, which could be fatal. Although this

effect could vary between agents, prolongation is minimal

for most drugs, averaging 3–6 ms. Further, the clinical

significance of such small degrees of QT prolongation

remains questionable [27, 28]. Electrophysiology studies

evaluating the inhibition of IKR HERG channels by

fluoroquinolones have shown the rank order of inhibition to

be sparfloxacin [ grepafloxacin [ moxifloxacin [concen-

tration that produces 50 % inhibition (IC50) 129 lmol/

L] [ gatifloxicin [ levofloxacin (IC50 915 lmol/

L) [ ciprofloxacin [ ofloxacin (IC50 1,420 lmol/L) [29].

Clinical studies have shown the effect of levofloxacin on

the QT interval to be minimal, even at doses of 1,000 and

1,500 mg [30–32]. It was observed that after doses of 500,

1,000 and 1,500 mg of levofloxacin, corrected QT intervals

(QTc) were unchanged from baseline [32]. In the USA

from 1996 to 2001, the FDA database showed 37 indi-

vidual cases of Torsades de pointes associated with the use

of fluoroquinolones [33]. Studies linking fluoroquinolone

use with cardiac arrhythmias have been consistent with

these findings [34].

Although the absolute effect of fluoroquinolones on the

QT interval appears to be minimal, this is likely to assume

clinical significance in the presence of certain risk factors

for Torsades de pointes [35], such as female sex, familial

long QT syndromes, other heart diseases, renal and liver

dysfunction, electrolyte abnormalities and interactions with

multiple drugs that prolong the QT interval [27]. In the

report from the FDA database, 19 of the 37 patients with

reported fluoroquinolone-associated Torsades de pointes

were taking other drugs known to prolong the QT interval,

and some additional patients had other predisposing con-

ditions such as hypokalaemia [33]. An additional consid-

eration for patients on MDR-TB treatment is the frequent

drug-induced hypothyroidism related to para-aminos-

alicylic acid (PAS) or ethionamide. Hypothyroidism and

subclinical hypothyroidism are associated with prolonga-

tion of the QT interval [36, 37], and treatment with

L-thyroxine has been shown to normalise the QT interval

[38, 39]. An additional important consideration in malaria

endemic areas is the QT-prolonging effects of many

existing antimalarials [40]. The use of most of these anti-

malarials in combination with fluoroquinolones is currently

contraindicated; however, more data on the potential clin-

ical significance are required [40].

No reports are available on the effect of fluoro-

quinolones on the QT interval or fluoroquinolone-associ-

ated arrhythmia in children. However, understanding this

potentially significant adverse effect is important, espe-

cially in children with known risk factors for a prolonged

QT interval. Based on existing knowledge, concerns about

QT prolongation should not limit the use of fluoro-

quinolones in children.
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4.1.4 Arthropathy

Concern about arthropathy has been a major factor limiting

use of fluoroquinolones in children. Fluoroquinolone-in-

duced damage to the cartilage of weight-bearing joints has

been observed in certain animal models, with several

mechanisms proposed for this damage, including magne-

sium chelation by the fluoroquinolones [41]. In fact,

juvenile dogs were found to be the most sensitive, with

beagle puppies treated with nalidixic acid developing

arthropathy at half the dose recommended for children

[41]. Reviews of fluoroquinolone safety in children have

consistently concluded that there could be an association

between fluoroquinolones and reversible arthralgia in

children; however, evidence is lacking for severe or irre-

versible athropathy [6, 12, 42–47]. A review of 31 pub-

lished reports of 7,045 children treated with short courses

of nalidixic acid, norfloxacin, pefloxacin, ciprofloxacin and

ofloxacin did not find any report of arthropathy beyond the

severity of that of the underlying disease process [41]. In a

prospective non-blinded long-term follow-up study in

2,345 children treated with short courses of levofloxacin, a

statistically significant increase in musculoskeletal disor-

ders, primarily subjective arthralgia, was observed in

2.1–3.4 % of children treated with levofloxacin [48].

Prospective clinical experience of levofloxacin safety and

tolerability in children for treatment lasting more than

14 days is lacking [49]. Yee et al. [41] did not observe an

increased risk of tendon or joint complaints in about 6,000

children treated with ciprofloxacin, ofloxacin or

levofloxacin compared with azithromycin-treated children

[50]. Joint imaging after fluoroquinolone use did not show

any long-term abnormalities in children.

A systematic review on adverse effects in 182 children

with MDR-TB reported a single case of temporary Achilles

tendinitis, potentially associated with levofloxacin use [15].

In recently presented data on children receiving ofloxacin

15–20 mg/kg for 6 months for MDR-TB preventive treat-

ment, five of 189 reported Grade 1, one of 189 reported

Grade 2, and none reported Grade 3 or 4 joint/muscle/bone

pain [26]. A 2011 review of fluoroquinolones use and

safety in children commissioned by the WHO and endorsed

by the WHO Essential Medicine Committee concluded that

existing information was sufficient to support their appro-

priate use in infants and children, and recommended their

wide availability for use in children with a clear clinical

indication in combination with close monitoring [51]. A

prospective 5-year follow-up safety study in children by

Bradley and others observed that the risk of cartilage injury

with levofloxacin was low [52].

Fluoroquinolone-associated arthropathy has also been

described in adults receiving ofloxacin [53, 54] and

moxifloxacin [55] for treatment of TB.

4.1.5 Other Rare Adverse Effects

Other adverse effects, including Stevens-Johnson syn-

drome and toxic epidermal necrolysis [18] and dysgly-

caemia [18, 56], have been described but are uncommon

with levofloxacin and ofloxacin. The fluoroquinolones are

generally considered to be well-tolerated in the context of

liver disease. Ofloxacin has been shown to be safe for use

in patients with chronic liver disease [57, 58], and

moxifloxacin and levofloxacin been shown to be safe for

use in those with anti-TB drug-induced hepatitis [59, 60].

5 Injectable Agents

The aminoglycosides amikacin and kanamycin and the

cyclic polypeptide capreomycin are WHO Group II drugs

[61], and are discussed together in view of their having a

similar mechanism of action, pharmacology, routes of

administration, and profile of adverse effects. They are

often referred to as second-line injectable (SLI) drugs in

the context of treatment for drug-resistant TB. Aminogly-

cosides exert their action by tightly binding to the 16S

ribosomal RNA (rRNA) in the 30S ribosomal subunit,

leading to a conformational change in the rRNA subunit,

preventing mRNA translation and translocation, and in-

hibiting protein synthesis [62, 63].

Kanamycin is a product of the Streptomyces species of

soil bacteria [61]. Amikacin is a semi-synthetic derivative

of kanamycin [64]. Capreomycin is isolated from Strep-

tomyces capreolus, and is chemically similar to viomycin

[65–67]. The US FDA approved capreomycin, kanamycin

and amikacin in 1971, 1973 and 1981, respectively.

5.1 Safety Data

The most common adverse effects of aminoglycosides and

cyclic polypeptides are nephrotoxicity, ototoxicity,

vestibular toxicity and electrolyte abnormalities [68].

While streptomycin is usually used in first-line treatment

for a period of 8–12 weeks, kanamycin, amikacin and

capreomycin are used for treatment of drug-resistant TB

for up to 6–12 months [69].

5.1.1 Nephrotoxicity and Electrolyte Abnormalities

Aminoglycoside-induced nephrotoxicity is reversible, and

is associated with uptake of aminoglycosides by renal

tubular cells after glomerular filtration, leading to intra-

cellular accumulation and subsequent tubular necrosis,

resulting in oliguric renal failure [68]. The uptake into

tubular cells is a saturable process, suggesting that higher,

less frequent dosing might attenuate nephrotoxicity [70].
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This has been confirmed by studies of extended-interval

dosing of aminoglycosides in adults [71]. In two adult

cohort studies treated for MDR-TB, 24 of 244 patients

(9.8 %) [72] and ten of 107 patients (9.3 %) [73] had

nephrotoxicity during treatment.

Aminoglycosides can cause hypokalaemia, hypomag-

nesaemia and hypocalcaemia by inducing renal wasting of

these electrolytes, and by induction of secondary hypoal-

dosteronism leading to urinary loss of magnesium and

potassium [68]. Electrolyte abnormalities have been asso-

ciated with high cumulative doses of aminoglycosides [74,

75]. The risk is reported to be higher with capreomycin,

occurring in 4–15 % of patients on capreomycin for a long

duration [74, 76, 77]. In a cohort of 115 adults with MDR-

TB, 34.8 % had an electrolyte abnormality during treat-

ment, with 31.3 % having hypokalaemia, 15.7 % hypo-

magnesaemia and 12.2 % both [74]. Hypokalaemia was

noted in 33.2 % of an adult MDR-TB cohort in Russia,

resulting in discontinuation of capreomycin in 7.4 % of

patients [72]. In a cohort of extensively drug-resistant

(XDR)-TB patients in South Africa, six of 67 patients died

due to presumed capreomycin-associated adverse effects

such as rapidly progressive renal failure (n = 5) and

hypokalaemia (n = 1) [78]. Nephrotoxicity has generally not

been a common problem among children with MDR-TB,

with a systematic review reporting only one of 182 children to

have an asymptomatic elevation in creatinine [15].

5.1.2 Ototoxicity

The mechanism of aminoglycoside-induced ototoxicity has

been studied well, yet some questions remain unanswered.

Aminoglycosides enter cochlear hair cells early after

infusion through a membrane channel which acts as a one-

way valve, and, since they are not metabolised, remain in

hair cells for long periods of time [79]. Aminoglycosides

cause disruption of hair cell mitochondrial integrity and

leakage of pro-apoptotic factors into the cytoplasm result-

ing in cell death by producing reactive oxygen species

generated by the creation of aminoglycoside complexes

with iron, and also by interactions with the 12 s subunit of

mitochondrial rRNA [79]. This damage begins at high

frequencies, above the range of normal speech, and pro-

gresses to lower frequencies over time, explaining why

patients do not report subjective hearing difficulty at an

early stage [79]. To date, six genetic mutations in the

mitochondrial gene encoding 12s rRNA have been identi-

fied that confer increased risk of ototoxicity [79–82].

Little information is available on the factors that could

help to identify individuals at higher risk for ototoxicity. A

study conducted in adult patients with cystic fibrosis treated

with aminoglycosides showed hearing loss in seven of 38

(18 %); this was associated with trough drug concentrations

above 10 lg/mL for amikacin or above 2 lg/mL for gen-

tamicin/tobramycin [83]. In another study of hearing loss in

three combined trials of aminoglycosides, trough concen-

trations and older age were associated with ototoxicity in

univariate analysis, but only age remained associated in

multivariate analysis [84]. Although animal data suggest

that extended-interval dosing of aminoglycosides could

lower their ototoxicity [85–87], data in humans have not

shown such a benefit [71, 88]. A study that compared a

15 mg/kg daily dose of streptomycin, kanamycin or

amikacin (5 days a week) with a three times weekly dose of

25 mg/kg did not observe any difference in the risk of

hearing loss between the two groups [88]. Older age, total

dose and the related duration of treatment were associated

with ototoxicity. The risk of hearing loss increased 6.9-fold

for every 10-fold increase in total dose received.

Limited data are available on the toxicity of prolonged

courses of SLI agents given to patients with drug-resistant

TB. Though most of the studies reported less than 10 % of

patients having hearing loss, there was a wide range, with

rates as high as 50 % reported [89]. In a cohort of 153

South African MDR-TB patients treated with SLIs, 57 %

developed high-frequency hearing loss, with HIV-infected

individuals having a higher risk of 70 % [90]. Despite the

known association of hearing loss with mitochondrial

mutations, none of the patients had mutations in the

mitochondrial gene. In view of the low population frequency

of these mutations, it is unlikely that they are implicated in the

majority of patients having ototoxicity [80, 90].

A retrospective analysis of a cohort of children treated

for MDR-TB observed that 24 % had documented hearing

loss, stressing the frequency and importance of this adverse

effect [91]. In two other studies, two of 38 (6.7 %) and one

of ten (10 %) children were reported to have hearing loss

[15, 92, 93]. Though less frequent than in adults, hearing

loss in children during crucial periods of language devel-

opment could have a profound impact on speech and

overall development. Hence, strategies that maintain the

efficacy of MDR-TB treatment regimens but limit oto-

toxicity are required.

6 Ethionamide and Prothionamide

2-Ethyl thioisonicotinamide or ethionamide was synthe-

sised in 1956 by Grumbach et al. This compound was later

reported to have anti-mycobacterial activity [94]. Proth-

ionamide is the propyl analogue of ethionamide [95]. Both

ethionamide and prothionamide are structurally similar to

isoniazid [96]. They are prodrugs that are activated by the

flavin monoxygenase enzyme EthA, encoded by the ethA

gene [96]. The activated forms of ethionamide and proth-

ionamide form adducts with nicotinamide adenine
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dinucleotide (NAD) which are tight binding inhibitors of

the InhA enzyme in M. tuberculosis, also the target of

isoniazid, and inhibit mycolic acid synthesis [96, 97].

Ethionamide and prothionamide can be interchanged. In

addition to their use in the treatment of TB, they are also

used in the treatment of leprosy [96]. The US FDA

approved ethionamide in 1965.

6.1 Safety Data

6.1.1 Gastrointestinal Adverse Effects

Gastrointestinal intolerance is a well-known adverse effect

of both ethionamide and prothionamide. In an early eval-

uation of retreatment regimens using ethionamide at a

750–1,000 mg dose divided three to four times daily, it was

observed that the majority of patients reported some degree

of gastrointestinal intolerance which usually improved or

resolved within 2–3 weeks without any dose adjustment

[98]. In 26 % of the patients, gastrointestinal intolerance

was sufficiently serious to switch to the suppository form of

ethionamide [98]. The gastrointestinal intolerance had

immediate and delayed components, consisting of anor-

exia, metallic taste, nausea, vomiting, upper abdominal

discomfort and diarrhoea [98]. Gastrointestinal intolerance

is also known to be a common adverse effect of ethion-

amide in children, but has not been reported very often. In

the first few weeks of treatment, splitting the once-daily

dose into two or three divided doses a day has been rec-

ommended to improve tolerability in children [99].

It has been suggested that prothionamide may be better

tolerated than ethionamide [100]. In a study in adults

treated with ethionamide 375 mg twice daily, 24 of 48

(50 %) reported gastrointestinal symptoms, with nine of 48

(19 %) being severe, compared with 17 of 53 (32 %) with

any and three of 53 (6 %) with severe gastrointestinal

symptoms in those taking prothionamide 375 mg twice

daily [101]. A similar trend in improved gastrointestinal

tolerability was seen in a trial comparing ethionamide- with

prothionamide-containing regimens, with gastrointestinal

intolerance reported in 56 of 167 (33.5 %) and 41 of 160

(25.6 %) of patients, respectively, on ethionamide and

prothionamide [102].

6.1.2 Hypothyroidism

Hypothyroidism is a known reversible adverse effect of

prolonged therapy with ethionamide and prothionamide

[103–105]. Ethionamide, which is structurally similar to

methimazole, is thought to inhibit organification of iodine

and possibly blocks uptake of iodine [103, 106]. In a cohort

of 186 adults with MDR-TB, the majority of whom were

treated with both ethionamide or prothionamide and PAS,

129 (69 %) had hypothyroidism defined as a thyroid-s-

timulating hormone (TSH) level [10 mIU/L [107].

Hypothyroidism was reported in 73 of 213 (34.2%) in a

retrospective cohort from Botswana, five of seven (71.4 %)

in a cohort from the UK, and 11 of 52 (21 %) in an Indian

cohort who also reported death from myxoedema coma in

one patient [108–110].

In a cohort of ethionamide-treated children with MDR-

TB, 79 of 137 (58 %) had abnormal thyroid function, with

at least 41 % likely due to ethionamide treatment [106].

An increased risk of hypothyroidism was found to be

associated with ethionamide/prothionamide and PAS co-

treatment [106] and with HIV in a paediatric cohort [106]

but not in an adult cohort [107].

6.1.3 Other Rare Adverse Effects

Hepatitis [111], pellagra-like rash [112], CNS effects [113,

114], gynecomastia [115, 116] and hypoglycaemia [117]

have rarely been associated with ethionamide or proth-

ionamide [118].

7 Cycloserine and Terizidone

D-Cycloserine is a cyclic analogue of the amino acid

D-alanine, and was discovered in the 1950s [119]. The US

FDA approved cycloserine in 1964. The antimycobacterial

activity of cycloserine is related to its inhibition of two

enzymes required for the synthesis of peptidoglycan, an

important component of the bacterial cell wall [120–122].

Terizidone is a Schiff base of two molecules of D-cy-

closerine combined with terephthalic di-aldehyde [123].

7.1 Safety Data

Cycloserine is known to cause CNS adverse effects, which

are reported to occur in about 20–30 % of patients [19].

The neurological manifestations vary widely, and include

dizziness, excitation, headache, slurred speech, tremor,

insomnia, lethargy, anxiety and an inability to concentrate.

Other more serious effects include severe depression, sui-

cidal ideation, psychosis, seizures and encephalopathy [19,

124, 125]. The nervous system adverse effects are dose

related and associated with increased serum concentrations

[124]. It was demonstrated that maintaining serum con-

centrations between 20 and 40 lg/mL produced a favour-

able clinical response, with only four of 60 patients

experiencing neuropsychiatric effects [126], all of whom

had cycloserine concentrations above 40 lg/mL [126].

However, toxicity could occur even at low serum con-

centrations [124]. Neurotoxicity is usually reversible and

responds to decreasing the dose or discontinuing the drug.
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Cycloserine is a pyridoxine antagonist and increases the

renal excretion of pyridoxine, thereby resulting in neu-

ropathy. It is therefore advisable to prescribe cycloserine in

combination with pyridoxine [127]. It has been suggested

that the neurotoxic effects of cycloserine can be reduced

when co-administered with pyridoxine, though this has not

been proved [19]. In a cohort of 75 adult MDR-TB patients

in Lima, Peru, 52.2 and 8.7 % had depression and anxiety,

respectively, at baseline, with 13.3, 12.0 and 12.0 %

experiencing incident depression, anxiety and psychosis,

respectively, during treatment that included cycloserine in

74 of the 75 patients [128]. Cycloserine was continued in

all but one of the patients by effectively managing the

adverse effects, including psychiatric pharmacotherapy

[128]. The frequency of psychiatric disorders is lower

during treatment with terizidone than with cycloserine

[123]. Cycloserine has also been associated with other

more rare adverse effects, including encephalopathy [128]

and dermatological reactions, including Stevens-Johnson

syndrome in an HIV-infected person [129, 130]. There are

several reports indicating that terizidone has fewer adverse

effects than cycloserine (1 vs. 11 %) [123, 131, 132].

Safety data for cycloserine or terizidone are lacking in

children. No toxic effect was observed in either of the

paediatric case series of cycloserine treatment [132–135].

In a systematic review, six of 182 children treated for

MDR-TB had adverse effects related to cycloserine use

such as depression, anxiety, hallucinations, transitory psy-

chosis and blurred vision [15].

8 Para-Aminosalicylic Acid

PAS was one of the first drugs developed for the treatment

of TB in humans in 1944 [136]. The US FDA approved

PAS in 1950. Despite being one of the oldest drugs, the

mechanism of action of PAS against M. tuberculosis

remains unclear. The inhibition of folate synthesis and iron

utilisation have both been hypothesised [137–140]. Though

falling out of favour due to its poor tolerability and the

availability of potent anti-TB drugs, there has been a

resurgence in the interest in PAS in view of the global

increase in drug-resistant TB.

8.1 Safety Data

8.1.1 Gastrointestinal Intolerance

Gastrointestinal intolerance such as vomiting, diarrhoea,

anorexia and abdominal discomfort have been reported as

some of the common adverse effects associated with the

use of PAS [141, 142]. Enteric-coated granules of PAS

were found to lower this effect [141, 143]. A few drops of

opiate or a teaspoon of magnesium oxide given just before

PAS administration were also noted to reduce the gas-

trointestinal adverse effects [141]. In a large cohort of 244

adults treated for MDR-TB, 88.9 % of whom were treated

with PAS, PAS was permanently discontinued in nine pa-

tients due to nausea and vomiting [72].

8.1.2 Hypothyroidism

Hypothyroidism is a known adverse effect of PAS that was

observed shortly after its introduction into clinical use

[144–146], including a case of symptomatic hypothy-

roidism in an 8-year-old child [147]. Goiter has been

reported in 20 of 83 patients (23 %) treated with PAS 20 g

daily, with the earliest onset 5 months after starting treat-

ment [148]. Goiter was found to resolve after administra-

tion of thyroid extract or discontinuation of PAS [148].

Hypothyroidism due to PAS is believed to be due to

blocking of organification of iodide in the thyroid gland

[148–150]. A combination of PAS and ethionamide was

likely to increase the risk of hypothyroidism [107]. A ret-

rospective study of adults with MDR-TB observed that 129

of 186 (69 %) patients had hypothyroidism

(TSH [10 mIU/L) during treatment; of these, 179 of 186

patients were receiving both PAS and ethionamide/proth-

ionamide [107]. In an evaluation of ethionamide-associated

hypothyroidism in a cohort of South African children with

MDR-TB, those on a regimen containing both PAS and

ethionamide were more than twice as likely to develop

hypothyroidism compared with those on ethionamide alone

[106]. An increased risk of hypothyroidism has also been

reported in another cohort of children with MDR-TB

treated with PAS [151].

8.1.3 Hypersensitivity Reactions

Matsaniotis et al. [152] reported that a hypersensitivity

reaction occurred in about 2–3 % of adults within

2–6 weeks of starting PAS. The symptoms vary widely,

and mostly include fever and rash, which is normally

maculopapular but may take many other forms such as

exfoliative dermatitis [152]. PAS-associated hypersensi-

tivity reactions have been described in children also, and

have a similar frequency to that in adults [152, 153].

8.1.4 Other Rare Adverse Effects

PAS has been reported to mildly prolong the prothrombin

time, which is reversible with administration of vitamin K,

but may not be clinically relevant in otherwise healthy

individuals [153]. PAS-induced hepatotoxicity has also

been reported [154].
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9 Linezolid

Linezolid belongs to the oxazolidinone class of

antibacterials [155]. The oxazolidinones bind to the 50s

ribosomal subunit, and inhibit formation of the initiation

complex, thereby preventing translation and protein

synthesis [155–157]. The US FDA approved linezolid in

2000.

9.1 Safety Data

In general, linezolid is well-tolerated in short courses;

however, several adverse effects are dose and time

dependent [158, 159]. For example, a 300 mg dose caused

fewer adverse effects than a 600 mg dose [160]. Adverse

effects are reported to a lesser extent in linezolid-treated

children than adults [161, 162]. Inhibition of mitochondrial

protein synthesis is likely to be the main reason of many of

the adverse effects of linezolid [158].

9.1.1 Gastrointestinal Toxicity

The most common adverse effect of linezolid is gastroin-

testinal intolerance, but is rarely serious enough to require

a change or discontinuation of the drug [159]. In a review

of clinical trials in children where linezolid was used for a

short duration, diarrhoea, vomiting and loose stools

(1.2–3.5 %) were the most common drug-related adverse

effects [163].

9.1.2 Haematological Toxicity

Dose- and time-dependent myelosuppression were

observed in pre-clinical evaluations of linezolid (600 vs.

300 mg) in animals [159]. A review of adult clinical trial

data of linezolid administered for less than 28 days did not

show any difference in haematological toxicity between the

linezolid and comparator groups, though there was a trend

towards increased mild anaemia and thrombocytopenia in

the linezolid group for those treated for more than 2 weeks

[159, 163]. Although the exact mechanism of thrombocy-

topenia due to linezolid is not known, an immune-mediated

phenomenon is likely to be responsible for this adverse

effect [158]. Prolonged treatment of MDR-TB with line-

zolid caused anaemia in 38.1 % and thrombocytopaenia in

11.8 % [164]. Further, higher drug doses were significantly

associated with these adverse effects in a small clinical trial

in XDR-TB [165].

Paediatric data from clinical trials using linezolid in

short courses were similar to that in adults, with a trend

towards mild reversible thrombocytopaenia in children

treated for [14 days [166].

9.1.3 Neurotoxicity

Peripheral neuropathy due to linezolid has been well-de-

scribed among patients on prolonged durations of linezolid,

but not in clinical trials [159, 167]. It usually presents as

paraesthesia and numbness in distal extremities in a

‘‘stocking and glove’’ distribution, with lower extremities

affected more commonly than upper [154], and is generally

not reversible after cessation of linezolid [159, 167] and

does not respond to vitamin B6 [168]. Linezolid is also

associated with toxic optic neuropathy, with painless,

bilateral central vision loss, often of sudden onset, and

gradual loss of colour vision and visual acuity [159]. In a

systematic review of linezolid-treated adults with MDR-

TB, 47.1 % reported peripheral neuropathy and 13.2 %

optic neuritis [164].

A review identified eight cases of neuropathy in chil-

dren—five with peripheral neuropathy alone, one with

optic neuropathy, and two with both peripheral and optic

neuropathy [169]. Seven of these children were on pro-

longed courses ranging from 4 weeks to 7 months at the

time of onset.

A higher dose of linezolid (600 mg daily) (74.5 %) was

reported to be associated with statistically increased risk of

adverse effects, such as anaemia (60 vs. 2.5 %), leukopenia

(17.1 vs. 2.0 %) and gastrointestinal symptoms (29.4 vs.

8.0 %), compared with a lower dose (46.7 %) [164]. In a

clinical trial using linezolid in XDR-TB patients, it was

observed that the group that those who received linezolid

600 mg were 2.7 times more likely to experience an

adverse event than those who received 300 mg [160].

9.1.4 Other Rare Adverse Effects

Hyperlactatemia and lactic acidosis have been reported to

be associated with linezolid, with discontinuation of the

drug reversing the effect [159]. Yogev et al. [169]

described metabolic acidosis in two of 79 (2.5 %) children

treated with linezolid in a randomised trial. Three addi-

tional cases were described in children with liver disease

and other co-morbidities [170], and more recently a case

was described in a child receiving long-term linezolid for

drug-resistant-TB [171]. Pancreatitis due to linezolid has

also been reported rarely [172].

10 Clofazimine

Clofazimine is a member of the riminophenazine class of

compounds and was observed to have in vitro activity

against M. tuberculosis in the 1950s [173, 174]. The US

FDA approved clofazimine in 1986. Later studies showed

activity against M. leprae also. Thus, clofazimine remains
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an important component of anti-leprosy treatment regimens

[173, 175]. Clofazimine has also been used in the treatment

of M. avium complex infections. With the increase in drug-

resistant TB, there has been a renewed interest in clofaz-

imine in TB treatment.

Multiple possible mechanisms of action for clofazimine

have been postulated, including generation of intracellular

hydrogen peroxide, binding to guanine bases in DNA,

stimulation of phospholipase A2 activity leading to intra-

cellular accumulation of lysophospholipids [173], gen-

eration of reactive oxygen species [176, 177], and

interference with electron transport [174], though to date

this remains unclear.

10.1 Safety Data

10.1.1 Gastrointestinal Adverse Effects

Gastrointestinal intolerance is one of the commonly

reported adverse effects related to clofazimine use, with

abdominal pain, nausea, vomiting and diarrhoea reported in

40–50 % of patients [174]. In an adult cohort treated with

clofazimine for leprosy, severe abdominal symptoms were

reported in nine of 84 patients [178]. Crystalline deposits of

clofazimine have been found in organs where it concen-

trates, including organs of the gastrointestinal system, but

severe abdominal complications related to this are rare

[174]. It has been suggested that severe abdominal pain

would be an indication to discontinue clofazimine [179].

Gastrointestinal adverse effects in children have been

reported to a lesser extent. Discontinuation of clofazimine

in a child after an episode of severe haematemesis has been

reported [180]. Severe enteropathy has also been reported

in a child [181].

10.1.2 Dermatological Adverse Effects

Dermatologic adverse effects are common and quite

striking. About 75–100 % of patients develop a reddish-

black or orange skin discoloration within a few weeks of

starting treatment [173, 174]. Discoloration of the eyes as

well as the urine, faeces, sputum and sweat are known to

occur [174]. However, the skin colour changes are

reversible over time, with traces of the drug found in the

skin 1–2 years after its discontinuation [182]. This colour

change is not serious but can be very distressing to patients.

Ichthyosis has been reported in 8–28 % of patients, and

other rashes or skin dryness are reported in another 1–5 %

of patients [174]. It has been reported that most patients

accepted the skin colour change but felt stigmatised due to

ichthyosis [178]. It was reported that co-administration of

isoniazid appeared to reduce adverse effects, including skin

colour change [178].

11 Management of Adverse Effects

Directly observed treatment (DOT) providers, nurses in

hospital and clinicians must monitor and record all adverse

effects routinely and laboratory screening tests must be

performed on a routine basis. The initial evaluation will

help to establish a baseline and identify patients at

increased risk of adverse effects. Laboratory screening is

invaluable for detecting certain adverse effects that are

more occult, and before serious harm is caused. Close

monitoring of patients is necessary to ensure that the

adverse effects of the drugs are recognised quickly and

appropriate action is taken. The commonly encountered

adverse drug effects include rashes, toxic epidermal

necrolysis, gastrointestinal symptoms (nausea, vomiting,

diarrhoea), psychiatric symptoms (psychosis, depression,

anxiety), jaundice, ototoxicity, peripheral neuropathy,

nephrotoxicity, symptoms of electrolyte wasting (muscle

cramping, palpitations) and convulsions [183]. If the

adverse effect is mild and not serious, the drug(s) can be

continued, with the help of ancillary drugs. Since most of

the adverse effects of second-line drugs are dose depen-

dent, reducing the dosage of the offending drug or termi-

nating it is another option for management [183]. Most

recommendations are the same in adults and children.

Symptomatic drugs used in the management of adverse

effects are given in Table 2.

The following recommendations should be followed

when adverse effects arise:

1. Gastrointestinal symptoms (nausea and vomiting) are

more likely to be due to ethionamide or PAS. Patients

who complain of nausea or vomiting can be advised to

take the drugs embedded in a banana [183]. This could

help reduce the bad taste/odour associated with the

drug to some extent (e.g. the metallic taste of

ethionamide). Symptomatic drugs can be given. If

vomiting persists, the drugs can be withheld and

further tests should be performed to rule out other

causes of vomiting such as hepatitis.

2. Giddiness could be due to aminoglycosides, ethion-

amide or fluoroquinolones. Whenever a patient com-

plains of giddiness, drowsiness or poor concentration,

the patient is advised on the next course of action. If

severe, the dose of the offending drug may be adjusted

or terminated, if required.

3. Renal toxicity is most likely due to aminoglycosides.

Prior to starting treatment the renal function of all

patients must be evaluated. During treatment, if any

patient presents with symptoms and/or signs of renal

impairment, such as oliguria, anuria, puffiness of face

or pedal oedema, all drugs should be withheld, renal

function tests should be performed and the patient
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referred to a nephrologist. Re-introduction of drugs can

be done in consultation with the nephrologist, and

frequent monitoring of renal parameters is important.

4. Arthralgia could be due to fluoroquinolones. Patients

who complain of arthralgia can be prescribed parac-

etamol (acetaminophen) 500 mg three times a day or

aspirin 300 mg three times a day. If there is no

improvement after 1 week, an NSAID can be pre-

scribed (e.g. ibuprofen or diclofenac sodium), and uric

acid checked if indicated. If the problem persists, drug

dosages should be reduced or withheld temporarily.

5. Cutaneous reactions such as pruritis or rash can occur

with any of the drugs used, and are commonly

managed with antihistamines. For severe reactions

that do not respond to antihistamines, an attempt must

be made to identify the offending drug by challenging

with individual drugs. The dose of the offending drug

may be reduced or the drug terminated if required. For

several hypersensitivity reactions the offending drug

may need to be stopped. If there is a generalised

erythematous rash, especially if it is associated with

fever and/or mucous membrane involvement, all drugs

should be withheld immediately. When the rashes

subside, the medications can be restarted one by one,

at intervals of 2–3 days.

6. Hepatitis could be due to the combined effect of

potentially hepatotoxic drugs such as PAS and ethion-

amide. If a patient presents with symptoms/signs of

hepatitis (anorexia, nausea, vomiting, abdominal dis-

comfort and/or dark-coloured urine), he/she must be

examined for clinical jaundice, and blood must be

checked for liver function tests. If the results are

abnormal, the drugs must be withheld. Such patients

must be reviewed at weekly intervals and liver

function tests repeated when jaundice subsides

clinically. The drugs can be re-introduced after the

liver function returns to normal.

7. Neurological symptoms:

(i) Peripheral neuropathy can be caused by either

cycloserine or ethionamide. This can be prevented

by prescribing daily pyridoxine 100 mg. If

peripheral neuropathy develops, an additional

100 mg of pyridoxine can be given. If there is

no improvement or symptoms worsen, amitriptyl-

line 25 mg can be added, and if there is no

improvement, the patient should be referred to a

neurologist.

(ii) Seizures can be due to either fluoroquinolone

and/or cycloserine. If a patient develops seizures,

these drugs must be withheld and the opinion of a

neurologist sought. Anticonvulsants can be pre-

scribed in consultation with the neurologist.
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(iii) Psychiatric disturbances are most likely due to

cycloserine, but can also be due to fluro-

quinolone and/or ethionamide. Minor problems

can be solved by counselling. In the case of

suicidal tendencies and other serious problems,

the drugs must be withheld and further manage-

ment of the patient must be done in consultation

with the psychiatrist.

8. Vestibulo-auditory disturbances are most likely due to

aminoglycosides. Patients may present with tinnitus,

unsteady gait or loss of hearing. Aminoglycoside must

be withheld and the patient referred for a specialist

opinion.

9. Hypothyroidism can be due to PAS and/or ethion-

amide. A combination of these drugs may increase

the possibility of hypothyroidism. Patients may

present with slowing of activities, puffiness of face

and/or thyroid swelling. Patients need to be evaluat-

ed for hypothyroidism and, if present, may be

treated with thyroxine. The thyroxine dosage should

be adjusted based on clinical status and laboratory

results.

12 Discussion and Conclusions

A major challenge faced by patients treated with second-

line drugs is the toxic nature of these drugs due to the long

duration of treatment [184]. This is exacerbated in settings

with high co-infection and co-morbidity. Adherence to

treatment is also a critical factor in the management of

MDR-TB, and adverse events associated with second-line

drugs could have a severe impact on adherence [185].

Patients must be provided with a detailed explanation of

the potential adverse effects of second-line drugs, and

advised, if and when they occur, to notify the treating

physician. Proper management of adverse effects begins

with pre-treatment patient education. Psychosocial support

is an important component of the management of adverse

effects. Clinicians have to be watchful for the occurrence

of adverse effects and appropriate action should be taken

immediately. A thorough knowledge of the safety, tol-

erability and management of the adverse effects of sec-

ond-line drugs used in the treatment of TB is very

important.

Funding and Conflicts of interest No sources of funding were used

to prepare this review. Geetha Ramachandran and Soumya Swami-

nathan have no conflicts of interest that are directly relevant to the

content of this review.

References

1. World Health Organisation. Global tuberculosis report, 2010.

Geneva: WHO; 2010.

2. Crofton J. Global challenge of TB. Lancet. 1994;344(8922):609.

3. Crofton J, Chaulet P, Maher D. Guidelines for the management

of drug-resistant tuberculosis. WHO/TB/96.210 (Rev 1). Gen-

eva: WHO; 1997.

4. Fox W, Mitchison DA. Short course chemotherapy for pul-

monary tuberculosis. Am Rev Respir Dis. 1975;111:845–8.

5. Hooper DC, Strahilevitz J. Quinolones. In: Mandell GL, Bennett

JE, Dolin R, editors. Mandell, Douglas, and Bennett’s principles

and practice of infectious diseases. 7th ed. Philadelphia:

Churchill Livingstone; 2010. p. 487–510.

6. Leibovitz E. The use of fluoroquinolones in children. Curr Opin

Pediatr. 2006;18(1):64–70.

7. Hayakawa I, Atarashi S, Yokohama S, Imamura M, Sakano K,

Furukawa M. Synthesis and antibacterial activities of optically ac-

tive ofloxacin. Antimicrob Agents Chemother. 1986;29(1):163–4.

8. Fu KP, Lafredo SC, Foleno B, Isaacson DM, Barrett JF, Tobia

AJ, et al. In vitro and in vivo antibacterial activities of

levofloxacin (l-ofloxacin), an optically active ofloxacin. An-

timicrob Agents Chemother. 1992;36(4):860–6.

9. Neu HC, Chin NX. In vitro activity of S-Ofloxacin. Antimicrob

Agents Chemother. 1989;33(7):1105–7.

10. Une T, Fujimoto T, Sato K, Osada Y. In vitro activity of DR-

3355, an optically active ofloxacin. Antimicrob Agents Che-

mother. 1988;32(9):1336–40.

11. Moxifloxacin. Tuberculosis (Edinb). 2008;88 (2):127–131.

12. Hampel B, Hullmann R, Schmidt H. Ciprofloxacin in pediatrics:

worldwide clinical experience based on compassionate use–safety

report. Pediatr Infect Dis J. 1997;16(1):127–9 (discussion 60–2).

13. Yew WW, Chau CH, Wen KH. Pseudomembranous colitis in a

patient treated with ofloxacin for tuberculosis. Tuber Lung Dis.

1996;77(5):484.
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