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Antituberculous Agents

Mycobacterial Cell Walls

The majority of mycobacterial cell wall – over 60% – is made up of lipid, in the form of three different elements. Mycolic acids are branched lipid molecules that make up over half the cell envelope of the mycobacteria. Their hydrophobicity prevents diffusion of many chemicals (including drugs) into the bacterium. Mycolic acids also play a major role in virulence of Mycobacterium tuberculosis, by protecting the organism from complement fixation and damage from lysozymes and free radicals in the phagolysosomes of neutrophils. Cord factor, which accounts for serpiginous cording of organisms seen when they’re grown in culture, is associated with virulent strains of M. tuberculosis. Wax-D is the third component.

First-Line Medications

Cell Wall Active: Isoniazid (INH)

Isonicotinic acid hydrazide (INH) was introduced as an antimycobacterial in 1952.

Mechanism of Action

Despite its age, INH’s exact antituberculous mechanism is unknown. The principal effect of the drug is thought to be inhibition of mycolic acid biosynthesis, as evidenced by research that demonstrated loss of acid-fastness after exposure to the drug. Data suggest that one particular enzyme in the enlongation cycle of fatty acid biosynthesis in M. tuberculosis is preferentially inhibited by activated INH. (INH is a prodrug, metabolized to its active form (isonicotinic acid) by a catalase-peroxidase enzyme in M. tuberculosis called KatG. Strains of the bacterium with mutated forms of this enzyme are uniformly resistant to isoniazid.) Without protection from environmental factors, M. tuberculosis is potentially susceptible to free radical species and enzymatic degradation.

Since the structure of activated INH resembles nicotinic acid, it may competitively inhibit enzymes that incorporate nicotinic acid into nicotinamide adenine dinucleotide (NAD+ and NADH), a molecule important in redox reactions in biochemistry. The pool of available NAD+/NADH may be reduced, accounting for another possible mechanism of action.

Pharmacodynamics

Isoniazid has activity against both actively dividing and nonreplicating organisms alike, but is only bactericidal for replicating bacteria. It is absorbed well intramuscularly or from the GI tract, and is distributed widely. Dosing is weight-based, at 5 mg/kg/day to a maximum dose of 300 mg in adults on once-daily therapy. Similar to beta-lactam antibacterials, CSF penetration is poor in the absence of inflammation – but reaches near-plasma levels when meningitis is present.

The drug is metabolized by acetylation in the liver by cytosolic N-acetyltransferase. Although the speed of acetylation varies (“fast” and “slow”) in the population based on traits of the particular acetyltransferase gene inherited, it usually doesn’t make a difference in terms of drug dosing – even fast acetylators have post-administration levels of drug well above the MIC for most M. tuberculosis strains.

Toxicity and Adverse Effects

Acetylated INH can be converted to the active drug and its by-product, hydrazine, but it also can produce acetylhydrazide – a compound which can yield free radicals and is thought to be responsible for the infamous hepatotoxicity of isoniazid. About 15% of patients have minor symptomatic elevations of aspartate aminotransferase (AST) early in the treatment course. Toxicity is directly related to age – the younger you are, the better you do with the drug. Higher incidences are also seen among alcoholic patients, those with pre-existing liver damage, in combination with acetaminophen, and among pregnant women taking INH. Peripheral neuropathy is also a side effect of INH, seen more commonly among alcoholics and diabetics. Co-administration of pyridoxine (vitamin B6) can prevent this without diminishing the antimycobacterial activity of isoniazid. 

Accidental or intentional overdose of isoniazid can result in an anion gap metabolic acidosis (the “I” in MUDPILES, along with isopropyl alcohol), hyperglycemia, seizures, and coma. High-dose pyridoxine is the antidote.

Nucleic Acid Interference: Rifamycins (Rifampin, Rifabutin, Rifapentine)

Although rifampin is principally used as part of multidrug therapy for M. tuberculosis (along with isonazid, pyrazinamide, and ethambutol), it and its cousins rifabutin and rifapentine have broad-spectrum antibacterial action. The drug is a synthetic derivative of a naturally occurring antibiotic produced by Streptomyces mediterranei fungus.

Mechanism of Action

The rifamycins have a unique mechanism of action. Remember that bacterial RNA polymerase is responsible for translating DNA into RNA, and they have variable ability at proofreading (sensing an error in translation and reversing direction to remove and replace a mismatched nucleotide base pair). Along one margin of the enzyme, there is a groove or channel that hugs the DNA and RNA as it is processed. The groove is flexible, as shown in the diagram. The rifamycins bind in this groove, physically blocking RNA elongation.

Pharmacodynamics

Rifampin is dosed based on the patient’s weight, at 10 mg/kg/day to a maximum dose of 600 mg in daily-dosing regimens. Intracellular penetration is excellent, so pathogens contained within other cells are good targets. The rifamycins are bactericidal for most strains of M. tuberculosis, but resistance to isonazid and rifampin tends to travel together (by definition, this would be multidrug resistant tuberculosis, or MDR-TB). Oral dosing provides very good absorption from the GI tract, and is widely distributed to most tissues – including the CSF, reaching half the plasma concentration when meningeal inflammation is present. Within polymorphonuclear lymphocytes (PMNs, or segmented neutrophils), concentrations can be up to five times that of the serum level.

There are multiple drug interactions, as rifampin ramps up the cytochrome P450 system (specifically, isoenzyme CY3A4). This is important, as co-administration of rifampin can lower levels of other drugs like oral contraceptives, phenytoin (Dilantin), warfarin (Coumadin), azole antifungals (e.g., fluconazole), cyclosporine, ß-blockers, and the protease inhibitors of highly active antiretroviral therapy (HAART) in HIV treatment. Dose adjustments and monitoring are essential. Resistance to the drug develops rapidly when it’s used as monotherapy – so it’s always given with other antibiotics.

Rifabutin is actually more active in vitro than its cousin, rifampin, but induces the cytochrome P450 system only about half as much. For this reason, patients on HAART who are being treated for mycobacterial illness typically will take rifabutin instead. In some cases, MDR-TB strains that are resistant to rifampin may be susceptible to rifabutin – but only about 25% of the time.

Toxicity and Adverse Effects

Like INH, rifampin causes hepatotoxicity as its major adverse effect. Rifampin is perhaps best known for turning bodily secretions – urine, semen, tears, sweat, CSF, saliva, and feces – an orange hue. Contact lenses can be permanently stained.

Metabolic Interference: Pyrazinamide (PZA)

As part of an effort to find other nicotinic acid analogs like INH that had antituberculous activity, pyrazinamide was discovered in the early 1950s. It plays an important, unique role in the antituberculous drug arsenal, in that it’s the only drug active against semi-dormant bacilli. 

Mechanism of Action

Its exact mechanism remains unknown. Similar to isoniazid, PZA is a prodrug converted to an active metabolite, pyrazinoic acid, by the enzyme pyrazinamidase. The metabolite accumulates in acid pH conditions but not at neutral pH, and this explains why PZA is only effective against old, non-growing M. tuberculosis organisms sequestered away in the acidic, necrotic centers of old foci of infection. A compelling recent study suggests that pyrazinoic acid’s major effect may be in altering membrane energetics – decreasing the already low membrane potential of old M. tuberculosis organisms and shorting out the proton-motive force needed to bring nutrients into the cell. The presence of a membrane potential is essential for bacteria to use the F1F0 ATPase to synthesize ATP.

Resistance to PZA is dependent on the function of the pyrazinamidase enzyme; mutants lacking the gene are entirely resistant to PZA’s effects. Young, actively dividing M. tuberculosis bacilli are not readily susceptible to the effects of pyrazinamide.

Pharmacodynamics

Pyrazinamide, active only against M. tuberculosis, is a bactericidal drug given at 15 mg/kg/day to a maximum dose of 2000 mg for once-daily regimens. Peak plasma concentrations are routinely in excess of twice the usual bactericidal concentration for most strains of M. tuberculosis. Orally administered drug is readily absorbed and enjoys a wide volume of distribution. Similar to rifampin and isoniazid, pyrazinamide crosses the meninges when they are inflamed. Although less than 1% of isolates are inherently resistant to PZA, almost half of MDR-TB (isoniazid and rifampin resistant) isolates are PZA-resistant as well, usually via mutations in the gene for the pyrazinamidase, pncA. PZA is essential to multidrug short-course (6 to 9 month) treatment of tuberculosis. Relapse rates are unacceptably high without its administration during the first 2 months of treatment for active disease.

Toxicity and Adverse Effects

The most common effect of the drug is gastrointestinal upset, but the major adverse effect is hepatotoxicity. Earlier drug regimens that used higher doses of PZA than currently recommended were associated with a nearly 15% incidence of hepatotoxicity.

Cell Wall Active: Ethambutol (EMB)

Ethylenediiminobutanol, or ethambutol, is a synthetic compound whose antituberculous activity was discovered in 1962. Its d-isomer is the active enantiomer.

Mechanism of Action

Arabinose sugar moieties are polymerized to form a polysaccharide component of the mycobacterial cell wall called arabinan. Ethambutol inhibits the arabinosyl transferase enzymes responsible for this polymerization process. The drug is bacteriostatic, and it’s included in regimens as a “companion” drug to prevent the emergence of resistance to rifampin if the isolate happens to already be INH-resistant. That is, if the organism is one of the 1 in 108 with inherent isoniazid resistance but does not have co-existing rifampin resistance, ethambutol’s presence prevents giving rifampin monotherapy in a three-drug regimen – which uniformly causes rifampin resistance to develop.

Pharmacodynamics

Weight-based dosing for ethambutol is at 15 mg/kg/day for a maximum of 1600 mg for adults receiving once-daily dosing. It has good absorption from oral administration, and similar to other antituberculous medications, has a large volume of distribution with variable CSF penetration that depends on meningeal inflammation. Ethambutol resistance arises from mutations in the gene encoding the arabinosyl transferase enzyme, embB.

Toxicity and Adverse Effects

Retrobulbar or optic neuritis is the most feared complication of ethambutol therapy, manifested most often as blurry vision, loss of acuity, and impairment of red-green color differentiation. It is more common at higher dosing (25 mg/kg/day versus the usual 15 mg/kg/day), and is usually – but not always – reversible with removal of the drug.

Small Subunit Interference: Streptomycin (SM)

In 1944, an aminoglycoside derivative of Streptomyces griseus called streptomycin was discovered. The drug rapidly made its way into the treatment of tuberculosis soon thereafter. 

Mechanism of Action

They bind to small (30S) subunit and cause misreading of mRNA, inhibiting translocation (sliding of mRNA through the ribosome). The initial steps of peptide synthesis are uninterrupted (mRNA binding, “charging” of tRNAs with amino acids and association along small subunit), but elongation fails.

Pharmacodynamics

Dosing of the drug is 15 mg/kg intramuscularly daily for adults up to age 60, with a dose reduction to 10 mg/kg in older patients. The maximum daily dose should not exceed 1000 mg. Streptomycin is inactive against intracellular M. tuberculosis, but is bactericidal in vitro. Resistance to aminoglycosides among other bacteria arises from acetylation of the drug by modifying enzymes, but M. tuberculosis doesn’t have this as a mechanism. Instead, resistance seems to arise from point mutations in ribosomal proteins that alter the conformation of the tertiary structure, rendering them insensitive to the aminoglycoside – or from a permeability barrier to the drug making it across the mycobacterial cell wall. Resistance emerges rapidly when SM is used as a single agent for treating tuberculosis, selecting out the 1 in 106 bacilli inherently resistant to streptomycin. Resistance to streptomycin tends to travel together with INH resistance – almost 80% of MDR-TB (INH- and RIF-resistant) isolates in outbreaks are also resistant to streptomycin.

Toxicity and Adverse Effects

The ototoxicity and nephrotoxicity that other aminoglycosides cause is also seen with streptomycin, but significantly less often. Vestibular toxicity is greater, however, and patients may develop tinnitus and balance problems while taking the drug.

