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Abstract

Clofazimine, a lipophilic riminophenazine antibiotic, possesses both antimycobacterial and
anti-inflammatory activities. However, its efficacy has been demonstrated only in the
treatment of leprosy, not in human tuberculosis, despite the fact that this agent is
impressively active in vitro against multidrug-resistant strains of Mycobacterium tuberculosis.
Recent insights into novel targets and mechanisms of antimicrobial and anti-inflammatory
activity coupled with the acquisition of innovative drug delivery technologies have, however,
rekindled interest in clofazimine as a potential therapy for multidrug- and extensively
multidrug-resistant tuberculosis in particular, as well as several autoimmune diseases. The
primary objective of this review is to critically evaluate these recent developments and to
assess their potential impact on improving the therapeutic efficacy and versatility of

clofazimine.
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1. Introduction

Clofazimine, originally described in 1957, is the prototype riminophenazine antibiotic.
The primary clinical application of clofazimine since 1962 has been in the treatment of
multibacillary leprosy as a component of the WHO-recommended triple drug regimen.?
Notwithstanding its antimicrobial activity, the efficacy of clofazimine in the treatment of
leprosy is attributable to both the lipophilicity and anti-inflammatory properties of this agent.

Lipophilicity enables clofazimine to accumulate in skin and nerves, while its anti-



inflammatory activities are potentially useful in controlling harmful erythema nodosum
leprosum and reversal immunity reactions, which may complicate antimicrobial
chemotherapy. *°.

Although impressively active against Mycobacterium tuberculosis (MTB) in vitro, including
multidrug-resistant (MDR) strains of this microbial pathogen,”® clofazimine is generally
considered to be ineffective in the treatment of pulmonary tuberculosis. This contention
arose from early studies that demonstrated inconsistent therapeutic activity of clofazimine in
various animal models (hamsters, guinea pigs, rabbits, non-human primates) of
experimental tuberculosis (TB).® Enthusiasm for the development of clofazimine as an anti-
TB agent was also blunted by the unusual pharmacokinetic properties and side effects
profile of this agent (see below),' further complicated by the fact that its discovery coincided
with the emergence of the more potent anti-TB agents isoniazid and pyrazinamide in the
early 1950s and rifampicin and ethambutol in the early 1960s. Although of low priority for
several decades, the emergence of MDR and extensively drug-resistant (XDR) TB, together
with advances in technology for the delivery of lipophilic drugs to target organs, has triggered
renewed interest in clofazimine as an anti-TB agent. In addition, novel insights into the
targets and molecular mechanisms of both clofazimine-mediated antimicrobial and anti-
inflammatory activity have provided the impetus for the design and development of novel
riminophenazines with improved antimicrobial efficacy.' '

The primary objective of the current review is to evaluate recent insights into: i)
putative mechanisms of antimicrobial activity of clofazimine; ii) mechanisms of anti-
inflammatory immunosuppressive activity of this agent as these may modulate
therapeutic efficacy in mycobacterial infections; and iii) innovations which may
promote the efficient delivery of clofazimine to target organs. Of necessity, these will

be preceded by a brief consideration of the pharmacokinetic and current clinical

applications of clofazimine.



2. Clinical experiences and recommendations

Clofazimine is mainly indicated in the treatment of lepromatous leprosy, including dapsone-
resistant lepromatous leprosy and lepromatous leprosy complicated by erythema nodosum
leprosum, and has been included as an anti-leprosy medicine in the current WHO Model
Lists of Essential Medicines for adults and children.

The literature on clinical experience with clofazimine in the treatment of especially pulmonary
TB is sparse. Earlier reviews largely demonstrate uncertainty as to the efficacy of the drug in
humans, and emphasize a fair degree of intolerance to long-term use. The drug is mainly
recommended for use in combination with other drugs in the second-line treatment of drug-
resistant TB.">'® Treatment of a small group of five TB patients with clofazimine in
combination with linezolid and other drugs has also been described."” Although some
degree of efficacy with these combination regimens was observed, adverse events were
significant.

Even though clofazimine has no official indications for the treatment of drug-resistant TB, it is
recommended by WHO as a Group 5 medicine, i.e. an agent with unclear efficacy, for use in
patients with XDR TB."®

1."® observed that

Studies in TB patients with HIV co-infection are largely lacking. Coyne et a
drug—drug interactions in such patients might be a potential concern, because clofazimine is
a weak inhibitor of CYP3A4, and so protease inhibitor and etravirine concentrations may be
increased, but no interaction studies have been undertaken. In earlier work, Chaisson et al.”°
found that the addition of clofazimine to a regimen of clarithromycin and ethambutol for
Mycobacterium avium complex (MAC) bacteraemia in AIDS patients does not contribute to

the clinical response and is associated with higher mortality. The safety and effectiveness in

children has not been established.



3. Molecular structure and antimicrobial spectrum of clofazimine

The key structural features of riminophenazines are the phenazine nucleus with an
alkylimino (R-imino) group at position 2 and phenyl substituents at positions 3 and 10 of the
phenazine nucleus. The alkylimino group is critical for antimicrobial activity, with varying,
albeit secondary, contributions according to the number and type of halogen atoms on the
phenyl substituents.?"?* The molecular structure of clofazimine, which has an isopropylimino
group at position 2 of the phenazine nucleus, is shown in Figure 1.

Clofazimine and other riminophenazines are active against mycobacteria, both slowly and
rapidly growing, as well as most other Gram-positive bacteria in vitro, including those that
are multidrug resistant, with MICs of 0.5-2 mg/L in most cases.”®**?° Gram-negative
bacteria, on the other hand, are uniformly resistant to clofazimine.?® As mentioned earlier,
the clinical applications of clofazimine as an antimicrobial agent are extremely limited,
despite impressive antimycobacterial activity in vitro. Notwithstanding its primary use as an
anti-leprosy agent, clofazimine has been used with limited success in the treatment of MDR
and XDR TB as a category 5 agent,*® as well as in the multidrug therapy of infections caused
by MAC, also with limited efficacy.®"*?

Nonetheless, there has been a recent revival of interest in clofazimine, which can be
attributed to the following: (i) impressive in vitro activity against MDR/XDR clinical isolates of
MTB in vitro;"?2 (ii) the extremely low frequency of drug resistance in MTB,? with possible
emergence among rapidly growing mycobacteria;* and (iii) synergistic interactions with
trans-cinnamic acid** and amikacin®* against MDR isolates of MTB and rapidly growing
mycobacteria in vitro, respectively, as well as with isoniazid, preventing the development of
resistance to this agent.Z*® Clearly, the identification of other anti-TB agents with which
clofazimine interacts optimally may enable a more discerning and efficacious strategy on
which to base clofazimine-containing drug regimens. Although speculative, this contention

appears to be supported by the recent study by van Deun et al.,* who reported on the


http://0-jac.oxfordjournals.org.innopac.up.ac.za/content/67/2/290.full#ref-7

efficacy (87% relapse-free use) of a treatment regimen for MDR TB based on a minimum of
9 months of treatment with the combination of gatifloxacin, clofazimine (50-100 mg/daily),
ethambutol and pyrazinamide throughout the treatment period supplemented by

prothionamide, kanamycin and high-dose isoniazid for a minimum of 4 months.

4. Mechanisms of antimicrobial action

Although the exact mechanism(s) of clofazimine-mediated antimicrobial activity
remains to be established, the outer membrane appears to be the primary site of
action of this agent.'#%428293739 pytative targets include the bacterial respiratory

chain and ion transporters.

4.1 Redox cycling

Because of its highly lipophilic nature and redox potential (-0.18V at pH 7), Barry et
al," in their original description of clofazimine, proposed that intracellular redox
cycling was likely to contribute to the antimicrobial activity of this agent by a
mechanism involving oxidation of reduced clofazimine, leading to generation of the
antimicrobial reactive oxygen species (ROS), superoxide and hydrogen peroxide.’

This putative mechanism was, however, challenged by Van Rensburg et al.?®

Using
a large series of Gram-positive bacteria, which, with 2 exceptions, had clofazimine
MICs ranging from 0.25-4 mg/L, these authors observed the following: i) there was
no clear association of catalase positivity/negativity with the degree of susceptibility
to clofazimine; ii) sensitivity of 3 different species of Gram-positive facultative

anaerobes to clofazimine was undiminished, and actually increased, during exposure

to the riminophenazine under strictly anaerobic conditions; and iii) inclusion of either



water-soluble or lipid-soluble scavengers of ROS, as well as anti-oxidative enzymes
in the bacteriological culture medium did not attenuate the inhibitory effects of
clofazimine on the growth of Gram-positive bacteria. The exception was a-tocopherol
(AT), which, at a ratio of 25 mg/L: 0.5 mg/L (AT: clofazimine), almost completely
attenuated the inhibitory effects of clofazimine on the growth of S. aureus.® As
mentioned below, however, AT, in addition to ROS scavenging activity, also
possesses membrane-stabilizing properties, which may underpin its antagonistic
effects on clofazimine. In addition to these observations, 11 different species of
Gram-negative bacteria, which are apparently sensitive to the antimicrobial actions

of redox cycling agents,***

were found to be uniformly resistant to clofazimine with
MIC values of >32 mg/L.?°
Very recently, however, the concept of intracellular redox cycling as a mechanism of

1.'? These

clofazimine-mediated antimicrobial activity has been revived by Yano et a
authors reported that addition of clofazimine, at MIC concentrations, to isolated
membrane fractions from Mycobacterium smegmatis, in the presence of the terminal
cytochrome respiratory chain inhibitor potassium cyanide (KCN) and the oxidizable
cofactor, reduced nicotinamide adenine dinucleotide (NADH), resulted in serial
oxidation of NADH, reduction and oxidation of clofazimine, and generation of
superoxide and H,0.." Substitution of membrane fractions with recombinant NDH-2
(from MTB), the primary respiratory chain NADH: quinoneoxidoreductase, which
functions early in the respiratory chain and is insensitive to KCN, was equally
effective in promoting formation of ROS. The authors proposed that clofazimine
competes with the NDH-2 substrate, menaquinone, for electrons donated by NADH,

an initial event in the mycobacterial respiratory chain, to generate reduced

clofazimine, which is in turn oxidized by molecular oxygen with resultant formation of



superoxide and H>O,. This contention was supported by observations that inclusion
of either water-soluble (N-acetylcysteine) or lipid-soluble [AT, or 4-hydroxy-TEMPO
(2,2,6,6-tetramethylpiperidine-1-oxyl)] anti-oxidants in the bacteriological culture
medium neutralized the antimicrobial action of clofazimine,'? in contrast to earlier
findings with S. aureus and S. epidermidis.?®

Although of interest, there are two possible caveats in respect of the mechanism of
clofazimine-mediated antimicrobial activity described by Yano et al.’? Firstly, the
magnitude of generation of ROS by isolated membranes exposed to clofazimine in
the absence of KCN was considerably less than in the presence of the respiratory
chain inhibitor. Secondly, isolated membrane fractions from S. aureus behaved
somewhat differently to those of M. smegmatis, with inhibition of NADH oxidation
observed at clofazimine concentrations >2 mg/L, compatible with the existence of

additional mechanisms of antimicrobial activity."

4.2 Membrane destabilization and dysfunction

Van Rensburg et al.,”® who originally reported on the selectivity of clofazimine for
Gram-positive bacteria, including mycobacteria, proposed a mechanism of
antimicrobial activity caused by disruption of membrane structure and function.?
This contention was based on the following observations: i) as mentioned above,
these authors found no compelling evidence to implicate intracellular redox cycling in
the antimicrobial activity of clofazimine; ii) exposure of Gram-positive bacteria, as
well as MTB, at MIC concentrations of clofazimine, was accompanied by
accumulation of lysophospholipids, detergent-like agents with membrane-disruptive

properties, in the bacterial cells;?>*¢ iii) the inhibitory effects of clofazimine on the



growth of Gram-positive, but not Gram-negative bacteria, were mimicked by low
micromolar concentrations of Iys.ophospholipds;%'37 iv) the earliest indicator of
clofazimine- or lysophospholipid-mediated membrane dysfunction was almost
complete inhibition of uptake of K*, which preceded, and was proposed to be the
probable cause of the subsequent decrease in microbial ATP levels due to
interference with the membrane potential in Gram-positive bacteria and MTB, but not
Gram-negative bacteria;*’ 94243 and v) the inhibitory effects of both clofazimine and
lysophospholipids were effectively attenuated by pre-treatment of the bacteria with
AT, which, in addition to its anti-oxidative activity, also possesses well-documented
membrane-stabilizing properties.**

Several mechanisms exist by which AT may protect the bacterial membrane against
the disruptive effects of clofazimine. These include possible interference with the
binding of this cationic amphiphile to its target anionic/zwitterionic phospholipids in
the bacterial membrane, neutralization of lysophospholipids, and/or inhibition of
bacterial phospholipases. In the case of lysophospholipids, AT neutralizes the
membrane-disruptive activity of these agents by two types of interaction, specifically,
formation of a hydrogen bond between the chromanol nucleus hydroxyl group of AT
and the C-O group of the lysophospholipid, as well as interactions of the acyl chains
of the lysophospholipids with the chromanol nucleus methyl groups of AT.%#4
We originally proposed that clofazimine-mediated enhancement of microbial
phospholipases, resulting in increased generation of anti-proliferative
lysophospholipids, was likely to underpin the anti-bacterial activity of this agent.25'37'
% However, this proposed mechanism can be discounted on the basis of two lines of

evidence. Firstly, no genes encoding conventional A-type phospholipases have been

documented in the MTB genome, in contrast to several putative C-type



phospholipases (pic A, B, C, D).*? Secondly, a mutant of MTB deficient in all four plc
genes displayed a level of sensitivity to clofazimine equivalent to that of the wild-type
strain.*® While these findings appear to eliminate microbial phospholipases as
putative mediators of the antimicrobial activity of clofazimine, they certainly do not
exclude membrane destabilization, or even the involvement of lysophospholipids.

This contention is based on the study by Baciu et al,*®

who reported that cationic
amphiphiles such as clofazimine partition rapidly to the polar-apolar region of the
membrane, where, at physiological pH, the protonated groups on the drug catalyse
the acid hydrolysis of the ester linkage of the phospholipid chains.** The
consequence is production of a fatty acid and a lysophospholipid, both of which
possess antimicrobial activity.*®

As mentioned above, interference with uptake of K is the earliest detectable
indicator of membrane dysfunction, occurring within minutes of exposure of MTB to
clofazimine at MIC concentrations.***® Notwithstanding non-specific membrane
potential-driven uptake at high extracellular concentrations of the cation in the
bacteriological culture media, the high intracellular concentrations of K necessary to
sustain diverse, essential cellular processes in MTB are achieved by two major,
structurally distinct K*-transporters, viz. the constitutively operative Trk A/B system,
and the inducible Kdp system.*’ Because both systems are strongly inhibited
following exposure of MTB to clofazimine, it seems unlikely that this agent functions
as a primary, selective inhibitor of these K'-transporters. Alternatively, and more
realistically, clofazimine is simply a membrane-destabilizing agent, dismantling
membrane architecture both directly and via lysophospholipids, with consequent

dysfunction of vulnerable K*-transporters.?>?8:39



Notwithstanding possible interference with RNA polymerase, which seems to have
been largely discounted,? intracellular redox cycling™'? and membrane

disruption®28:29:37-39

are clearly the two favoured membrane-directed mechanisms of
clofazimine-mediated antimicrobial activity. Although these are not mutually
exclusive and possibly co-exist, it is likely that sensitive bacterial pathogens are
differentially affected by these mechanisms. On the other hand, the insensitivity of
Gram-negative bacteria to clofazimine is likely to reflect poor penetration of the outer
membrane by this agent, and/or differences in the inner membrane phospholipid
compositions of Gram-negative bacteria and Gram-positive bacteria.

These insights into the mechanisms of antimicrobial activity of clofazimine, which are
summarised in Figure 2, have therefore identified novel targets/strategies for future
development of antibiotics. These include firstly the respiratory chain of MTB."?
Secondly, the major K*-transporters of MTB, which are admittedly, diverse and
complex targets.*>*** Thirdly, and as recently proposed by others, the differences in
phospholipid composition between the outer membranes of eukaryotic and
prokaryotic cells may be exploited in the design of membrane disruptive agents

which selectively target prokaryotes.***°

5. Pharmacokinetic properties

Because of its lipophilicity, clofazimine is administered as a microcrystalline suspension in
an oil-wax base in order to improve absorption.*" In humans, the absorption of orally
administered drug varies considerably (45%—-62%) depending on whether the drug is taken
with or without food. Ingestion of a 200 mg tablet taken with food resulted in a peak plasma
concentration of 0.41 mg/L, with a time to Cp.x of 8 h; without food the corresponding peak

plasma concentration was 30% less, while the time to C.x was 12 h.*? Administration by the



oral route of 100, 300 or 400 mg clofazimine daily to leprosy patients resulted in average
plasma levels of 0.7, 1.0 and 1.41 mg/L, respectively,®’ while peak serum levels of 4 mg/L
were reported following daily intake of 600 mg of this agent.”? As mentioned above, the
limited activity of clofazimine against MTB in humans may be due to inadequate peak drug
concentrations or an insufficient total dose as a result of low oral bioavailability and gastric
intolerance.®

Because of its lipophilicity, clofazimine distributes primarily into fatty tissues, as well as cells
of the mononuclear phagocyte system,’® and following administration of clofazimine to mice
at a dose of 25 mg/kg body weight for 28 days, the average concentrations of this agent in
the lungs, spleen, fat and plasma were ~800, 4000 and 80 mg/kg and 3 mg/L, respectively.’
In man, the concentration of clofazimine in the fat of leprosy patients has been reported to
be as high as 5.3 mg/g, while concentrations of >1 mg/g were found in bile, gall bladder,

kidney, pancreas, skin, liver, spleen, lymph nodes, eyes and lung.*.

6. Adverse effects

1035 and are

The adverse effects of clofazimine have been reported in detail elsewhere,
generally dose related, primarily affecting the skin, eyes and gastrointestinal tract.'® Though
tolerable, but not necessarily acceptable, reddish-brown discolouration of the skin and
conjunctiva are gradually reversible on cessation of therapy. Gastrointestinal tract side
effects may be mild to moderate (abdominal/epigastric pain, nausea, diarrhoea, vomiting,
gastrointestinal intolerance), or, less frequently, severe (splenic infarction, bowel obstruction,
bleeding), and occasionally fatal.’® Clofazimine crosses the placenta® and, albeit in very
small amounts, the blood—brain barrier.>* Importantly, clofazimine is not

55,57

teratogenic/mutagenic®*’” and does not possess myelosuppressive properties.>®



7. Analogues of clofazimine
Two major strategies are being used in an attempt to increase the antimycobacterial potency
of clofazimine in the setting of improved safety, namely, the development of: (i) analogues of
clofazimine; and (ii) drug delivery systems.
In the case of analogue development, the late Dr J. F. O'Sullivan, a medicinal chemist and
member of the Trinity College, Dublin team that originally developed clofazimine, designed
and synthesized hundreds of analogues of clofazimine based primarily on varying the
alkylimino substituents at position 2 of the phenazine nucleus, as well as the numbers, types
and positions of halogen atoms on the phenyl substituents. The most promising of these
were the tetramethylpiperidyl (TMP) derivatives, first described in the late 1980s, in which
the isopropy! alkylimino group of clofazimine was replaced with the TMP group.?’ Apart from
being equivalent to, or slightly superior to clofazimine with respect to antimycobacterial
activity,?"***®* these agents were reported to have the following advantages over
clofazimine: (i) they cause less skin discolouration because they are not taken up by body
fat; (ii) they do not crystallize within macrophages, potentially decreasing their half-life in the
body; and (iii) they accumulate in tissues at higher levels than clofazimine.?®*° Unfortunately,
however, these novel TMP-phenazines were described at a time when the global impact of
the HIV pandemic and its ominous implications for the resurgence of TB, particularly in
developing countries, were not fully appreciated. Consequently, there was little or no
impetus for the clinical development of these agents.
Very recently, however, the Global TB Alliance, in partnership with several academic
institutions, has embarked on a riminophenazine-based drug development programme in the
belief that these agents show promise for treatment shortening in TB."" This is based on the
premise that riminophenazines inhibit mycobacterial energy metabolism, an important target
in slow-growing persisters."" Ideally, this research will identify a novel derivative with
improved antimycobacterial activity, pharmacokinetics and safety profile, which can move

quickly from preclinical to clinical development.” Several potential drug candidates



originating from Global TB Alliance-sponsored research were recently described by Yano et

1.%° The first of these, known as K56, is a more water-soluble form of

al.’”?andLueta
clofazimine with comparable redox properties, in which the isopropyl group bonded to the
imino nitrogen at position 2 on the phenazine nucleus is replaced by an aminoethyl-
ethoxyethoxy group.'? This agent is currently under investigation with respect to
antimycobacterial activity in vitro and in animal models of experimental TB."? Lu et al.*® have
described a series of 12 analogues with improved solubility, as well as pharmacokinetic and
therapeutic activity in a murine model of experimental infection. Interestingly, these agents,
most of which possess heterocyclic groups on the imino nitrogen at position 2 on the
phenazine nucleus, are structurally similar to B669.2° This latter agent, as shown in

Figure 1, possesses a cyclohexyl group on the imino nitrogen and was found to be more

potent than clofazimine against Gram-positive bacteria.?®

8. Alternative formulations of clofazimine

Low drug solubility is the primary rate-limiting step in the absorption of

187 improvement on which offers several advantages:*

clofazimine,
¢ Increased rate and extent of drug absorption;
e Reduction of inter-subject variability in bioavailability;
e Reduction of dietary effects and other gastro-intestinal variables on drug
absorption;
e Reduction of the drug dose, thus reducing the cost of therapy and dose-
related side-effects; and

e Increased application of clofazimine in the treatment of MDR-TB and other

mycobacterial diseases.



Several strategies have been developed to improve the dissolution and absorption
properties of clofazimine, mainly by formulation into solid dispersions with non-toxic
polymers/polymers such as polyethylene glycol, polyvinyl pyrrolidone,
polyvinylmethyl ether/maleic anhydride, cyclodextrins, and biodegradable polylactic-
co-glycolic acid.®'®* These, as well as liposomal and nanosuspension formulations
of clofazimine,®*®” have demonstrated efficacy equivalent or superior to that of
native clofazimine in the setting of decreased toxicity in models of experimental
chemotherapy in mice infected with MTB or MAC. However, none of these has
progressed to pre-clinical development, probably underscoring the low priority
attributed to clofazimine as an anti-TB agent, as well as lack of financial incentive on
the part of pharmaceutical companies.

Spray-drying is an alternative strategy that can be applied to improve solubility and
enhance the dissolution rate and oral availability of poorly soluble drugs.®®®® This
process dries the droplets of their volatile substance and leaves non-volatile
components in the form of dry particles, with particle size, morphology, density and
volatile content controlled by the drying process parameters. Moreover, spray-drying
crystalline drugs typically yields drug particles in the amorphous state, usually with
increased water solubility, because little additional energy is required to break up the
crystal lattice during the dissolution process.”®”" Additional benefits of spray-drying
include relatively low cost and energy-efficiency of the equipment, the possibility of
continuous operation, and good control of the resulting physical properties of the
dried material which can allow for the possibility of formulating for multiple delivery
routes.”? For example, spray-drying has been applied to formulate various drugs and
biopharmaceuticals for inhalation. The lung has a large surface of absorption and a

thin alveolar epithelium, allowing for rapid absorption, enabling a reduction in dose,



while maintaining an efficacious systemic concentration. By spray-drying using
appropriate conditions and excipients, large porous particles are formed with
geometric diameter dgeo> 5 um, density p< 0.1 g/cm?, with ideal aerodynamic
properties such as aerodynamic diameter d, of 1-5 um for delivery to the alveolar
region of the lungs.”

Several anti-TB drugs have been formulated as dry powder microparticles for

74,75

pulmonary delivery. These include capreomycin, para-aminosalicyclic acid,”® PA-

824 ":"® and rifampicin,’*®’

studies in animal models of experimental TB, have
demonstrated that direct delivery to the lungs results in high local concentrations and
reduced bacterial burden compared to the same treatments delivered via other
routes.

Although not yet tested in animal models of experimental TB chemotherapy, spray-
dried amorphous, microparticle formulations of clofazimine, optimised with respect to

physical properties and dissolution rates for oral and inhaled administration, have the

potential to increase bioavailability and efficacy.®

9. Anti-inflammatory/immunosuppressive properties of clofazimine

In addition to its primary antimicrobial activity, clofazimine also possesses anti-
inflammatory/immunosuppressive properties which underpin the reported therapeutic
efficacy of clofazimine in various non-microbial, chronic inflammatory disorders,
predominantly cutaneous in origin. These have been reviewed by Van Rensburg et al.*® and
include discoid lupus erythematosus, pustular psoriasis, Melkersson—Rosenthal syndrome,
necrobiosis lipoidica and granuloma annulare, as well as cutaneous lesions in systemic
lupus erythematosus.® More recently, coincident with the identification of novel

targets/mechanisms of immunosuppressive activity, it has been proposed that clofazimine



holds broader therapeutic promise, encompassing non-cutaneous autoimmune disorders,
such as multiple sclerosis and type | diabetes mellitus.®* T lymphocytes in particular are

sensitive to the immunomodulatory actions of clofazimine.

9.1 T-lymphocytes

Clofazimine, at concentrations comparable with peak serum concentrations attained
during the chemotherapy of leprosy, has been reported to cause significant
suppression of the mitogen— and antigen-driven proliferative responses of isolated T
lymphocytes in vitro.2*® Two major mechanisms, both targeting plasma membrane
K" transport, appear to underpin the inhibitory effects of clofazimine on the activation
and proliferation of T lymphocytes. One of these targets is the sodium-potassium
exchanger, Na*, K*-ATPase,® and the other is the Kv1.3 potassium channel,® both

of which are electrogenic.

9.2 Na*, K'-ATPase

Na®, K’-ATPase exchanges 3 Na* for 2 K" ions, enabling eukaryotic cells to
accumulate K'intracellularly, which is essential for sustaining multiple activities,
including the resting membrane potential, active transport of nutrients, various
enzyme activities involved in cellular metabolism, and biosynthesis of
macromolecules. The requirement for Na*, K'-ATPase in the mitogen-activated
proliferation of T lymphocytes is well-recognised, being rapidly up-regulated by
several fold, a critical event in cell proliferation.®®® Treatment of T-lymphocytes with
clofazimine (at low micromolar concentrations) for 60 min was found to cause

considerable inhibition of the mitogen-activated increase in Na*, K'-ATPase activity,



with smaller, but nevertheless detectable inhibition of pump activity in unstimulated
cells.®® At the same concentrations, clofazimine caused significant inhibition of the
proliferative responses of T lymphocytes, the probable consequence of impaired
Na*, K*-ATPase activity.®> From a mechanistic perspective, the clofazimine-mediated
decrease in T lymphocyte Na*, K-ATPase activity was not preceded by detectable
alterations in cellular ATP levels, but was associated with increased generation of
arachidonic acid, compatible with hydrolysis of membrane phospholipids.®® As
mentioned above, this latter event may result from the increased activity of PLA,,
and/or direct acid hydrolysis of the ester linkage at the C2 position of the glycerol
backbone of membrane phospholipids.* In either case, the result is formation of
lysophospholipids. The involvement of lysophospholipids in clofazimine-mediated
inhibition of mitogen- and antigen-activated up-regulation of Na*, K’-~ATPase and
proliferation of T lymphocytes was supported by three lines of evidence: i) the effects
of clofazimine on cellular Na*, K*-ATPase activity and proliferation were mimicked by
lysophosphatidylcholine; ii) inclusion of lysophospholipase or AT effectively
abrogated the inhibitory actions of clofazimine and lysophosphatidylcholine; and iii)
the activity of Na*, K’-ATPase in isolated membrane fractions was inhibited by

lysophosphatidylcholine, but not by clofazimine.®

9.3 Kv 1.3 potassium channels

More recently, Ren et al.,* using a cell-based screen strategy, identified clofazimine as a
pharmacological inhibitor of T cell receptor for antigen (TCR)-mediated intracellular
signalling mechanisms involved in transcriptional activation of the gene encoding interleukin
2 (IL-2). More specifically, these authors observed that clofazimine interfered with Ca**

signalling in T cells activated with the potent, non-physiological stimulus phorbol myristate



acetate (PMA)/ionomycin, by antagonism of the Kv 1.3 potassium channel.®* This is a
voltage-gated, delayed rectifier K* ion channel that regulates membrane potential and Ca®*
signalling in effector memory T cells.?® The consequence of aberrant function of this
electrogenic ion channel is interference with K* efflux and failure of the efficient membrane
repolarization response necessary to drive Ca® influx via calcium release-activated Ca**
(CRAC) channels, and possibly other types of Ca?* channels. The consequence is impaired
Ca?" influx, leading to suppression of the cytosolic Ca** oscillation frequency necessary for
activation of the calcineurin-nuclear factor of activated T cells (NFAT) signalling pathway,

which initiates transcriptional activation of the IL-2 gene.®

9.4 Reactive oxygen species (ROS) and prostaglandin E»

In mixed leucocyte suspensions, clofazimine may indirectly interfere with the
proliferation of T cells by promoting the release of ROS and E-series prostaglandins
(PGs), especially PGE;, from bystander neutrophils and monocytes.®’Arachidonic
acid released from membrane phospholipids is the substrate for cyclooxygenase,
resulting in production of PGE,. Following its interaction with adenylyl cyclase-
coupled EP2 receptors on T cells, PGE; initiates the production of anti-proliferative
3’-5’-cyclic adenosine monophosphate (CAMP).Arachidonic acid is also a direct
activator of the ROS-generating system of phagocytes, NADPH oxidase.”These
phagocyte-derived ROS are indiscriminate and interfere with the mitogen/antigen-
driven proliferation of T cells.®

These three mechanisms of clofazimine-mediated T lymphocyte activation
and proliferation are summarized in Figure 3.

In the setting of mycobacterial infection, the secondary immunosuppressive properties of

clofazimine may be detrimental or potentially beneficial. In TB patients with severe disease



associated with advanced immunosuppression due to primary or acquired
immunodeficiency, clofazimine-mediated interference with cell-mediated immunity may
restrict the efficacy of other antimycobacterial agents. Taken together with the contention
that clofazimine may be particularly effective in targeting slow-growing persisters,"" this
agent may be most efficacious if administered later, rather than earlier, in the course of
antimycobacterial therapy. On the other hand, the immunosuppressive activity of clofazimine
may be useful in controlling the adverse effects of therapy-associated recovery of cell-
mediated immunity, as previously reported in leprosy patients.>® This is of potential benefit
in HIV-infected patients on dual highly active antiretroviral therapy (HAART)/anti-TB therapy
who are vulnerable to the development of immune reconstitution inflammatory syndrome

(IRIS).

10.Summary

The emergence of MDR and XDR TB has rekindled interest in the riminophenazine
group of antibiotics. This has resulted in novel insights into putative mechanisms of
antimicrobial activity, as well as a potential pipeline of analogues of clofazimine with
improved pharmacokinetic profiles and therapeutic efficacies, possibly potentiated by
the development of drug delivery systems. Although in the pre-clinical stages of
development, the acquisition of novel analogues and/or formulations of clofazimine,
together with a reassessment of the optimum timing of administration, especially in
immunosuppressed individuals, may lead to a more discerning and efficacious

clinical utilisation of these agents in the treatment of TB.

Funding

This work was supported by The South African Medical Research Council.



Transparency Declaration

None of the authors has any conflicts of interest to declare.

References

1 Barry VC, Belton JG, Conalty ML et al. A new series of phenazine (rimino-compounds)
with high anti-tuberculosis activity. Nature 1957; 179: 1013-5.

2 Browne SG, Hogerzeil LM. B663 in the treatment of leprosy. Preliminary report of a pilot trial.
Lepr Rev 1962; 33: 6-10.

3 Dutta RK. Clofazimine and dapsone: a combination therapy in erythema nodosum
leprosum syndrome. Lepr India 1980; 52: 252-9.

4 Imkamp FM. The treatment of corticosteroid-dependent lepromatous patients in persistent
erythema nodosum leprosum with clofazimine. Lepr Rev 1973; 44: 127-30.

gémkamp FM. Clofazimine (Lamprene or B663) in lepra reactions. Lepr Rev 1981; 52: 135—

6 Anderson R. The immunopharmacology of antileprosy agents. Lepr Rev 1983; 54: 13944,

7Reddy VM, O’Sulivan JF, Gangadharam PR. Antimycobacterial activities of
riminophenazines. J Antimicrob Chemother 1999; 43: 615-23.

8 van Rensburg CE, Joone” GK, Sirgel FA et al. In vitro investigation of the antimicrobial
activities of novel tetramethylpiperidine-substituted phenazines against Mycobacterium
tuberculosis. Chemotherapy 2000; 46: 43-8.

9 Barry VC, Conalty ML. The antimycobacterial activity of B663. Lepr Rev 1965; 36: 3—7.

10Drugs.com. Clofazimine. http://www.drugs.com/cons/clofazimine. html (1 July 2011, date
last accessed).

11Working Group  on New TB Drugs. Riminophenazines. http://www.
newtbdrugs.org/project.php (1 July 2011, date last accessed).

12Yano T, Kassovska-Bratinova S, Teh JS et al. Reduction of clofazimine by mycobacterial
type 2 NADH:quinone oxidoreductase: a pathway for the generation of bactericidal levels of
reactive oxygen species. J Biol Chem 2011; 286: 10276-87.

13WHO. WHO Model List of Essential Medicines, 17th Edition (Updated: March 2011).
http://www.who.int/medicines/publications/essential medicines/en/ (13 September 2011, date
last accessed).

14WHO. WHO Model List of Essential Medicines for Children, 3rd Edition (Updated: March
2011). http://www.who.int/medicines/publications/ essentialmedicines/en/ (13 September
2011, date last accessed).

15Mukherjee JS, Rich ML, Socci AR et al. Programmes and principles in treatment of
multidrug-resistant tuberculosis. Lancet 2004; 363: 474—-81.

16Sansarricqg H (ed). Multidrug Therapy Against Leprosy: Development and Implementation
Over the Past 25 Years. Geneva: WHO, 2004. ISBN 92 4 159176 5.

17Fortu'n J, Mart in-Da’vila P, Navas E et al. Linezolid for the treatment of multidrug-resistant
tuberculosis. J Antimicrob Chemother 2005; 56: 180-5.

18WHO. Guidelines for the Programmatic Management of Drug-Resistant Tuberculosis
(Updated: 2011). http://whqglibdoc.who.int/publications/ 2011/9789241501583 eng.pdf (13
September 2011, date last accessed).

19Coyne KM, Pozniak AL, Lamorde M et al. Pharmacology of second-line antituberculosis
drugs and potential for interactions with antiretroviral agents. AIDS 2009; 23: 437—46.
20Chaisson RE, Keiser P, Pierce M et al. Clarithromycin and ethambutol with or without
clofazimine for the treatment of bacteremic Mycobacterium avium complex disease in
patients with HIV infection. AIDS 1997; 11: 311-7.

21Franzblau SG, O’Sullivan JF. Structure activity relationships of selected phenazines against
Mycobacterium leprae in vitro. Antimicrob Agents Chemother 1988; 32: 1583-5.

22Jagannath C, Reddy MV, Kailasam S et al. Chemotherapeutic activity of clofazimine and



its analogues against Mycobacterium tuberculosis. In vitro, intracellular and in vivo studies.
Am J Respir Crit Care Med 1995; 151: 1083-6.

23van Ingen J, van der Laan T, Dekhuijzen R et al. In vitro drug susceptibility of 2275 clinical
non-tuberculous Mycobacterium isolates of 49 species in The Netherlands. Int J Antimicrob
Agents 2010; 35: 169-73.

24Shen GH, Wu BD, Hu ST et al. High efficacy of clofazimine and its synergistic effect with
amikacin against rapidly growing mycobacteria. Int J Antimicrob Agents 2010; 35: 400—4.
25van Rensburg CE, Joone” GK, O’Sullivan JF et al. Antimicrobial activities of clofazimine and
B669 are mediated by lysophospholipids. Antimicrob Agents Chemother 1992; 36: 2729-35.

26van Rensburg CE, van Straten AM. An in vitro investié;ation of the susceptibility of
Enterococcus faecalis to clofazimine and B669. J Antimicrob Chemother 1994; 33: 356-8.
27Huygens F, O’Sullivan JF, van Rensburg CE. Antimicrobial activities of seven novel
tetramethylpiperidine-substituted phenazines against multiple drug-resistant Gram-positive
bacteria. Chemotherapy 2005; 51: 263-7.

280liva B, O’Neill AJ, Miller K et al. Anti-staphylococcal activity and mode of action of
clofazimine. J Antimicrob Chemother 2004; 53: 435-40.

290’'Neill AJ, Miller K, Oliva B et al. Comparison of assays for detection of agents causing
membrane damage in Staphylococcus aureus. J Antimicrob Chemother 2004; 54: 1127-9.

30Caminero JA, Sotgiu G, Zumla A et al. Best drug treatment for multidrug-resistant and
extensively drug-resistant tuberculosis. Lancet Infect Dis 2010; 10: 621-9.

31Griffith DE, Aksamit T, Brown-Elliott BA et al. An official ATS/IDSA statement: diagnosis,
treatment and prevention of nontuberculous mycobacterial diseases. Am J Respir Crit Care
Med 2007; 175: 367-416.

32Kaplan JE, Benson C, Holmes KH et al. Guidelines for prevention and treatment of
opportunistic infections in HIV-infected adults and adolescents: recommendations from CDC,
the National Institutes of Health, and the HIV Medicine Association of the Infectious
Diseases Society of America. MMWR Recomm Rep 2009; 58: 1-207; quiz CE1-4.

33van Ingen J, Simons S, de Zwaan R et al. Comparative study on genotypic and
phenotypic second-line drug resistance testing of Mycobacterium tuberculosis complex
isolates. J Clin Microbiol 2010; 48: 2749-53.

34Rastosi H, Goh KS, Horgen L et al. Synergistic activities of antituberculous drugs with
cerulenin and trans-cinnamic acid against Mycobacterium tuberculosis. FEMS Immunol Med
Microbiol 1998; 21: 149-57.

35Bulatovic VM, Wengenack NL, Uhl JR et al. Oxidative stress increases susceptibility of
Mycobacterium tuberculosis to isoniazid. Antimicrob Agents Chemother 2002; 46: 2765-71.

36van Deun A, Maug AK, Salim MA et al. Short, highly effective, and inexpensive
??zndéeggizgezd treatment of multidrug-resistant tuberculosis. Am J Respir Crit Care Med 2010;
37[5e Bruyn .EE, Steel HC, van Rensburg EJ et al. The riminophenazines, clofazimine and
B669, inhibit potassium transport in Gram-positive bacteria by a lysophospholipid-dependent
mechanism. J Antimicrob Chemother 1996; 38: 349-62.

38Steel HC, Matlola NM, Anderson R. Inhibition of potassium transport and growth of
mycobacteria exposed to clofazimine and B669 is associated with a calcium-independent
increase in microbial phospholipase A, activity. J Antimicrob Chemother 1999; 44: 209-16.
39Matlola NM, Steel HC, Anderson R. Antimycobacterial action of B4128, a novel
tetramethylpiperidyl-substituted phenazine. J Antimicrob Chemother 2001; 47: 199-202.
40lmlay J, Fridovich |. Exogenous quinones directly inhibit the respiratory NADH
dehydrogenase in Escherichia coli. Arch Biochem Biophys 1992; 296: 337—-46.

41Malone AS, Chung YK, Yousef AE. Proposed mechanism of inactivating Escherichia coli
0O157:H7 by ultra-high pressure in combination with tert-butyl-hydroquinone. J Appl Microbiol
2008; 105: 2046-57.

42Bopape MC, Steel HC, Cockeran R et al. Antimicrobial activity of clofazimine is not
Sgﬁ)ﬁzdent on mycobacterial C-type phospholipases. J Antimicrob Chemother 2004; 53:

43Cholo MC, Boshoff HI, Steel HC et al. Effects of clofazimine on potassium uptake by a
'é"rlk-deletion mutant of Mycobacterium tuberculosis. J Antimicrob Chemother 2006; 57: 79—

44kagan VE. Tocopherol stabilizes membrane against phospholipase A, free fatty acids and
lysophospholipids. Ann N'Y Acad Sci 1989; 570: 121-35.

45Baciu M, Sebai SC, Ces O et al. Degradative transport of cationic amphiphilic drugs
across phospholipid bilayers. Philos Transact A Math Phys Eng Sci 2006; 364: 2597—614.
46Steel HC, Cockeran R, Anderson R. Platelet-activating factor and lyso-PAF possess
direct antimicrobial properties in vitro. APMIS 2002; 110: 158-64.



47Cole ST, Brosch R, Parkhill J et al. Deciphering the biology of Mycobacterium
tuberculosis from the complete genome sequence. Nature 1998; 11: 537—44.

48Castan’eda-Garc’ia A, Do TT, Bla'zquez J. The K™ uptake regulator TrkA controls membrane
potential, pH homeostasis and multidrug susceptibility in Mycobacterium smegmatis. J
Antimicrob Chemother 2011; 66: 1489-98.

49Epand RM, Rotem S, Mor A et al. Bacterial membranes as predictors of antimicrobial
potency. J Am Chem Soc 2008; 130: 14346-52.

50Epand RM, Epand RF. Bacterial membrane lipids in the action of antimicrobial agents. J
Pept Sci 2011; 17: 298-305.

51Yawalkar SJ, Vischer W. Lamprene (clofazimine) in leprosy. Basic information. Lepr Rev
1979; 50: 135-44.

52Schaad-Lanyi Z, Dieterle W, Dubois JP et al. Pharmacokinetics of clofazimine in healthy
volunteers. Int J Lepr Other Mycobact Dis 1987; 55: 9-15.

530’Connor R, O’Sullivan JF, O’Kennedy R. The pharmacology, metabolism and chemistry
of clofazimine. Drug Metab Rev 1995; 27: 591-614.

54Mansfield RE. Tissue concentrations of clofazimine (B663) in man. Am J Trop Med Hyg
1974; 23: 1116-9.

55van Rensburg CE, Anderson R, O’Sullivan JF. Riminophenazine compounds:
pharmacology and anti-neoplastic potential. Crit Rev Oncol Hematol 1997; 25: 55-67.

56Holdiness MR. Clinical pharmacokinetics of clofazimine. A review. Clin Pharmacokinet
1989; 16: 74-85.

57Peters JH, Gordon GR, Murray JF et al. Mutagenic activity of antileprosy drugs and their
derivatives. Int J Lepr Other Mycobact Dis 1983; 51: 45-53. .
580’Sullivan JF, Franzblau SG, White KE. New clofazimine analogues: a structure activity
study in vitro. Health Cooperation Papers 1992; 12: 191-7.

590’Connor R, O’'Sullivan JF, O'Kennedy R. Determination of serum and tissue levels of
phenazines including clofazimine. J Chromatogr B Biomed Appl 1996; 681: 307-15.

60Lu Y, Zheng M, Wang B et al. Clofazimine analogs with efficacy against experimental
tuberculosis and reduced potential for accumulation. Antimicrob Agents Chemother 2011;
doi:10.1128/AAC.00699-11.

61Krishnan TR, Abraham |. Improved aqueous dissolution of clofazimine from coevaporates

nggg Eglyvinylmethyl ether/maleic anhydride copolymer. Drug Dev Ind Pharm 1991; 17:

62Narang AS, Srivastava AK. Evaluation of solid dispersions of clofazimine. Drug Dev Ind
Pharm 2002; 28: 1001-13.

63Kailasam S, Wise DL, Gangadharam PR. Bioavailability and chemotherapeutic activity of
clofazimine against. Mycobacterium avium complex infections in belge mice following a
single implant of a biodegradable polymer. J Antimicrob Chemother 1994; 33: 273-9.

64 Salem II, Steffan G, Du"zgu'nes N. Efficacy of clofazimine-modified cyclodextrin against
Mycobacterium avium complex in human macrophages. Int J Pharm 2003; 260: 105-14.

65Adams LB, Sinha I, Franzblau SG et al. Effective treatment of acute and chronic murine
tuberculosis with liposome-encapsulated clofazimine. Antimicrob Agents Chemother 1999;
43:1638-43.

66Mehta RT. Liposome encapsulation of clofazimine reduces toxicity in vitro and in vivo and
improves therapeutic efficacy in the beige mouse model of disseminated Mycobacterium

S\égjm-M. intracellulare complex infection. Antimicrob Agents Chemother 1996; 40: 1893—

67Peters K, Leitzke S, Diederichs JE et al. Preparation of a clofazimine nanosuspension for
intravenous use and evaluation of its therapeutic efficacy in murine Mycobacterium avium
infection. J Antimicrob Chemother 2000; 45: 77-83.

68Chen R, Tagawa M, Hoshi N et al. Improved dissolution of an insoluble drug using a 4-fluid
nozzle spray-drying technique. Chem Pharm Bull 2004; 52: 1066-70.

69Alanazi FK, El-Badry M, Ahmed MO et al. Improvement of albendazole dissolution by
preparing microparticles using spray-drying technique. Sci Pharm 2007; 75: 63-79.
70Paradkar A, Ambike AA, Jadhav BK et al. Characterization of curcumin-PVP solid
dispersion obtained by spray drying. Int J Pharm 2004; 27: 281-6.

71Pokharkar VB, Mandpe LP, Padamwar MN et al. Development, characterization and
stabilization of amorphous form of a low Tg drug. Powder Technol 2006; 167: 20-5.
72Sacchetti M, van Oort M. Spray-dxing and supercritical fluid particle generation
techniques. In: Hickey AJ, ed. Inhalation Aerosol: Physical and Bological Basis for Therapy.
NY: Marcel Dekker, 1996; 337-84.

73Edwards DA, Hanes J, Caponetti G et al. Large porous particles for pulmonary drug
delivery. Science 1997; 276: 1868-71.



74 Garcia-Contreras L, Fiegel J, Telko MJ et al. Inhaled large porous particles of
capreomycin for treatment of tuberculosis in a guinea pig model. Antimicrob Agents
Chemother 2007; 51: 2830-6. _ _

75Fiegel J, Garcia-Contreras L, Thomas M et al. Preparation and in vivo evaluation of a dry
powder for inhalation of capreomycin. Pharm Res 2008; 25: 805-11.

76Tsapis N, Bennett D, Jackson B et al. Trojan particles: Iar%e gorous carriers of
nanoparticles for drug delivery. Proc Natl Acad Sci USA 2002; 99: 12001-5.

77Sung JC, Garcia-Contreras L, Verberkmoes JL et al. Dry powder nitroimidazopgran
antibiotic PA-824 aerosol for inhalation. Antimicrob Agents Chemother 2009; 53: 1338—43.

78Garcia-Contreras L, Sung JC, Muttil P et al. Dry powder PA-824 aerosols for treatment of
tuberculosis in guinea pigs. Antimicrob Agents Chemother 2010; 54: 1436—-42.

790’Hara P, Hickey AJ. Respirable PLGA microspheres containing rifampicin for the
treatment of tuberculosis: manufacture and characterization. Pharm Res 2000; 17: 955-61.

80Sethuraman VYV, Hickey AJ. Powder properties and their influence on dry powder inhaler
delivery of an antitubercular drug. AAPS Pharm Sci Tech 2002; 3: 7-16.

81Sung JC, Padilla DJ, Garcia-Contreras L et al. Formulation and pharmacokinetics of self-
?gzgmgtl_)ed rifampicin nanoparticle systems for pulmonary delivery. Pharm Res 2009; 26:

82Germishuizen WA, Cholo MC, Fourie PB et al. Reformulating clofazimine for pulmonary
deIiver’X in the treatment of MDR-TB. In: Proceedings of the Second TB Conference, Durban,
South Africa, 2010. Paper no. 82.

83Bezerra EL, Vilar MJ, da Trindade Neto PB et al. Double-blind, randomized, controlled
clinical trial of clofazimine compared with_chloroquine in patients with systemic lupus
erythematosus. Arthritis Rheum 2005; 52: 3073-8.

84Ren YR, Pan F, Parvez S et al. Clofazimine inhibits human Kv 1.3 potassium channel by
perturbing calcium oscillation in T lymphocytes. PLoS ONE 2008; 3: e4009.

85Anderson R, Smit MJ. Clofazimine and B669 inhibit the proliferative responses and Na’,
K*-adenosine triphosphatase activity of human lymphocytes by a lysophospholipid-
dependent mechanism. Biochem Pharmacol 1993; 46: 2029-38.

86Seﬁel GB, Lichtman M. Potassium transport in human blood lymphocytes treated with
phytohemagglutinin. J Clin Invest 1976; 58: 1358—69.

87Prasad KV, Severini A, Kaplan JG. Sodium ion influx in proliferating lymphocytes: an early
component of the mitogenic signal. Arch Biochem Biophys 1987; 252: 515-25.

88Airmid. Kv1.3 Potassium Channel. 2007. http://www.airmid.com/ kv-potassium-
channel.html (1 July 2011, date last accessed).

89Zeis BM, Anderson R. Clofazimine-mediated stimulation ofé)r_ostaglandin synthesis and
free radical production as novel mechanisms of drug-induced immunosuppression. Int J
Immunopharmacol 1986; 8: 731-9.

90Anderson R, Be(%ers AD, Savage JE et al. Apparent involvement of phospholipase A;, but
not protein kinase C, in the pro-oxidative interactions of clofazimine with human phagocytes.
Biochem Pharmacol 1988; 37: 4635—41.



(a) Cl

N N—CH(CH,),
X
H N NHOCI

(b) H

N N— CH(CH,)s
)@t
H N NH H

Figure 1: Molecular structures of (a) clofazimine [3-(p-chloroanilino-10-(p-chlorophenyl))-2,10-

dihydro-2-(isopropylimino)-phenazine], molecular weight 473.4, and (b) B669 [3-anilino-10-phenyl-

2,10-dihydro-2-(cyclohexylimino)phenazine], molecular weight 445.4.
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Figure 2 Putative membrane-directed mechanisms of the antimicrobial activity of clofazimine
include the respiratory chain and ion transporters. Intracellular redox cycling, involving oxidation of
reduced clofazimine, leads to the generation of antimicrobial ROS, superoxide and H,0,. Secondly,
interaction of clofazimine with membrane phospholipids results in the generation of antimicrobial
lysophospholipids, which promote membrane dysfunction, resulting in interference with uptake of

K*. Both mechanisms result in interference with cellular energy metabolism.
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