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’ INTRODUCTION

Intracellular drug targeting can be useful to minimize drug
toxicity and maximize efficacy. Nevertheless, the sequestration of
drugs within intracellular organelles can also affect pharmacoki-
netics and pharmacodynamics after systemic delivery.1�3 Among
several known organelle sequestration mechanisms, ion-trapping
of drugs within acidic compartments, i.e. lysosomes, has beenmost
extensively studied.4,5 Protonation of weakly basic molecules leads
to increased solubility and decreased membrane permeability, and
promotes retention within lysosomes and endosomes. In the case
of lipophilic cations, the electrical potential present across the inner
membrane of mitochondria drives accumulation of membrane
permeant lipophilic cations into this organelle.1,3,6,7 Beyond trans-
membrane pH gradients (i.e., lysosomotropism) and electrical
potentials (i.e., mitochondriotropism), interactions of chemical
agents with intracellular membranes could directly promote their
accumulation. To study this phenomenon, the FDA approved
antibacterial drug clofazimine was selected as a model compound.
Clofazimine is highly lipophilic and possesses an unusually long
pharmacokinetic half-life of up to 70 days8 associated with exten-
sive accumulation of the drug in the body.9

Although clofazimine’s low solubility has been suspected to be
responsible for its atypical pharmacokinetics, the mechanism by
which drug accumulates intracellularly is not known.8�12 To study
this, we decided to pursue a cell-based approach to determine

whether clofazimine forms intracellular precipitates or crystal-like
deposits in Madin Darby canine kidney (MDCK) cells, in vitro.
MDCK cells were selected because they are considered a robust
in vitro assay system for drug transport studies. While these cells
originated from the epithelia of the distal renal tubules, they are
also used as a model to study the passive diffusion component of
intestinal drug absorption2 and to study drug bioaccumulation
associated with ion-trapping13 and phospholipidosis.3,14 Taking
advantage of clofazimine’s red color, the drug’s absorbance,
fluorescence, and biodistribution properties could be readily
measured. In addition, Raman spectral imaging and electron
microscopic examination were performed to reveal the mechanism
of clofazimine’s intracellular accumulation: the formation of
organelle-derived, intracellular drug�membrane aggregates.

’MATERIALS AND METHODS

Chemicals. Reagents were purchased from Sigma-Aldrich
(St. Louis, MO), unless otherwise indicated.
Drug Mass Measurement. MDCK (CCL-34 ATCC,

Manassas, VA) cells were maintained with DMEM plus 10% FBS
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(Gibco 10082), 10% nonessential amino acid (Gibco 11140 from
Invitrogen, Carlsbad, CA), and 10% penicillin/streptomycin
(Gibco 15140) in a 37 �C 5% CO2 incubator. For experiments,
MDCK cells were incubated with clofazimine solutions: clofazi-
mine-containing medium was made by diluting 10 mM clofazi-
mine stock (in DMSO) into DMEM plus 5% FBS immediately
before adding to cells (clofazimine added to cell culture medium
without FBS formed amorphous precipitates, but in 5% FBS no
visible precipitates formed due to drug binding to serum proteins).
For clofazimine mass measurements, cells were detached using
trypsin�EDTA (Gibco 15050), resuspended in 0.1 M citric acid/
0.1 M trisodium citrate buffer (pH 5) and counted with hemo-
cytometer. Equal number and volume of cells were transferred to
96-well plates and dissolved with 100 μL of ATCC detergent
(American Type Culture Collection, 30-1010K). The clofazimine
absorbance at 495 nmwas measured with a plate reader (Synergy-
2, Biotek Instruments, Winooski, VT), and mass was calculated
with the aid of a standard curve generated separately.
LC/MS Analysis of Intracellular Clofazimine. Analysis of

clofazimine’s chemical stability was performed for samples
treated with drug-containing media (10 μM or 0 μM), and for
pure drug (1 μg/mL). For extraction, samples were resuspended
in methanol to dissolve and extract the drug, and then centri-
fuged at 15000g for 10 min to remove insoluble components.
Analysis was performed with HPLC (Agilent1200, Zorbax RX-
C18 column) coupled to a mass spectrometer (Applied Biosys-
tems QTRAP 3200) eluted with H2O:acetonitrile gradient
(Analyst1.4, Applied Biosystems). Full scanning of total ion
current (TIC) from 200 to 800 of the reference drug sample
revealed intact clofazimine 473.2 and two ion transition frag-
ments of 431.2 and 429.2 (m/z). For treated cells, multiple
reaction monitoring (MRM) was performed, scanning for 44
common metabolic transformations of the intact molecule and
the two fragments of 431.2 and 429.2 m/z.
Light and Fluorescence Microscopy. Cells on cover glasses

were cultured with clofazimine medium for the indicated times.
For cellular lipid staining, 1 μg/mL Nile red was added for 2 h.
MTR staining was carried out with or without CFZ inmedia with
150 nM ofMTR (from 10mMDMSO stock solution) incubated
for 45 min. After incubation, cover glasses were washed twice
with DPBS and inverted onto glass slides for visualization on
Olympus 51X upright epifluorescence/polarization microscope
equipped 100� objective (1.40 NA, PlanApo oil emersion),
cross polarizers, U-MWIBA3 (eGFP) for green U-MWG2
(rhodamine) filter cube for red channel, and an Olympus DP-
70 color camera. Images were acquired using DP controller
3.1.1.267 under the same exposure settings.
Transmission ElectronMicroscopy. Samples were processed

as previously described15 and imaged with a Philips CM-100 at
magnifications from �2600 to �130000. Objects from pictures
of cells taken during triplicate experiments were counted and
scored for each category (with 6 to 10 individual cells analyzed
per sample).
Mitochondrial Respiration Measurement. Mitochondrial

respiration was measured using Seahorse XF24 Extracellular
Flux Analyzer (Seahorse Bioscience Inc., North Billerica, MA)
equipped with optical sensors that measure oxygen and protons
in the extracellular media.16 Briefly, 24 h before the measure-
ment, 50,000 cells were seeded onto wells of XF24 cell culture
microplates (V7, Seahorse Bioscience) with 150 μL of DMEM,
and an additional 100 μL was added after 4 h when cells attached
firmly. After 24 h, cells were washed and preincubated with

bicarbonate-free media (DMEM base XF assay medium, Sea-
horse Bioscience 100965) in 37 �C incubator without CO2

control. Injection cartridge (Seahorse Bioscience 100840) was
preincubated with calibration media 24 h prior to the assay, and
four different injection ports were loaded with the following
compounds containing 20 μM BSA with 10-fold concentration
of the drugs in media: CFZ (100 μM, port A), oligomycin
(10 μM, port B), FCCP (carbonyl cyanide p-trifluoromethox-
yphenylhydrazone, 30 μM, port C), and antimycin A (15 μg/mL,
port D). After automated calibration of the sensors, at prede-
termined time points, the O2 level was measured, OCR (oxygen
consumption rate) was calculated from the depleting oxygen
level and data were analyzed using an algorithm described by the
manufacturer.17 For plotting drug effects, the internal baseline
OCR level for each well, based on the measurement made before
injecting any drug (arbitrarily set to the 27th minute read after
cells equilibrate in the instrument), was subtracted from the
OCR measurement obtained for that same well.
Confocal Raman Microscopy. Cover glasses were inverted

on glass slides, sealed and frozen in liquid N2 and kept at
<�20 �C until analyzed with a WITec alpha300R instrument
equipped with CCD camera, UHTS300 Raman spectrometer
and 10 mW power 532 nm doubled Nd:YAG laser (WITec
GmbH, Germany). For analysis of the clofazimine signal, a
second order polynomial was fitted to the raw data for back-
ground fluorescence subtraction, and the remaining signal was
median-2 filtered (WITec project 2.00 software).
Lipid Analysis. Cells were prepared on 10 cm diameter dish

and incubated with medium containing either 10 μM or 0 μM
clofazimine for 36 h. Cells were trypsinized, counted and kept
frozen until analysis at the Lipidomics lab at Michigan Metabo-
lomics and Obesity Center. Lipids were extracted using metha-
nol:chloroform (2:1) solution and isolated with thin layer
chromatography (TLC silica gel 60, E. Merck). Chloroform:
methanol:acetic acid:water (100:40:12:4) was used as the mobile
phase, and TLC bands were scraped off and weighed for neutral
lipid and phospholipid species, while phospholipid species (lyso
phosphatidylcholine, phosphatidic acid, phosphatidylcholine,
phosphatidylethanolamine, phosphatidylserine, phosphatidyli-
nositol, sphingomyelin, cardiolipin) were quantified according
to the inorganic phosphorus assay.18 For each lipid species,
reference standards were purchased from Sigma. The experi-
ments were independently repeated three times and the results
were analyzed with the Student’s t test.
Mitochondria Isolation and Clofazimine Partitioning. Mi-

tochondria were isolated using a commercial kit (MITOISO1,
Sigma) from approximately 108 cells and homogenized with
rotating motor (200 rpm, >50 times) in 4�5 mL volume of
extraction buffer A (E2778 Sigma) followed by centrifugation at
1000g for 5 min, and then at 11000g for 10 min. After the
enrichment procedure, a small brown-white color pellet com-
posed of enriched mitochondria was verified using the JC-1
accumulation assay, following the kit’s instructions. To measure
CFZ binding to isolated mitochondria, a 5 μMCFZ solution was
made in storage buffer (S9689 Sigma), which contains ATP/
ADP and DTT in potassium buffer to sustain the mitochondrial
respiration, and then added to the isolated mitochondria. The
mix was vortexed until homogeneous and then centrifuged at
11000g for 10 min. Clofazimine that was bound to the pellet, that
remained dissolved in the liquid, or that was absorbed to the
sides of the tube was extracted withMeOH.MeOH extracts were
cleared after centrifugation at 11000g for 10 min. The mass of
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clofazimine in each fraction was determined from the concentra-
tion of clofazimine in the extracts, using the absorbance plate
reader, with the aid of a standard curve. The mass of clofazimine
remaining in the supernatants was determined by adding the
mass of clofazimine that adsorbed to the sides of the centrifuge
tube to that which remained dissolved in the liquid.
Image Processing. For display, images were digitally en-

hanced and overlaid using Photoshop. For control vs experi-
mental comparisons within the same figure, contrast and
brightness settings were similarly adjusted.

’RESULTS

1. Biochemical Analysis and Transmitted Light Micro-
scopy Reveal Intracellular Clofazimine Inclusion Formation.
Clofazimine accumulated intracellularly upon incubation with
cells (Figure 1A). Based on the calculated single cell volume of
1.6 pL,5 cellular concentration approximated 4 mM. However,
concentration in the extracellular medium was 10 μM, mostly
in protein-bound form (Figure SI. 1 in the Supporting
Information), which is within range of serum concentrations
in vivo.19 We observed a rapid increase of cell-associated drug
mass within minutes after the start of incubation, followed by a
continuous, gradual increase that continued for as long as the
cells were maintained in the clofazimine-containing medium
(Figure 1B). To determine if intracellular clofazimine was
metabolized, we performed LC/MS chemical analysis of intra-
cellular clofazimine in cells incubated with or without 10 μM
clofazimine in culture medium for 90 h. Intracellular clofazimine
was present intact with nomajor metabolites detected (Figure SI.
2 in the Supporting Information).
Within the first 12 h of clofazimine accumulation, small and

scattered clofazimine inclusions in the cytoplasm formed nano-
meter-sized bright red speckles, visible with transmitted light
illumination. After 24 h or longer, inclusions grew in size, ranging
from 1 to 2 μm in length, and assumed irregular shapes and
heterogeneous red color. They continued growing in size for as
long as the extracellular medium was replenished with fresh,
clofazimine-containing medium (Figure 1B, 120 h). The size,
shape and color of the inclusions were consistent with a previous
report in mouse lung macrophages.10 Intracellular clofazimine
accumulation was reversible. After clofazimine-treated cells were
transferred to drug-free medium, the efflux half-life was between
2 and 3 h, with some red inclusions remaining visible even after
6 h of efflux. At these concentrations, clofazimine incubation
inhibited cell growth and intracellular drug mass accumulation
was proportional to the drug concentration in the medium
(Figure SI. 3 in the Supporting Information).
2. Fluorescence Microscopy Yields Evidence That Large

Clofazimine Inclusions Form from Condensation and Ag-
gregation of Smaller Vesicles. In buffer, dilute clofazimine
solutions (<10 μM) fluoresce under 450 nm illumination
(528 nm emission), but more concentrated solutions result in
fluorescence quenching (Figure SI. 4 in the Supporting In-
formation). With epifluorescence microscopy, we found small
intracellular inclusions were fluorescent at those wavelengths
(460�495 nm excitation, 515�550 nm emission), but that the
larger, redder inclusions apparent at later time points did not
fluoresce (arrow, Figure 1C). We inferred that clofazimine first
accumulated in the small fluorescent vesicles, and then became
increasingly concentrated in the larger, red (but nonfluorescent)
inclusions.

The larger clofazimine inclusions were brightly stained with
Nile Red (NR), a highly lipophilic, neutral fluorophore that is

Figure 1. Clofazimine accumulation kinetics. (A) Time course analysis
of intracellular clofazimine accumulation (error bars represent the SEM,
N = 3). (B) Red intracellular drug inclusions grow in size. Brightfield
images were acquired during 0 to 120 h incubation in 10 μMclofazimine
containing 5% FBS�DMEM. Lines were manually drawn to indicate
individual cell boundaries. N: nucleus. (C) Intrinsic fluorescence of CFZ
and Nile Red (NR) staining of control and drug-treated cells. Cells were
incubated with CFZ containing DMEM for 24 h and imaged with the
standard eGFP (green) and rhodamine (red) fluorescence filter set.
Arrows point to large clofazimine inclusions lacking green fluorescence
(whereas small inclusions are visibly fluorescent). Nile Red staining
(NR) of CFZ treated vs untreated samples were acquired and displayed
under the same exposure settings, showing significantly greater NR
fluorescence in association with clofazimine inclusions.
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commonly used as a cellular lipid stain. This suggested that the
larger clofazimine inclusions were enriched in a hydrophobic
component. Without clofazimine, cells showed significantly low-
er NR staining which bleached very quickly, without evidence of
organelle-associated NR staining. However, measurement of
total cellular lipid, neutral lipid and various phospholipids did
not reveal statistically significant alterations in lipid mass or
relative contents after clofazimine treatment (data not shown).
Thus, while the growth of clofazimine inclusions was associated
with increased NR staining and photostability, there were no
measurable changes in lipid profiles.
3. Chemical Imaging Yields Evidence of Clofazimine Aggre-

gates but No Evidence of Intracellular Crystals. To investigate
whether intracellular clofazimine inclusions were formed by crystal-
lization of clofazimine, cells were analyzed with polarization micro-
scopy. Birefringence from intracellular clofazimine inclusions was
not detectable (Figure SI. 5 in the Supporting Information). With
confocal Ramanmicroscopy,20,21 clofazimine-treated cells exhibited
a fluorescence signal (Figure 2A) superimposed on a drug-specific
vibrational Raman signal (Figure 2B). Clofazimine fluorescence
(Figure 2C) and Raman signals (Figure 2D) was localized almost
exclusively to the cytoplasm, mostly in discrete spots in the peri-
nuclear region corresponding to the red clofazimine inclusions
observed by transmitted light microscopy (Figure 1).
Clofazimine’s vibrational signal (Figure 2D, in the region be-

tween 1100 and 1600 cm�1) overlapped with the overall fluores-
cence signal. After subtracting the fluorescence signal, different parts
of the cells exhibited similar Raman spectra, only varying in intensity
(Figure 2E). The strongest vibrational signals came from the
punctate foci in the perinuclear region (Figure 2E2,4,6,7,8). In
contrast, regions inside the nucleus and at the cell periphery lacked
Raman signal (Figure 2E1,3,5). Again, the specific Raman chemical
signal of clofazimine corresponded to the distribution of red
inclusions observed with transmitted light microscopy (Figure 1).
As a reference, the vibrational Raman spectra of untreated cells

(negative control; Figure 2Fa) and the vibrational spectra of
crystalline and amorphous clofazimine precipitates in various
buffers (positive controls; Figure 2Fb�h) were compared to the
Raman spectra of clofazimine-treated cells. The vibrational
spectra acquired from the punctate foci of clofazimine-treated
cells (Figure 2Fi) resembled that of positive clofazimine controls
(2Fb�h), with signature peaks at 1167, 1255, 1353, and several
other peaks between 1406 and 1565 cm�1. In buffer (2Fb�e),
peaks at 1298 and 1493 cm�1 decreased in intensity, whereas the
peak at 1565 cm�1 only appeared in association with crystalline
clofazimine in pH 5 and 7, indicating vibrational signals of
clofazimine are sensitive to the local microenvironment.
Most importantly, the reference spectrum of amorphous clofa-

zimine at pH 5 (Figure 2Fc) resembled that of amorphous
clofazimine at pH 3, whereas the spectrum of crystalline in pH 5
(Figure 2Fd) resembled that of crystalline clofazimine at pH 7
(Figure SI. 6 in the Supporting Information). Remarkably, the
spectra from drug-treated cells (Figure 2Fi) clearly lacked the
peaks of 1436 (*) and 1461 (*) cm�1 which were the prominent,
signature peaks of crystalline clofazimine. These peaks were absent
in amorphous clofazimine aggregates (Figures 2Fc,f, bold). Thus,
chemical imaging of intracellular drug inclusions also did not yield
evidence for the presence of clofazimine crystals.
4. Transmission Electron Microscopy Reveals an Intracel-

lular Drug�Membrane Aggregation Pathway, Leading to
Aldi Formation without Intracellular Crystals. With TEM,
the cytoplasm of control cells appeared normal in morphology

(Figure 3A and Figure SI. 7a�c in the Supporting Information).
In comparison, incubation with clofazimine-containing medium
for 24 h induced many dense, osmiophilic multivesicular bodies
(MVB) and many other darkly stained, osmiophilic vesicles filled
with granular material (Figure 3B and Figure SI. 7g�i in the
Supporting Information). Upon prolonged exposure (10 μM

Figure 2. Confocal Raman imaging of clofazimine-treated cells. (A)
Polynomial fitting of a representative, raw spectral scan acquired from a
clofazimine treated cell. (B) Background subtracted Raman vibrational
spectra fromA. (C) The spectral intensity map of a selected fluorescence
spectral region (2199�2296 cm�1), highlighted in blue in panel A. (D)
The spectral map of the selected, background subtracted, Raman
spectral region (1100�1600 cm�1), highlighted in blue in panel B.
(E) Spectra of various regions of D (1, cytosol; 2, perinuclear region; 3,
center of the nucleus; 4, perinuclear region; 5, center of the nucleus;
6�8, various punctate cytoplasmic foci. (F) Representative, fluores-
cence-subtracted Raman spectra of untreated MDCK cells (a); clofazi-
mine precipitates in different buffer solutions (b�g); dry clofazimine
crystals (h); and drug-treated cells (i). The intensity is in arbitrary units,
normalized to the same scale. 1436 and 1461 cm�1 (*) are vibrational
peaks that are prominent in crystalline clofazimine but almost absent the
amorphous clofazimine (bold line).
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clofazimine for >72 h), the bulk of cellular membrane content
became reorganized into morphologically distinct and atypical
inclusions, many possessing multilamellar membrane features
(Figure 3C and Figure SI. 7g�l in the Supporting Information).
These inclusions were highly complex and heterogeneous in
their internal structure, resembling autophagosomes.22 The
number, size, location and appearance of these heterogeneous,
membranous inclusions corresponded in size, number and
distribution to the red clofazimine inclusions observed under
transmitted light microscopy (Figure 3D�F and Figure SI. 7j�p
in the Supporting Information). Hence, we inferred these
structures corresponded to clofazimine-membrane aggregates,
and labeled them autophagosome-like drug inclusion, aldi
(Figure SI. 7m�p in the Supporting Information).
Cytoplasmic object counts from TEM sections of cells ex-

posed to clofazimine containing cell culture media for varying
periods of time allowed piecing together a sequence of events
leading to aldi formation (Figure 4A and Figure SI. 7 in the
Supporting Information). Depending on their apparent size,
complexity, density of the internal structure and the time course
of appearance, we divided aldis into early (Figure 4B) and late
stage (Figure 4C). Based on object counts, aldis accumulated
with time, to become the most frequent organelle observed in
clofazimine-treated cells (Figure 4D).
5. Additional Structural and Functional Evidence for a

Mitochondrial Origin of Aldis. In TEMs, mitochondria caught

our attention, which were prominent in untreated cells but
seldom observed in clofazimine-treated cells. We confirmed
the number of intact mitochondria (Figure 4E) decreased signi-
ficantly upon drug treatment, concomitant with an increase in the
number of organelles with morphological features resembling
degenerating mitochondria (Figure 4F). Staining cells with a
mitochondria-specific, membrane potential-sensitive probe, Mito-
Tracker Red CMXRos (MTR, Figure 5), revealed that incubation
with clofazimine led to mitochondrial membrane depolarization,
with diffuse cytoplasmic MTR staining. In untreated cells, normal
MTR signal was observed in association with cytoplasmic orga-
nelles possessing vermiform appearance, typical for mitochondrial
labeling. After clofazimine incubation, MTR background signal in
cytoplasm was increased, with fewer organelles showing specific
mitochondria morphology. After 21 h, small clofazimine-contain-
ing vesicles (observed using the epifluorescence eGFP channel)
corresponded to MTR-labeled mitochondria (observed under
rhodamine channel). However, the larger clofazimine inclusions
which lacked clofazimine fluorescence did not stain with MTR.
Accordingly, we inferred that some of the membranes in aldis
could originate from degenerating mitochondria.
Consistent with a mitochondrial origin of these induced, drug�

membrane complexes, clofazimine avidly partitioned into isolated
mitochondria in vitro (Figure 5B). In clofazimine-treated cells,
mitochondrial respiratory function was perturbed by clofazimine

Figure 3. TEM images of control cells (A, vehicle-only with 5% FBS-DMEM after 24 h treatment); and cells incubated with 10 μMclofazimine for 24 h
(B) or 87 h (C). D, E, and F are zoom-in images of boxed regions in A, B, andC, respectively. Cytoplasmic objects were categorized into autophagosome-
like drug inclusions (aldis) if they did not show characteristic features of the typical organelles, while exhibiting lipid-rich (lamellar or vesicular) internal
structures stained with osmium tetroxide.
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treatment (Figure 5C). Although basal oxygen level consistently
ranged between 132 and 141 mmHg, oxygen consumption rate
(OCR) was affected by clofazimine treatment, which reflects a

change inmitochondrial respiration responsible for the production
of ATP through the reduction of O2. In positive control experi-
ments, OCR varied in response to the standard pharmacological

Figure 4. Temporal analysis of aldi biogenesis and mitochondria degeneration. (A) Representative image of osmiophilic and granular multivesicular
body that appears during the first 24 h incubation. (B) Early aldi, showing internal lamellae and heterogeneous appearance. (C) More complex aldi,
representative of those that appeared at latter time points. (D) Measured frequency of different organelles, at various time points after beginning of
clofazimine incubation. (E) TEM images of abnormal/degenerating mitochondria in clofazimine treated cells. (F) Frequency of normal vs degenerating
mitochondria changes during drug treatment. For TEM organelle counts, morphological features were manually scored from 6 or more cells.

Figure 5. Clofazimine associates with mitochondria, followed by dissipation of the mitochondrial membrane potential. (A) MitoTracker Red (MTR)
staining of untreated vs clofazimine treated cells. Arrows at 21 h treatment indicate clofazimine fluorescence (green channel) colocalized with functional
mitochondria (labeled with MTR signal in red channel). However, the larger (older) clofazimine inclusions do not stain with MTR. (B) Clofazimine
binds to isolated mitochondria. As a control, the same experiment was repeated with storage buffer alone and no mitochondria (w/o mito). Under
control conditions, clofazimine signal was not detected in the pellet after centrifugation. Error bar represents standard deviation from representative
experiment. Student’s t test shows statistically significant differences in both supernatant and pellet (p < 0.05; N = 2). (C) Oxygen consumption rate
(OCR) differences of clofazimine-treated cells ([) vs control cells (O). Various inhibitors of mitochondrial respiration were sequentially applied in the
presence or absence of clofazimine at predetermined time points, as indicated in the x-axis. The OCR difference was calculated as the measured OCR
level minus the baselineOCR level (at the 27thminute). Error bars indicate SEM;N = 3 (the error barmay be smaller thanmarks). Statistical significance
for each treatment was tested comparing the last data point before vs the new treatment’s last data point: 4th point vs 11th point for clofazimine effect,
11th vs 14th for oligomycin, 14th vs 17th for FCCP, and 17th vs 20th for antimycin A. For every treatment, p < 0.05.
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inhibitors of mitochondrial respiration (Figure 5C, O): (1)
oligomycin inhibited the ATP synthase (complex V), resulting in
a decrease in OCR; (2) carbonyl cyanide p-trifluoromethoxyphe-
nylhydrazone (FCCP) disrupted the electrochemical gradient
across the mitochondrial membrane, increasing the OCR; and,
(3) antimycin A blocked complex I and III in electron transfer
chain, decreasing the OCR. In the experimental conditions,
addition of clofazimine ([) increased the OCR, suggesting a
disruption of the proton gradient across the mitochondrial inner
membrane, similar to FCCP addition. Furthermore, after clofazi-
mine treatment, the OCR became unresponsive to oligomycin or
FCCP, whereas antimycin remained fully active. This was con-
sistent with clofazimine interfering with the mitochondrial mem-
brane potential, similar to FCCP.

’DISCUSSION

Based on our observations, the intracellular accumulation of
clofazimine is accompanied by the formation of massive, intracel-
lular drug�membrane aggregates. Morphologically, these aggre-
gates do not resemble the crystal-like drug inclusions that are
observed in patients after months of clofazimine treatment,8�11

but they may be a precursor for such inclusions since similar
structures can be also be observed in electron micrographs of
clofazimine-treated tissues. Because clofazimine has weakly basic
amine groups with reported pKa ranging from 7.87 to 9.11,23 the
drug is expected to be protonated andmore water-soluble in acidic
environments. However, the drug is also expected to become
deprotonated and less soluble in neutral or alkaline environments,
which can lead to the formation of supersaturated solution once
the drug is absorbed and distributes throughout the body. It is
possible that a lipoprotein carrier could be involved in cellular
uptake24 and that the low pH environment of lysosomes could lead
to ion-trapping.4,13 However, based on electron microscopy, the
mechanism ultimately responsible for sequestering clofazimine
appears to be the formation of aldis: drug�membrane aggregates
that resembled autophagosomes in morphology. Biochemical
studies with isolated mitochondria revealed that clofazimine
accumulates in mitochondria, and functional studies confirmed
that clofazimine interacts with mitochondria inside cells, suggest-
ing at least some of the membranes in these aggregates may
originate from degenerating mitochondria.

In the continuous presence of clofazimine, the formation of
drug�membrane aggregates can destabilize organelle structure
and function, inducing membranes to coalesce, fuse and con-
dense, and give rise to aldis. The formation of drug�membrane
aggregates can serve as a sink to facilitate the continuous
accumulation of clofazimine inside cells, without clofazimine
crystals forming intracellularly. With supersaturated clofazimine
solutions forming in the gastrointestinal tract, clofazimine can
be absorbed into the body and partition into cellular lipids and
the phospholipid membranes that form the boundaries of intracel-
lular organelles. Upon prolonged dosing, aldis can accumulate
and may serve as an intracellular clofazimine depot. Presumably,
aldis may continue to form and grow as long as the drug is not
toxic to cells, and the rate of drug�membrane aggregate forma-
tion does not exceed the cells’ capacity to synthesize new mem-
branes and regenerate its degenerating organelles.

Morphologically, aldis resembled autophagosomes or mito-
phagosomes.22 However, aldis lacked the double membrane that
normally surrounds autophagosomes. Unlike autophagosomes and
mitophagosomes, aldis appeared completely filled with condensed

lipid membrane aggregates, instead of the typical, degenerating
vesicular membrane cargo. In the natural degradation of mitochon-
dria (and other organelles),22,25,26 a membrane structure termed
phagophore is observed to engulf the degenerating organelle.
Later, the mitophagosomes fuse with lysosomes to form auto-
phagolysosomes22,25,26 which degrade the membrane contents for
intracellular recycling. Unlike autophagolysosomes or mitophago-
somes, aldis appeared to grow continuously by coalescence and
condensation. Considering the possibility that aldis were related to
multilamellar bodies resulting from phospholipidosis,14,27 a toxico-
logical phenotype associated with certain classes of lipophilic
drugs,28,29 clofazimine did not lead to a measurable increase in
phospholipid levels in MDCK cells.

To conclude, the ability of clofazimine to interact with
mitochondria and induce the formation of intracellular drug
membrane aggregates may be worth considering not only as a
drug side effect but also in terms of potential therapeutic
applications. Indeed, while such phenotypic changes are gener-
ally reported as drug side effects, they could also have cytopro-
tective functions.30,31 For example, interaction of clofazimine
with mitochondria could be useful to attenuate mitochondrial
damage associated with oxidative stress that occurs during
ischemia�reperfusion injury.32,33 Today, there is an increasing
interest in probing drug�membrane interactions as a determi-
nant of the cellular disposition of lipophilic small molecule
drugs.6,34 Experimental evidence indicates that chloroquine5

and amiodarone28,35 accumulate in association with multilamel-
lar bodies. However, characterizing the formation of drug�
membrane complexes within cells has been a challenge. In this
context, the ability to use a combination of chemical imaging
technologies including Raman, fluorescence, and absorbance to
study clofazimine’s intracellular disposition, together with the
ability to perform electron microscopic observations on the
resulting drug inclusions, constitutes a major advance in terms
revealing the appearance of prominent drug�membrane aggre-
gates that result from drug�membrane interactions as they occur
within cells.
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