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An adipose cell (SW872) model was developed to observe cellular necrosis and apoptosis upon Mycobacterium
ulcerans infection and treatment with mycobacterial exudate. Apoptosis was likely due to secreted proteins,
while necrosis was likely due to mycolactone. Our data suggest that additional factors in M. ulcerans may be
involved in Buruli ulcer pathogenesis.

Buruli ulcer (BU) disease, caused by Mycobacterium ulcerans
infection, is characterized by chronic necrotizing skin ulcers,
with tissue destruction often observed in the adipose tissue and
at sites distal to acid-fast bacilli. Based on these observations,
the pathogenesis of BU has been hypothesized to be due to
one or more secreted mycobacterial toxins. Early studies on
the elucidation of a toxin led to the description of a heat-stable
and pronase- and lipase-labile factor from the culture filtrate
of M. ulcerans (10). Further studies revealed that M. ulcerans
filtrates possessed immunosuppressive properties (16). The ad-
vent of more sensitive biochemical methods led to the identi-
fication and characterization of a unique polyketide in M. ul-
cerans, named mycolactone, which possesses distinct cytotoxic
and immunosuppressive characteristics (4–6, 15).

A perusal of the literature demonstrates that previous stud-
ies of the cytotoxicity of M. ulcerans culture filtrate (MUCF)
relied upon albumin- or serum-supplemented media. The high
protein content of such media impeded the characterization of
the secreted proteins of M. ulcerans, including their role, if any,
in cytotoxicity. Recent developments in the culture of M. ul-
cerans in protein-free media have led to the discovery of sero-
diagnostic proteins (1) and phospholipases (7, 8) in the MUCF
and facilitated this study, in which a human adipose cell model
of M. ulcerans infection and MUCF cytotoxicity was estab-
lished.

M. ulcerans infection of human adipose cells. M. ulcerans
strain 94-816 (kindly provided by Francoise Portaels) was
grown by serial 10-fold passage to 100 ml in Middlebrook 7H9
oleic acid-albumin-dextrose-catalase broth until the optical
density (600-nm �) was 0.5 to 0.7. Single-cell bacterial suspen-
sions were made by pulse sonication at 4°C using a Branson
450 cell sonicator fitted with a cup horn attachment (Branson
Ultrasonics, Danbury, Conn.).

Human adipose cells (SW872) were obtained from the
American Type Culture Collection (ATCC HTB 92; Manassas,
Va.). Cells were maintained in L-15S (Leibovitz-15 medium
with L-glutamine [Gibco/BRL, Grand Island, N.Y.], supple-

mented with 10% heat-inactivated fetal bovine serum [Hy-
Clone Laboratories Inc., Logan, Utah] and sodium bicarbon-
ate [1.5 g/liter; Gibco]) and incubated at 37°C and 5% CO2.
Prior to use in experimental assays, the cells were released
from the culture flask with 0.25% trypsin (Gibco), washed
twice with fresh medium, and seeded onto 6- or 24-well mi-
croculture plates as needed. Viable cell counts were confirmed
prior to each experiment using trypan exclusion (13).

For electron microscopic (EM) analysis, fresh SW872 cells
were trypsinized (0.25.%), washed twice, and adjusted to the
desired density with L-15S* (L-15S supplemented with only
1% fetal bovine serum) to 5 � 105 cells/ml. SW872 cells were
placed into sterile cryovial tubes and infected with single-cell
suspensions of M. ulcerans at a multiplicity of infection of 4:1
(bacterium/cell ratio; confirmed by CFU determination on
7H10 agar plates prior to each infection). Cells and bacteria
were incubated with rotation at 32.5 or 37°C for 24 h. The
tubes were then centrifuged at 5,000 � g, the medium was
removed, and the pellet was washed twice with phosphate-
buffered saline (PBS). EM fixative (1% glutaraldehyde in PBS,
EM grade) was added, and cells were resuspended by rotation
at 4°C for 1 h. The tubes were centrifuged at 5,000 � g, the
fixative was removed, the pellet was washed with PBS, and 100
�l of 300 mM cacodylate buffer was added. The samples were
embedded as described previously (3), and EM analysis was
conducted using a Philips CM-10 transmission electron micro-
scope.

Similar to histological observations of adipose tissues from
infected human patients (9, 11), M. ulcerans did not enter
SW872 cells upon incubation at either temperature (data not
shown). Nonetheless, cytotoxicity was observed within 1 day
postinfection at both temperatures. M. ulcerans induced exten-
sive intracellular granule formation, vacuolization, nucleosome
condensation, and cell blebbing (Fig. 1A and B). Uninfected
cells treated in the identical fashion did not demonstrate sim-
ilar phenotypes (Fig. 1C). Interestingly, transmission EM anal-
ysis of infected SW872 cells demonstrated more apoptotic cells
at 32.5°C (Fig. 1A), whereas at 37°C infected cells appeared as
both necrotic (or lysed) and apoptotic (Fig. 1B).

Visual microscopic analysis of infected SW872 cells was con-
sonant with our EM analyses. The cell monolayers were dis-
rupted within 3 days postinfection at either 32.5 or 37°C, and
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infected monolayers displayed cytopathic attributes that in-
cluded granule formation, vacuolization, pseudopodium for-
mation, and cell blebbing (data not shown).

MUCF and mycolactone treatment of adipose cells. MUCF
from protein-free media and mycolactone were prepared and
quantitated as described previously (1, 5). In addition, MUCF
was tested using the Limulus amebocyte lysate assay (Bio-
Whittaker, Walkersville, Md.) for the presence of endotoxin
prior to experiments using SW872 cell cultures, and endotoxin
units were always less than 0.3 U/4 mg of protein.

Denaturation of MUCF from strain 94-816 was achieved by
incubation at 100°C for 30 min (94-816 HD), or by incubation
with 200 �g of proteinase K (Sigma Chemical Co., St. Louis,
Mo.)/ml for 3 h at 37°C, followed by incubation at 100°C for
30 min (94-816 PKHD).

SW872 cell monolayers, prepared as described above, were
treated with 20 �g of MUCF from 94-816, 94-816 HD, or 94-
816 PKHD or 0.01, 0.1, 1.0, or 10 �g of purified mycolactone.
Cell cultures were incubated at 37°C and 5% CO2 for up to 7
days.

Microscopic analysis of nondenatured MUCF-treated
SW872 cell monolayers demonstrated a phenotype similar to
that of M. ulcerans-infected cell monolayers within 3 days post-
exposure, including granule formation, vacuolization, pseudo-
podium formation, and areas of SW872 cell clearing and cel-
lular debris (data not shown). Heat-denatured MUCF retained
this cytotoxic phenotype, while MUCF that was both protein-
ase K digested and heat denatured appeared to be less cyto-
toxic (data not shown). Mycolactone-treated cell monolayers
displayed only cell rounding and lifting at all concentrations
tested, as previously described for this molecule (4, 5; data not
shown), suggesting that the MUCF may contain products other
than mycolactone with cytotoxic properties.

Quantitative measures of the cytotoxicity induced by MUCF
and mycolactone treatment of human adipose cell monolayers

were next determined by measuring apoptosis (presence of
histone-DNA complexes in cell lysates) and necrosis (release
of lactate dehydrogenase [LDH] from permeated and/or leaky
cell membranes) from treated SW872 cells.

Apoptosis was measured from MUCF- and mycolactone-
treated SW872 cell monolayers at days 1, 3, and 5 posttreat-
ment using the Cell Death Detection Plus enzyme-linked im-
munosorbent assay (Roche, Indianapolis, Ind.) as described
previously for studies of mycobacterial pathogenesis (2). Per-
cent apoptosis was then determined using the following calcu-
lation: [(measurement of DNA-histone complex from treated
cells � background measurement of untreated cells)/(maxi-
mum DNA-histone complex measurement from camptothecin-
treated cells � background measurement)] � 100.

For necrosis induction, the release of the cytoplasmic en-
zyme LDH from treated permeabilized SW872 cells was mea-
sured at 1, 3, and 5 days posttreatment using the colorimetric
kit from Roche as described previously (2). Percent LDH re-
lease was then determined using the following calculation:
[(release of LDH from treated cells � background release
from untreated cells)/(maximum release of LDH by cell lysis �
background release)] � 100.

MUCF-treated SW872 cell monolayers demonstrated both
apoptosis (Fig. 2A, solid bars) and necrosis (Fig. 2B, solid bars)
over the course of exposure. In order to further define the
biological nature of the compounds in the MUCF that were
responsible for these phenotypes, the MUCF was denatured by
heating and enzymatic hydrolysis and the denatured products
were tested in this model. Apoptosis induction was significantly
reduced when MUCF was first digested with proteinase K and
then heat treated prior to addition to SW872 cell monolayers
(Fig. 2A, vertically striped bars; Student’s t test, P � 0.0011,
94-816 versus 94-816 PKHD, and Student’s t test, P � 0.0013,
94-816 HD versus 94-816 PKHD, day 5 postexposure), though
no significant difference was found between untreated and

FIG. 1. EM of human adipose cells (SW872) infected with M. ulcerans for 24 h. (A) SW872 cells incubated at 32.5°C undergoing necrosis and
apoptosis. Magnification, �2,950. Arrows denote nucleosome condensation, cell blebbing, and a vacuole, respectively (top to bottom). (B) SW872
cells incubated at 37°C undergoing necrosis and apoptosis. Magnification, �2,950. Arrows denote a highly granulated and vacuolated cell and a
cell with numerous vacuoles, respectively (top to bottom). (C) Uninfected SW872 cells. Magnification, �2,950.
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heat-denatured MUCF alone (Fig. 2A, horizontally striped
bars; Student’s t test, P � 0.6802, day 5 postexposure), impli-
cating the action of a heat-stable MUCF protein (or proteins)
in the induction of apoptosis of SW872 cells. Conversely, nei-
ther heat denaturation alone nor proteinase K treatment and
heat denaturation resulted in a significant reduction of necrosis
(Fig. 2B, horizontally and vertically striped bars, respectively;
Student’s t test, P � 0.6494, 94-816 versus 94-816 HD, and
Student’s t test, P � 0.2657, 94-816 versus 94-816 PKHD, day
5 posttreatment), suggesting that the induction of necrosis was
likely to be due to heat- and proteinase-resistant products in
the MUCF.

Little apoptosis was induced by purified mycolactone alone
(1.0-�g treatment shown; Fig. 2A, checkered bars), and signif-
icant differences in apoptosis induction between mycolactone-
and MUCF-treated cells were observed (Student’s t test, P �
0.0044, day 5 postexposure). In contrast, the induction of ne-
crosis in mycolactone-treated SW872 cell monolayers was not
significantly different from the level of necrosis induced by
MUCF treatment (Fig. 2B, checkered versus solid bars; Stu-
dent’s t test, P � 0.0439, day 5 postexposure). Cumulatively,
these data support the contribution of mycolactone in the
induction of necrosis of SW872 cells and the contribution of
secreted proteins in the induction of apoptosis of SW872 cell
monolayers treated with MUCF.

Biochemical analysis of the MUCF. Mycolactone induced
necrosis in this cell model. As this product has been shown
elsewhere to partition to the acetone-soluble lipid (ASL) frac-
tion of cellular lysates and exudates of M. ulcerans (4, 5), it may
be in the MUCF and contribute to the necrosis observed with
MUCF treatment of SW872 cells.

Thus, the ASL fraction from the MUCF was tested by
matrix-assisted laser desorption ionization–time of flight
(MALDI-TOF) mass spectrometry for sensitive detection of
mycolactone and related products. MALDI-TOF mass spec-

trometry was conducted using a PerSeptive Biosystems Voy-
ager DE biospectrometry workstation (Applied Biosystems,
Inc., Foster City, Calif.) gated for the detection of mycolactone
and its derivatives, with an acceleration voltage of 20,000 and
a low-mass gate of 300.00 atomic mass units.

Although a product with the same mass as mycolactone
(M � H � 742 [5]) was not found in the MUCF, products with
masses identical to those of mycolactone-related structures
(M � H � 685 and 786 [P. L. Small, unpublished data]) were
observed (Fig. 3A), indicating that mycolactone-related deriv-
atives retained in the MUCF are likely to be responsible for
the induction of necrosis in this cell model. This analysis com-
bined with previous thin-layer chromatography of the MUCF
demonstrated that these derivatives comprise roughly �2% of
the MUCF (our unpublished observations).

The MUCF was analyzed by two-dimensional gel electro-
phoresis using the method of Sonnenberg and Belisle for res-
olution of mycobacterial proteins (19) and demonstrated nu-
merous proteins, including the serodiagnostic 38-kDa protein
(1) (Fig. 3B). Interestingly, a high-molecular-weight lipopro-
tein complex was abundant in the MUCF (Fig. 3B). The at-
tributes of this complex are similar to those described for other
factors previously suggested for the toxin(s) from the culture
filtrate of M. ulcerans (10).

Our studies demonstrated the multifactorial cytotoxicity ob-
served in M. ulcerans-infected SW872 cell monolayers (Fig. 1
and data not shown). Interestingly, both apoptosis and necrosis
were observed in this cell model, providing a use for this model
in the inclusive characterization of the cytotoxic products from
M. ulcerans. Further, these phenotypes were readily observed
upon infection at 37°C, even though M. ulcerans grows poorly
above 35°C (20), suggesting that M. ulcerans cytotoxicity is
independent of replication, in contrast to other models of
mycobacterial pathogenesis (3, 17).

Treatment of SW872 cell monolayers with MUCF corrobo-

FIG. 2. Quantitative analysis of necrosis and apoptosis in adipose cell monolayers treated with MUCF or mycolactone. (A) Optical densities
of intracellular histone-DNA complexes from the cell lysates of SW872 cell monolayers. (B) Percent LDH release from SW872 cell monolayers.
Data shown are the means of triplicate experiments, and error bars represent the standard deviations of these data. The values obtained were
normalized by subtraction of background levels of intracellular histone-DNA complexes and of LDH release of uninfected SW872 cell monolayers
at each time point. Solid bars, 20 �g of native 94-816 MUCF; horizontally striped bars, 20 �g of heat-denatured 94-816 MUCF; vertically striped
bars, 20 �g of proteinase K-treated and heat-denatured 94-816 MUCF; checkered bars, 1.0 �g of mycolactone.
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rated these analyses. The MUCF was cytotoxic to SW872 cell
monolayers and induced both necrosis and apoptosis (Fig. 2).
Further, the factors present in the MUCF responsible for ne-
crosis were both heat and proteinase K stable and thus likely to
be comprised of mycolactone and related products (Fig. 2B).
These analyses also demonstrated that the MUCF-derived fac-
tors driving apoptosis were proteinase K sensitive, substanti-
ating a role for the secreted proteins of M. ulcerans in the
cytotoxicity of SW872 cells (Fig. 2A).

Mass spectrometry analysis revealed trace quantities of my-
colactone-related products in the MUCF (Fig. 3A), and puri-
fied mycolactone induced necrosis, supporting its role in the
cytotoxicity of human adipose cells (Fig. 2B). In contrast, only
3% of the mycolactone-treated cell monolayers were apoptotic
(Fig. 2A), suggesting that apoptosis is a secondary effect of
necrosis induction by mycolactone in this cell model. This
finding is consistent with other reports for mycolactone (6) and
other cytotoxic bacterial factors (12).

Preliminary analyses of the proteins present in the MUCF by
two-dimensional gel electrophoresis did not readily identify
one protein responsible for apoptosis, though they suggested a
high-molecular-weight lipoprotein complex that may contrib-
ute to SW872 cell cytotoxicity (Fig. 3B and our unpublished
observations). This complex demonstrates characteristics con-
sistent with products previously suggested as toxigenic compo-
nents of the MUCF (10, 18).

Others have identified cytotoxic properties of the MUCFs in
protein-free media (14) and have defined phospholipase activ-
ities (7, 8) and cytolysins (A. Mve-Obiang, A. Gomez, J. Buj-
nicki, R. Kotlowski, L. Rychlewski, J. Remacle, F. Portaels,
and P. A. Fonteyne, unpublished data) from the M. ulcerans
exudate that may additionally contribute to the cytotoxicity
seen in this cell model. Future studies will focus on the utility
of this cell model in the delineation of the factors from the
MUCF directing SW872 cellular apoptosis and their role in the
pathogenesis of BU.
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