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Mycobacterium leprae, the intracellular etiological agent of
leprosy, infects Schwann promoting irreversible physical dis-
abilities and deformities. These cells are responsible for myeli-
nation and maintenance of axonal energy metabolism through
export of metabolites, such as lactate and pyruvate. In the pres-
ent work, we observed that infected Schwann cells increase glu-
cose uptake with a concomitant increase in glucose-6-phos-
phate dehydrogenase (G6PDH) activity, the key enzyme of the
oxidative pentose pathway. We also observed a mitochondria
shutdown in infected cells and mitochondrial swelling in pure
neural leprosy nerves. The classic Warburg effect described
in macrophages infected by Mycobacterium avium was not
observed in our model, which presented a drastic reduction in
lactate generation and release by infected Schwann cells. This
effect was followed by a decrease in lactate dehydrogenase iso-
form M (LDH-M) activity and an increase in cellular protection
against hydrogen peroxide insult in a pentose phosphate path-
way and GSH-dependent manner. M. leprae infection success
was also dependent of the glutathione antioxidant system and its
main reducing power source, the pentose pathway, as demon-
strated by a 50 and 70% drop in intracellular viability after treat-
ment with the GSH synthesis inhibitor buthionine sulfoximine,
and aminonicotinamide (6-ANAM), an inhibitor of G6PDH
6-ANAM, respectively. We concluded that M. leprae could
modulate host cell glucose metabolism to increase the cellular
reducing power generation, facilitating glutathione regenera-
tion and consequently free-radical control. The impact of this
regulation in leprosy neuropathy is discussed.

According to the World Health Organization, the number of
new individuals diagnosed with leprosy in 2014 remained stable
at 213,899 worldwide (1). Although it is an ancient disease, the

molecular and cellular mechanisms underlying leprosy are still
poorly understood. Moreover, this disease encompasses a com-
plex and broad clinical and immunopathological spectrum,
characterized by severe peripheral nerve demyelination and
extensive axonal loss, the most recognized hallmarks of the dis-
ease, resulting in impairment of neural function, disfigurement,
and deformities. Leprosy is not considered a fatal disease, but it
is still responsible for more than 14,000 cases of irreversible
motor disability and deformity globally per year (1).

The constant increase in the numbers of dapsone-resistant
Mycobacterium leprae isolates along decades led the World
Health Organization to implement multidrug therapy in 1982,
using a rifampicin, dapsone, and clofazimine combination to
treat leprosy. Although implementation of multidrug therapy
by World Health Organization reduced the prevalence of the
disease worldwide, its eradication appears distant, mainly
because the number of new cases reported annually in endemic
areas remains stable (2). The development of an improved mul-
tidrug therapy using not only antibiotics but also drugs that act
by modulating the host metabolism against infection, such as
addition of statins to the current multidrug therapy could be a
promising strategy to reduce disease burden (3).

Evolutionary analysis indicates that M. leprae underwent a
large reduction in gene content along with its specialization to
primarily infect human cells, specifically Schwann cells and
macrophages. This genetic decay resulted in the loss of almost
half of its genome, although spared genes related to energy
metabolism, specifically those involved in glucose anabolism
and catabolism and lipid anabolism (4). The loss of genes
required for growth using lipids as the sole carbon source is
believed to cause the M. leprae dependence on host glucose inter-
mediates to survive (4). Recently we have demonstrated that
M. leprae infection in Schwann cells activates Toll-like receptor-6,
resulting in induction of the PI3K pathway and de novo lipid syn-
thesis and uptake from the medium (5). It is believed that the sub-
version of host cell lipid metabolism and formation of droplets is a
M. leprae strategy for infection and persistence (6) based on the
fact that lipid bodies are related to the production of immuno-
modulators such as prostaglandin E2 (7).
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The pentose phosphate pathway (PPP,2 also called phospho-
gluconate pathway or hexose monophosphate shunt) is a met-
abolic signaling pathway parallel to glycolysis that generates
NADPH and ribose 5-phosphate as the main products, repre-
senting the source of cellular reducing power responsible for
lipid synthesis and glutathione antioxidant system mainte-
nance as well as generation of DNA and RNA precursors. There
are two distinct phases in the pathway: the oxidative, in which
glucose-6-phosphate dehydrogenase (G6PDH) activity is the
limiting enzyme required to generate NADPH, and the second
phase, represented by the non-oxidative synthesis of carbon
sugars (8). There are numerous mutations that can cause a
G6PDH deficiency resulting in neonatal jaundice and hemo-
lytic anemias induced by drugs, diabetes, and infections (9).
Some of these variations are relatively frequent among human
population due to the positive impact on a large number of patho-
gens, conferring natural resistance against Chlamydia trachoma-
tis and Plasmodium falciparum infections (10, 11). On the other
hand, the PPP is related to increased cellular tolerance to Staphy-
lococcus aureus and Helicobacter pylori (12, 13).

There is growing evidence for the crucial role of Schwann
cells as the main support for energy production in axons (14).
During catabolic processes, Schwann cell glycogen is converted
into lactate, which is transported to the axon by monocarboxy-
late transporters (MCTs), oxidized to pyruvate, and inserted in
the axonal Krebs cycle for ATP production (15).

In the present work, we demonstrated that M. leprae infec-
tion was able to modulate Schwann cell glucose metabolism,
generating a marked increase in glucose uptake and the PPP oxi-
dative cycle key enzyme G6PDH. In addition, M. leprae infection
also reduced mitochondrion membrane potential and lactate
release by Schwann cells. These alterations resulted in free-radical
control. We also observed that inhibition of host G6PDH or glu-
tathione reductase activity reduced M. leprae viability to 70 and
60%, respectively, demonstrating the potential of this pathway in
the control of leprosy and possibly other mycobacterial infections,
such as extensively drug-resistant tuberculosis.

Results

M. leprae Infection Changes Glucose Uptake and Mitochon-
drial Metabolism in Schwann Cells—To observe possible mod-
ulation in glucose uptake by Schwann cells during M. leprae
infection, we determined cellular uptake of the green fluores-
cent glucose analog (2-NBDG) by fluorescence microscopy
(Fig. 1, A–D) in M. leprae-infected Schwann cells. The results
showed a dose-response correlation between M. leprae multi-
plicity of infection (m.o.i.) and increase in 2-NBDG cellular
uptake (Fig. 1D). We were able to more precisely analyze
2-NBDG uptake by deducting unspecific membrane binding

2 The abbreviations used are: PPP, pentose phosphate pathway; G6PDH,
glucose-6-phosphate dehydrogenase; TMRM, tetramethylrhodamine
methyl ester; CCCP, carbonyl cyanide p-chlorophenylhydrazone; 2-NBDG,
2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino]-2-deoxy-D-glucose; AMA,
antimycin A; LL, lepromatous leprosy; BT, borderline tuberculoid; GSR, glu-
tathione-disulfide reductase; DHE, dihydroethidium; 6-ANAM, aminonico-
tinamide; BCG, bacille Calmette-Guerin; ROS, reactive oxygen species; BSO,
buthionine sulfoximine; m.o.i., multiplicity of infection; PI, propidium
iodide; ANOVA, analysis of variance.

FIGURE 1. M. leprae infection increases glucose uptake by Schwann cells. Glucose uptake was determined by measuring 2-NBDG (a glucose analog)
fluorescence intensity by fluorescence microscopy (A–D) and flow cytometry (E). Representative fields from control Schwann cell cultures (A). M. leprae-
infected cells at an m.o.i. of 20:1 (B) and 50:1 (C) were acquired, and the rate between fluorescence mean and number of cells was determined (D). In E,
fluorescence intensity medians were obtained by flow cytometry of infected, lethally irradiated M. leprae-stimulated Schwann cells or live BCG. Nonspecific
binding of the glucose analog was observed as minimal at 4 °C and was deducted from the uptake at 37 °C. F, Glut-1 transporter (SLC2A1) expression induction
by M. leprae in Schwann cells. The results are expressed as the mean � S.E. from three normalized independent biological replicates. Statistical significance was
calculated by ANOVA followed by the Bonferroni test where, ***, p � 0.001, and *, p � 0.05 are shown in comparison to the control. Scale bar � 50 �m.
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(4 °C), from global uptake (37 °C), determining the fluorescence
intensity medians by flow cytometry, identifying a role of
M. leprae metabolites in this process, as cells stimulated by
�-irradiation-inactivated M. leprae, which preserves all anti-
gens, was not able to generate the same stimulus with equal
magnitude, nor was a non-pathogenic mycobacteria such as
BCG (Fig. 1E). As indicated by real-time PCR analysis (Fig. 1F),
the increase in glucose analog uptake during M. leprae infec-
tion is related to the increase in SLC2A1 mRNA expression,
which encodes the main glucose receptor in Schwann cells, the
glucose transporter protein type 1 (Glut-1).

Many years ago, the German scientist Otto Warburg
revealed that tumors have a reduction in aerobic metabolism
and a parallel increase in glycolysis. This phenomenon has since
been recognized as the Warburg effect, characterized as a met-
abolic shift that tumor cells display toward increased glycolysis
along with a reduction in aerobic metabolism (16). We used the
mitochondria potential membrane-sensible probe tetrameth-
ylrhodamine methyl ester (TMRM) to assess the mitochondrial
depolarization resulting from M. leprae infection to measure
mitochondrial activity (Fig. 2, A and C). To demonstrate that
the TMRM signal is specific to mitochondria in our model, we

FIGURE 2. M. leprae infection promotes mitochondrial membrane potential depolarization. Mitochondrial membrane potential was determined by
TMRM fluorescence intensity observed by fluorescence microscopy as coupled (A–C) and uncoupled by CCCP (B–D). Representative images from 120 fields
were observed in three different replicates. Scale bar � 20 �m. The ratio between the coupled and uncoupled signal is a measure of the mitochondrial
membrane potential (�) shown in E. F, normalized oxygen consumption was determined with an oxygraph, where basal and uncoupled (CCCP) respiration
rates were determined, assuming uncoupled control oxygen consumption as the maximal respiration rate in all experiments (100%). G, mitochondrial
membrane potential was determined by measuring the fluorescence intensity ratio between cells exposed to TMRM and TMRM plus CCCP (uncoupled) by flow
cytometry. The reduction in mitochondrial membrane potential induced by M. leprae infection is reflected as antimycin A desensitization by infected cells
(H–J). Necrotic cell nuclei were stained by propidium iodide (red), and all nuclei were stained by DAPI (blue). As expected, control cells die after treatment with
2 �M antimycin A (H). In contrast, infected cells resist up to 5 �M antimycin A (I and J). Representative images were from 90 fields observed in three different
replicates. Scale bar � 20 �m. Normal (blue arrows) and swelled mitochondria (red arrows) were observed by electron transmission microscopy (K). Mitochon-
dria radiuses were determined in leprosy patients and patients suffering from other neuropathies, demonstrating that mitochondrial swelling could be
observed in both myelinated and unmyelinated leprosy patient axons. Differences observed in Schwann cell mitochondria radius between leprosy and other
non-leprosy neuropathy patients were not statistically significant. Scale bar � 1 �M. The mean mitochondria radiuses were determined by ImageJ (L). The
results are expressed as the mean � S.E. from three normalized independent biological replicates. Statistical significance was calculated by ANOVA followed
by Bonferroni test where: ***, p � 0.0001, and *, p � 0.01.
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successfully eliminated TMRM fluorescence by uncoupling
Schwann cell mitochondria using the ionophore CCCP (Fig. 2,
B and D). Using the TMRM signal ratio between both stimuli
(TMRM/TMRM � CCCP), we estimated the mitochondrial
membrane potential (�) of these cells (Fig. 2E), which showed
that M. leprae-infected Schwann cells had a substantial �
reduction. This observation was confirmed using a Clark elec-
trode to determine oxygen consumption during M. leprae
infection. We observed that infected Schwann cells showed
�65% less oxygen consumption than the control cells and that
this respiration drop was insensible to uncoupling by CCCP,
indicating a deficiency in the respiratory chain complex pro-
teins or substrates (Fig. 2F). A flow cytometry analysis corrob-
orated these observations, indicating again that only live
M. leprae is able to generate this Warburg-like effect in
Schwann cells (Fig. 2G). In fact, respiration appeared to be
almost abandoned by infected Schwann cells. We observed a
high incidence of death in uninfected cells when exposed to 2
�M of the complex III inhibitor antimycin A (AMA), in contrast
with M. leprae-infected cells, which showed high levels of resis-
tance to 5 �M AMA (Fig. 2, H–J).

As shown in Fig. 2K, mitochondria in non-myelinated and
myelinated axons in peripheral nerves of patients suffering
from other non-leprosy neuropathies are relatively normal
compared with leprosy patients. Morphometric analysis
showed that the length of the mitochondrial major axis of
myelinated and unmyelinated axons is statistically higher in the
leprosy group, indicating mitochondrial swelling among these
patients. In contrast, this difference was not observed in leprosy
patients Schwann cells mitochondria (Fig. 2L).

M. leprae Infection Does Not Promote a Classical Warburg
Effect—The classical Warburg effect, observed during Myco-
bacterium avium infection, for example (17), is followed by an
increase in lactate generation and subsequent release to the
medium (16). We assessed lactate release by Schwann cells
infected by M. leprae, BCG, or stimulated by �-inactivated
M. leprae (Fig. 3A). Surprisingly, lactate levels did not increase
in infected cells. On the contrary, we observed an �50%
decrease in lactate secretion in the supernatants by infected
Schwann cells when compared with uninfected or unstimu-
lated controls (Fig. 3A). Curiously, irradiated M. leprae or
BCG-infected cells showed no alterations in lactate secretion.
This effect was also detected in serum from multibacillary lep-
rosy patients (LL), which presents a substantial amount of
bacilli infecting the nerves and skin. A reduced level of lactate
was noticed among these patients compared with either healthy
volunteers or paucibacillary leprosy patients (BT), with reduced
or even undetectable bacilli.

To understand the mechanism involved in M. leprae modu-
lation of lactate levels, we determined the activity of both iso-
forms of lactate dehydrogenase, the LDH-H, able to convert
lactate to pyruvate, and the LDH-M isoform, able to convert
pyruvate to lactate (Fig. 3, C and D). Although there was no
difference observed in LDH-H activity, LDH-M activity is
reduced in infected cells, and this could be an explanation for
the reduction in lactate generation and release observed in
these cells. The most feasible method to assess this phenome-
non in vivo is to determine LDH-B and LDH-A gene expression

levels in leprosy patients’ skin lesion biopsies. These genes
encode the LDH-H and LDH-M enzyme isoforms, respectively.

As shown in Fig. 3, E and F, LL patients present high levels of
LDH-B and low levels of LDH-A when compared with BT
patients. To corroborate this data, LDH-A gene expression
from neural leprosy patients and patients suffering from other
non-leprosy neuropathies nerve biopsies was determined (Fig.
3G). As expected, LDH-A expression was reduced in leprosy
patient nerves. To confirm that the lactate levels drop in
infected Schwann cells is related to a reduction in lactate pro-
duction, and not lactate membrane transport inhibition, we
determined the monocarboxylate transporters MCP 1, 2, and 4
expression, through determination of SLC16A1, -3, and -7 mRNA
abundance by real-time PCR (Fig. 3H). We observed that infected
Schwann cells increased the expression of all three lactate trans-
porters. Nerve fragments from leprosy patients showing high
expression of SLC16A7 compared with nerves biopsies from non-
leprosy neuropathies patients (Fig. 3I).

M. leprae Infection Increases Glutathione Reductase Activity
through Induction of the PPP—After the observation that
M. leprae-infected Schwann cells present a glucose uptake
increase followed by reduction in mitochondrial respiratory
chain activity and a drop in lactate generation, we speculated
that glucose would be diverted to the PPP in infected cells. To
test this hypothesis, we determined G6PDH, the step-limiting
enzyme of the PPP oxidative phase, expression (Fig. 4A) and
activity (Fig. 4B) in vitro and in vivo (Fig. 4, C and D). M. leprae
infection generated a 10-fold increase in G6PDH expression,
resulting in doubled activity in vitro, indicating that glucose-
6-P was more easily converted to ribulose 5-phosphate, a
nucleic acid and amino acid precursor, than pyruvate and con-
sequently lactate, generating NADPH during the process. The
same seems to be true in vivo, where G6PDH expression was
also increased in LL skin lesions compared with BT skin biop-
sies (Fig. 4C). G6PDH expression is also increased in peripheral
nerves from leprosy patients when compared with other non-
leprosy neuropathies nerve biopsies (Fig. 4D), corroborating
the up-regulation of this pathway in the disease.

Phosphofructokinase 1 catalyzes the first committed step of
glycolysis, and for this reason, its activity was determined in
vitro (Fig. 4E). Phosphofructokinase 1 activity was not modu-
lated during infection, indicating that glycolysis was not
induced by M. leprae, similar to ATP abundance (Fig. 4F). On
the other hand, malic enzyme, another important source of
Schwann cell NADPH, showed up-regulated expression and
activity in vitro (Fig. 4, G and H). Malic enzyme expression was
also increased in peripheral nerves from leprosy patients com-
pared with nerve biopsies from patients presenting non-lepro-
sy-related neuropathies (Fig. 4I).

Lipid synthesis, one of the main destinations of cellular
NADPH, is known to be increased during Schwann cell infec-
tion by M. leprae (6). ATP citrate lyase, which converts citrate
to acetyl-CoA, is involved in the first step of the lipid synthesis
pathway and is also increased in infected Schwann cells (Fig. 4J).
The enzyme glutathione-disulfide reductase (GSR), which is
involved in regeneration of oxidized glutathione to its reduced
form, a crucial low molecular weight redox buffer in mammal
cells, also utilizes NADPH and would potentially confer an
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advantage for intracellular M. leprae growth (18). GSR mRNA
expression was up-regulated in vitro and in vivo in Schwann
cells, multibacillary (LL) skin lesions, and nerve biopsies (Fig. 4,
K–M), indicating that M. leprae infection induces the glutathi-
one generation system.

M. leprae Intracellular Viability Is Dependent on Host Cell
Free-radical Defenses Maintained by Glutathione-disulfide
Reductase and the PPP—Due to the increase in GSR activity dur-
ing M. leprae infection, the next step was to determine whether
infected Schwann cells are more resistant to oxidative insults due
to the up-regulated PPP, which stimulates the glutathione system.
We therefore monitored ST88-14 oxidative stress through the
dihydroethidium (DHE) signal using FACS (Fig. 5).

M. leprae and BCG infection per se do not generate oxidative
stress in ST88-14 Schwann cells. However, treatment with 10
�M hydrogen peroxide induced a higher DHE signal in control
and BCG than M. leprae-infected Schwann cells, indicating
that M. leprae infection increase cellular antioxidant defenses.
Host cell free-radical protection was totally abolished when
GSR or G6PDH activity was inhibited by buthionine sulfoxi-
mine (BSO) or 6-ANAM, respectively (Fig. 6, A and B).

By blocking PPP using 6-ANAM or glutathione regeneration
using BSO, we successfully reverted the metabolism modula-
tion mediated by M. leprae, rescuing infected cells’ lactate pro-
duction and mitochondrial membrane potential to normal lev-
els (Fig. 6, A and B). Host cell viability was not impacted by any

FIGURE 3. Schwann cell lactate release is affected during M. leprae infection. Lactate release in infected Schwann cell supernatant is reduced by half in
comparison to control cells (A). Cells stimulated to BCG or M. leprae inactivated by radiation showed no reduction in lactate. Leprosy patients from the
lepromatous pole of the disease (LL) also demonstrated a 30% reduction in serum lactate levels (B). Although Schwann cell lactate dehydrogenase isoform H
activity is not affected (C), isoform M activity is reduced during M. leprae infection (D). LDH-B and LDH-A mRNA expression were determined in skin lesions from
leprosy tuberculoid (BT) and lepromatous (LL) patients (E and F). LDH-A gene expression was determined in peripheral nerves biopsies from pure neural leprosy
patients and patients suffering from other neuropathies (G). As expected, the LDH-A gene is repressed in leprosy patients. The monocarboxylate transporters
SLC16A1, 16A3, and 16A7 are up-regulated in infected Schwann cells (H), whereas SLC16A3 is increased in peripheral nerves from leprosy patients in compar-
ison to nerve biopsies from other neuropathies (I). The results are expressed as the mean � S.E. from three normalized independent biological replicates.
Statistical significance was calculated by ANOVA followed by Bonferroni test where: ***, p � 0.0001; **, p � 0.001; and *, p � 0.01 in comparison to control.
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stimulus (data not shown), in contrast with M. leprae intracel-
lular viability in Schwann cells. We observed that M. leprae
viability is partially dependent on both host cell metabolic
activities, observing a 50 and 70% drop in viability after 4 days of
treatment with BSO and 6-ANAM, respectively (Fig. 6C). The
impact of host cell G6PDH inhibition over M. leprae viability
was confirmed by siRNA knockdown of the enzyme (Fig. 6D).
Knockdown using siRNA 1 and 2 reduced M. leprae viability to
46 and 32%, respectively, in comparison with the scrambled

siRNA control. These data demonstrate that host G6PDH is a
new potential therapeutic target to control leprosy.

Discussion

In the present work, we described a profound metabolism
modulation displayed by Schwann cells during M. leprae infec-
tion. We determined that this intracellular pathogen is able to
subvert host cell metabolism by increasing cellular reducing
power sources such as the PPP oxidative phase and malic

FIGURE 4. M. leprae induces the Schwann cell pentose pathway oxidative phase. G6PDH activity (A) and expression (B) is increased in infected Schwann
cells. G6PDH expression is also increased in lepromatous leprosy skin lesions (LL), where M. leprae is abundant, compared with tuberculoid ones (BT) (C). G6PDH
is also increased in peripheral nerves from leprosy patients when compared with nerve biopsies of other neuropathies (D). The PFK (E) and cellular ATP
abundance (F) are not altered in infected Schwann cells. On the other hand, malic enzyme, another important source of Schwann cell reducing power,
presented increased expression (G) and activity (H) during infection. Malic enzyme is also increased in peripheral nerves from leprosy patients when compared
with nerve biopsies from patients diagnosed with other neuropathies not related with leprosy (I). ATP citrate lyase, the first enzyme of the lipid synthesis
pathway, is also increased in infected Schwann cells (J). Glutathione reductase, the main destination of cell reducing power, is also increased during M. leprae
infection in human Schwann cells (K), skin (L), and nerves (M). Cells incubated with �-inactivated M. leprae are identified as stimulated. The results are expressed
as the mean � S.E. from three normalized independent biological replicates. Statistical significance was calculated by ANOVA followed by Bonferroni test
where: ****, p � 0.0001; ***, p � 0.001; **, p � 0.01; and *, p � 0.05 in comparison to controls.
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enzyme, down-regulating mitochondrial activity and drasti-
cally reducing lactate production by infected Schwann cells
(Fig. 7).

The increased glucose utilization through aerobic glycolysis
described by Warburg in neoplastic cells was subsequently
found to occur in vivo in macrophages composing the granulo-
mas of tuberculosis, as well as lymphocytes, an aerobic respira-
tion to aerobic glycolysis switch (19). This observation is in
accordance with the reduced oxygen tension expected to occur
in nonvascularized caseating tuberculosis granulomas. The
Warburg-like effect observed in M. leprae-infected Schwann
cell was a surprise. Despite the drop in lactate released by
infected cells, which is in contrast with the classical Warburg
effect, M. leprae-infected Schwann cells displayed a reduction
in mitochondrial membrane potential and respiration, present-
ing a mainly fermentative metabolism, as demonstrated by anti-
mycin A resistance during infection.

It is likely that the mitochondria shutdown could be an
M. leprae adaptation to reduce intracellular oxidative stress. In
fact, a down-regulation of the mitochondrial respiratory chain
genes after M. leprae infection has been reported (20). Despite
the presence of various antioxidant defenses, the mitochon-
drion is recognized as the main intracellular source of reactive
oxygen species (21). Various respiratory complexes leak elec-
trons to oxygen, producing primarily superoxide anion and
consequently raising hydrogen peroxide and peroxynitrite lev-
els, which are both strong oxidants that indiscriminately react
with nucleic acids, lipids, and proteins (22, 23). It is well known
that uncoupling of mitochondria oxidative phosphorylation by
uncoupling proteins strongly reduces mitochondrial ROS
emission (24). By limiting electron pumping via citrate devia-
tion to lipid synthesis, M. leprae drastically reduced host cell

mitochondrial membrane potential and avoided ROS genera-
tion. This strategy could also be related to the early demyelina-
tion described in leprosy neuropathy because the Schwann cell
Krebs cycle activity is important in differentiation and the
myelination process (25).

Mitochondrial swelling is a hallmark of ultrastructural
change occurring in damaged cells and is one of the most
important indicators of the opening of the mitochondrial per-
meability transition pore, an event that, depending of the inten-
sity of the insult, can lead to apoptosis (26 –28). Although all
mitochondrial modulations observed in the present work were
performed in infected Schwann cells, we failed to observe mito-
chondrial swelling in ulnar and sural Schwann cells from lep-
rosy patients. These data were expected because it is well
known that M. leprae develops a series of mechanisms to avoid
host cell apoptosis, such as insulin-like growth factor 1 up-reg-
ulation, for example (29). On the other hand, we observed
swelling in myelinated and unmyelinated axonal mitochondria
from leprosy patients’ axonal fibers without any sign of inflam-
matory infiltrates, demyelination, or fibrosis, indicating that
the mitochondria transition pore is opened and that this event
may represent the first insult, which will result in neuronal
death, the leprosy hallmark.

Probable ROS control is also involved in M. leprae adapta-
tion to increase the activity of host G6PDH and malic enzyme,
which together represent the main cellular sources of NADPH.
The NADPH reducing power is consumed by glutathione
reductase, which is also up-regulated during M. leprae infec-
tion, to maintain the glutathione antioxidant system. By induc-
ing these two linked pathways, this obligatory intracellular
pathogen is able to avoid host cell oxidative stress. This protec-
tion was eliminated by �-glutamylcysteine synthetase or
G6PDH inhibition by BSO or 6-ANAM, respectively, resulting
in lactate regeneration and mitochondrial membrane potential
restoration along with M. leprae loss of viability. Both pathways
seem to be crucial to M. leprae infection, presenting potential
new targets to control leprosy.

An important challenge to avoid leprosy demyelinating neu-
rodegenerative neuropathy is to understand the cellular and
molecular events that underlie the different phases of this pro-
cess. M. leprae induces an intrinsic demyelination mechanism
for nerve damage in leprosy, a process attributed to the immune
response until then (30). Currently, leprosy neuropathy devel-
opment is divided into two phases: the early events involving
Schwann cell infection and intrinsic injury mechanisms and
late events represented by the immune response mediating
axonal damage and fibrosis (31).

We hypothesize that Schwann cells’ lactate reduction could
be an explanation for the axonal mitochondria swelling, repre-
senting a new mechanism of demyelination and neuronal death
in leprosy neuropathy. The importance of glial cells’ lactate to
neuronal physiology has been largely characterized. Lee and
collaborators (32), for example, observed axon damage and
neuron loss in vivo and in vitro after disruption of glial cells’
lactate transport to neurons in monocarboxylate transporter 1
knock-out animals. In addition to its well known metabolic role
in sustaining synaptic function (33) and axonal activity (34),

FIGURE 5. M. leprae infection increases oxidative defenses of Schwann
cells in a pentose pathway-dependent manner. Schwann cells were
infected by M. leprae or BCG (white bars) and challenged by hydrogen perox-
ide. Oxidative stress was measured by dihydroethidium fluorescence as
determined by flow cytometry. Mycobacterial infection per se does not
increase ROS in Schwann cells. On the contrary, M. leprae infection partially
protects Schwann cells from hydrogen peroxide oxidative damage. The ROS
protection was eliminated by G6PDH inhibitor 6-ANAM. The results are
expressed as the mean � S.E. from five normalized independent biological
replicates. Statistical significance was calculated by ANOVA followed by Bon-
ferroni test where: ***, p � 0.0001.
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lactate has been proposed to act as a neurotransmitter through
specific receptors (35).

The difference between the classical Warburg effect, when
an fermentative phenotype is followed by an increase in lactate
generation, and the M. leprae-induced Warburg-like effect,
represented by a reduction in respiration and lactate release by
infected cells, could be explained by the decrease in lactate dehy-
drogenase M activity (Fig. 3, D, F, and G) and the increase in ATP
citrate lyase activity. These results combined with the commit-
ment of these carbons to pyruvate, citrate, and finally lipid synthe-
sis, which is highly induced in infected Schwann cells under insu-
lin-like growth factor-1/insulin signaling (6, 29), discarded the
possibility of lactate consumption in gluconeogenesis.

More recently, it was demonstrated that M. leprae is able to
generate neuropathy with consequent axonal death by down-
regulating Schwann cell differentiation and myelination genes
such as MBP, MPZ/P0, and Krox 20 (36). These observations
could also be linked to the lactate synthesis drop observed in
Schwann cells during M. leprae infection because it has already
been demonstrated that myelination genes such as Krox20 and
P0 are down-regulated in lactate-depleted Schwann cells (37).
Hypophosphorylation in M. leprae-infected sciatic nerve neu-
rofilament subunits results in a loss of axonal caliber and nerve
conduction velocity (38). We believe that these observations
could also be related to the reduction in lactate production in
Schwann cells, which results in axonal lower Krebs cycle activ-
ity and a subsequent mitochondrial loss of function and swell-
ing, leading to lower axonal energy production, global axonal
metabolism reduction, neurofilament hypophosphorylation,
and loss of neural conductivity (39).

To sum up, our data open the path to understanding the
complex metabolic modulation of the host Schwann cells dur-
ing M. leprae infection. The fermentative phenotype imposed
on the host cell represents an increase in the oxidative defenses,
likely associated with demyelination, due to the reduction in
Schwann cell mitochondrial respiration and neuronal loss of
conductivity due to lactate deprivation. We successfully
reverted these effects in infected Schwann cells using 6-ANAM,

with an impressive impact over M. leprae viability by silencing
G6PDH. Curiously, both drugs are applied in cancer therapy
(40). The potential of these new targets in leprosy neuropathy
mitigation should be investigated. Our model pinpointed
Schwann cell and M. leprae infection, but it could be hypothe-
sized that other host cells could similarly respond to either
M. leprae or other mycobacteria like M. tuberculosis in a way
that XDR M. tuberculosis-infected patients could be benefited
from this type of treatment.

Experimental Procedures

Cell Culture and Infection—The ST88-14 human Schwann
cell line (kindly provided by Dr. Jonathan Fletcher, Harvard
University, Boston, MA) was cultured in RPMI supplemented
with 10% fetal bovine serum, 100 units/ml of penicillin, and 100
g/ml of streptomycin and maintained in a 5% CO2 atmosphere.
In all assays, unless otherwise stated, we carried out infection
with M. leprae or Mycobacterium bovis BCG (Moreau strain)
using a m.o.i. of 50 bacteria per cell (50:1) for 48 h at 33 °C in a
5% CO2 atmosphere.

Treatment with Drugs—For reversing the effects of M. leprae
infection, cells were exposed to different drugs interfering in
fundamental metabolic pathways 24 h before infection: 5 �M

6-ANAM, an inhibitor of G6PDH; 400 �M BSO, an inhibitor of
�-glutamylcysteine synthetase; or antimycin A (2 �g/ml), an
inhibitor of the electron transfer at complex III. All drugs, sub-
strates, and fluorochrome used in the present work, unless oth-
erwise stated, were purchased from Sigma.

Patients—A total of 84 not-treated patients: 20 paucibacillary
(BT), 22 multibacillary (LL), 22 patients presenting pure neural
leprosy, and 20 patients suffering from other non-diagnosed neu-
ropathies, consisting of 44 males and 40 females from 25 to 88
years of age, were recruited from the Souza Araújo Service at the
Oswaldo Cruz Foundation, Rio de Janeiro, Brazil, and classified
according to the Ridley-Jopling scale and included in this study
(Table 1). Ulnar and sural nerves biopsies were analyzed. The
number of samples tested is not the same in different analysis
because some of them did not present PCR amplification or did

FIGURE 6. M. leprae viability in Schwann cells is dependent on the pentose pathway. A, the G6PDH inhibitor 6-ANAM recovers lactate production in
M. leprae-infected Schwann cells. B, mitochondrial membrane potential, determined by the ratio of TMRM/TMRM � CCCP fluorescence signal by flow cytom-
etry, was also recovered in infected Schwann cells by 6-ANAM and rifampicin. C, M. leprae intracellular viability was determined by real-time PCR 16S rRNA
quantification. Schwann cells exposed to 6-ANAM or BSO were not able to maintain M. leprae infection in vitro for 5 days, similar to results in rifampicin. D,
M. leprae viability was similarly impaired by G6PDH siRNA knockdown, after 2 days of infection. The results are expressed as the mean � S.E. from three
normalized independent biological replicates. Statistical significance was calculated by ANOVA followed by Bonferroni test where: ***, p � 0.0001; **, p �
0.001; and *, p � 0.01 in comparison to controls or between conditions when indicated.
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not generate mitochondrial high resolution microscopic images in
all three compartments: Schwann cells, myelinated and unmyeli-
nated axons.

Mycobacteria Strains—Live M. leprae Thai-53 was prepared
from athymic nu/nu mouse footpads immediately before use
and was provided by Dr. Patricia Sammarco Rosa (Department
of Biology, Lauro de Souza Lima Institute, Bauru-SP, Brazil).
M. leprae preparation, viability determination, and purity were
performed as described elsewhere (3). Part of the M. leprae sus-
pension was killed by �-irradiation in the Acelétron Facility

(Rio de Janeiro, Brazil). M. bovis BCG Moreau was kindly pro-
vided by Carolina Cavareze (Fundação Ataulfo de Paiva, Rio de
Janeiro, Brazil) and cultured in 7H9 Middlebrook medium sup-
plemented with 0.02% glycerol, 10% ADC Middlebrook (BD
Bioscience), and 0.05% Tween 80 (Difco Laboratories). Cul-
tures were kept under constant agitation at 37 °C for 2 weeks.
BCG was harvested in the mid-log phase, counted in a Petroff-
Hausser chamber, and kept frozen at �70 °C until use.

Glucose Uptake and Lactate Measurement—Glucose uptake
was monitored using the fluorescent glucose analog 2-NBDG

FIGURE 7. M. leprae is able to modulate Schwann cell metabolism for its benefit. After infection, Schwann cells increase glucose uptake, feeding the PPP
with carbon, in detriment to glycolysis, probably due to phosphofructokinase inhibition by the increased levels of acyl-CoA in the cytoplasm. Pyruvate
generated by PPP is converted to malate and acetyl-CoA instead of lactate, compromising axonal mitochondria physiology. Pyruvate is rapidly converted to
citrate, increasing lipid synthesis and virtually stopping the Schwann cell tricarboxylic acid cycle and consequently respiratory chain and mitochondria energy
potential. The NADPH generated by the oxidative phase of the PPP will maintain an up-regulated lipid synthesis and glutathione system. All three pathways are
crucial to the success of M. leprae infection and could be used in new host-target therapy strategies.
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(Sigma). After 48 h infection, round coverslip-adherent cells
were exposed to the fluorophore at a concentration of 500 nM

for 30 min in RPMI medium supplemented with 10% fetal
bovine serum (FBS). Ten random fields per sample were
acquired using a Zeiss AxioObserver inverted microscope with
a Colibri illuminating system with Plan-Neofluar 	40 objective
and a numerical aperture of 1.4 (Zeiss, Oberkochen, Germany).
The green signal from NBDG was acquired by monochrome
camera HMR Axiocan controlled by Axiovision software ver-
sion 3.2 (Zeiss, Oberkochen, Germany). The illumination sys-
tem used a 470-nm LED and Zeiss fluorescence filter 61. The
cytometry analysis was performed as follow: after labeling and
washing, cells were removed from the well with 0.125% trypsin
and resuspended in cytometry buffer (10% FBS in PBS), placed
on ice, and immediately subjected to the acquisition of 10,000
events with an AcuriC6 cytometer (BD Biosciences) in FL1
channel fluorescence. The results represent the rate between
the fluorescence signal from 4 °C uptake (unspecific NBDG-2
membrane binding) and 37 °C uptake. Lactate quantification
was performed from ST88-14 supernatants after 48 h infection
by a m.o.i. of 50:1, using the Liquiform lactate kit (Labtest,
Lagoa Santa, MG, Brazil) according to the manufacturer’s
instructions.

Electrical Potential Analysis of the Mitochondrial Membrane
(�)—The electric mitochondrial membrane potential was
determined by exposing ST88-14 cells to TMRM at 0.5 nM

(Sigma). The results were shown by the ratio of the probe
fluorescence signal to the same signal from a culture prein-
cubated with the proton ionophore CCCP (Sigma). CCCP,
titrated in our model using a curve from 5 to 70 �M, at 15 �M

was recognized as the lower concentration able to deplete
the TMRM signal, and for that reason, it was established as
the concentration of choice. CCCP and antimycin A (2
mg/ml) were incubated 10 min prior to TMRM exposure.
Cells were exposed to the probe for 10 min. For microscopy,
we captured 10 random fields per sample using a Zeiss
AxioObserver inverted microscope with a Colibri illuminat-
ing system and a Plan-Neofluar 	40 objective with a numer-
ical aperture of 1.4 (Zeiss, Oberkochen, Germany). The red
signal from TMRM was acquired by the monochrome cam-
era HMR Axiocan controlled by Axiovision software version
3.2 (Zeiss, Oberkochen, Germany). The illumination system
used a 530-nm LED and Zeiss fluorescence filter 50. Flow
cytometry analysis were performed as follow: after labeling
and washing, cells were then removed from the well with
0.125% trypsin and resuspended in cytometry buffer (10%

FBS in PBS), placed on ice and immediately subjected to the
acquisition of 10,000 events on FACSCalibur (BD Biosci-
ences) FL2-fluorescence channel A.

Enzymatic Activity and ATP Quantification—Enzyme activ-
ities were assayed with 3 	 106 cells lysed in hypotonic buffer
(25 mM KH2PO4, 10 mM MgCl2, pH 7.4). Cell extracts were used
1:2 with enzyme-specific reaction medium, which changes
depending on the enzyme being evaluated. All media contain
50 mM Tris-HCl (pH 7.4) with 5 mM MgCl2, plus 1 mM glu-
cose 6-phosphate and 0.2 mM NADH to evaluate G6PDH
activity; 0.2 mM NADP� with 1 mM malate to determine
malic enzyme activity; 0.2 or 1 mM sodium pyruvate to deter-
mine LDH isoform M activity; 0.2 mM NAD� and 1 mM

sodium lactate to determine LDM isoform activity; 0.1 mM

NADH with 100 mM ATP, 1 mM fructose 6-phosphate, and
0.1 mM of a mixture of enzymes (aldolase, triose-phosphate
isomerase, and glycerophosphate dehydrogenase) to deter-
mine PFK activity; 0.15 mM NADH with 100 mM ATP, 20 mM

citrate, 10 mM 2-mercaptoethanol, 2 units/ml of malate de-
hydrogenase, and 0.3 mM of coenzyme-A to determine cit-
rate lyase activity. We measured the presence of reduced
NADP (G6PDH and malic), reduction of NAD� (LDH), or
oxidation of NADH (PFK, citrate lyase) by determining absor-
bance at 340 nm. To quantify intracellular ATP, cell lysates
were subjected to an ATP determination kit (Invitrogen)
according to the manufacturer’s protocol.

Activities were normalized by cell number or protein mass,
following the standard in the literature. Protein quantification
of cell lysates was performed by the colorimetric method with a
Pierce� BCA protein assay (Thermo Fisher Scientific, Wal-
tham, MA) following the manufacturer’s instructions. Samples
were read at 562 nm, and results were analyzed by the SoftMax�
data acquisition and analysis software (Molecular Devices,
Sunnyvale, CA).

Host Gene Expression and M. leprae Viability Analysis by
Real-time RT-PCR—Host and Mycobacterial RNA extraction
ST88-14 cells were harvested and lysed using TRIzol� reagent,
followed by DNase treatment following the manufacturer’s
instructions (Life Technologies). DNA was extracted as
described (41). Nucleic acid samples were quantified using a
Nanodrop ND-1000 spectrophotometer, and RNA integrity
was analyzed by 1.2% agarose gel electrophoresis.

One microgram of RNA obtained from all cell cultures was
reverse transcribed using VILO following the manufacturer’s
instructions (Life Technologies) in a final volume of 20 �l. Real-
time PCR was performed using the SYBR Green PCR Master

TABLE 1
Demographic and epidemiological data of individuals included in the study

Group Samples Assay Individuals Male Female Age (median)

n
Healthy Serum Lactate quantification 13 5 8 38.3
Pure neural leprosy Nerve lesions qRT-PCR 12 7 5 55.5

TEMa 10 5 5 62
Other neuropathies Nerve lesions Quantitative RT-PCR 14 6 8 58

TEM 6 3 3 42
BT Serum Lactate quantification 11 4 7 48

Skin lesions Quantitative RT-PCR 9 6 3 45
LL Serum Lactate quantification 13 9 4 36.5

Skin lesions Quantitative RT-PCR 9 4 5 46
a TEM, transmission electron microscopy.
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Mix (Applied Biosystems, Forster City, CA) following the man-
ufacturer’s instructions. All primers used in real-time RT-PCR
in the present work were designed by our group from sequences
of each reference gene using the Primer3 software version 0.4.0.
Sequences were validated by the Primer-Blast tool using the
human gene bank of the NCBI. The housekeeping hypoxan-
thine phosphoribosyltransferase 1 (HPRT1) primer pair was
the only exception, bought from Real Time Primers (Elkins
Park, PA). To normalize the relative expression of the genes of
interest, hypoxanthine phosphoribosyltransferase 1, RPL13
(human ribosomal protein L13), and GAPDH were used as ref-
erence genes. Expression values were corrected and quantified
by converting the cycle threshold (Ct) value into a numerical
value using the following formula: expression value � 2(�
Ct).

M. leprae viability was determined as described elsewhere
(41) by the 16S rRNA/16S rDNA ratio determined by real-time
PCR performed and read in an ABI StepOne Plus Sequence
Detection System (Applied Biosystems).

Evaluation of the Production of Radical Species Using DHE—
Schwann cells were maintained in culture under the conditions
mentioned above in the absence or presence of 10 �M hydrogen
peroxide, 5 �M 6-ANAM, 400 �M BSO, and 50 �M DHE. After
being cultured and expanded, 40,000 ST88-14 cells were dis-
tributed per well in 24-well plates. After 24 h, cells were exposed
to 6-ANAM (inhibitor of G6PDH) or BSO (�-glutamylcysteine
synthetase inhibitor). After 48 h, cells were infected with
M. leprae or M. bovis Moreau with a m.o.i. of 50:1. Seventy
hours after seeding, cells were challenged with hydrogen per-
oxide. Two hours later, cultures were labeled with DHE for 30 min
at 37 °C. After 3 washes with cold PBS, cells were harvested with
1% trypsin and transported to a BD FACSAria II (BD Biosciences)
in ice-cold PBS plus 10% FBS. Cell suspensions were filtered
through a 40-�m net before acquisition. Five thousand events per
condition were acquired, and DHE detection was analyzed in
PE-A channel after exclusion of events in lumps and dead cells.

Cell Viability—To determine cellular viability, we used two
different methods, propidium iodide (PI) microscopy detection
and lactate dehydrogenase (LDH) supernatant release. To ana-
lyze AMA-treated cells with microcopy, after 36 h of M. leprae
infection using a m.o.i. of 50:1, coverslip-adherent cells were
exposed to AMA at different concentrations for 12 h. After that,
500 nM PI was added to the culture, which was the fixed in 4%
paraformaldehyde and DAPI stained after 3 PBS washes.
We captured 10 random fields per sample using a Zeiss Axio-
Observer inverted microscope equipped with a Colibri illumi-
nating system and Plan-Neofluar 40X objective with a numer-
ical aperture of 1.4 (Zeiss, Oberkochen, Germany). The PI
red signal was acquired by a monochrome camera HMR
Axiocan controlled by Axiovision software version 3.2
(Zeiss, Oberkochen, Germany). The illumination system
used a 530-nm LED and Zeiss fluorescence filter 50. Metab-
olism inhibitor toxicity was determined by LDH release in
the culture medium supernatant after treatment at the same
conditions used in the experiments: 24 h incubation with 400
�M BSO or 5 �M 6-ANAM, using a Quantification Lactate
Dehydrogenase Activity Assay Kit (Labtest, MG, Brazil),
according to the manufacturer’s protocol.

Electron Microscopy of Human Sciatic Nerve Biopsies—Nerve
biopsy samples were obtained from leprosy patients and
patients suffering from other neuropathies not related with lep-
rosy, at the Souza Araújo Service at the Oswaldo Cruz Founda-
tion, Rio de Janeiro, Brazil, and were kept frozen at �70 °C until
use. For transmission electron microscopy studies, nerve seg-
ments were fixed in 2.5% glutaraldehyde diluted in 0.1 M caco-
dylate buffer followed by post-fixation in 1% osmium tetroxide
diluted in the same buffer. The segments were then dehydrated
in graded increasing acetone concentrations (from 30 to 100%)
and embedded in an Epon resin. Ultrathin transverse sections
(60 nm thick) of each nerve were obtained using a Reichert
ultramicrotome (Heidelberg, Germany), and sections were col-
lected on copper grids and stained for 30 min in uranyl acetate
followed by 10 min in lead citrate. For mitochondrial identifi-
cation and morphometric analysis, electron micrographs were
randomly imaged on a transmission electron microscope Zeiss
M-10C operating at 60 KV by a blinded investigator. Five different
fields from each nerve were acquired at a 	5,000 magnification,
and mitochondria profiles were measured in each field using NIH
ImageJ software (42). A total of 127 and 157 mitochondrial profiles
were analyzed in nerves obtained from leprosy patients and other
non-leprosy neuropathy patients, respectively.

G6PDH Silencing—G6PDH knockdown was achieved in
ST88-14 cells by transfection with predesigned small interfer-
ing RNAs (siRNA s5446 and s5448) (Life Technologies), here
identified as G6PDH#1 and #2, respectively. Cells were trans-
fected with Lipofectamine 2000 according to the manufactu-
rer’s instructions (Life Technologies). Six hours after transfec-
tion, cells were infected with M. leprae for 48 h. Both siRNAs
were able to reduce G6PDH expression in �90%. In contrast,
Schwann cell viability was decreased by 10% only. Silencing
efficiency, ST88-14 and M. leprae viability were determined as
described previously in this section.

Statistical Analysis—The results were represented as the
mean � S.E. and statistically evaluated by analysis of variance
(ANOVA). The values were considered significant when p was
equal to or less than 0.05 (p � 0.05). For the statistical analysis
of this study, we used GraphPad Prism 5 software.

Ethics Statement—All biopsies were acquired for diagnostic
purposes before treatment. The acquisition of all samples was
approved by the Ethics Committee of the Oswaldo Cruz Foun-
dation (FIOCRUZ, Rio de Janeiro, RJ, Brazil), license number
170/2012. Written informed consent was voluntarily obtained
from each participant.
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