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Leishmania donovani is an intracellular protozoan parasite that impairs the host macrophage immune
response to render it suitable for its survival and establishment. L. donovani-induced immunosuppression and
alteration of host cell signaling is mediated by ceramide, a pleiotropic second messenger playing an important
role in regulation of several kinases, including mitogen-activated protein kinase and phosphatases. We
observed that the endogenous ceramide generated during leishmanial infection led to the dephosphorylation
of protein kinase B (PKB) (Akt) in infected cells. The study of ceramide-mediated Akt phosphorylation
revealed that Akt was dephosphorylated at both Thr308 and Ser473 sites in infected cells. Further investigation
demonstrated that ceramide was also responsible for the induction of PKC�, an atypical Ca-independent stress
kinase, as well as the ceramide-activated protein phosphatases (e.g., protein phosphatase 2A [PP2A]). We
found that Akt dephosphorylation was mediated by ceramide-induced PKC�-Akt association and PP2A acti-
vation. In addition, treatment of L. donovani-infected macrophages with PKC�-specific inhibitor peptide could
restore the translocation of phosphorylated Akt to the cell membrane. This study also revealed that ceramide
is involved in the inhibition of proinflammatory cytokine tumor necrosis factor alpha release by infected
macrophages. These observations strongly suggest the importance of ceramide in the alteration of normal
cellular functions, impairment of the kinase/phosphatase balance, and thereby establishment of leishmaniasis
in the hostile macrophage environment.

Leishmania donovani is an obligate intracellular protozoan
that resides in the mononuclear phagocytes of infected mam-
malian hosts (4, 10). Since macrophages are specialized for
killing invading pathogens and priming the host immune re-
sponse, Leishmania has evolved a range of sophisticated mech-
anisms to subvert normal macrophage function (1, 34). It is
well known that L. donovani infection induces macrophage
dysfunction, resulting in dampening of the respiratory burst,
impairment of protein kinase C (PKC) activity, and suppres-
sion of other proinflammatory molecules (5, 6, 32). Recent
studies suggest that ceramide is a pleiotropic lipid second mes-
senger which plays an important role in a plethora of cellular
functions, such as immunomodulation and apoptosis (21, 22,
27, 35). It exerts a diverse array of cellular functions by means
of a subtle regulation of downstream kinases and phosphata-
ses. In our previous studies we observed that L. donovani
infection induced the endogenous ceramide synthesis pathway
(18, 19). The resulting increase in ceramide generation not
only is responsible for the impaired PKC activity and extracel-
lular signal-regulated kinase phosphorylation and activity but
also inhibits the AP-1 and NF-�B activities (18, 19). Ceramide-
induced tyrosine phosphatase plays a major role in the deac-
tivation of the mitogen-activated protein kinases in Leish-
mania-infected macrophages (18, 19).

PKB (Akt) is another important cellular factor which plays
crucial roles in normal cellular signaling, including normal
cellular proliferation and the respiratory burst mechanism (2,
11, 13). Earlier studies established that disruption of Akt ki-
nase activation is important for immunosuppression induced
by measles virus (3). Recently it was found that Akt plays a
major role in the establishment of Neisseria gonorrhoeae in
human cervical epithelial cells (16). In another study it was
found that in cases of visceral leishmaniasis, sodium antimony
gluconate, the established antileishmanial drug, induces the
phosphorylation of Akt, which subsequently stimulates gener-
ation of reactive oxygen species in infected cells (29). However,
the role of endogenous ceramide in Akt kinase activity in
visceral leishmaniasis is yet to be explored. Ceramide is also
capable of activating protein phosphatases such as protein
phosphatase 1 (PP1) and PP2A (21, 22, 27). It is through these
protein phosphatases that ceramide inhibits kinases which are
key components of progrowth signaling processes, such as the
classical as well as novel PKC isoforms and Akt (21, 22, 27, 35).

PKC is a family of structurally related serine/threonine pro-
tein kinases. The mammalian PKC isotypes have been grouped
into three subfamilies, namely, classical PKCs, novel PKCs,
and atypical PKCs, on the basis of their structural and regula-
tory properties (28, 30, 31, 41). The atypical isotypes have been
shown to be activated by ceramide in different cell types (8, 40).

It was reported earlier that ceramide dephosphorylates Akt
by a PKC�-dependent mechanism in different cell types (8, 15,
26, 36). In this study we also found that the L. donovani-
induced elevation of endogenous ceramide level leads to de-
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phosphorylation of Akt through a PKC-dependent mechanism.
An elevated level of endogenous ceramide induces the expres-
sion of PKC� in L. donovani-infected host macrophages. Direct
binding of PKC� to Akt serves to negatively regulate Akt
activation (8, 15, 36). Apart from PKC�, ceramide also acti-
vates the PP2A, which in turn dephosphorylates the Akt ki-
nase. These results suggest that the elevated endogenous cer-
amide level helps the induction of PKC� and PP2A activities in
Leishmania-infected macrophages, which ultimately dephos-
phorylate the Akt kinase and inhibit its translocation to the
membrane.

MATERIALS AND METHODS

Materials. Anti-PKC� antibody, anti-Akt(1/2/3) antibody, p-Akt(1/2/3) (Ser473)
antibody (a gift from Arun Bandyopadhyay, IICB, Kolkata, India), p-Akt(1/2/3)
(Thr308) antibody, and anti-PP2A (catalytic subunit) primary antibody (rabbit poly-
clonal; reacts with mouse origin) were obtained from Santa Cruz Biotechnology.
Anti-�-actin primary antibody (mouse monoclonal) and fluorescein isothiocyanate
(FITC)-conjugated anti-mouse secondary antibodies were obtained from Sigma.
Cell-permeative PKC� inhibitor peptide (includes amino acids 113 to 125 of the
pseudosubstrate region, Myr-Ser-Ile-Tyr-Arg-Arg-Gly-Ala-Arg-Arg-Trp-Arg-Lys-
Leu-OH) was purchased from CalBiochem, Germany. All other chemicals were
purchased from either Sigma or Merck.

Animals and parasites. BALB/c mice were purchased from the National
Center for Laboratory Animal Sciences, India. For each experiment 8 to 10 mice
(4 to 6 weeks old) were used, regardless of sex. L. donovani strain AG-83
(MHOM/IN/1983/AG-83) was maintained in vitro in medium 199 (Sigma) con-
taining 10% fetal calf serum. Amastigotes were prepared as described elsewhere
(23). Promastigotes were obtained by suitable transformation. Experiments were
done with promastigotes of stationary phase.

Peritoneal macrophage preparation. Mouse macrophages were isolated by
peritoneal lavage with ice-cold phosphate-buffered saline (PBS) at 48 h after
intraperitoneal injection of 1.0 ml of sterile 4% thioglycolate broth (Difco). Cells
were cultured as described by Fahey et al. (17). The adherent cell population was
cultured for 48 h prior to any treatment, to achieve the resting state.

Preparation of cell lysate. We checked the viability of infected macrophages as
well as uninfected macrophages, and equal numbers of viable cells were taken for
each experiment. The adherent cell population was scraped and centrifuged at
400 � g for 15 min at 4°C. The cells were then resuspended in ice-cold extraction
buffer containing 50 mM Tris-HCl (pH 7.5), 50 mM EGTA, antiprotease mix-
ture, and 50 mM �-mercaptoethanol. The antiprotease mixture consisted of 0.33
mM leupeptin, 0.2 mM phenylmethylsulfonyl fluoride, 0.35 mM antipain, 0.24
mg/ml of chymostatin, 0.35 mM pepstatin, and 4.8 trypsin inhibitor units of
aprotinin/ml (14, 25). The macrophage-containing suspension was sonicated at
4°C and centrifuged at 4,250 � g for 10 min at 4°C, and then the supernatant was
used for experiments.

Coimmunoprecipitation of PKC� with Akt. The adherent cell population was
scraped and centrifuged at 400 � g for 15 min at 4°C. The cells were then resus-
pended in ice-cold extraction buffer containing 50 mM HEPES (pH 7.4), 150 mM
NaCl, 1 mM NaF, 1 mM EDTA, 1 mM EGTA, 1 mM Na3VO4, 0.2% Nonidet P-40,
and 10 �g/ml aprotinin. The cell lysates were centrifuged at 14,000 � g for 10 min
at 4°C. The supernatants (200 �g of protein) from the cell lysates were subjected to
immunoprecipitation with anti-Akt antibody overnight at 4°C. The immunocom-
plexes were captured by incubation with anti-rabbit immunoglobulin G (IgG) aga-
rose (Gibco-BRL) secondary antibody for 1 h at 4°C. The immunocomplexes then
washed twice with PBS and once with lysis buffer and then assessed for coimmuno-
precipitation with PKC� by probing the blot with anti-PKC� primary antibody (8).
Equal loading of samples was verified by reprobing the blots with anti-Akt antibody.

Electrophoresis and immunoblotting. Proteins were quantified with the Bio-
Rad protein assay reagent, using bovine serum albumin as a standard. Equal
amount of protein in each lane were subjected to sodium dodecyl sulfate–10%
polyacrylamide gel electrophoresis and transferred to a nitrocellulose mem-
brane. The membrane was blocked overnight with 3% bovine serum albumin in
Tris-saline buffer (pH 7.5), and immunoblotting was done as described by
Majumdar and coworkers (14, 25).

Confocal microscopy. Cells were grown on coverslips and treated with differ-
ent inhibitors, lipopolysaccharide (LPS), and L. donovani parasites for the indi-
cated times. Cells were washed in PBS and fixed in 1% paraformaldehyde in PBS
at room temperature for at least 10 min. Cells were washed twice in PBS and
permeabilized by a 15-min incubation in PBS supplemented with 0.1% saponin.

Cells were washed again in PBS and stained for 45 min at room temperature with
rabbit anti-mouse polyclonal anti-Akt antibody (Santa Cruz Biotechnology; 1:250
dilution) (31). An FITC-labeled goat anti-rabbit secondary antibody (Sigma;
1:100 dilution) was then added and incubated for another 45 min. The coverslips
were mounted on a glass slide, and the images were observed under a confocal
laser scanning microscope (LSM 510; Zeiss) (9).

PP2A activity. Phosphatase activity was measured with para-nitrophenyl phos-
phate as the substrate, as described previously (39). Infected cells were lysed in
lysis buffer (50 mM HEPES [pH 7.5], 150 mM NaCl, 1 mM EGTA, 10% glycerol,
1.5 mM magnesium chloride, 1% Triton X-100, 1 �g of leupeptin/ml, 50 U of
aprotinin/ml, 1 mM phenylmethylsulfonyl fluoride). Clarified supernatants were
incubated with anti-PP2A antibody and protein G-agarose for 2 h at 4°C. The
washed immunoprecipitates were resuspended in assay buffer (50 mM Tris [pH
7.0], 0.1 mM calcium chloride) containing 2.5 mM nickel chloride and 900 �g of
para-nitrophenyl phosphate/ml and incubated for 30 min at 30°C. The amount of
para-nitrophenol produced was determined by measuring the absorbance at 405 nm.

Cytokine analysis by sandwich ELISA. The level of mouse tumor necrosis
factor alpha (TNF-�) in the conditioned medium of the macrophage culture was
measured by use of a mouse TNF-� enzyme-linked immunosorbent assay
(ELISA) kit (Factor-Test-X; R & D Systems) in accordance with the manufac-
turer’s instruction. The detection limit of this assay is 15.0 pg/ml.

Densitometric analysis. Autoradiographs of endogenous protein phosphory-
lation and immunoblots were analyzed using a model GS-700 imaging densitom-
eter and Molecular Analyst (version 1.5; Bio-Rad Laboratories, Hercules, CA).

Statistical analysis. The in vitro cultures were in triplicate, and a minimum of
four mice were used per group for in vivo experiments. The data, represented as
means � standard deviations (SD), are from one experiment which was per-
formed at least three times. Student’s t test was employed to assess the signifi-
cance of the differences between the mean values of control and experimental
sets. A P value of less than 0.05 was considered significant, a P value of less than
0.003 was considered highly significant, and a P value of less than 0.001 was
considered very highly significant.

RESULTS

Dephosphorylation of Akt mediated by ceramide in L. do-
novani-infected macrophages. There are two key regulatory
sites of Akt, i.e., Thr308 and Ser473. Phosphorylation of these
two sites leads to the activation of Akt (13). LPS (1 �g/ml), a
well-documented activator of Akt (20, 37, 43), induced the
phosphorylation of Akt in the uninfected BALB/c macro-
phages. To explore the ceramide-mediated downstream signal-
ing, we studied the effect of L. donovani infection on the
phosphorylation of Akt in infected cells. From the immuno-
precipitation study we found that in L. donovani-infected mac-
rophages there was a significant (P 	 0.05) inhibition of Akt
phosphorylation at both Thr308 and Ser473 phosphorylation
sites compared to uninfected macrophages treated with or
without LPS (Fig. 1A, lanes 3 and 4). To investigate the role of
ceramide in Akt phosphorylation, we pretreated the cells with
fumonisin B-1 (FB-1) (a specific inhibitor of de novo synthesis
of ceramide) (18, 19, 42) and infected the cells with L. dono-
vani. From the Western blot analysis it was found that there
was a significant (P 	 0.003) restoration of Akt phosphoryla-
tion at both Thr308 and Ser473 phosphorylation sites in FB-
1-treated infected cells (Fig. 1A). These results clearly indicate
that the elevated level of ceramide in infected cells (19) was
responsible for the deactivation of Akt.

Induction of PKC� by ceramide in L. donovani-infected mac-
rophages. We next investigated the possible mechanism by
which ceramide could inhibit Akt phosphorylation. It was re-
ported earlier that ceramide might function as the endogenous
signal regulating PKC�-dependent inhibition of Akt (15, 33,
36). PKC� is an atypical PKC having important implications in
stress-induced altered signaling pathways (27). It has been
reported that PKC� is a potent downstream effector molecule
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of ceramide (15, 27, 33). The Western blot analysis clearly
showed that L. donovani infection of macrophages for 24 h led
to a significant (P 	 0.003) enhancement in PKC� expression
(Fig. 2A, lane 2). To explore the role of ceramide in the
induction of PKC�, we pretreated the cells with FB-1 and then
infected them with L. donovani promastigotes. We observed
that in FB-1-pretreated cells infected with L. donovani there
was a significant inhibition of PKC� expression compared to
that of infected macrophages (Fig. 2A, lane 3). To further
confirm the effect of ceramide on the dephosphorylation of
Akt, we studied the role of exogenously added cell-permeative
C2 ceramide in uninfected macrophages. The immunoblot
analysis (Fig. 2A, inset) clearly revealed that C2 ceramide
enhanced the PKC� and PP2A expression but decreased Akt
phosphorylation in a dose-dependent manner.

Enhanced intracellular ceramide induces the association of
Akt and PKC� in L. donovani-infected macrophages. As we
have clearly shown that ceramide activates PKC� while in-
hibiting Akt phosphorylation, we investigated whether this
elevated ceramide orchestrates a direct interaction between
Akt and PKC� in L. donovani-infected cells. The cell lysates

were subjected to immunoprecipitation with anti-Akt anti-
body or control mouse IgG, followed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis, and Western
blotting was done with anti-PKC� antibody. A strong selec-
tive association of PKC� with Akt was observed in L. dono-
vani-infected macrophages (Fig. 3A, lane 2), whereas in the
case of FB-1-pretreated cells following infection, there was
a significant (P 	 0.003) inhibition of PKC�-Akt interaction
(Fig. 3A, lane 3).

PKC� is necessary for ceramide-induced inhibition of Akt
phosphorylation in L. donovani-infected cells. To further con-
firm the inhibition of PKC�-mediated Akt phosphorylation, we
used the cell-permeative PKC� inhibitor peptide and analysis
by Western blotting as well as confocal microscopy. From the
Western blot analysis it was observed that in the presence of
PKC� inhibitor peptide there was significant restoration of
phosphorylation of Akt in L. donovani-infected macrophages
(Fig. 4A). As previously reported, the phosphorylation of Akt
led to its translocation to the cell membrane (2). When the
cells were stimulated with LPS, there was translocation of Akt
from cytosol to membrane in normal macrophages (Fig. 5). In
the case of L. donovani-infected cells, Akt was localized in the
cytoplasm. When we treated the cells with cell-permeative

FIG. 1. L. donovani infection dephosphorylates Akt via ceramide.
Macrophages were pretreated with or without FB-1 (10 �M) for 1 h
and then challenged with L. donovani promastigotes (LD) (cell/para-
site ratio, 1:10) for 4 h, noningested promastigotes were removed, and
macrophages were cultured for another 20 h. LPS (1 �g/ml) was added
where indicated for 30 min prior to the lysis of cells. Cell lysates were
prepared, immunoprecipitated with anti-Akt antibody, and subjected
to immunoblotting with p-Akt Ser473 and p-Akt Thr308 antibodies.
The blots were reprobed with anti-Akt antibody to confirm equal
protein loading. The blots shown in panel A are representative of a
single experiment. The data shown in panel B are the means � SD
from four separate experiments. The lane numbers above the Western
blots correspond to the x axis of the densitometric analysis below. The
arbitrary values shown were obtained by densitometric analyses of the
protein bands. Asterisks indicate statistically significant inhibition
(�, P 	 0.05) compared to normal macrophages, restoration (��, P 	
0.003) compared to infected macrophages, and inhibition (���, P 	
0.001) of phosphorylation of Akt compared to LPS-stimulated macro-
phages.

FIG. 2. Induction of PKC-� by ceramide in L. donovani-infected
macrophages. Macrophages were cultured and treated with FB-1 and
L. donovani promastigotes (LD) as described in the legend to Fig. 1.
After 24 h of culture, cell lysates were prepared and subjected to
immunoblot analysis with anti-PKC� antibody. The blots were re-
probed with anti-�-actin antibody to confirm equal protein loading.
The blots shown in panel A are representative of a single experiment.
The inset shows the effect of exogenously added cell-permeative C2
ceramide on the expression of PKC�, phosphorylation of Akt, and
expression of PP2A catalytic subunit. C2 ceramide was added in the
culture medium of uninfected macrophages and cultured for 24 h. The
data shown in pane B are the means � SD from four separate exper-
iments. The lane numbers above the Western blots correspond to the
x axis of the densitometric analysis below. The arbitrary values shown
were obtained by densitometric analyses of the protein bands. Aster-
isks indicate statistically significant induction (��, P 	 0.003) of ex-
pression of PKC� compared to control cells.
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PKC� inhibitor, there was a significant translocation of Akt to
the plasma membrane in infected cells (Fig. 5).

Ceramide-induced activation of PP2A in L. donovani-in-
fected macrophages. In addition to the activation of PKC�,
ceramide has been suggested to activate protein phosphatases,
particularly serine/threonine phosphatases, that also dephos-
phorylate Akt (21, 22, 27). To investigate the activation of
phosphatases in L. donovani-infected cells, we assessed the
PP2A activity by a spectrophotometric method and also by
Western blot analysis using anti-PP2A antibody (specific for
the catalytic subunit). We found that there was very highly
significant (P 	 0.001) enzymatic activity of PP2A in L. dono-
vani-infected macrophages (Fig. 6A); however, when we pre-
treated the cells with FB-1, there was significant inhibition of
this activity. The Western blot analysis of the PP2A catalytic
subunit also corroborated with the enzyme analysis data. In the
case of infection, there was a significant induction of the cat-
alytic subunit of PP2A (Fig. 6B, lane 2), and when we treated
the infected cells with FB-1 to inhibit the endogenous cer-
amide synthesis, PP2A was also inhibited to a great extent (Fig.
6B, lane 3).

Ceramide-induced PP2A dephosphorylates Akt in L. dono-
vani-infected macrophages. To further investigate whether
PP2A had any role in the dephosphorylation of Akt, we treated
the cells with okadaic acid, a specific inhibitor of PP2A, prior

to L. donovani infection. We found that okadaic acid treatment
significantly restored the Akt phosphorylation in infected cells
(Fig. 7A), suggesting that PP2A was also responsible for the
dephosphorylation of Akt in L. donovani-infected cells.

Role of ceramide in the release of TNF-� in L. donovani-
infected macrophages. The generation of nitric oxide (NO) is
an important host defense mechanism which is impaired in the
susceptible host, and enhanced ceramide plays a major role in
this process (18). As TNF-�, a potent NO-stimulatory mole-
cule, is also impaired in the infected macrophages, here we
tried to investigate whether enhanced ceramide plays any role
in the impairment process. We cultured the macrophages with
or without LPS and then treated them with FB-1, followed by
infection and culture of the cells for another 20 h. We then
studied the level of release of TNF-� in the supernatant. In
infected cells there was inhibition of TNF-� release; however,
in FB-1-treated infected cells the TNF-� release was restored
(Fig. 8). Interestingly, in LPS-treated infected cells there was
inhibition of TNF-� release, though FB-1 completely abro-

FIG. 3. Enhanced intracellular ceramide enhances the association
between Akt and PKC� in L. donovani-infected macrophages. Macro-
phages were cultured and treated with FB-1 and L. donovani promas-
tigotes (LD) as described in the legend to Fig. 1. After 24 h of culture,
cell lysates were prepared and subjected to immunoprecipitation with
anti-Akt antibody or mouse IgG (as a control), and the blots were
probed with anti-PKC� antibody as described in Materials and Meth-
ods. To verify equal protein loading of samples, the blots were re-
probed with anti-
kt antibody; this is representative of four individual
experiments. The blots shown in panel A are representative of a single
experiment. The data shown in panel B are the means � SD from four
separate experiments. The lane numbers above Western blots corre-
spond to the x axis of the densitometric analysis below. The arbitrary
values shown were obtained by densitometric analyses of the protein
bands. Asterisks indicate statistically significant induction (�, P 	
0.003) of expression of PKC� compared to control cells.

FIG. 4. PKC� is necessary for ceramide-induced inhibition of Akt
phosphorylation in L. donovani-infected cells. (A) PKC� inhibits the
phosphorylation of Akt. Macrophages were pretreated with or without
cell-permeative PKC� inhibitor peptide (100 nM) for 1 h and then
challenged with L. donovani promastigotes (LD) (cell/parasite ratio,
1:10) for 4 h, noningested promastigotes were removed, and macro-
phages were cultured for another 20 h. LPS (1 �g/ml) was added where
indicated at 30 min prior to the lysis of cells. The lysates were immu-
noprecipitated with anti-Akt antibody and subjected to immunoblot-
ting with p-Akt Ser473 and p-Akt Thr308 antibodies. The blots were
reprobed with anti-Akt antibody to confirm equal protein loading. The
lane numbers above Western blots correspond to the x axis of the
densitometric analysis below. The data shown in panel B are the
means � SD from four separate experiments. The arbitrary values
shown were obtained by densitometric analyses of the protein
bands. Asterisks indicate statistically significant inhibition (�, P 	
0.05) compared to normal macrophages, restoration (��, P 	 0.003)
compared to infected macrophages, and inhibition (���, P 	 0.001)
of phosphorylation of Akt compared to LPS-stimulated macro-
phages.
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gated this inhibition in L. donovani-infected cells (Fig. 8).
These results clearly suggest that enhanced ceramide in in-
fected cells not only dephosphorylated the Akt but also af-
fected the other antimicrobial machinery of the macrophages.

FIG. 5. PKC� inhibits the translocation of Akt to the membrane.
Macrophages were cultured in coverslips, treated with or without LPS,
and also pretreated with or without cell-permeative PKC� inhibitor
peptide (100 nM) for 1 h, followed by infection with L. donovani
promastigotes (LD), as described in the legend to Fig. 1. After 24 h of
culture, cells were stained with FITC-conjugated anti-Akt antibody
and observed by confocal microscopy.

FIG. 6. Ceramide activates PP2A, which in turn dephosphorylates Akt in L. donovani-infected macrophages. (A) Ceramide induces PP2A
activity. Macrophages were incubated with or without FB-1 (10 �M) for 1 h and challenged with L. donovani promastigotes (LD) (cell/parasite
ratio, 1:10) for 4 h. Cell lysates were prepared, and the PP2A activity was measured as described in Materials and Methods. Asterisks indicate
statistically significant induction (���, P 	 0.001) of PP2A activity compared to control cells. (B) Western blot analysis of PP2A (upper panel). Cell
lysates were subjected to immunoblot analysis with anti-PP2A antibody. The data shown in the lower panel are the means � SD from four separate
experiments. The lane numbers above Western blots correspond to the x axis of the densitometric analysis below. The arbitrary values shown were
obtained by densitometric analyses of the protein bands. Asterisks indicate statistically significant induction (���, P 	 0.001) of phosphorylation
of Akt.

FIG. 7. PP2A dephosphorylates the Akt in L. donovani-infected
cells. Macrophages were pretreated with or without okadaic acid (OA)
(10 �M) for 1 h and then challenged with L. donovani promastigotes
(LD) (cell/parasite ratio, 1:10) for 4 h, noningested promastigotes were
removed, and macrophages were cultured for another 20 h. The lysates
were immunoprecipitated with anti-Akt antibody and subjected to
immunoblotting with p-Akt Ser473 and p-Akt Thr308 antibodies. The
blots were reprobed with anti-Akt antibody to confirm equal protein
loading. The blots shown in panel A are representative of a single
experiment. The data shown in panel B are the means � SD from four
separate experiments. The lane numbers above the Western blots
correspond to the x axis of the densitometric analysis below. The
arbitrary values shown were obtained by densitometric analyses of the
protein bands. Asterisks indicate statistically significant inhibition
(�, P 	 0.05) compared to normal macrophages, restoration (��, P 	
0.003) compared to infected macrophages, and inhibition (���, P 	
0.001) of phosphorylation of Akt compared to LPS-stimulated macro-
phages.
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DISCUSSION

Ceramide plays a pivotal role in the signaling of different
stress responses such as ischemia and insulin-resistant diabe-
tes, as well as parasitized conditions (21, 22, 27). From our
previous studies we found that ceramide plays an active part in
the signal transduction of macrophages infected with L. dono-
vani and is perhaps the most important regulatory switch op-
erated by the parasite in the deactivation of macrophages (18,
19). Since ceramide has a wide range of effects on the intra-
cellular signaling parameters, we were interested in investigat-
ing the effect of this molecule on the activation of Akt.

Akt has been shown to exert diverse cellular effects depend-
ing upon the cell type and stimulus (11, 13). In addition to its
well-established role as a cell survival kinase, Akt is implicated
in superoxide anion generation and activation of the immune
response in different kinds of immune cells (11, 24). Activation
of Akt leads to conformational changes in Akt, with subse-
quent phosphorylation at Thr308 and Ser473 (2). After being
phosphorylated, Akt is translocated to the nucleus, where it
regulates the synthesis of numerous proteins. From Fig. 1A, it
was evident that Akt phosphorylation was significantly (P 	
0.05) inhibited in L. donovani infection, and the elevated level
of endogenous ceramide was one of the important factors,
since FB-1 pretreatment restored (P 	 0.003) the inhibition of
Akt phosphorylation on both sites.

PKC� has been implicated as a putative mediator of Akt
inactivation (7). The mechanism by which PKC� regulates the
phosphorylation and activation of Akt also seem to be com-
plex. Earlier we reported that ceramide activates the PKC� in
human neutrophils as well as murine macrophages (12, 19),
and some other studies also reported that ceramide induces
the activity of atypical PKC� (7, 8, 40). Here we observed that,
in L. donovani-infected macrophages, the elevated endogenous
ceramide level facilitated PKC� expression significantly (P 	
0.003) compared to that in uninfected macrophages (Fig. 2).
The ability of PKC� to negatively regulate Akt implied that an

interaction between PKC� and Akt might play significant role
in inhibiting Akt phosphorylation (8, 15, 40). Our studies fur-
ther supported the biological significance of PKC� as one of
the potential targets for ceramide. It was reported earlier that
PKC� binds to the serine/threonine kinase (Akt) to inhibit its
phosphorylation (8, 15, 36). From our coimmunoprecipitation
study we found that PKC� interacts with Akt in L. donovani-
infected macrophages (Fig. 3). Interestingly, when we inhibited
the endogenous ceramide level by pretreatment with FB-1, the
PKC�-Akt interaction was also inhibited. These studies suggest
that in L. donovani-infected cells, an elevated level of endog-
enous ceramide induces PKC�, which subsequently interacts
with Akt, leading to its dephosphorylation. C2 ceramide has
also been shown to inhibit Akt phosphorylation and upregulate
PKC� expression (Fig. 2B, inset).

However, a simple interaction between two proteins does
not imply direct inhibition of Akt. Therefore, we assessed the
critical role of PKC� in the inhibition of Akt phosphorylation
in L. donovani-infected cells. We used the cell-permeative
PKC� inhibitor in infected cells and then studied Akt phos-
phorylation. Figure 4 shows that there was a significant en-
hancement of Akt phosphorylation in PKC�-inhibited cells in-
fected with L. donovani. As translocation from cytosol to
membrane is a very crucial parameter following the activation
of Akt, we also studied the localization of Akt in treated cells.
From the confocal microscopic studies (Fig. 5), it was clearly
observed that in L. donovani-infected cells, Akt resided in the
cytoplasm, but when the cells were treated with PKC� inhibitor
prior to infection, there was a significant translocation of Akt
to the membrane. These studies clearly suggest that PKC�
interacts with Akt to inhibit its phosphorylation.

In addition to activation of PKC�, ceramide has been sug-
gested to activate protein phosphatases that have been known
to dephosphorylate Akt (38). It was reported earlier that cer-
amide induces the serine/threonine phosphatase PP2A in dif-
ferent cell types (21, 22, 27). Here we observed that in L.
donovani-infected cells there was a significant (P 	 0.001)
induction of PP2A activity (Fig. 6A). To assess the role of
PP2A in Akt dephosphorylation, we inhibited the phosphata-
ses by using different phosphatase inhibitors and then studied
the phosphorylation status of Akt. Figure 7 shows that treat-
ment with okadaic acid, a specific inhibitor of PP2A, abrogated
the inhibition of Akt phosphorylation in infected cells, though
calyculin, an inhibitor of PP1, had no effect on the phosphor-
ylation of Akt. These studies implied that in L. donovani-
infected cells endogenous ceramide induces the PP2A that in
turn is responsible for the dephosphorylation of Akt. Earlier
we established that enhanced ceramide impairs the nitric oxide
generation in L. donovani-infected macrophages (18), and
here we observed that ceramide was also involved in the pro-
cess of inhibition of TNF-� release in L. donovani-infected
macrophages (Fig. 8).

In summary, the observations presented here clearly dem-
onstrate that in leishmaniasis endogenous ceramide is one of
the most crucial factors for the dephosphorylation of Akt. To
understand the mechanisms for Akt deactivation, we observed
that ceramide induced the PKC�-Akt interaction along with
the serine/threonine phosphatase PP2A. Both mechanisms are
operative in L. donovani-infected macrophages. These obser-
vations strongly suggest that endogenous ceramide generation

FIG. 8. Effect of a ceramide inhibitor on TNF-� release by L.
donovani-infected macrophages. Macrophages were cultured in a 96-
well plate (106 cells/ml) with or without LPS (1 �g/ml) and treated with
FB-1, followed by infection with L. donovani promastigotes as de-
scribed in the Fig. 1 legend. The mouse TNF-� (mTNF-�) level in the
cell culture supernatant was measured by sandwich ELISA (see Ma-
terials and Methods). Results are expressed as means � SD of data
from replicate experiments. ��, P 	 0.003 (restoration of mTNF-�
release with respect to infected control macrophages); ���, P 	 0.001
(restoration of mTNF-� release with respect to LPS-stimulated in-
fected macrophages).
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induced in host cells by the parasite was responsible for the
impairment of the normal macrophage antimicrobial machin-
ery, thus pointing to the possibility of the utilization of cer-
amide as a possible therapeutic target against visceral leish-
maniasis.
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