
Long-term use of an antiinflammatory, curcumin,
suppressed type 1 immunity and exacerbated visceral
leishmaniasis in a chronic experimental model
Nagasuresh Adapala and Marion M Chan

Inflammation is considered the underlying cause of numerous disorders, and the practice of taking antiinflammatories as
diet supplements has become increasingly prevalent. This study addresses the bioavailablity of a well-established dietary
antiinflammatory, curcumin, and examines its effect on adaptive immunity. Visceral leishmaniasis is a major parasitic
disease which protection relies on cell-mediated immunity and production of nitric oxide. We found that long-term, low-
dose, oral consumption of curcumin activates peroxisome proliferator-activated receptor-g, deactivates type 1 response,
inhibits inducible nitric oxide synthase, and interferes with adaptive immunity to exacerbate the pathogenesis of
Leishmania donovani infection in vivo. These in vivo effects can be correlated to activities on infected residential mac-
rophages in vitro. Therefore, when reactive radicals generated from inflammation play the dominant role in elimination of
pathogens, excessive use of the antioxidative supplements may compromise microbial defense. Nonetheless, it should be
noted with equal importance that our finding, conversely, also strengthens the prospect that curcumin may alleviate type
1 response disorders.
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Inflammation and the associated oxidative stress have been
recognized as risk factors for many chronic disorders that
threaten the nation’s population; for example, chronic heart
diseases, diabetes, and cancer.1 The aging population is at risk
for many of these disorders. Antioxidants and antiin-
flammatories are explored as cancer chemopreventive agents,
and have yielded convincing evidence in animal models.2–4

Nowadays, laymen as well as professionals accept long-term
use of antiinflammatories. According to CDC’s national
health and nutrition examination survey, many individuals
have been taking them daily for more than a 2-year period.5

The easier access for consumers following the Dietary
Supplement Health and Education Act of 1994 boosted
the popularity of dietary supplements, also known as nu-
traceuticals.4,5 However, to date, even though there are many
reports that described the fact that dietary compounds
attenuate pathological damages, few have illustrated how oral
intake of these antiinflammatories and/or antioxidants
modulates the immune pathways that underlie disorders.

Inflammation is essential for initiation of immune defense,
even though it is etiological to certain disorders. The immune
system manages the response by a balance of pro- (type 1)
and anti- (type 2) inflammation factors. In a type I response,
production of cytokines, such as interleukin-12 (IL-12),
tumor-necrosis factor-a (TNFa), directs the launching of
specific immunity, leading to the production of interferon-g
(IFNg) and nitric oxide for protection against microbial
infections, including many opportunistic microbial infections
of public health concern—tuberculosis, hepatitis, herpes, and
cytomegalovirus infections. Conversely in a type 2 response,
IL-10 keeps inflammation in check. Suppression of
inflammation in rheumatoid arthritis with infliximab and
etanercept, the antibodies that block TNFa, and anakinra,
the IL-1 receptor antagonist, increases the likelihood of
tuberculosis and leishmaniasis.6,7 The general objective of
this work is to evaluate whether long-term use of anti-
oxidants may compromise the immune defense to exacerbate
microbial infections, a concern that has not been critically
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examined. From the multitude of antiinflammatory com-
pounds and chronic infections, we chose to study the effect of
curcumin on leishmaniasis as our investigation model.

Curcumin is an antioxidant, antiinflammatory active
principal ingredient of the curry spice turmeric.8 For the past
two decades, the compound has attracted interest as a cancer
preventive agent.8 The compound is generally regarded as
safe in a phase I clinical trial of cancer patients and marketed
as a dietary supplement.9 It is well known that curcumin
preventing the onset of inflammation by inhibiting the
activation of nuclear factor-kB (NFkB), the production of
TNFa, IFNg, and nitric oxide, and gene expression of in-
ducible nitric oxide synthase (iNOS).10–15 More recently, it
was found to activate the nuclear receptor peroxisome pro-
liferator-activated receptor-g (PPARg), which has a promis-
ing target for switching off inflammation. It acts by
transrepressing NFkB, activating protein-1, and signal
transducer and activator of transcription-1.16,17 Many anti-
inflammatory natural products, especially dietary lipids like
linoleic acids, activate PPARs.18

Defense against Leishmania donovani depends upon T
helper 1 response in the murine model. The etiological agent
is an insect-borne protozoan parasite that invades human
macrophages. In both humans and mice, the liver and spleen
harbor the parasite, and curcumin is effective in these organs.
The mechanisms of defense for this chronic infection have
been extensively investigated. Proinflammatory factors,
including TNFa and IFNg are crucial for controlling
leishmaniasis. The balance between type 1, cell-mediated
immunity, and type 2, humoral immunity, underlies
resistance and susceptibility.19,20 This model has further
significance, as leishmaniasis is endemic in India where
turmeric, containing 1–5% curcumin, is copiously used in
cooking, cosmetics, household remedies for insect bites,
swelling, minor wounds, and in Ayurveda medicine for liver
disorders, inflammatory diseases, and diabetes.2,8,21 We
anticipate results from this study will provide some practical
insight towards treatment of this disease, from which 0.5
million people suffer annually and which has created a heavy
social and economic burden around India.22,23

This report shows that curcumin when taken orally below
the recommended dietary supplement dose, activates PPARs
in mice, modulates the type 1/type 2 immune balance, and
influences adaptive immunity to L. donovani. It also suggests
that curcumin has the potential to attenuate or exacerbate
inflammatory diseases of the liver and spleen depending on
whether inflammation and type 1 immune response are
protective or detrimental.

MATERIALS AND METHODS
Experimental Design for In Vivo Studies
Promastigotes that are cultured in vitro were enumerated
under the microscope and intravenously injected to lessen
variability that may arise from using amastigotes in organ
extracts of infected animals. Mice were infected with 107

stationary-phase promastigotes of L. donovani, and divided
into groups. Before feeding of the mice, curcumin was dis-
solved to a solution of 7.52mg/ml in 0.1N NaOH and
immediately brought to pH 7.2 by diluting to a concentration
of 11.1 mg/ml in PBS. The integrity of the curcumin was
checked by TLC analysis as described in Chan et al.11 The
experimental group received, by gavage, 0.2ml of the
curcumin solution three times a week, on every other day
except for the weekends, throughout the course of the study.
Food pellets were removed for 4 h, and then returned 3 h
after feeding to maximize absorption of the compound. The
control group was sham fed with PBS in the same manner.
The mice received regular, non-fortified food pellets. At the
peak of hepatic infection (4 weeks) livers and spleens were
harvested.

Experimental Design for In Vitro Studies
Nonelicited peritoneal exudates were collected by aspiration
and cultured in DMEM medium, which does not contain
sodium nitrite but was supplemented as described in Chan
et al.24 The cells received stationary-phase promastigotes at a
1:10 ratio for a period of 16–20 h, and then curcumin and
100U/ml of IFNg and 10 ng/ml of TNFa or primed lym-
phocytes obtained from spleen of mice that had been infected
with L. donovani for 4 weeks. Curcumin was prepared by
dissolving the powder to 20mM in acetone and then the
solution was diluted to the desired concentrations in sup-
plemented DMEM containing 0.1% acetone. Supernatants
were harvested at 72 h for analysis of cytokine production by
ELISA and on day 5 for quantifying nitric oxide production
with Griess reagent. On the fifth day, macrophages were
stained with propidium iodide and infectivity was de-
termined by enumerating the number of amastigotes per
macrophage as well as the percent of infected macrophages
under a fluorescence microscope.

Limiting Dilution Analysis
Parasite load was estimated according to the limiting dilution
analyses procedure of Titus et al.25 Briefly, liver and spleen
single-cell suspensions were plated into wells of 96-well plates
at a range of concentrations, and parasite were allowed to
transform into promastigotes and proliferate by incubation
at 271C. After 2–3 weeks, the number of wells that were
positive for growth was scored under a microscope, and the
L-Calct software for limiting dilution analysis (provided by
Stem Cell Technology, Vancouver, Canada) was used to de-
termine the frequency of parasite.

RT–PCR and PCR
DNA and RNA extractions were performed using TRI reagent
(Invitrogen). For determining parasite load, the real-time
PCR procedure was that of Nicolas et al,26 except the reaction
occurred in SYBR Green I PCR master mix from Superarray
according to the manufacture’s instruction. DNA at 40 ng per
reaction was denatured at 951C for 10min, and then
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Leishmania kinetoplast DNA (kDNA) was amplified in a
thermal cycler, Rotor-gene 6.0 from Corbett Research. The
number of copies of kDNA per mg of DNA was determined
using a standard curve that was established with the cloned
PCR product. For levels of gene expression, first-strand
cDNA was synthesized by reverse transcribing 1 mg of RNA,
in a 20-ml volume with 100U MMLV reverse transcriptase,
20U RNase inhibitor, 0.6mM of dNTP, and 0.4mM of oli-
go(dT16). Real-time PCR employed commercial primers and
SYBR Green I PCR master mix from Superarray. The
housekeeping gene 18S RNA was reverse transcribed with
random hexamer, and its cDNA solution was diluted to
attain an amplification efficiency that was comparable to that
of the experimental gene. Gene expression was normalized to
number per copy of 18S RNA. The primers and conditions
for end-point PCR analysis have been described in
Chan et al.11 The PCR products were stained with SYBR
Green I dye (Invitrogen) and separated on 2% agarose gel
for kDNA analysis and 1.6% agarose gel for iNOS and
GAPDH. The intensities of the bands were determined
with the Kodak 1D image analysis system. The degree
of modulation was calculated as a percent by the follow-
ing formula: percent change¼ 100� (untreated Leishmania-
infected sample�Leishmania-infected and curcumin-treated
sample)/(untreated Leishmania-infected sample).

Ex Vivo Analysis for IFNc
Spleen cells from infected mice that had been fed curcumin
or PBS, and from uninfected normal mice were plated at
3� 106 per ml in 24-well plates with L. donovani promasti-
gotes. Then, supernatants were collected at 72 h of incubation
and IFNg was quantified by ELISA.

ELISA
Measurement of cytokine production employed OptEIA
ELISA kits form BD Pharmingen and was performed
according to the manufacturer’s protocols.

Nitrite Assay
Nitrite production was measured by Griess reaction as
described in Chan et al.13

PI Staining
Cover slips with attached cells were washed twice with PBS,
and the cells were fixed using 4% paraformaldehyde in
monobasic sodium phosphate for 20min. Following another
two washes with PBS, the cover slips were blocked with 2%
BSA and 0.1% Tween-20 for 20min. Then the cells were
stained with 100 ng/ml of propidium iodide in the dark, and
the number of infected macrophages and amastigotes were
counted under a fluorescent microscope.

Statistical Analysis
For in vitro experiments to study the effect of curcumin on
Leishmania-infected peritoneal macrophages, lymph node

cells, and splenocytes, a statistical analysis was performed
using ANOVA. For in vivo experiments, cytokine production
employed a qualitative, nonparametric, Mann–Whitney
U-test, whereas parasite load was analyzed by ANOVA after
the data underwent natural log transformation.

RESULTS
Consumption of Curcumin Increased Parasite Burden in
Liver and Spleen
Leishmania is transmitted by sandflies, which inject the
promastigote form of the parasite into the mammalian host,

Figure 1 Comparison of parasite burden in curcumin-fed and PBS-fed

mice. DNA samples from curcumin-fed, L. donovani-infected mice are

represented in filled diamonds (N¼ 10) and those from PBS-fed mice by

open circles (N¼ 10). Samples were quantified by real-time PCR, amplifying

a 116-bp product of kDNA. The result shown is a plot of a representative

experiment from one of the multiple PCR analysis trials used in computing

the statistical analysis in Table 1.
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where they transform into amastigotes within the macro-
phages. Visceral targets of Leishmania include liver, spleen,
and bone marrow of man, and infections can be fatal if
untreated. In mouse, infection of the liver is controlled by the
fourth week, whereas the parasite establishes nonfatal chronic
residence in the spleen. The C3H/He strain of mice, which
controls the parasite, is considered resistant, whereas the
BALB/c strain, which allows the parasite to proliferate, is
considered susceptible.19

We examined the effect of curcumin on pathogenesis of
leishmaniasis in both the BALB/c and C3H/He strains
(Figure 1; Table 1). In multiple trials, the mice were infected
with stationary-phase promastigotes and divided into two
groups of 10 each. The experimental group was fed 0.2ml of
30 mM curcumin in PBS per mouse. The dose was chosen
based on extrapolation from the dose for human consump-
tion. As a dietary supplement, the recommended dose is
300mg 2–3 times daily.8 In Indian diet, 38–190mg of tur-
meric is consumed daily, which translates to 440 mg–2mg/kg
(44 ng–2 mg/g) curcumin for an average individual of 85 kg,

assuming that curcumin constitutes 1–5% of turmeric.8 Rural
Indian diet provides as high as 3.8 g of turmeric.23 At 4 weeks
after infection, the parasite load was quantified by two
complementary methods, limiting dilution analysis25 and
real-time PCR detection,26 and compared by the parametric
test ANOVA after data transformation.

Oral administration of curcumin exacerbated L. donovani
(WHOM/SD/00/1S) infection in both the resistant and the
susceptible strains as assessed by both limiting dilution
analysis and PCR analysis. The former method largely reflects
the percent of infected macrophages, as each infected mac-
rophage results in a positive well regardless of whether it is
singly or multiple infected. The latter measures the copies of
kDNA, and therefore reflects the number of parasites in the
organs (Figure 1; Table 1). The two strains of mice did not
differ in their response to curcumin, except the increase in
parasite load was worse in the liver of the BALB/c than C3H/
He strain. The increase in frequency of infected macrophages
and number of parasites in the liver of the susceptible BALB/c
mice can be concluded with 99.9% confidence. We can also

Table 1 Effect of curcumin on parasite load in liver and spleen

N Mean s.d. PBS vs curcumin significance

LDA Liver BALB/c PBS 40 6.853 1.133

Curcumin 40 8.171 2.016 Po0.001

C3H/He PBS 31 4.052 1.988

Curcumin 31 5.300 2.17

Spleen BALB/c PBS 40 4.931 1.225

Curcumin 40 5.872 1.259 Po0.05

C3H/He PBS 31 3.746 1.316

Curcumin 31 4.361 1.171

PCR Liver BALB/c PBS 28 8.258 0.770 Po0.001

Curcumin 30 9.692 1.021

C3H/He PBS 21 4.762 1.212 Po0.05

Curcumin 21 5.494 1.0007

Spleen BALB/c PBS 30 8.673 0.572

Curcumin 30 10.018 1.102 Po0.001

C3H/He PBS 21 5.086 0.988

Curcumin 21 5.543 0.999

Mice were intravenously infected with the 107 stationary-phase promastigotes and divided into two groups. One group was fed with 0.2ml of 30 mM solution of
curcumin by oral gavage three times a week throughout the course of the study. The second group received PBS in the same manner. Parasite load in the liver and
spleen of BALB/c and C3H/He strains of mice was determined by limiting dilution and real-time PCR analyses at 4 weeks, the peak of hepatic infection. DNA was
extracted with TRI reagent, and real-time PCR analysis was performed using SYBR Green master mix and primers from Superarray Bioscience (Frederick, MD, USA)
in a Rotorgene 3000 (Corbett) thermocycler. The data were subjected to natural log transformation and then ANOVA was performed to compare the parasite
load in the two groups. ‘N’ indicates the number of mice used in the statistic analyses after exclusion of outliers. The experimental treatment (independent
variables) groups compared in a statistical analysis are bracketed and the degrees of confidence are listed in the column to the right as P values. Where the
BALB/c and C3H/He strains of mice did not differ in their response to curcumin, the two strains were combined in the analysis (large brackets). By PCR,
an interaction between mouse strain and treatment was found when total parasite counts were compared, hence, the BALB/c and C3H/He strains were
analyzed separately (small brackets).
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conclude with 95 or 99% confidence that the same effects
occurred in the spleen and liver of the C3H/He mice,
respectively.

Increased in Parasite Burden is Associated with
Decrease in Production of ProInflammatory
Cytokines and Nitric Oxide
Early after infection, resistant mice produce inflammatory
cytokines (IFNg, TNFa, and IL-12) that lead to cell-mediated
immunity that confers protection,27,28 and these cytokines
are associated with production of nitric oxide. Many stu-
dies29–31 have demonstrated that the nitric oxide radical and
its reactive metabolites are crucial for killing of Leishmania;
for example, Murray and Nathan32 have clearly shown
that defense against L. donovani infection is compromised
in iNOS knockout mice. Our laboratory10,11,13,15 and
others’12,14 have shown that curcumin suppresses the gene
expression of TNF and iNOS as well as production of nitric

Figure 2 Effect of curcumin on gene expression of proinflammatory and antiinflammatory mediators in Leishmania-infected (a–d) liver and (e–h) spleen.

Sample of organs from BALB/c strain with parasite load more than one standard deviation from the average load in the PBS group in the same trial were

selected to identify correlation between the gene expression of iNOS, IFNg, TNFa, IL-10, and outcome of infection. The levels of mRNA in liver and spleen of

PBS-fed mice (P, N¼ 10), and curcumin-fed (C, N¼ 10) Leishmania-infected mice were determined by RT–PCR, each gene was normalized to 18S RNA, and

then the level of expression was expressed relative to that of the PBS control using the DDCt method. Statistical analysis performed using Mann–Whitney

U-test indicated that there were significant differences between the curcumin-fed and PBS-fed groups (Po0.001 for iNOS, IFNg and TNFa and Po0.05 for

IL-10). The level of mRNA expression for IFNg, TNFa, and iNOS in uninfected mice was not detectable after 40 cycles of amplifications.

Table 2 Ex vivo analysis of IFNc production

Source of
splenocytes

Ex vivo restimulation
with L. donovani

IFNc

pg/ml s.d.

Vehicle control mice + 2110.5* 96.5

� 123.2 9.9

Curcumin-fed mice + 1430.0** 89.1

� 161.7 11.8

Normal mice + 296.5 19.7

� 213.0 17.8

IFNg, interferon-g.

Splenocytes obtained from curcumin or PBS-fed (vehicle control) mice were
coincubated with L. donovani 1S promastigotes ex vivo for 72 h, then
supernatants were collected for IFNg assays. Student’s t-test showed that the
difference between * and ** is with a P-value of o0.05.
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oxide, in vitro and in vivo. Furthermore, it impedes elim-
ination of Leishmania by nitric oxide donors.24 Therefore, the
level of IFNg, TNFa, and iNOS gene expression in the liver
and spleen of the mice whose parasite load had increased was
examined (Figure 2).

Exacerbation of infection was most prominent in the
susceptible BALB/c mice, hence subjected to detailed study.
Real-time PCR analyses revealed that gene expression for
TNFa, IFNg, and iNOS in the liver and spleen were activated
by Leishmania infection. Curcumin-fed mice that had
exacerbated infection expressed about a log less of all these
genes than did the PBS-fed counterpart. As for normal,

uninfected mice, they expressed very low levels of these genes
in the liver and spleen, below accurate detection by the
real-time PCR assay. In the liver, curcumin reduced the
expression of iNOS, IFNg, and TNFa by 80, 81, and 90%,
respectively (Figure 2a and c). In the spleen, curcumin also
decreased the expression of IFNg and iNOS expression by 86
and 68%, respectively (Figure 2e and f). The copy of TNFa
RNA in the spleen was about a tenth of iNOS or IFNg, yet
curcumin feeding reduced the relative copy number by 90%
(Figure 2g). Statistic analysis by nonparametric Mann–
Whitney U-test indicated that the difference between the
curcumin and PBS groups is significant for each of the genes
in both organs (Po0.001).

Ex vivo assays further established that curcumin reduced
the production of IFNg in the L. donovani-infected mice at
the protein level. As shown in Table 2, sensitized spleen cells
from L. donovani-infected mice produced IFNg at about
2110 pg/ml upon restimulation with parasites. In contrast,
equal amount of splenocytes from mice that were fed with
curcumin produced only 1430 pg/ml, a decrease of 32%. The

Figure 3 Upregulation of PPAR gene expression by Leishmania infection

and curcumin in vivo. Levels of PPARa and PPARg mRNA in liver (a) and

spleen (b) of uninfected mice (U, N¼ 5), Leishmania-infected and PBS-fed

mice (P, N¼ 10), and Leishmania-infected and curcumin-fed mice (C, N¼ 10)

were determined by RT–PCR as described in the legend to Figure 2. Statistic

analysis was performed using the nonparametric Mann–Whitney U-test.

Figure 4 Upregulation of PPARg gene expression by Leishmania infection

and curcumin in vitro. Nonelicited peritoneal exudate cells were infected as

described in the legend to Table 2, except IL-4, at 5 ng/ml, or IFNg, at 100U/
ml, or curcumin at 10 mM were added 30min after addition of parasites, and

the cultures were incubated for 16–20 h before isolation of total RNA.

Levels of gene expression in each sample were normalized with 18S RNA.

Then modulation was expressed relative to the uninfected control using

the DDCt method. The X-axis intercepts the Y-axis at ‘1’ to illustrate

activation and deactivation of PPARg. A two-tailed Student’s t-test was

performed and the differences between the indicated groups were

significant.
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specificity of the T helper cells were verified in that when
spleen cells were not restimulated with parasite or when naive
splenocytes from uninfected mice were used, the amount
of IFNg was produced a log lower, at a basal level of
100–300 pg/ml.

Increased in Parasite Burden is Associated with
Activation of IL-10 and PPARc
As oppose to type 1, the type 2 antiinflammatory cytokine,
IL-10, is considered deleterious in Leishmania pathogenesis.
Detectable in the plasma and lymphocytes of L. donovani
patients, IL-10 inhibits the production of IL-12 and IFNg in
peripheral blood mononuclear leukocytes.33,34 When PCR
analysis was performed on IL-10, curcumin feeding increased
its gene expression by threefold in contrast to the decrease in
proinflammatory cytokines (Figure 2d and h). Thus, infec-
tion of BALB/c mice led to an upregulation of IL-10, and
curcumin further upregulated this detrimental cytokine.

PPARg transrepresses NFkB to reduce inflammation in
thioglycolate-elicited peritoneal macrophages, leading to
decreased expression of iNOS.16 Liver expresses the PPARa
isoform predominantly, and cells of the immune system,
monocytes, macrophages and lymphocytes express both the a
and g isoforms. Chen and Xu35 reported that curcumin

activates the nuclear receptor PPARg in Moser cells, a human
colon cancer cell line. Siddiqui et al36 have also claimed that
intravenous administration of curcumin at 2 mM suppresses
sepsis through PPARg, and the antagonist, GW9662, blocks
the effect. In fact, Zheng and Chen37 have suggested that a
curcumin-responsive element resides in the regulatory region
of the PPARg gene.

Interestingly, we found that Leishmania infection upregu-
lated the expression of PPARs in mice (Figure 3). In an
isotype- and organ-specific manner, infection upregulated
the expression of PPARs in the liver and the spleen by 3.5-
fold, and curcumin enhanced their expression further in the
infected liver (Figure 3a) and spleen (Figure 3b). The effect is
most prominent in the liver, where 40-fold excess was ob-
served with PPARa. Even though PPARg expression in the
liver was very low, a fourfold increase was seen. In the spleen,
curcumin feeding also heightened the expression of PPARg
by twofold. Thus, there is an association between increase in
PPAR expression and increase in parasite load.

The In Vivo Effect of Curcumin Corresponds with Its
Actions on Infected Residential Macrophages
In parallel to the in vivo studies, the mechanisms of action of
curcumin on infected residential macrophages and primed

Table 3 Effect of curcumin on production of nitric oxide and parasite load in peritoneal macrophages

PEC Ld TNFa IFNc Curcumin (lM) Nitrite (lM) % Infection Amastigotes/infected
macrophage

BALB/c

+ � � 0 Undetectable NA NA

+ + � 0 Undetectable 84.0±3.5 8.0±0.3

+ � + 0 47.9±0.8 NA NA

+ + + 0 54.5±0.8 50.3±3.1 4.5±0.6

+ + + 5 45.0±1.9 67.3±2.3 6.3±0.3

+ + + 7.5 39.1±0.5 76.0±3.6 7.2±0.4

+ + + 10 32.2±2.6 80.7±2.9 7.8±0.2

C3H/He

+ � � 0 Undetectable NA NA

+ + � 0 Undetectable 66.6±1.2 5.2±0.2

+ � + 0 66.0±0.2 NA NA

+ + + 0 77.4±1.3 33.3±4.2 1.8±0.1

+ + + 5 61.4±0.3 42.3±3.8 2.5±0.2

+ + + 7.5 53.0±0.4 52.3±2.1 2.9±0.3

+ + + 10 45.6±1.0 56.6±2.1 4.7±0.7

IFNg, interferon-g; TNFa, tumor-necrosis factor-a.

Nonelicited PEC were cultured with L. donovani (Ld) promastigotes in wells that contained cover slips for a period of 16–20 h; then curcumin and IFNg and TNFa
were added. On day 5, the amount of nitric oxide was determined with Griess reagent, and the cover slips were stained with propidium iodide to enumerate the
percent of infected macrophages and number of amastigotes per macrophage under a fluorescence microscope.
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lymphocytes were examined in vitro. Corresponding to the
feeding studies, we found that curcumin increased PPARs,
and decreased iNOS gene expression in infected macro-
phages, as well as downregulated IFNg production by primed
lymphocytes. Furthermore, these effects can be correlated
with increase of parasite within the macrophages. Huang et
al38 have shown that IL-4 induces the expression of PPARg in
macrophages and IL-4 is associated with susceptibility to
Leishmania major.39 As we have observed that Leishmania
infection led to upregulation of PPARg in the liver and
spleen, we proceed to investigate whether PPARg expression
is related to susceptibility and resistance to Leishmania. To
date, whether PPAR expression may influence microbial pa-
thogenesis has not been explored. We employed nonelicited,
uninfected peritoneal exudate cells from the BALB/c
susceptible strain. As shown in Figure 4, infection with
Leishmania-induced PPARg expression, and the level was

increased by 2.3-fold in a typical experiment. Exogenous
addition of IL-4 to the infected macrophages did not further
upregulate the expression with statistical significance,
whereas curcumin increased PPARg gene expression beyond
what is induced by the parasite. The combination of curcu-
min and IL-4 synergistically induced PPARg expression by
7.5-fold in excess of the level produced by macrophages that
were infected but not given IL-4 nor curcumin. Conversely,
the protective cytokine, IFNg, suppressed the parasite in-
duction of PPARg gene expression in macrophages. Curcu-
min, however, was able to restore the IFNg-deactivated
PPARg expression to a level similar to that of the infected
macrophages. Henceforth, there is an association between
PPARg gene expression and susceptibility to Leishmania at
three sites of infection, the macrophage, liver, and spleen.
Both the in vitro and in vivo experiments indicate an asso-
ciation between PPARg gene expression and susceptibility to
Leishmania infection, and the in vitro indicated that curcu-
min increased PPARg gene expression irrespectively of whe-
ther IL-4 or IFNg was present.

PPARg activation leads to suppression of iNOS gene
expression.17 The effect of curcumin on nitric oxide pro-
duction by Leishmania-infected peritoneal exudate cells was
examined, using IFNg and TNFa to activate iNOS gene
expression. Studies on cells from the resistant C3H/He strain
(Table 3) revealed a reduction of 18, 39.3, and 61.4% in nitric
oxide levels at 5, 7.5, and 10 mM of curcumin, respectively.
The production of nitric oxide in the susceptible BALB/c
strain was lower, but the degrees of reduction were more
prominent at 21, 32, and 54%, for 5, 7.5, and 10 mM of
curcumin, respectively. The decrease is associated inversely
with an increase in proportion of infected macrophages and
number of parasite within the cells. Investigation at the
molecular level showed that the inhibition had occurred at
the level of iNOS gene expression. At 10 mM, curcumin re-
duced the level of steady-state RNA by 70% (Figure 5).
Corresponding to the decrease in nitric oxide production,
microscopic enumeration with propidium iodide revealed a
dose-dependent increase in the number of infected macro-
phages and the number of parasites in cultures of the
peritoneal exudate cells, whether they were from the
susceptible BALB/c or resistant C3H/He strain (Table 3 and
Figure 6).

IFNg is a product of T helper 1 lymphocytes and Gao et al40

have shown that curcumin decreases the production of IFNg
in mixed lymphocyte cultures. We examined the effect of
curcumin on IFNg using splenocytes of infected mice as a
source of Leishmania-specific, primed T helper 1 lymphocytes,
and found that production was reduced, in a dose-dependent
manner (Table 4). For example, adding 10mM of curcumin
decreased IFNg production in the cultured C3H/He spleen cells
by 60%. Associated with this modulation in cytokines was a
decrease in the levels of nitric oxide and, inversely, an increase
in parasite burden. Therefore, overall, the in vitro mechanism
corroborates with the in vivo observation.

Figure 5 Effect of curcumin on iNOS gene expression and Leishmania

infection in macrophages. The gel shows the end-point PCR-amplified iNOS

(496 bp) and GAPDH (996 bp) from RNA isolated from the described

samples. The culture conditions for each sample have been described in

‘Materials and methods’ section. Amplification occurred for 35 cycles for

iNOS and 23 cycles for GAPDH. At the bottom, a plot shows the levels of

iNOS gene expression normalized to GAPDH. ANOVA showed that the

effect of curcumin was significant (Po0.001).
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DISCUSSION
Although many have considered dietary phytochemicals as
modifiers for diseases in various organs, much skepticism
remains over their bioefficacy. Our findings showed
that consumption of curcumin in doses below what is
recommended for dietary supplement activated expression of
the inflammation suppressive nuclear transactivating
receptor PPARs, downregulated type 1 responses, and
affected antimicrobial immunity in two major organs, the
liver and spleen. Thus, curcumin has the potential to be
beneficial or detrimental, depending on whether inflamma-
tion is needed, or merely destructive to the host. Curcumin
exacerbated nonfatal, murine leishmaniasis. In cases where
the immune response is causing more tissue destruction than
the pathogens, attenuating inflammation might extend sur-
vival of the host.

This study, in vitro and in vivo, is one of the first to
investigate the participation of PPAR in microbial infection.
The leishmaniasis exacerbating cytokine, IL-4, enhances
PPARg activation. Conversely, the protective cytokine IFNg

suppresses its activation in infected peritoneal macrophages.
Our study showed a correlation between increase in parasite
load and curcumin-induced enhancement of PPAR expres-
sion in Leishmania-infected spleen, liver, and macrophages.
This finding warrants future investigation of whether
PPARg expression is causal to susceptibility and/or pivotal in
modulating adaptive immunity.

Leishmaniasis is a parasitic disease that threatens many
developing countries, often as devastating epidemics. In Su-
dan, several epidemics of visceral leishmaniasis since 1988
claimed more than 100 000, a third of the population in the
Western Upper Nile province.22,41 To protect against infec-
tion, the host immune response emanates reactive oxygen
and nitrogen species, whereas parasites defend their integrity
by their ability to resist oxidative stress. Our experimental
model bears resemblance to the clinical condition where
patients are heavily infected towards the later stage of the
disease, even though we cannot project the effect of curcumin
at the initial stage of infection, where sandflies inject a low
dose of the parasite intradermally. This report suggests that

Figure 6 Microscopic visualization of Leishmania in macrophages. The number of parasites increased in a dose-dependent manner with increasing

concentrations of curcumin.
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when treating leishmaniasis, physicians may want to consider
the patients’ diet. Conceivably, in rural Indian, one may
consider whether the high level of turmeric in the diet of the
populations may interfere with therapy.23 Likewise, one must
be careful when consuming botanical and dietary supple-
ments with antiinflammatory and antioxidant properties
when at risk for microbial infections.

Furthermore, this study warns against oversimplifications
in antimicrobial agent discovery and development. Many
natural compounds with redox potential inhibit microbial
growth in vitro, and several laboratories have found curcumin
to inhibit replication in Leishmania cultures.42 Our study
shows that the in vivo effect of curcumin is very different
from the in vitro effect. In vivo, the outcome of an infection is
determined by a balance between the means of the host
immune defense vs that of the parasite, and antioxidants and
antiinflammatories may weaken the immune defense and
exacerbate infection. Corroborating our previous publica-
tion, we have shown that in the presence of oxidative stress
from nitric oxide and superoxide, curcumin neutralizes the
toxicity of free radicals to enhance growth of the parasites.24
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