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Abstract

Leishmaniasis remains one of the world’s most devastating neglected tropical diseases. It mainly affects developing
countries, where it often co-exists with chronic malnutrition, one of the main risk factors for developing the disease. Few
studies have been published, however, on the relationship between leishmaniasis progression and malnutrition. The
present paper reports the influence of protein malnutrition on the immune response and visceral disease development in
adult hamsters infected with Leishmania infantum fed either standard or low protein diets. The low protein diet induced
severe malnutrition in these animals, and upon infection with L. infantum 33% had severe visceral leishmaniasis compared
to only 8% of animals fed the standard diet. The infected, malnourished animals showed notable leukocyte depletion, mild
specific antibody responses, impairment of lymphoproliferation, presence of parasites in blood (16.67% of the hamsters)
and significant increase of the splenic parasite burden. Animals fed standard diet suffered agranulocytosis and
monocytopenia, but showed stronger specific immune responses and had lower parasite loads than their malnourished
counterparts. The present results show that protein malnutrition promotes visceral leishmaniasis and provide clues
regarding the mechanisms underlying the impairment of the immune system.
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Introduction

Malnutrition is a serious health problem that remains common

in many parts of the world. Protein energy malnutrition is the most

frequent form of malnutrition, and globally affects some 800 mil-

lion people, including over 150 million children under 5 years of

age, most of them in developing countries [1]. Much of the excess

morbidity and mortality associated with malnutrition is owed to

the impairment of sufferers’ defence mechanisms, which predis-

poses them to infectious diseases [2]. Leishmaniasis, a vector-

transmitted, poverty-related disease – the second and fourth most

important among tropical diseases in terms of mortality and

morbidity rates [3] – is commonly encountered where protein

malnutrition is also prevalent. Visceral leishmaniasis (VL), the

most severe clinical manifestation, is generally fatal if not treated.

Although there is strong evidence that malnutrition is one of the

major factors influencing the outcome of visceral leishmaniasis

[4,5], few studies have measured the effects of this condition on the

development of the disease. Anstead et al. (2001) reported that

mice fed a protein-, iron- and zinc-deficient diet, were at increased

risk of visceral disease following intradermal inoculation into both

hind footpads with L. donovani [6]. Malafaia et al. (2009) also

described that protein-deficient diets increased splenic parasitism

in a BALB/c model of infection after intravenous challenge with L.

chagasi [7]. Although it is clear that protection against L. infantum is

dependent upon cellular immunity [8], which is known to be

diminished by protein calorie malnutrition [9], the specific, cell-

mediated mechanisms compromised in malnourished persons with

visceral leishmaniasis remain unclear. In fact, the impact of

infection or protein malnutrition on the host immune response, as

well as the progression of the infection towards chronic visceral

disease, have never been addressed with standardized experimen-

tal models.

Unlike in certain murine models, in which Leishmania infection

tends to be self-limiting [10], golden hamsters (Mesocricetus auratus)

develop a progressive, severe disease similar to visceral leishman-

iasis seen in humans and dogs [8,11]. The effects of low protein

and standard diets on certain parasitic infections have been

reported in hamsters [12], but their effects on the course of chronic

visceral leishmaniasis are unknown. The aim of the present work

was to examine the relationship between protein malnutrition and

visceral leishmaniasis in a hamster model. The results showed

prolonged protein deprivation to be associated with a weakened
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immune response and severe visceral disease following L. infantum

infection.

Materials and Methods

Ethics statement
The research ethics and animal welfare committee of the

Instituto de Salud Carlos III (‘‘Comité de Ética de la Investigación

y de Bienestar Animal, Instituto de Salud Carlos III’’) approved

this study (Report CBA PA 77_2010) that was carried out in

accordance with Spanish law on the protection of animals used for

experimentation and other scientific purposes (Royal Decree

1201/2005 and Law 32/2007). The Spanish legislation is a

transposition of the Directive 86/609/EEC.

Parasites
L. infantum promastigotes (MCAN/ES/98/LLM-722, JPC

strain) were grown in NNN medium and complete RPMI medium

(RPMI1640, Gibco, Paisley, UK) supplemented with 100 UI/ml

of penicillin, 100 mg/ml of streptomycin, 2 mM L-glutamine,

561025 M 2-mercaptoethanol and 10% heat inactivated foetal

calf serum (Lonza, Spain) as liquid phase for 2 weeks.

Animals and infection
Forty-eight 12 week-old male golden hamsters (Mesocricetus

auratus), purchased from Janvier (France), were randomly assigned

to isocaloric diets (Harlan Laboratories, Indianapolis, Indiana)

containing either 14% (TD.00168) or 3% (TD.97138) protein

(Table 1) but identical micronutrient content. Quantity of food

given to hamsters from 14% group was adjusted to the 3% group

to confirm comparable feed consumption [13]. Once total body

weights in the low protein diet group showed statistical differences

with those fed standard protein diet (day 53), 12 hamsters from

both diet groups were inoculated with 26107 promastigotes by

intracardiac route (i.e., the 14%INF and 3%INF groups). The

remaining, non-infected hamsters were maintained on the initially

assigned diets (14%NI and 3%NI groups). At 113 days post-

infection, all animals were anesthetized with isoflurane and

euthanized by cervical dislocation.

Haematology and biochemistry
Blood samples were collected from all animals by cardiac

puncture (under anaesthesia with isoflurane) on day 113 post-

infection. 300 mL were placed in Ca2+-EDTA tubes for haema-

tological, flow cytometry and PCR determinations. Haematocrit

and total erythrocyte, leukocyte, lymphocyte and platelet (PLT)

counts were recorded using an automated blood cell counter

(VetABC, Scil, France). The mean corpuscular volume (MCV),

mean corpuscular haemoglobin (MCH) and red blood cell

distribution width (RDW) were then calculated. The remaining

fraction of the blood samples was placed in sodium heparin tubes.

The plasma was then isolated, frozen and stored for subsequent

biochemical and immunological analysis. Plasma alanine amino-

transferase (ALT), aspartate aminotransferase (AST), blood urea

nitrogen (BUN), creatinine, alkaline phosphatase (ALkP), glucose,

globulins and total protein concentrations were determined using a

Biochemistry Serum Analyzer (IDDEX, Netherlands).

Cell isolation and proliferation assay
PBMCs from blood collected in sodium heparin tubes were

separated on a Ficoll-Hypaque density gradient (Lymphocyte

Isolation Solution, Rafer, Spain) and washed twice in phosphate-

buffered saline (PBS, pH7.4). These cells were then cultured in

flat-bottomed 96-well plates (16105 cells/well) at 37uC for 5 days

in RPMI medium. After further incubation with 10 mg/ml soluble

Leishmania antigen (SLA) or 10 mg/ml concanavalin A (CONA)

(Sigma) (performed in triplicate), the plates were pulsed with 5-

bromo-29 deoxyuridine (BrdU) and lymphocytes proliferation

examined using the BrdU Cell Proliferation Assay Kit (GE

Healthcare Life Sciences, UK) according to the manufacturer’s

instructions.

Delayed type hypersensitivity response
The delayed type hypersensitivity (DTH) response was deter-

mined by inoculating the left forepaw pad of each hamster with

56104 formalin-inactivated promastigotes (Leishmanin, Institute

Pasteur, Teheran). The right forepaw was injected with PBS and

used as a control. Oedema/inflammation was assessed by

measuring paw pad thickness in the dorsal-plantar axis at 48 h

post-inoculation.

Flow cytometry analysis
50 ml of blood (from the samples collected in the Ca2+-EDTA

tubes) were incubated with rat anti-mouse CD4 (clone 520 GK1.5,

eBioscience, UK) and mouse-anti-mouse/rat MHCII (I-Ek) (clone

14-4-4S, eBioscience, UK); these have previously been shown to

identify hamster CD4+ T cells [14] and B cells respectively [15].

The cells were then fixed in 1% p-formaldehyde-PBS solution and

analysed by flow cytometry using a FACSCalibur (Becton

Dickinson, Spain).

Enzyme immunoassay (ELISA) and immunofluorescence
antibody (IFAT) tests

Maxisorp microtitre plates (Nunc, Roskilde, Denmark) were

coated overnight with 1 mg SLA in carbonate buffer (1 mM

Na2CO3, 28 mM NaHCO3, pH9.6) and blocked for 1 h at 37uC
with 200 mL of 1% BSA and 0.1% Tween20 in PBS. Plates were

washed three times using PBS containing 0.01% Tween20, and

then incubated for 30 min with 100 mL of plasma diluted 1:100

with dilution buffer (0.1% BSA and 0.1% Tween20 in PBS). The

plates were then washed and incubated for 30 min with

1:250 horseradish peroxidase-conjugated goat anti-hamster IgG

(Abd Serotec, Oxford, UK). ELISA was revealed using o-

phenylenediamine dihydrochloride tablets (Sigma, Spain), quench-

ing with 50 mL of 1M H2SO4. IFAT was performed using L.

infantum promastigotes (MCAN/ES/98/LLM-722). Plasma was

assayed in two-fold serial dilutions from 1/20 to $1/640 in PBS to

determine total IgG levels using FITC-conjugated goat anti-

Table 1. Nutrients and kilocalories in the 3% and 14% protein
diets used in the study.

Nutrient % by weight % kilocalories

3% Diet 14% Diet 3% Diet 14% Diet

Protein 3.1 14.2 3.3 15.2

Carbohydrates 78.6 66.6 83.6 71.5

Fat 5.5 5.5 13.2 13.3

Kcalories/g 3.8 3.7

Control diet (14% protein diet) and low protein diet (3% protein diet) were
purchased from Harlan Laboratories. Both diets contained similar amounts of
corn oil (54.3 g/kg in 3% diet, 53 g/kg in 14% diet), cellulose (62.43 g/kg in 3%
diet, 56.23 g/kg in 14% diet), Teklad vitamin mix 40060 (10 g/kg), ethoxyquin
antioxidant (0.01 g/kg), calcium (0.7%) and phosphorous (0.54%).
doi:10.1371/journal.pone.0089412.t001
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hamster IgG (Abd Serotec, Oxford, UK) diluted 1/100. Antigen-

antibody reactions in dilutions .1/40 were considered positive.

Histopathology
After collecting circulating blood by cardiac puncture, necrop-

sies were performed on all hamsters at day 113 post-infection at

the Centro Nacional de Microbiologia, Instituto de Salud Carlos III (n = 48).

Sections from the liver, spleen, right and left kidney, skin, ear,

forelimbs, tongue and diaphragm were collected from each

animal, placed in 10% buffered formalin and processed for

histopathological analysis at the histology laboratory of the Hospital

Clinico Veterinario Complutense (Madrid, Spain). Fixed tissues were

embedded in paraffin, sectioned (4 mm), and stained with

haematoxylin-eosin (H-E) following standard laboratory proce-

dures. All samples were examined under the light microscope.

Inflammatory and degenerative lesions in each tissue were

qualitatively described and scored semi-quantitatively according

to their severity as either non-existent (0), mild (+), moderate (++)

or severe (+++).

DNA extraction and real time PCR (qPCR)
Blood, ear skin, mesenteric lymph nodes, bone marrow, liver

and spleen were aseptically collected during necropsy. Bone

marrow cells were isolated by flushing the bone marrow from the

left femur with RPMI medium. Liver and spleen samples from

each animal were individually homogenised through a 40 mm

stainless steel tissue grinder in RPMI, and 16106 cells used for

total DNA isolation. 200 mL of blood from the samples collected in

the Ca2+-EDTA tubes were also used.

400 mL of NET10 buffer (10 mM NaCl, 10mM EDTA, 10 mM

Tris-HCl pH 8.0) and 40 mL of 10% SDS were added to each

sample following incubation at 70uC for 1 h and DNA purification

using traditional phenol/chloroform extraction and ethanol

precipitation. Total DNA was resuspended in 100 mL of distilled

water and quantified using an ND-1000 UV-V Spectrophotom-

eter (NanoDrop Technology, USA). Leishmania DNA was quan-

tified using a LightCycler high speed thermocycler and the

LightCycler FastStart DNA Master SYBR Green I kit (Roche

Diagnostics, Spain) as previously described [16].

Evaluation of the severity of L.infantum infection
The evaluation of haematological and biochemical values,

humoral and cellular responses, parasite load and histopatholog-

ical damage of spleen and liver were assessed for each hamster and

a disease score was performed. Altered parameters compatible

with visceral leishmaniasis were scored with the maximum grade.

Visceral leishmaniasis status was recorded as: Mild, Moderate, and

Severe.

Statistical analysis
To analyse weight variations between the groups, the area

under the curve for each animal was calculated and the results

subjected to two-way ANOVA [17].

Haematological, biochemical, immunological, parasitological

data and the disease score were tested for normality using the

Shapiro-Wilk test. Since some parameters were not normally

distributed, non-parametric tests were chosen to compare groups.

When comparing 3%INF, 14%INF, 3%NI and 14%NI, Kruskal-

Wallis one-way analysis of variance was used followed by pair wise

comparison of groups using Mann-Whitney U test. When

comparing two groups, Mann-Whitney U test was used. For the

analysis of the score, two multiple comparisons were performed.

First, we studied 3%INF, 14%INF, 3%NI and 14%NI groups by

using Kruskal-Wallis and Mann-Whitney U tests. Second, we

grouped the hamsters based on their mild, moderate, and severe

infection, analysed differences among them using the Kolmo-

gorov-Smirnov test and determined statistical significance by

Mann-Whitney U test. Significance of the means was set at p,

0.05. All calculations were performed using SPSS version 20

(SPSS Inc., Chicago).

Results

The 3% protein diet induced weight loss and, ultimately,
severe malnutrition

Feeding the animals a diet poor in protein content led to

significant alterations in their body weight (Figure 1). These

differences were significant (p,0.05) at the moment of infection

and throughout the study. Following 166 days of dietary

restriction and 113 days after L. infantum infection, the weight

change percentages were (mean 6 standard error) 2

35.81%616.38% for the 3%INF group, 10.21%619.63% for

the 14%INF, 237.38%612.64% for the 3%NI group, and

12.64%613.77% for the 14%NI group. The hamsters’ weight

change could, therefore, be considered unrelated to L. infantum

infection.

The degree of malnutrition of the hamsters, according to

Gomez’s classification of human malnutrition [18], was deter-

mined based on their weight-for-age (WA) results, using the

14%NI group as the control. The WA was calculated according

to Anstead et al. [6] as: (weight of the animals [by group]/expected

weight of these animals if they had followed the diet of the 14%NI animals)

x 100%.

The mean WA was 55.59% for 3%NI group, 97.85% for

14%INF, and 56.98% for 3%INF. Animals following the 3%

protein diet, irrespectively of the presence of L. infantum (groups

3%NI and 3%INF), showed severe malnutrition (WA,60%).

Figure 1. Growth of infected and non-infected hamsters fed the
standard (14%) and protein-deficient (3%) diets. Changes in
body weight were assessed every seven days. The dotted vertical line
indicates the moment of intracardiac infection. Data show means of
one representative experiment of two independent assays. The
differences in mean body weight between hamsters on the different
diets were statistically significant: *p,0.05, **p,0.01, ***p,0.001.
doi:10.1371/journal.pone.0089412.g001
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Protein malnutrition and visceral leishmaniasis induced
haematological and biochemical alterations

The 3% protein diet was associated with a significant reduction

in the number of leukocytes (p = 0.001) (Table 2). Non-infected

malnourished hamsters (3%NI) showed significantly reduced

numbers of monocytes, granulocytes and lymphocytes, especially

CD4+ (p = 0.0112) and B cells (p = 0.007), compared to the 14%NI

animals. White blood cells depletion, mainly of monocytes

(p = 0.007) and granulocytes (p = 0.031), was also seen in the

14%INF animals compared to non-infected animals on the same

diet (14%NI) (Table 2). The low protein diet was also associated

with reduced MCV and MCH values (p,0.001), as well as

increased RDW values.

L. infantum infection was associated with a significant increase in

ALkP levels, regardless of the diet followed (Table 3). ALT levels

were also increased in both infected groups, but only statistically

significant in the 14%INF group (p = 0.023). High levels of AST

were found in all groups compared to the 14%NI group, but

differences were not significant. The 3%NI animals showed

reduced levels of albumin and globulin (p,0.001), but infection in

the malnourished animals (3%INF) promoted a significant

increase in globulins (p = 0.002). However, the infection induced

a reduction of albumin levels in those fed with the standard protein

diet (14%INF). A significant increase of creatinine was found

between infected animals fed with 3% or 14% protein diet

(p = 0.006). Malnourished hamsters (3%NI and 3%INF) also

showed significantly reduced total proteins and blood urea

nitrogen levels compared to the standard protein diet groups

(14%NI and 14%INF); however, the reduction in total proteins

was less pronounced in the 3%INF animals than in the 3%NI

animals (p,0.007). Both the 3% protein diet and L. infantum

infection were associated with increased glucose levels (p = 0.028

and p = 0.002, respectively).

The cellular response to leishmanial stimulation was
impaired in malnourished animals

The response to concanavalin A (CONA) and soluble Leishmania

antigen (SLA) was assessed using PBMCs from all groups. A

statistically significant lymphoproliferative response to SLA was

found in well-nourished infected hamsters (P = 0.005). Malnour-

ished animals infected with L.infantum (3%INF) showed reduced

lymphoproliferative response to both stimuli (Figure 2A and 2B,

respectively) (p,0.05). However, infection alone is responsible for

decreasing the unspecific lymphoproliferation in hamsters inde-

pendently of the protein diet consumed (14%INF). Malnutrition

also induced a reduced lymphoproliferative response to CONA

(3%NI), similar to that showed for the infected well-nourished

hamsters (14%INF).

Skin reactivity in response to leishmanin increased significantly

in the 14%INF animals (p = 0.022; Figure 2C). Although no

significant differences were found, infected 14% hamsters display a

more robust DTH response, as compared to infected 3%

hamsters.

Protein malnutrition was associated with a weaker
Leishmania-specific humoral response

Anti-SLA antibody levels detected by ELISA were high in both

infected groups (Figure 3A). However, the mean IgG level of the

14%INF animals was significantly higher than in the 3%INF

group (p = 0.0009). Similar results were obtained in IFAT analysis.

Most of the 3%INF animals (8/12) had a 1/80 positive titre, while

four had values of 1/160, the maximum titre detected for this

group (Figure 3 B). However, higher antibody levels were detected

in the 14%INF group; four animals had values of 1/80, five had

1/160 and three had 1/320. IFAT titres of non-infected animals

were ,1/40.

Table 2. Haematological variables (mean 6 SD) evaluated in infected (INF) and non-infected (NI) hamsters following the 14% and
3% protein diets.

Haematological variables Groups: Physiological values

3%INF 14%INF 3%NI 14%NI

Erythrocytes (6106/mm3) 8.4262.37 8.661.72 9.3561.32 8.8560.72 3.96–10.60

Haemoglobin (g/dL) 12.6963.32 14.3162.62 14.6361.76 14.4961.35 10.00–19.20

Haematocrit (%) 43.20612.02 47.2269.91 48.2066.72 49.2464.65 32.90–59.00

MCV (fL) 71.4263.26A*** 74.8361.19A*** 71.6760.65D*** 75.9261.68D*** 64.00–77.60

MCH (pg) 21.2261.22A** 22.7160.59A** 21.7060.52D** 22.5360.55D** 20.00–25.80

PLT (6103/mm3) 474.006277.69 377.006176.55 477.426149.60 482.506105.36 200–590

RDW (%) 15.8361.39A***,B* 12.7960.48A*** 14.7760.58B*,D*** 12.8260.23D***

Leukocytes (6103/mm3) 4.1262.06 5.2862.65 3.9461.29D*** 6.5361.74D*** 3.00–15.00

Lymphocytes 2.1561.00A* 3.2361.53 A* 2.1461.00D** 3.3560.92D** 50–96%

CD4 0.8660.42 1.1660.72 0.8060.36D* 1.2160.35D*

I-Ek+ (IgG/IgM+) 0.9460.69 1.2860.73 0.8960.38D** 1.4660.45D**

Monocytes 0.1960.14 0.2360.15C** 0.2160.09D*** 0.4160.12C**,D*** 0–3%

Granulocytes 1.7861.06 1.8361.07C* 1.4860.56D*** 2.8360.85C*,D*** 17–35%

The comparison of the groups showed at least one significant difference among the averages of MCV (p,0.0001), MCH (p = 0.001), RDW (p,0.0001), leukocytes
(p = 0.008), lymphocytes (p = 0.013), CD4 (p = 0.05), I-Ek+ (p = 0.029), monocytes (p = 0.002) and granulocytes (p = 0.005). Statistically significant differences are indicated
by (A) for 3%INF vs. 14%INF; (B) for 3%INF vs. 3%NI; (C) for 14%INF vs. 14%NI; and (D) for 3%NI vs. 14%NI. Letters with * indicate p,0.05; letters with ** indicate p,0.01;
letters with *** indicate p,0.001. Abbreviations: PLT- platelets, MCV- mean corpuscular volume, MCH- mean corpuscular haemoglobin, RDW- red blood cell distribution
width.
doi:10.1371/journal.pone.0089412.t002
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L. infantum infection induced granulomatous splenitis
and hepatitis

Infected hamsters (3% INF and 14% INF) had granulomatous

inflammatory infiltrates in liver and spleen. In the liver, these

infiltrates were random, multifocal and arranged in either discrete

granulomas or sheets of inflammatory cells within the same

individual (Figure 4A and 4B). Inflammatory cells consisted of

macrophages, lesser lymphocytes, plasma cells, and few giant

multinucleated cells (GMCs) that mildly disrupted the parenchy-

ma, and were additionally surrounded by epithelioid macrophages

when arranged in granulomas (Figure 4D). Some giant multinu-

cleated cells contained variably sized lamellar concentric mineral

concretions often surrounded by a colorless halo (Shaumann’s

bodies) (Figure 4C). The extent and severity of the granulomatous

hepatitis was variable among infected individuals (Table 4). Most

of the 3% INF hamsters had mild hepatitis (7/12), while animals in

Table 3. Biochemical profiles (mean 6 SEM) of the infected (INF) and non-infected (NI) hamsters fed 14% and 3% protein diets.

Biochemical variables Groups:
Physiologi-cal
values

3%INF 14%INF 3%NI 14%NI

ALKP (IU/L) 91.73636.79B*** 97.00641.93C*** 45.25619.95B*** 46.50615.75C*** 8–187

ALT (IU/L) 70.73621.21 79.73617.18C* 56.83617.67 61.75614.65C* 22–128

AST (IU/L) 95.75643.53 103.27648.46 100.75631.18 75.58622.92 28–122

Creatinine (mg/dl) 0.5760.14A** 0.3960.16A** 0.4660.10 0.4160.16 0.40–1.00

Glucose (mg/dl) 121.45649.28 121.83626.12C*** 108.75636.14D* 80.75624.82C***,D* 37–198

Total proteins (g/dL) 5.9560.42A**,B*** 6.5860.55A** 4.9260.34B***,D*** 6.6560.67D*** 5.20–7.00

BUN (mg/dL) 7.0963.51A*** 24.7569.99A*** 6.9266.36D*** 23.9269.26D*** 12–26

Albumin (g/dL) 2.4760.75 2.6960.46C* 2.1060.23D*** 3.0360.34C*,D*** 2.60–4.10

Globulin (g/dL) 3.4760.61B** 3.7960.33 2.8360.28B**,D*** 3.6160.40D*** 2.70–4.20

There was at least one significant difference among the averages of all biochemical parameters, except AST (p,0.02). Statistical differences are indicated by (A) for
3%INF vs. 14%INF; (B) for 3%INF vs. 3%NI; (C) for 14%INF vs. 14%NI; and (D) for 3%NI vs. 14%NI. Letters with * indicate p,0.05; letters with ** indicate p,0.01; letters
with *** indicate p,0.001. Abbreviations: ALkP – alkaline phosphatase, ALT – alanine aminotransferase, AST – aspartate aminotransferase, BUN – blood urea nitrogen.
doi:10.1371/journal.pone.0089412.t003

Figure 2. Evaluation of the cellular response and leishmanin test. Lymphoproliferative response to specific SLA (A) and non-specific CONA
(B) stimuli, at 113 days post-infection, of PBMCs from infected and non-infected hamsters following the 14% and 3% protein diets. (C) Measurements
of the footpads inoculated with PBS (open symbols) and leishmanin (close symbols), taken at 48 h. *p,0.05, **p,0.001. Two independent
experiments were performed, one representative experiment is shown.
doi:10.1371/journal.pone.0089412.g002
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the 14%INF group had moderate inflammation (7/12). In spleens

from both infected groups inflammatory infiltrates were either

multifocal or diffuse disrupting the totality of the red pulp in more

severe cases (Figure 4E). Inflammation was predominantly

moderate in both groups (9/12 animals in the 3%INF group

versus 7/12 in the 14% INF group). Intralesional Leishmania

amastigotes were difficult to discern in either organ tissues with

routine H-E staining (Figure 4F).

Malnourishment contributed to higher parasite loads
and favoured the development of visceral leishmaniasis

Parasite loads of blood, skin, bone marrow, lymph node, liver

and spleen were measured in all groups (Figure 5). All skin samples

were negative for parasites (data not shown). Two out of

12 hamsters in the 3%INF group had parasites in the blood,

while no parasites were detected in the blood of any of the

14%INF animals (data not shown). Lymph node’s parasite loads

were similar in both infected groups, regardless of the diet. In the

visceral organs, the 3%INF animals presented higher parasite

loads than the 14%INF, with calculated two-fold increase in the

liver and seven-fold increase in the spleen (p = 0.0026). However,

in the bone marrow, though not statistically significant, the well-

nourished hamsters revealed to harbour more parasites than the

animals fed with the 3% protein diet.

Different numbers of animals in the 3%INF and 14%INF

groups suffered severe visceral leishmaniasis. By day 165, the

3%INF group had 4 severe, 4 moderate and 4 mild visceral

disease; while the 14%INF group had 1 severe, 3 moderate and

8 mild leishmaniasis (Figure 6). The multiple comparison of the

total score showed differences among the 3%INF, 14%INF,

3%NI and 14%NI groups (p,0.0001). Particularly, the detailed

analysis of the parameters of the score showed that 3%INF and

14%INF presented significant differences in the biochemical

parameters, cellular and humoral response (p,0.01). The

evaluation of the score classification showed that the proportion

of animals with mild visceral leishmaniasis was significantly

higher in 14%INF group (p = 0.039). There was at least one

significant difference among the averages of the groups mild,

moderate and severe on biochemical parameters, cellular

response and qPCR (p,0.01). Mildly and moderately infected

groups had different biochemical parameters and cellular

responses (p,0.02), while mild and severe infections had

differences in these two factors and also in the parasite load

(p,0.01). Moderately and severely infected hamsters differed

statistically in their Leishmania burdens (p = 0.007).

Discussion

In the present study we evaluated for the first time haemato-

logical, biochemical, humoral and cellular immune responses, and

parasitism in malnourished (3% protein diet) and well-nourished

(14% protein diet) hamsters experimentally infected with L.

infantum after 4 months post-infection.

In the 14%INF group, one severely, three moderately and eight

mildly L.infantum infected hamsters were recorded. These infected

hamsters showed minimal changes in their serum biochemistry in

relation to non-infected animals, with the exception of a significant

increase of ALT levels. ALKP was also elevated in these well-

nourished infected hamsters as it was in the malnourished animals,

thus we correlate this parameter to L. infantum infection

independently of the diet followed. As it is known, most naturally

infected persons and dogs are asymptomatic or show subclinical

signs of disease [19–21]. The opportunity to experimentally mimic

some conditions present in the real scenario makes our hamster

model a valuable tool for studying the pathological aspects of

chronic visceral leishmaniasis, as previously described [22,23].

It is well known that a state of malnutrition increases the severity

of the clinical outcome of leishmaniasis [4,24]. Using a hamster

model of protein malnutrition, we have found that most of the

infected animals (3%INF) had a worse manifestation of the disease

with four severely and four moderately infected hamsters. This

clearly demonstrates the low protein diet ingestion was associated

with a higher development of patent visceral leishmaniasis.

Although in these infected animals total protein and globulin

levels suffered changes in relation to well-nourished hamsters,

severe malnourishment produced in non-infected animals most of

the alterations of the biochemical parameters, such as reduced

total protein, urea, albumin and globulin levels. Low serum

albumin and total protein levels are good markers for the protein

status of the organism, as previously found in severe malnourished

humans and dogs [25–26]. Based on these observations, this model

provides an excellent opportunity to address the study of the

factors implicated in severe malnutrition and, in extension, as

showed in this work, in both severe malnutrition and visceral

leishmaniasis interaction.

Low white blood cell count is one of the main signs of humans

and dogs suffering from visceral leishmaniasis [21,27]. In our

Figure 3. Serum antibodies detected by SLA ELISA (A) and IFAT (B). The difference in response, as measured by ELISA, of the hamsters fed
the 3% and 14% protein diets was significantly different. ***p,0.001. Data show medians of one representative experiment of two independent
assays.
doi:10.1371/journal.pone.0089412.g003
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model, L. infantum infection caused leukocyte depletion, mainly in

monocytes and granulocytes numbers. Furthermore, we found

that severe leukopenia was strongly linked to malnourishment,

affecting the numbers of all the white cell subsets, including CD4+

T lymphocytes and B cells. The malnourished animals – regardless

to infection status – also had reduced MCV and MCH values,

which are indicative of chronic non-regenerative anaemia.

Haematopoiesis is known to be strongly impaired by protein

energy malnutrition [28], and the present results suggest that

severe protein malnutrition induces bone marrow dysfunction in

the hamster, as it does in mice [29]. The presence of Leishmania in

the bone marrow might also influence haematopoiesis. The

inability to develop an efficient, demand-adapted haematopoiesis

due to such an infection [30] would influence the final immune

response and, therefore, the ability of the host to fight back.

The persistence of Leishmania parasites in the lymph nodes was

not influenced by protein malnutrition. Increased rates of systemic

spread are reported not to depend on higher parasite burdens in

the lymph nodes [6]; indeed, the latter authors reported that

dissemination was more evident when the total lymph node’s

parasite burden was lower. However, in our hamsters, protein

malnutrition was associated with the presence of circulating

parasites and increased parasite burdens, mainly in spleen.

Infected animals had granulomatous hepatitis and splenitis

associated with Leishmania infection, with only mild insignificant

variations in severity between the 3% INF and the 14% INF

groups, and regardless of the parasite burdens detected in either

tissue. The mere presence of granulomatous inflammation does

not necessarily imply an active infection or an effective cellular

immune response. As an example, the presence of hepatic

granulomas in human visceral leishmaniasis is associated with

the maintenance of subclinical infections [31]. Granulomatous

inflammation is regulated by multiple factors -such as poorly

degradable or persistent antigens and the host’s immune response-

that determine the effectiveness and type of granulomatous

reaction. We could speculate that perhaps some of the immune

Figure 4. Granulomatous inflammation in liver and spleen of infected hamsters on 3% and 14% protein diets. H–E. (A) 3%INF and (B)
14%INF: Severe, multifocal to coalescing granulomatous hepatitis. (C) Liver, 3%INF: Giant multinucleated cell containing a Shaumanns body (asterisk)
within a granuloma. (D) Liver, 14%INF: two discrete granulomas containing macrophages, cell debris, epitheliod macrophages, surrounded by few
lymphocytes and plasma cells. (E) Spleen, 3%INF: Giant multinucleated cell (arrow) with intracytoplasmic cell debris and hemosiderin. (F) Liver,
14%INF: Granuloma with few macrophages containing rare intracytoplasmic amastigotes (arrows).
doi:10.1371/journal.pone.0089412.g004
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mechanisms involved against the parasite might have been

impaired in the malnourished group, given that a more severe

cellular infiltration would have been expected considering the

higher parasite loads detected in this group.

Schaumann’s bodies are a common finding in granulomatous

lesions associated with Leishmania [32], to the point that some

authors claim that the mere presence of these Schaumann’s bodies

in the absence of amastigotes is strongly suggestive of Leishmania

infection in hamsters [33]. These structures were consistently

detected in our infected animals in concordance with these

observations. The mechanisms involved in the formation of these

structures did not appear to be influenced by the protein

malnutrition, but by factors related to the infection only.

It is well known that severe protein malnutrition causes

functional abnormalities in host defence systems [34,35], and that

the depression of T cell responses following long-term protein

malnutrition renders the host unable to prevent the systemic

spread of L. infantum. Although Leishmania infection is known to

impair the immune system [5,36], only two studies have examined

the adaptative immune response to Leishmania in conjunction with

Table 4. Relevant histopathological findings.

Observations Tissue Groups:

3%INF 14%INF 3%NI 14%NI

Multifocal to coalescing granulomatous infiltrates Liver + (7/12) + (3/12) 0 (12/12) 0 (12/12)

++ (3/12) ++ (7/12)

+++ (2/12) +++ (2/12)

Spleen + (2/12) + (2/12) 0 (12/12) 0 (12/12)

++ (9/12) ++ (7/12)

+++ (1/12) +++ (3/12)

Giant multinucleated cells with intra-cytoplasmic
concentric lamellar mineral

Liver 0 (3/12) 0 (4/12) 0 (12/12) 0 (12/12)

+ (9/12) + (8/12)

Severity of the histopathological findings: non-existant (0), mild (+), moderate (++), severe (+++).
(n/n) – Number of animals with the given severity of the histopathological feature within each group.
doi:10.1371/journal.pone.0089412.t004

Figure 5. Quantitative distribution of L. infantum in malnourished and well-nourished hamsters. The parasite burden was quantified on
the (A) liver, (B) spleen, (C) bone marrow, and (D) lymph node. Data represent means 6 SD of 12 animals per group of a representative experiment of
two independent assays. Splenic parasite loads were significantly increased in malnourished animals. The presence of parasites in blood was detected
only in hamsters fed the 3% protein diet (2/12, data not shown).
doi:10.1371/journal.pone.0089412.g005

Malnutrition and Visceral Leishmaniasis

PLOS ONE | www.plosone.org 8 February 2014 | Volume 9 | Issue 2 | e89412



protein restriction. Malafaia et al. [7] reported a reduction in IFN-

c production from SLA-stimulated splenocytes in malnourished

mice infected with L. chagasi for 4 weeks, while Perez et al. [37]

found that protein-deprived mice infected with L. mexicana showed

a depressed DTH response and a low in vitro splenic cell response

to SLA and mitogens. In the present work, the 14%INF animals

showed a patent specific cellular response, while the 3%INF

animals showed an impaired response to leishmanial antigen and

lower lymphocyte counts, particularly of CD4+ T cells. A DTH

response was detected in both the 3%INF and 14%INF animals,

but statistically significant differences were only seen between the

14%INF and 14%NI groups. Although most authors report

protein energy malnutrition to affect DTH after BCG vaccination

[38], some present similar skin test results for malnourished and

well-nourished individuals [39].

The ability of the hamsters to mount a cell-mediated immune

response when faced with severe malnutrition and visceral

leishmaniasis was determined by examining the lymphocyte

response to mitogens. In the present hamster model, chronic

infection by L. infantum induced a decline in T-cell functionality

similar in severity to that caused by protein malnutrition, but this

condition plus infection dramatically reduced T cell functionality,

as reported in a cutaneous leishmaniasis mice model [37]. The

humoral immune response was also affected by protein malnutri-

tion, manifested in the form of B cell depletion. Although protein

energy malnutrition has been described to affect B cell and

antibody responses less profoundly than T cell responses [40],

studies on malnutrition in infectious diseases have shown an

important depletion of the B cell population [41] as well as

antibody production by B cells [42].

Figure 6. Disease score for visceral leishmaniasis. A score to measure the grade of severity of the disease was performed for 3%INF (A), 14%INF
(B), 3%NI (C) and 14%NI (D). For each hamster, a score of 2 was given to values below normal for leukocytes, lymphocytes, PLT and albumin; and to
values above normal for total proteins, BUN, AST, globulin and erythrocytes. Other abnormalities in these biochemical (BioCh) or blood variables were
scored as 1. Lymphoproliferative responses for SLA and CONA were scored as: 3 for a stimulation index (SI) ,0.60; 2 for 0.60# SI,2.00; 1 for 2.00#
SI,4.00; and 0 for SI$4.00. The humoral response as determined by ELISA was scored as: 1 for 0.10# OD 430 nm ,0.60; 2 for 0.60# OD 430 nm ,

1.00; 3 for OD 430 nm$1.00. As determined by IFAT, the humoral response was scored as: 1 for 1/80 titre; 2 for 1/160 titre; 3 for 1/320 titre. Spleen
and bone marrow parasite loads as determined by qPCR were scored as: 1 for 35# parasites/mg/ml,1000; 2 for 1000# parasites/mg/ml,5000; 3 for
parasites/mg/ml$5000. Liver and lymph node parasite loads were scored as: 1 for 35# parasites/mg/ml,600; 2 for parasites/mg/ml$600. Presence of
Leishmania DNA in the blood was given a disease score of 2. Histopathology for liver and spleen was scored from 0 to 3. A corrective factor was
applied to the 6 categories of data to compensate the global score. Visceral leishmaniasis status was recorded as: Mild, when the total score for an
animal was 2–2.5; Moderate, when between 2.6–3.0; and Severe, when .3.1. The bars represented each hamster and showed the contribution of
each parameter to the total score. Abbreviations: BioCh- serum biochemistry profile, Blood- haematological alterations, Cell Rsp- lymphoproliferative
response to SLA and CONA, Hum Rsp- ELISA and IFAT results, qPCR- parasite load (blood, lymph node, spleen, liver and bone marrow), and Histology-
grade of alterations in spleen and liver.
doi:10.1371/journal.pone.0089412.g006
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Conclusion

In conclusion, the present work suggests that the nutritional

status of individuals infected with Leishmania spp. has an important

effect on the immune response they can mount, and therefore on

the development of visceral leishmaniasis. The present results

corroborate epidemiological observations that malnutrition is an

important risk factor in the development of severe visceral

leishmaniasis. The importance of nutrition as part of immuno-

prophylactic and therapeutic measures, especially in developing

countries, deserves further study.
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