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ABSTRACT Visceral leishmaniasis is a potentially fatal disease caused by the proto-
zoon Leishmania donovani or L. infantum (Li). Although previous studies revealed
that high lipid intake reduces parasite burdens in Leishmania donovani-infected
mice, the specific contributions of dietary lipids to Li-associated pathogenesis are
not known. To address this, we evaluated parasite growth, liver pathology, and tran-
scriptomic signatures in Li-infected BALB/c mice fed either a control, high-fat, high-
cholesterol, or high-fat–high-cholesterol diet. Using quantitative PCR (qPCR), we
observed significantly reduced liver parasite burdens in mice fed the high-fat–high-
cholesterol diet compared to mice fed the control diet. In contrast to the liver, para-
site expansion occurred earlier in the spleens of mice fed the experimental diets.
Histological examination revealed an intense inflammatory cell infiltrate in livers pre-
dominantly composed of neutrophils caused by the high-fat–high-cholesterol diet
specifically. After 8weeks of infection (12weeks of diet), Illumina microarrays
revealed significantly increased expression of transcripts belonging to immune- and
angiogenesis-related pathways in livers of both uninfected and Li-infected mice fed
the high-fat–high-cholesterol diet. These data suggest that increased fat and choles-
terol intake prior to Li infection leads to a hepatic inflammatory environment and
thus reduces the parasite burden in the liver. Defining inflammatory signatures as
well as pathology in the liver may reveal opportunities to modify the therapeutic
approach to Li infection.

IMPORTANCE Leishmaniasis is a spectrum of diseases caused by Leishmania species
protozoa that is most common in warm climates, coinciding with impoverished
regions. Visceral leishmaniasis is a potentially fatal disease in which parasites infect
reticuloendothelial organs and cause progressive wasting and immunocompromise.
The distribution and demographics of visceral leishmaniasis have changed over
recent years, coinciding with modernizing societies and the increased availability of
Western diets rich in lipid content. We report here that increased dietary fat and
cholesterol intake affected disease pathogenesis by increasing inflammation and
reducing localized parasite burdens in the liver. These diet-induced changes in dis-
ease pathogenesis might explain in part the changing epidemiology of visceral leish-
maniasis. A relationship between diet and inflammatory responses may occur in
leishmaniasis and other microbial or immune-mediated diseases, possibly revealing
opportunities to modify the therapeutic approach to microbial infections.
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Leishmaniasis, a vector-borne disease caused by Leishmania species parasites, leads
to human morbidity or mortality in more than 100 countries (1, 2). Leishmaniasis

refers to a spectrum of human diseases ranging from self-healing cutaneous leishmani-
asis to visceral leishmaniasis (VL); the latter is the most severe form and causes most
leishmaniasis-related fatalities (3). Clinical manifestations with different strains of each
species of Leishmania can be highly variable, but the infecting species is a major deter-
minant of the type of disease syndrome (3). VL is usually due to infection by
Leishmania infantum (Li) or Leishmania donovani (4). Even after cure of symptomatic
disease, parasites can be found in a quiescent state within host tissues of many, and
possibly all, infected individuals (5, 6). It is not fully understood what host- or parasite-
specific factors determine whether some patients remain asymptomatic whereas
others develop severe VL, and these factors must be critically important determinants
of the outcome of infection.

Sandflies, the insect vector of leishmaniasis, inoculate infectious parasites into the
human dermis, after which the parasites are phagocytized by myeloid cells and can
manipulate the host’s immune response to their own survival advantage (4, 7–9). In
addition to these perturbances of the immune response, individuals infected with
Leishmania species parasites have characteristic changes in serum lipid profiles. More
specifically, human patients with VL have elevated triglycerides and reduced choles-
terol levels (10–12) as well as decreased levels of some apolipoproteins (13).
Additionally, at least two transcriptional profiling studies highlight lipid metabolic
pathways among the “most relevant” pathways modulated by Leishmania species
infection of mouse bone marrow-derived macrophages (14, 15).

Rather than a unique mechanism incited by Leishmania species parasites, the
above-described metabolic changes may reflect the changes in lipid metabolism
occurring during many infectious diseases (11, 16). Although these changes are tran-
sient, they almost certainly affect immune responses to the infection. Indeed, one
study reported that the parasite metalloprotease gp63 alters host microRNA 122 (miR-
122), leading to lower serum cholesterol levels (17). Furthermore, the addition of exog-
enous host microRNA 122 during L. donovani infection led to the return of cholesterol
to normal levels and a reduction of the parasite burden (17).

In regions of Brazil where Leishmania is endemic, increased prevalences of obesity
and food insecurity reflect dietary changes (18, 19), and the effects of these dietary
changes on the outcome of Leishmania infection have not been fully investigated.
Ghosh et al. demonstrated that C57BL/6 mice fed a high-fat–high-cholesterol diet
(21.1% fat and 1.3% cholesterol) prior to infection with L. donovani had significantly
reduced parasite burdens in spleens and livers at 3 and 6 weeks postinfection, com-
pared to mice fed a control diet (20). In contrast, another study showed that C57BL/6
mice fed a high-sugar and -butter diet had increased Li parasite burdens in their
spleens and livers at 8 weeks postinfection (21). Parasite species and diet are possibly
the explanation for these discrepancies. Nevertheless, we hypothesized that there
might be more mechanisms underlying these divergent effects of elevated dietary lip-
ids on the outcome of Leishmania infection.

Here, we investigated the effects of dietary manipulation of fat and cholesterol on the
transcriptional profiles of mouse livers and the outcome of Li infection. Our data revealed
not only changes in liver transcriptional profiles but also changes in parasite loads, which
were divergent between the spleen and the liver. These data raised the possibility that
transient manipulation of dietary intake during leishmaniasis might be advised as a syner-
gistic approach with drug therapy in the management of leishmaniasis.

RESULTS
Diet alters the kinetics of parasite growth and histological response to Li

infection. To explore the mechanisms by which dietary lipids influence the course and
severity of VL, mice were maintained on a control diet or one of three experimental
diets (high fat, high cholesterol, or high fat-high cholesterol) for 4 weeks prior to inocu-
lation with Li or phosphate-buffered saline (PBS). The diets were continued for the
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duration of the experiment. Macronutrient and cholesterol compositions of the diets
can be found in Table 1. Eight weeks after inoculation (12 weeks on the diets), liver
weights were significantly increased in both uninfected and infected mice fed the
high-fat–high-cholesterol diet compared to mice fed the control diet. The spleen
weight was also significantly increased in Li-infected mice after 12 weeks of the high-
fat and the high-fat–high-cholesterol diets (Fig. 1A).

Murine leishmaniasis usually follows a pattern of the parasite burden peaking in liv-
ers after 4 to 6 weeks of infection; this is followed by resolution in the liver and a grad-
ual increase of the parasite burden in the spleen (22, 23). Using quantitative PCR
(qPCR), we observed that parasite burdens in the livers and spleens of Li-infected mice
fed the control diet followed these expected kinetics (Fig. 1B). Parasite burdens in mice
fed the experimental diets deviated significantly from the usual kinetics, and the
changes were most exaggerated in mice fed the high-fat–high-cholesterol diet
(Fig. 1B). Mice fed the high-fat–high-cholesterol diet had lower liver parasite burdens
after 4 and 8 weeks of infection (also illustrated by an in vitro imaging system [IVIS] at
4 weeks) (Fig. 1C). In contrast, parasite loads in the spleens of mice fed the high-fat–
high-cholesterol diet rose to significantly higher levels after 8 weeks of infection than
in animals fed the control diets (Fig. 1B). Thus, a high-fat–high-cholesterol diet
changed the organ-specific amplification of parasites during the first 2 months of infec-
tion, making the liver refractory and the spleen more susceptible.

The drastic decrease in liver parasite loads in the livers of mice fed the high-choles-
terol–high-fat diet led us to investigate diet-induced changes in the liver environment
of uninfected mice, the environment in which the parasites were introduced.
Histological slides of livers were stained with hematoxylin and eosin (H&E) to deter-
mine cellular content and with Oil-Red-O to examine neutral lipids (Fig. 2). Microscopic
enumeration of the H&E-stained slides revealed significant leukocytic infiltration, which
was composed primarily of polymorphonuclear leukocytes (PMNs). For mice fed the
high-fat–high-cholesterol diet, we observed significant increases in both lymphocytes
and PMNs (Fig. 2A).

Oil-Red-O staining indicated that liver parenchymal cells, likely hepatocytes or stel-
late cells (24), of mice fed the experimental diets were enriched in lipid bodies com-
pared to the livers of mice fed the control diet (Fig. 2B). The lipid bodies were substan-
tially larger in mice fed the experimental diet than in mice fed the control diet, and the
largest lipid bodies were observed in mice fed a high-fat diet. This suggested that there
might be substantial changes in hepatocytes contributing to the altered liver environ-
ment prior to infection with Li.

A high-fat–high-cholesterol diet caused the most extreme transcript changes.
Total liver transcriptomes were sequenced to observe potential mechanisms underly-
ing the shift in parasite growth kinetics in animals fed the experimental diets. RNA was
extracted from the total liver homogenates of mice after 8 weeks of Li infection (12
weeks of the diets), as outlined in Table 1.

TABLE 1Macronutrients and cholesterol in experimental dietsa

Diet
component

% content (% kcal)

Control
High fat
(TD.88137)

High cholesterol
(TD.01383)

High fat-high
cholesterol
(TD.02028)

Protein 18.6 17.3 (15.2) 17.8 (22.9) 17.3 (15.5)
Carbohydrates 44.2 48.5 (42.7) 47.0 (60.5) 46.9 (41.9)
Fat 6.2 21.2 (42.0) 5.7 (16.6) 21.2 (42.6)
Cholesterol 0.2 2 1.3
aDiets were obtained from Envigo (Indianapolis, IN). The percentages (by weight) of each macronutrient and
cholesterol are listed. The percentages of kilocalories for macronutrients are also listed in parentheses for the
experimental diets.
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FIG 1 (A) Diet impacts organ weight. Organs were collected from Li-infected and uninfected BALB/c mice after
8weeks of the experimental diets. The liver and spleen were weighed (n=2 replicates for uninfected mice and
5 replicates for infected mice) (means and standard deviations) (**, P, 0.005; ****, P, 0.0001 [by two-way
ANOVA with a Sidak posttest comparing uninfected and infected mice fed the experimental diets to uninfected
mice fed the control {Con} diet]). HF, high fat; HF-HC, high fat-high cholesterol. (B) Diet changed infection
kinetics. At 4 and 8weeks postinfection, BALB/c mice were euthanized, and qPCR was performed using primers
targeting Li kinetoplast DNA. For each mouse, two technical replicates were analyzed, and the mean was
determined before calculating the number of parasites per liver and spleen using the comparative CT method.
The mean numbers of parasites per liver and spleen were then pooled, and outliers were removed before
calculating the mean for each experimental group (n = ;15 [3 independent experiments with n = ;5 for
each]; ROUT identified and removed #4 outliers per group) (means and standard errors of the means [SEM]) (*,
P, 0.05 [by one-way ANOVA with a Dunnett posttest comparing experimental diets to the control diet]). (C)
IVIS images reflect qPCR at 4 weeks. BALB/c mice fed experimental diets were infected with Li transfected to
express the firefly luciferase gene, and infection status was monitored by IVIS. Parasite localization was imaged
10 and 15 min after luciferin administration. Images were taken at 4weeks postinfection. The key indicates the
number of pixels.
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Both macroscopic appearance and histological examinations indicated that the
host microenvironment into which parasites were introduced was very different in
mice fed the control versus experimental diets. This impression was verified by an
overall assessment of transcriptomes of uninfected mice fed experimental diets. The
mean F ratio when comparing the high-fat, high-cholesterol, or high-fat–high-choles-
terol diet to the control diet was 3.34, 4.44, or 6.65, respectively. The mean F ratios of
.1 led us to conclude that the experimental diets significantly contributed to the var-
iance of the samples.

FIG 2 Diet impacts liver cellular composition and lipid content. (A) Organs were collected from uninfected BALB/c
mice after 4weeks of the experimental diets. Slides were prepared, and cells were counted by light microscopy. The
images are representative of multiple slides. The numbers of total lymphocytes and polymorphonuclear leukocytes
(PMNs) were counted in 10 high-power (magnification, �1,000) fields per uninfected mouse, and the sum for each
mouse was calculated before calculating a mean for each group (n= 5) (means and standard deviations) (***,
P, 0.0005; ****, P, 0.0001 [by one-way ANOVA with a Dunnett posttest comparing uninfected mice fed experimental
diets to uninfected mice fed the control {Con} diet]). HC, high cholesterol; HF, high fat; HF-HC, high fat-high
cholesterol. (B) Tissues were collected from uninfected mice after 4weeks of the experimental diets, and Oil-Red-O
staining was performed. Images are representative of multiple slides.
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Compared to uninfected mice fed the control diet, uninfected mice fed the high-
fat, high-cholesterol, or high-fat–high-cholesterol diet had 1,812, 2,476, or 3,192 sig-
nificantly changed (unadjusted P value of ,0.05) transcripts, respectively. Using a
false discovery rate (FDR) adjustment, there were 0, 2, or 1,274 significantly (q value
of ,0.10) changed transcripts in the livers of mice fed the high-fat, high-cholesterol,
or high-fat–high-cholesterol diet, respectively (Fig. 3). Consistent with the magni-
tude and severity of differences in parasite load and histology, the greatest numbers
of transcript changes were observed in the livers of mice fed the high-fat–high-cho-
lesterol diet. The two transcripts that were significantly changed in uninfected mice
fed the high-cholesterol diet were 2410002O22Rik (q = 0.0234413, P = 2.36E206, and
fold change = 0.402691) and Slc45a3 (q = 0.0234413, P = 3.44E206, and fold
change = 0.45553).

Comparisons of transcriptomes of Li-infected livers also revealed F ratios of .1. The
F ratio between infected mice fed the control diet and infected mice fed the high-fat,
high-cholesterol, or high-fat–high-cholesterol diet was 3.34, 2.98, or 5.79, respectively.
This further supports that the experimental diets significantly contributed to the var-
iance in transcript abundance. Compared to infected animals fed a control diet, 1,806,
1,490, and 3,125 transcripts were significantly changed (unadjusted P value of ,0.05)
in infected animals fed high-fat, high-cholesterol, and high-fat–high-cholesterol diets,
respectively. Again, using the FDR adjustment, 639 transcripts were significantly
changed (q value of ,0.10) in infected mice fed the high-fat–high-cholesterol diet
compared to infected mice fed the control diet (Fig. 3). Mice fed either the high-fat or
high-cholesterol diet had zero significantly changed transcripts (q value of,0.10).

FIG 3 Transcript abundance in uninfected mice fed experimental diets. RNA extracted from the livers of uninfected and Li-infected mice fed various diets
was examined using an Illumina MouseRef-8 V2.0 microarray. The resulting data were analyzed using Illumina Genome Studio and Partek. In Partek, one-
way ANOVA was used to determine the differential abundances of transcripts. The transcript abundances in uninfected and Li-infected mice fed the
experimental diets (high fat [HF], high cholesterol [HC], and high fat-high cholesterol [HF-HC]) were compared to those in uninfected and Li-infected mice
fed the control (Con) diet, respectively. The fold change of each transcript was calculated in Partek (n = 3 for each diet). The P and q values were also
calculated as a function of one-way ANOVA performed in Partek. All transcripts in the reference genome are depicted via a volcano plot, with significantly
increased transcripts in green, significantly decreased transcripts in pink, and transcripts that did not significantly change in gray. A q value of ,0.10 was
considered significant (n= 3 mice for each diet).

Kiser et al.

July/August 2021 Volume 6 Issue 4 e00423-21 msphere.asm.org 6

https://msphere.asm.org


Pathway analyses further revealed inflammatory changes in the liver. To gain
further insight into the mechanisms by which diet might influence the liver parasite
burden, pathway analyses were performed using the PANTHER classification system.
As pathway analyses are a more robust predictor of functional significance than indi-
vidual transcripts considered as though they were independent markers, the above-
described unadjusted P values were used for further analyses of pathways. Statistical
overrepresentation and functional classification tests were performed using the
PANTHER Pathways annotation set. The pathway analyses were performed on the
1,812, 2,476, and 3,192 transcripts significantly changed (P value of ,0.05) in unin-
fected animals fed the high-fat, high-cholesterol, or high-fat–high-cholesterol diets as
well as on 1,806, 1,490, and 3,125 transcripts significantly changed (P value of ,0.05)
in infected animals fed the high-fat, high-cholesterol, or high-fat–high-cholesterol diet.

Compared to mice fed the control diet, transcripts significantly increased in the liv-
ers of both uninfected and Li-infected mice fed the high-fat–high-cholesterol diet were
significantly overrepresented in a number of pathways (Tables 2 and 3). Of particular
interest are the overrepresented pathways related to immune function, which include
T cell activation, B cell activation, the interleukin signaling pathway, and the Toll

TABLE 2 Pathway overrepresentation analysis of uninfected mice fed experimental dietsa

Diet PANTHER pathway (PANTHER ID no.)

No. of transcripts

P value FDRObserved Expected
High fat (decreased) p53 pathway (P00059) 12 2.96 9.87E205 8.19E203

Parkinson disease (P00049) 11 3.23 7.37E204 3.06E202
FGF signaling pathway (P00021) 13 4.08 4.52E204 2.50E202
Unclassified (unclassified) 627 668.74 1.26E205 2.09E203

High fat (increased) No significant results

High cholesterol
(decreased)

Unclassified (unclassified) 859 914.32 8.17E207 1.36E204

High cholesterol
(increased)

Circadian clock system (P00015) 5 0.44 3.11E204 2.58E202
Inflammation mediated by chemokine and
cytokine signaling pathway (P00031)

28 12.65 3.13E204 1.73E202

Unclassified (unclassified) 912 964.68 4.03E206 6.68E204

High fat-high
cholesterol
(decreased)

Ubiquitin proteasome pathway (P00060) 14 3.71 7.55E205 1.25E202
Unclassified (unclassified) 1,061 1,105.14 2.66E204 2.21E202

High fat-high
cholesterol
(increased)

Toll receptor signaling pathway (P00054) 20 3.89 5.29E208 2.19E206
T cell activation (P00053) 28 6.36 2.21E209 1.83E207
B cell activation (P00010) 20 4.95 1.29E206 3.58E205
Apoptosis signaling pathway (P00006) 28 8.34 2.90E207 9.63E206
VEGF signaling pathway (P00056) 15 4.88 3.63E204 4.63E203
Ras pathway (P04393) 15 4.95 4.14E204 4.91E203
Interleukin signaling pathway (P00036) 18 6.22 1.90E204 2.63E203
Inflammation mediated by chemokine and
cytokine signaling pathway (P00031)

50 18.24 3.85E209 2.13E207

Cytoskeletal regulation by Rho GTPase
(P00016)

15 5.58 1.23E203 1.36E202

Angiogenesis (P00005) 31 11.95 9.06E206 2.15E204
PDGF signaling pathway (P00047) 26 10.11 5.66E205 9.40E204
EGF receptor signaling pathway (P00018) 24 9.61 1.53E204 2.32E203
CCKR signaling map (P06959) 28 11.24 4.34E205 8.00E204
Integrin signaling pathway (P00034) 33 13.43 1.51E205 3.12E204
p53 pathway (P00059) 15 6.15 3.74E203 3.88E202
Unclassified (unclassified) 1,264 1,390.48 1.34E218 2.22E216

aObserved, number of transcripts in the data that represent a given pathway; expected, number of transcripts that are expected to represent a given pathway for a data list
the size of the list entered; FGF, fibroblast growth factor; VEGF, vascular endothelial growth factor; CCKR, cholecystokinin receptor.
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TABLE 3 Pathway overrepresentation analysis of infected mice fed experimental dietsa

Diet PANTHER pathway (PANTHER ID no.)

No. of transcripts

P value FDRObserved Expected
High fat (decreased) No significant results

High fat (increased) VEGF signaling pathway (P00056) 12 2.9 9.43E205 7.83E203
Toll receptor signaling pathway (P00054) 9 2.31 1.02E203 4.25E202
T cell activation (P00053) 12 3.78 8.33E204 4.61E202
Unclassified (unclassified) 758 826.87 1.91E210 3.16E208

High cholesterol
(decreased)

Blood coagulation (P00011) 8 5.97 1.24E204 2.05E202

High cholesterol
(increased)

No significant results

High fat-high
cholesterol
(decreased)

Pyrimidine metabolism (P02771) 6 0.62 1.72E204 1.43E202
Blood coagulation (P00011) 18 2.88 1.45E208 2.41E206
Unclassified (unclassified)b 1,066 1,111.32 1.94E204 1.07E202

High fat-high
cholesterol
(increased)

Toll receptor signaling pathway (P00054)b 20 3.77 3.24E208 8.97E207
T cell activation (P00053)b 28 6.16 1.14E209 6.33E208
VEGF signaling pathway (P00056)b 21 4.73 1.81E207 3.77E206
Ras pathway (P04393)b 21 4.79 2.22E207 4.09E206
B cell activation (P00010)b 20 4.79 8.16E207 1.13E205
Cytoskeletal regulation by Rho GTPase (P00016)b 21 5.41 1.18E206 1.50E205
Axon guidance mediated by semaphorins (P00007) 6 1.58 9.11E203 5.04E202
Apoptosis signaling pathway (P00006)b 30 8.08 1.55E208 5.15E207
Inflammation mediated by chemokine and cytokine
signaling pathway (P00031)b

63 17.67 1.13E215 9.37E214

Axon guidance mediated by netrin (P00009) 8 2.4 5.42E203 3.46E202
EGF receptor signaling pathway (P00018)b 31 9.32 7.66E208 1.82E206
CCKR signaling map (P06959)b 36 10.89 8.18E209 3.39E207
Interferon gamma signaling pathway (P00035) 7 2.12 9.59E203 4.98E202
FGF signaling pathway (P00021) 27 8.22 6.46E207 1.07E205
Histamine H1 receptor-mediated signaling pathway
(P04385)

10 3.08 2.35E203 1.70E202

Interleukin signaling pathway (P00036)b 19 6.03 4.61E205 4.50E204
Angiotensin II-stimulated signaling through G
proteins and beta-arrestin (P05911)

8 2.67 9.38E203 5.02E202

5HT1-type receptor-mediated signaling pathway
(P04373)

9 3.01 6.11E203 3.63E202

Oxytocin receptor-mediated signaling pathway
(P04391)

12 4.04 1.74E203 1.37E202

Parkinson disease (P00049) 19 6.51 1.12E204 1.03E203
p53 pathway (P00059)b 17 5.96 3.20E204 2.79E203
Thyrotropin-releasing hormone receptor signaling
pathway (P04394)

12 4.25 2.49E203 1.66E202

PI3 kinase pathway (P00048) 10 3.56 5.76E203 3.54E202
5HT2-type receptor-mediated signaling pathway
(P04374)

13 4.66 1.85E203 1.40E202

Angiogenesis (P00005)b 32 11.58 1.72E206 1.90E205
PDGF signaling pathway (P00047)b 27 9.79 1.13E205 1.17E204
Integrin signaling pathway (P00034)b 35 13.01 1.31E206 1.56E205
Endothelin signaling pathway (P00019) 15 5.62 1.27E203 1.05E202
Gonadotropin-releasing hormone receptor pathway
(P06664)

41 16.16 6.73E207 1.02E205

Huntington disease (P00029) 22 10.27 2.42E203 1.68E202
Heterotrimeric G-protein-signaling pathway–Gq
alpha- and Go alpha-mediated pathway (P00027)

17 8.29 8.32E203 4.76E202

Unclassified (unclassified)b 1,187 1,347.19 1.24E228 2.06E226
aObserved, number of transcripts in the data that represent a given pathway; expected, number of transcripts that are expected to represent a given pathway for a data list
of the size of the list entered; PI3, phosphatidylinositol 3.

bPathway also overrepresented in uninfected mice fed the same diet.
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receptor signaling pathway (Tables 2 and 3). While many of these pathways did not
reach significant overrepresentation in mice fed the high-fat or high-cholesterol diet,
the functional classification tests denoted changes in these pathways for these diets
(Fig. 4). Changes in the angiogenesis pathway are also of interest (Tables 2 and 3 and
Fig. 4), given that angiogenesis has been associated with organomegaly (25) and given
that the WHO cites hepatomegaly as a signature symptom of VL (26).

While eight of the most significantly overrepresented pathways in the livers of Li-
infected mice fed the high-fat–high-cholesterol diet were also significantly overrepre-
sented in uninfected mice fed the same diet, a number of pathways were not shared
between infected and uninfected mice fed the high-fat–high-cholesterol diet (Tables 2
to 5). For instance, in Li-infected mice fed the high-fat–high-cholesterol diet, the inter-
feron gamma (IFN-g) signaling pathway was significantly overrepresented (P=0.00959;
FDR= 0.0498) compared to Li-infected mice fed the control diet (Table 3). But this path-
way was not overrepresented in uninfected mice fed the same diet. Because the pat-
terns observed in uninfected mice fed the experimental diets were exacerbated in
infected mice fed the experimental diets, we can conclude that diet and infection likely
synergistically played a role in the phenotypic changes.

Examination of transcripts of interest via qPCR. Several transcripts of interest
were examined by qPCR. Uninfected mice fed the control diet served as the mathemat-
ical control during the comparative threshold cycle (CT) method (Fig. 5). Further statisti-
cal comparisons were made between infected mice fed the control diet and infected
mice fed the experimental diets. We acknowledge that, individually, several of our tran-
scripts of interest may not have significantly changed in the mice. However, in concert
with other transcript changes, our transcripts of interest may have impacted functional
pathways and the outcome of infection.

The expression of stat1 in infected mice fed either the high-fat or the high-fat–high-cho-
lesterol diet was significantly increased compared to that in infected mice fed the control
diet. The expression of Nfkbia was significantly increased in infected mice fed the high-fat–
high-cholesterol and showed only a trend toward decreased expression in mice fed the
high-cholesterol diet. Consistently, the expression of nfkb1 trended toward increased
expression in mice fed the high-cholesterol diet, and there was a lack of change in mice fed
the high-fat–high-cholesterol diet. The only other transcript reaching statistical significance
among our chosen gene products was il1b. Amplification of this transcript could reflect ei-
ther the differing cellular compositions of livers induced by the high-fat–high-cholesterol
diet, upregulation in endogenous cells of the liver (Kupffer and stellate cells), or both.

Other transcripts of interest did not reach statistical significance, but this does not
rule out the possibility that these contributed to the significant upregulation of a func-
tional pathway. These transcripts that did not reach significance, only some of which are
shown, included nfkb1, fcgr4, ifi30, myd88, il1a, and ccl7. Fgr3 and ccl3 transcripts did not
show a trend toward significance, and the error bars for tlr2 transcript data were so high
as to be nonconvincing. A full microarray was not repeated, but a microarray on three in-
dependent mice per experimental diet revealed the differential expression of Fcgr4,
Stat1, Ifi30, Il1b, and Tlr2 at a statistically significant level, with fold changes 2.98-, 1.01-,
2.54-, 2.53-, and 7.47-fold higher than those of mice fed a control diet.

DISCUSSION

The changing prevalences of obesity and food insecurity in areas where leishmaniasis is
endemic (18, 19) likely reflect changing dietary habits and access to health care. However,
the impacts of diet composition on visceral leishmaniasis are not fully understood. Previous
evidence of the impacts of dietary lipids on parasitic disease includes a study of C57BL/6
mice fed a high-lipid diet prior to Plasmodium berghei infection, which led to increased sur-
vival and reduced parasitemia (27). Studies of Trypanosoma cruzi have led to mixed results:
CD-1 mice fed a high-fat diet prior to or coincident with T. cruzi infection had increased sur-
vival rates (28, 29). In contrast, CD-1 mice fed that same high-fat diet experienced worsened
cardiac disease when infected with a lower dose of the same T. cruzi strain (30), and mice
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FIG 4 Pathway analyses of increased transcripts. Transcripts found to be significantly (P, 0.05) increased (A) or decreased (B) via
one-way ANOVA when mice fed the experimental diets were compared to mice fed a control diet were analyzed using functional
classification tests via the PANTHER classification system. The PANTHER pathway identification number (in parentheses) is included
with the name of the pathway. For each diet, the percentage of significantly changed transcripts that represent a given pathway was
graphed (the key depicts 0% to 1.5%). Pathways for which more than 1.5% of transcripts were representative are in pink. Fewer than
4.5% of transcripts were assigned to any given pathway. Only pathways that the statistical overrepresentation tests found to be
significantly overrepresented in at least one of the experimental diets fed to either infected or uninfected mice are included (n= 3
uninfected and infected mice for each experimental diet). HC, high cholesterol; HF, high fat; HF-HC, high fat-high cholesterol.
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TABLE 4 The most significant pathways and their transcripts with differential abundances in uninfected micea

Diet
PANTHER pathway (PANTHER ID
no.) FDR Transcripts

High fat (decreased) p53 pathway (P00059) 8.19E203 Pten Traf6 Ppp2ca Bai3 Cdkn1a Thbs1 Mr1 Sumo3
Pik3r3 Kat2b Ccne1 Pik3c2g

FGF signaling pathway (P00021) 2.50E202 Map2k4 Ppp6c Mapk1 Ppp2r1a Map2k6 Ywhaz Ppp2ca
Ptpn11 Ppp2r5c Ppp2r5e Ywhaq Pik3c2g Shc1

Parkinson disease (P00049) 3.06E202 Hspa9 Mapk1 Ywhaz Src Sept2 Csnk2a1 Psma4 Hspa1l
Ywhaq Ccne1 Hspa8

High cholesterol (increased) Inflammation mediated by
chemokine and cytokine signaling
pathway (P00031)

1.73E202 Ccl21a Nfat5 Ifngr2 Ltb4r2 Junb Prkcb Alox12 Mapk3
Il1b Rgs1 Ccr10 Vav1 Myh9 Il15 Prkcz Il10rb Itga9
Plcg2 Mylk Camk2g Inppl1 Il8ra Dclk3 Itpr2 Grb2
Ccl27 Itga4 Alox15

Circadian clock system (P00015) 2.58E202 Per1 Cry2 Csnk1e Csnk1d Per2

High fat-high cholesterol (decreased) Ubiquitin proteasome pathway
(P00060)

1.25E202 Psmc1 Ube2e2 Ube2g1 Psmd12 Hip2 Ube2d2 Psmd9
Psmd14 Ube2e3 Uchl5 Ube2d3 Ube2a Psmd1 Ube1x/
Uba1

High fat-high cholesterol (increased) T cell activation (P00053) 1.83E207 Pik3cb Ppp3cc Calm3 Ptprc Map3k1 Pik3r2 Mapk3 Lat
Cd3g Vav1 Fos H2-DMb1 Pik3cd B2m Cd3e Cd74
Mapk9 Nras Nfatc4 Nfkbia Lcp2 Cd86 Csk H2-Ea
Nfkb1 Akt3 H2-DMa Rac2

Inflammation mediated by
chemokine and cytokine signaling
pathway (P00031)

2.13E207 Prkx Pak4 Ccl7 Nfat5 Ifngr2 Pik3cb Itgb7 Junb Prkcb
Il1f6 Arpc1b Mapk3 Il1b Alox5ap Rgs1 Vav1 Pik3cd
Myh9 Gnai2 Il15 Jak2 Il10rb Col6a1 Ikbke Cxcl10
Itga9 Adrbk1 Plcg2 Camk2g Myh8 Tyk2 Inppl1 Nras
Nfatc4 Nfkbia Plcb3 Cxcr4 Ccl5 Ccl27 Fpr2 Ccl2 Plcl2
Nfkb1 Akt3 Cx3cr1 Fpr2 Ccl4 Shc1 Rela Rac2

Toll receptor signaling pathway
(P00054)

2.19E206 Map3k8 Tlr8 Myd88 Map3k1 Mal Tnfaip3 Mapk3 Tlr2
Mapk9 Ikbke Tlr7 Irf3 Tcam1 Cd14 Nfkbia Irak3 Irf7
Nfkb1 Tbk1 Rela

Apoptosis signaling pathway
(P00006)

9.63E206 Ripk1 Mcl1 Bcl2a1c Bcl2l11 Pik3cb Map3k1 Prkcb Apaf1
Mapk3 Fos Pik3cd Prkcd Eif2ak2 Traf2 Bag1 Mapk9
Bcl2a1d Atf3 Mcm5 Bok Map3k14 Nfkbia Bcl2l2
Nfkb1 Birc2 Akt3 Rela Tmbim6

B cell activation (P00010) 3.58E205 Cd22 Pik3cb Ppp3cc Calm3 Ptprc Prkcb Btk Map3k3
Mapk3 Vav1 Fos Pik3cd Prkcd Mapk9 Plcg2 Nras
Nfatc4 Nfkbia Nfkb1 Rac2

Angiogenesis (P00005) 2.15E204 Grb7 Mapkapk3/Mapk3 Rhob Pik3cb Pdgfrb Prkd2
Map3k1 Prkcb Arhgap1 Rasa1 Pik3r2 Dok3 Mapk3
Ctnnb1 Fos Pik3cd Dok2 Notch4 Lpxn Pdgfa Prkcd
Pdgfb Pld1 Plcg2 Vegfa Nras Angpt2 Akt3 Sh2d2a
Dvl1 Shc1

Integrin signaling pathway (P00034) 3.12E204 Rap2b Rhob Pik3cb Itgb7 Map3k1 Col4a1 Arpc1b Itgae
Col3a1 Pik3r2 Map3k3 Itgb4 Mapk3 Col1a1 Pik3cd
Itgax Itgb5 Col5a1 Lamc1 Col16a1 Mapk9 Col6a1
Itga9 Flna Col15a1 Elmo1 Scara3 Nras Csk Col4a2
Shc1 Rac2 Actn1

CCKR signaling map (P06959) 8.00E204 Plau Mcl1 Tpcn2 Pik3cb Prkd2 Arhgap4 Prkcb Hdc
Map3k11 Mapk3 Ctnnb1 Fos Csnk1e Prkcd Jak2
Mapk9 Cdh1 Tcf4 Map3k14 Csnk1d Nfkbia Ier3 Ccnd1
Csk Birc2 Rps6ka1 Shc1 Hdac7

PDGF signaling pathway (P00047) 9.40E204 Stat4 Rhob Pik3cb Pdgfrb Jak3 Arhgap4 Nin Arhgap1
Rasa1 Pik3r2 Mapk3 Rps6kl1 Vav1 Fos Pik3cd Pdgfa
Pdgfb Erf Jak2 Mknk2 Plcg2 Arhgap9 Elf5 Nras
Rps6ka1 Shc1

EGF receptor signaling pathway
(P00018)

2.32E203 Gab3 Cdk2 Btc Stat4 Areg Pik3cb Rhoj Prkd2 Map3k1
Prkcb Rasa1 Map3k3 Mapk3 Pik3cd Prkcd Mapk9
Plcg2 Nras Dab2ip Ywhah Akt3 Nrg1 Shc1 Rac2

aFor increased and decreased transcripts in each diet, only the 10 most significantly overrepresented pathways are included.
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TABLE 5 The most significant pathways and their transcripts with differential abundances in infected micea

Diet
PANTHER pathway (PANTHER ID
no.) FDR Transcripts

High fat (increased) VEGF signaling pathway (P00056) 7.83E203 Mapkapk2 Pla2g4a Mapkapk3 Mapk1 Arhgap1 Lpxn Ets1
Prkch Nras Sh2d2a Rac2 Prr5

Toll receptor signaling pathway
(P00054)

4.25E202 Mapk1 Tlr4 Tnfaip3 Tollip Tank Tlr7 Cd14 Nfkb1 Rela

T cell activation (P00053) 4.61E202 H2-Oa Mapk1 Fos H2-DMb1 Cd3d Cd74 Nfatc1 Nras Cd86
H2-Ea Nfkb1 Rac2

High cholesterol (decreased) Blood coagulation (P00011) 2.05E202 F11 F13b F8 Serpina1d Plaur Plg F5 Serpina1c

High fat-high cholesterol
(decreased)

Blood coagulation (P00011) 2.41E206 Fga F11 Serpina1e Serpina1b Klkb1 F9 F12 F8 Serpina1a F7
Serpina1d Plg Kng2 F5 Serpina1c Serpinf2 Proz Serpind1

Pyrimidine metabolism (P02771) 1.43E202 Upb1 Nt5e Abat Dpys Aldh6a1 Dpyd

High fat-high cholesterol
(increased)

Inflammation mediated by
chemokine and cytokine signaling
pathway (P00031)b

9.37E214 Plcb2 Prkx Pik3cg Pak4 Stat3 Ccl7 Actb Cish Ifngr2 Pik3cb
Itgb7 Bcl3 Junb Cdc42 Prkcb Arpc1b Il8rb Alox12 Arpc5
Mapk3 Il1b Alox5ap Rgs1 Ccr6 Vav1 Plch1 Pik3cd Myh9
Ccl3 Cxcl4 Ccr5 Ikbke Nfkbie Relb Adrbk1 Plcg2 Mylk Rac1
Arrb2 Vwf Nfatc1 Ptk2b Tyk2 Itgb2 Prkacb Inppl1 Nras
Nfkbia Plcb3 Cxcr4 Ccl5 Fpr2 Ccl2 Cx3cr1 Fpr2 Alox15
Ccl4 Akt1 Stk4 Shc1 Rela Rac2 Gng2

T cell activation (P00053)b 6.33E208 Pik3cg H2-Oa H2-Aa Lck Pik3cb Calm3 Cdc42 Map3k1
Mapk3 Lat Vav1 Fos H2-DMb1 Pik3cd Cd3d B2m Cd3e
Cd74 Rac1 Nfatc1 Nras Nfkbia Cd86 H2-Ea Akt1 Stk4
Pik3r1 Rac2

CCKR signaling map (P06959)b 3.39E207 Plau Stat3 Mcl1 Pik3cb Prkd2 Arhgap4 Cdc42 Prkcb Srf Hdc
Mapk3 Ctnnb1 Fos Csnk1e Prkcd Ptpn11 Ywhab Prkch
Cdh1 Rac1 Arrb2 Rgs2 Ptk2b Mmp9 Prkacb Tcf4 Csnk1d
Nfkbia Ier3 Ccnd1 Rps6ka1 Egr1 Akt1 Pik3r1 Shc1 Gng2

Apoptosis signaling pathway
(P00006)b

5.15E207 Pik3cg Crebl1 Mcl1 Bcl2a1c Bcl2l11 Jdp2 Pik3cb Map3k1
Prkcb Apaf1 Tnf Mapk3 Daxx Fos Pik3cd Map4k4 Prkcd
Prkch Eif2ak2 Bag1 Relb Bcl2a1d Atf3 Bok Gck Nfkbia
Fadd Akt1 Rela Tnfrsf10b

Toll receptor signaling pathway
(P00054)b

8.97E207 Tlr4 Myd88 Map3k1 Tirap Tnfaip3 Ly96 Mapk3 Tlr2 Ikbke
Nfkbie Tlr7 Irak4 Cd14 Tlr1 Nfkbia Irak3 Irf7 Tbk1 Rela
Ticam2

EGF receptor signaling pathway
(P00018)b

1.82E206 Gab3 Pik3cg Stat3 Stat4 Areg Pik3cb Prkd2 Cdc42 Map3k1
Prkcb Ywhaz Rasa1 Mapk3 Ppp2ca Pik3cd Prkcd Osm
Ywhab Prkch Plcg2 Rac1 Pik3r6 Ppp4c Nras Dab2ip
Ppp2r5c Ywhah Nrg1 Akt1 Shc1 Rac2

VEGF signaling pathway (P00056)b 3.77E206 Pik3cg Mapkapk3/Mapk3 Pik3cb Prkd2 Prkcb Arhgap1
Mapk3 Mapk6 Pik3cd Lpxn Prkcd Ets1 Prkch Plcg2 Rac1
Nras Sh2d2a Akt1 Pik3r1 Rac2 Prr5

Ras pathway (P04393)b 4.09E206 Pik3cg Mapkapk3/Mapk3 Stat3 Pik3cb Cdc42 Map3k1 Srf
Mapk3 Pik3cd Ets1 Ralb Pld1 Rac1 Nras Rgl2 Rps6ka1
Exoc2 Akt1 Stk4 Shc1 Rac2

Gonadotropin-releasing hormone
receptor pathway (P06664)

1.02E205 Vcl Stat3 Gata2 Map3k9 Tgif1 Dgkz Mmp14 Junb Cdc42
Map3k1 Prkcb Esrra Srf Adcyap1 Mapk3 Ctnnb1 Skil Ldb1
Fos Anxa5 Pgr Map4k4 Tuba6 Prkcd Map3k12 Smad3
Rac1 Nfatc1 Ptk2b Atf3 Gnb4 Gck Rap1b Alox15 Egr1
Akt1 Pik3r1 Rela Smad1 Cnp Gng2

FGF signaling pathway (P00021) 1.07E205 Pik3cg Pik3cb Cdc42 Map3k1 Prkcb Ywhaz Rasa1 Map3k6
Mapk3 Ppp2ca Pik3cd Prkcd Ptpn11 Ywhab Prkch Plcg2
Rac1 Ppp4c Ppp4r1 Nras Ptpn6 Ppp2r5c Fgf5 Ywhah Akt1
Shc1 Rac2

aFor increased and decreased transcripts in each diet, only the 10 most significantly overrepresented pathways are included.
bPathway also overrepresented in uninfected mice fed the same diet.
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fed a high-fat diet and infected with a different strain of T. cruzi, VL-10, had increased para-
site loads (31).

Studies of Leishmania spp. have similarly shown conflicting results. Like with T. cruzi
VL-10, C57BL/6 mice fed a high-sugar and -butter diet had increased L. infantum bur-
dens in their livers and spleens after 8 weeks of infection (21), but L. donovani-infected
C57BL/6 mice fed a high-fat–high-cholesterol diet had significantly reduced parasite
burdens (20). Because the impact of dietary lipids specifically on the outcome of VL
remains poorly characterized and contradictory, we examined the hypothesis that die-
tary lipid intake would impact the severity and outcome of chronic Li infection.

Similar to the above-mentioned studies, the present study showed that increased dietary
lipid intake via any of three experimental diets reduced Li liver parasite burdens after
4weeks of infection compared to infected mice fed a control diet. More specifically, liver par-
asite burdens were significantly decreased and nearly undetectable in mice fed the high-fat–
high-cholesterol diet. Our data also showed significant increases in splenic parasite burdens
after 8 weeks of infection in mice fed the high-fat–high-cholesterol diet. These data raised
the possibility that tissue-specific responses and kinetics of infection matter in the outcome
of VL. Together, these data suggested that there may be an immediate protective effect of
diet on Li infection but that chronic infection could be promoted by the high-lipid diet.
Histological examination showed an inflammatory response in mice fed the high-fat–high-
cholesterol diet.

Also of note, other experiments by our group and other investigators show that
granulomatous responses are associated with the clearance of parasites in murine
leishmaniasis (22). We observed a predominance of polymorphonuclear rather than
mononuclear leukocytes in the livers of mice fed the high-fat–high-cholesterol diet,
and we suspect that this aberrant cellular response resulting from the high-fat–high-
cholesterol diet would more likely be associated with parasites failing to establish
infection in the liver rather than granuloma-associated clearance of parasites.

To characterize the effect of excess lipid intake specifically during experimental VL,
we examined the transcriptomes of liver tissues of mice fed the three different experi-
mental diets. Uninfected mice fed the high-fat–high-cholesterol diet had transcripts
that specified the overexpression of genes related to chemokines and their receptors
in inflammatory responses. Other pathways or groups of genes whose expression was
significantly upregulated in both uninfected and infected mice fed the combined high-
fat–high-cholesterol diet included Toll receptor signaling pathways, T cell activation, B
cell activation, interleukin signaling pathways, and integrin signaling pathways. These
results demonstrate that even prior to infection, the livers of mice fed the high-lipid
diets had become an inflammatory environment.

FIG 5 qPCR validation of transcript expression in infected mice. Using SYBR green qPCR, the abundance of transcripts was validated to
further examine the changes in infection severity due to diet. For each mouse, the mean of 3 replicate CT values for each transcript of
interest was calculated. Using the comparative CT method, the fold change of each transcript was determined by comparing infected mice
fed one of the four diets (control [Con], high cholesterol [HC], high fat [HF], and high fat-high cholesterol [HF-HC]) to uninfected mice fed
the control diet. gapdh was used as the internal control. (n= 3) (means and SEM) (*, P, 0.05; **, P, 0.005; ***, P, 0.0005 [by one-way
ANOVA with a Dunnett posttest comparing infected mice fed the experimental diets to infected mice fed the control diet]).
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Also of interest and in need of further investigation, angiogenesis, which often accom-
panies organomegaly (25), was significantly overrepresented in both uninfected and Li-
infected mice fed the high-fat–high-cholesterol diet. Furthermore, our histological sections
showed considerable steatoses in all diets, which were likely stellate cell lipid bodies.
Consistent with the involvement of stellate cells as well as endothelial and epithelial cell
proliferation, platelet-derived growth factor (PDGF) and epidermal growth factor (EGF) re-
ceptor signaling pathways were overrepresented by transcripts from the livers of unin-
fected and Li-infected mice fed the high-fat–high-cholesterol diet. Both pathways are asso-
ciated with angiogenesis but are not, by any means, the only drivers (32).

We hypothesize that the hepatic inflammatory and proangiogenesis environment might
underlie the apparent protected or refractory state of livers observed in Li-infected mice fed
the experimental diets, especially in mice fed the high-fat–high-cholesterol diet. A few stud-
ies of mice coinfected with microorganism-induced inflammatory stimuli have demonstrated
similar phenomena. Infection with the helminthic pathogen Trichinella spiralis or Trichuris
muris prior to infection with Leishmania spp. reduced Leishmania parasite burdens in murine
livers, possibly due to increased inflammatory mediators such as interleukin 4 (IL-4) and IFN-
g (33, 34). In contrast, prior infection with another helminth, Schistosoma mansoni, led to
increased L. donovani burdens in both livers and spleens (35).

As opposed to the above-described coinfections in murine models of VL, infection
with Staphylococcus aureus in the skin prior to infection with L. major, a cause of cuta-
neous leishmaniasis (4), had no significant effect on the parasite burden in the ear but
significantly exacerbated the severity of inflammatory skin lesions 4weeks after coin-
fection (36). Therefore, we tentatively conclude that the nature of the inflammatory
stimulus coinciding with Leishmania infection and the resultant activated immune
mediators will likely lead to distinct effects on the course of leishmaniasis, depending
on whether the immune responses induced by the costimulus suppresses or synergizes
with pathological responses to the Leishmania species.

Utilizing the comparison with diet as the single independent variable, we were able to
observe that eight of the most significantly overrepresented pathways in Li-infected mice
fed the high-fat–high-cholesterol diet were also significantly overrepresented in uninfected
mice fed the same diet. We can therefore conclude that the observed increase in these
pathways may have been largely influenced by diet and not solely due to subsequent
infection by Li. Very briefly, the sorting of mapk3 into each of the 10 most significantly
overrepresented pathways in the infected mice fed the high-fat–high-cholesterol diet is
another interesting observation that we were able to make with this comparison.

To summarize, the interplay between excess dietary lipid intake and consequent aberrant
inflammatory changes and chronic infections is not well defined. The data presented here
show that increased dietary lipid intake leads to inflammatory changes and, thus, changes in
the infection kinetics and severity of chronic VL. Prolonged and increased dietary fat and
cholesterol in combination provided a localized protective effect against the expansion of
parasites causing VL, leading to reduced parasite burdens in the livers. However, parasite
loads significantly increased in spleens of mice fed the high-fat–high-cholesterol diet, the
site where parasites are maintained long term in the infected host (37, 38).

What we cannot discern from the current study is whether the ultimate effects of
elevated-lipid diets on chronic infection, in this case, in the spleens of infected mice,
might be a prolongation of the chronic carrier state rather than amelioration of dis-
ease. The study raises the possibility that temporary changes in dietary lipid intake
might enhance the proinflammatory environment acutely during treatment, possibly
providing an additive approach to treatment along with antiparasitic agents. Our next
challenges are to determine whether dietary changes similarly change parasite loads
in human hosts and to discern other conditions under which similar changes caused
by dietary intake cause important changes in disease outcomes.

MATERIALS ANDMETHODS
Experimental groups. Female BALB/c mice were maintained on the following diets: control (standard,

18% protein diet, with 4% fat and ,0.04% cholesterol), high fat (diet TD.88137; 21.2% fat and 0.2%
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cholesterol), high cholesterol (TD.01383; 5.7% fat and 2% cholesterol), or high fat-high cholesterol
(TD.02028; 21.2% fat and 1.3% cholesterol). Mice were started on their respective diets 4 weeks prior to
infection. The diets were obtained from Envigo (Indianapolis, IN). The macronutrients of each diet are listed
in Table 1.

Histology. Liver tissue was collected after 4 weeks on each diet. The tissues were then sectioned
and fixed. Fixed samples were stained with hematoxylin and eosin (H&E) as well as Oil-Red-O. Slides
were then examined by light microscopy, and 10 high-power fields were chosen at random in uniform
quadrants on each slide. Leukocyte composition was enumerated in all 10 fields and summed for each
mouse. The average number of leukocytes was calculated for each diet.

Infection and monitoring of infection dynamics. A strain of Li isolated from a patient with visceral
leishmaniasis in Brazil (MHOM/BR/00/1669) was maintained by serial passage in hamsters. Metacyclic
promastigotes were isolated by Percoll density gradients as we previously described (39). Mice were
infected with 1� 106 metacyclic, recombinant Li promastigotes expressing firefly luciferase via intrave-
nous injection in the tail 4 weeks after the onset of the experimental diets. An in vivo imaging system
(IVIS) was used to monitor the trafficking and expansion of parasite loads. Images were collected with
the Xenogen IVIS 200 system. At weekly time points, animals were anesthetized with isoflurane and ino-
culated with luciferin by intraperitoneal injection 10 min prior to imaging. Parasite localization was
assessed using Living Image software (40). The representative images included here were taken at 4
weeks postinfection.

qPCR quantification of parasite burden. At 4 and 8 weeks postinfection, groups of five mice from
each diet were euthanized, livers and spleens were homogenized, and DNA was extracted as we previ-
ously described (41). Parasite loads in each organ were determined via quantitative PCR (qPCR) using
the kDNA7 primers and probe described previously by Weirather et al. (41).

Transcriptomes. After 12 weeks of each diet (8 weeks after infection or PBS injection), mice were eu-
thanized, and RNA was extracted from liver tissues. Each experimental group, uninfected and infected
mice fed any of the four diets, included three biological samples, totaling 24 mice. Total RNA was puri-
fied using the TRIzol method followed by DNase treatment and Qiagen column purification, and tran-
scriptional profiles were measured via Illumina MouseRef-8 V2.0 microarrays at the Iowa Institute of
Human Genetics, Genomics Sequencing Division, University of Iowa.

After quality control, a custom report was made of the raw microarray data using Illumina
GenomeStudio V2011.1 (42). The report was then imported into Partek 7.19.1125 (43) using the gene
expression workflow. Samples were annotated with attributes, and separate spreadsheets were created
for each comparison to be made. Because we were examining more samples than could fit on one
Illumina bead chip, principal-component analyses and histograms were assessed to ensure that samples
clustered by experimental group rather than by chip. No samples were removed in this assessment.

By individually comparing each experimental diet to the control diet, differentially expressed tran-
scripts were determined using one-way analysis of variance (ANOVA), and the source of variation of tran-
script expression was examined. q values, FDR-adjusted P values, were then calculated and are depicted
as volcano plots. Gene lists were exported and included all transcripts that could be found in the refer-
ence library so that further analyses could be completed. For further analyses, transcripts with a P value
of 0.05 were considered significantly differentially expressed.

Validation of the differential expression of transcripts of interest was performed using SYBR green
qPCR on the samples used for the murine microarray. The comparative CT method was used to calculate
a fold change for each transcript (44). More specifically, the fold change between infected mice fed the
control diet or the experimental diets and uninfected mice fed the control diet was calculated. gapdh
was used as the internal control.

Pathway analyses. Transcripts found to be significantly changed (P, 0.05) by each experimental diet
were entered into the PANTHER classification system (45–47). Both statistical overrepresentation and func-
tional classification tests were performed. For both tests, the PANTHER Pathways annotation set was used.
For statistical overrepresentation tests, Mus musculus was selected as the default whole-genome list, and
the Fisher test was used with an FDR correction. Data were exported as .txt files to be further analyzed.

Further statistical analyses. GraphPad Prism 8.4.3 (48) was utilized for further statistical analysis of data.
When appropriate, one- and two-way ANOVAs were completed, and outliers were identified with ROUT.

Ethical approval. All studies using vertebrate animals for research were first reviewed and approved
by institutional review boards at the Iowa City Department of Veterans’ Affairs Medical Center (Animal
Component of Research Protocol [ACORP] 2090301 and ACORP 1890601) and the University of Iowa
(protocol ACURF 0081099).
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