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Leishmania (Viannia) braziliensis is one of the main causes of cutaneous leishmaniasis in
the Americas. This species presents genetic polymorphism that can cause destructive
lesions in oral, nasal, and oropharyngeal tracts. In a previous study, the parasite caused
several histopathological changes to hamster ileums. Our study evaluates immune
response components, morphological changes, and effects on neurons in the ileums of
hamsters infected by three different strains of L. (V.) braziliensis in two infection periods.
For the experiment, we separated hamsters into four groups: a control group and three
infected groups. Infected hamsters were euthanized 90- or 120-days post infection. We
used three strains of L. (V.) braziliensis: the reference MHOM/BR/1975/M2903 and two
strains isolated from patients who had different responses to Glucantime® treatment
(MHOM/BR/2003/2314 and MHOM/BR/2000/1655). After laparotomy, ileums were
collected for histological processing, biochemical analysis, and evaluation of neurons in
the myenteric and submucosal plexuses of the enteric nervous system (ENS). The results
demonstrated the increase of blood leukocytes after the infection. Optical microscopy
analysis showed histopathological changes with inflammatory infiltrates, edemas,
ganglionitis, and Leishmania amastigotes in the ileums of infected hamsters. We
observed changes in the organ histoarchitecture of infected hamsters when compared
to control groups, such as thicker muscular and submucosa layers, deeper and wider
crypts, and taller and broader villi. The number of intraepithelial lymphocytes and TGF-b-
immunoreactive cells increased in all infected groups when compared to the control
groups. Mast cells increased with longer infection periods. The infection also caused
remodeling of intestinal collagen and morphometry of myenteric and submucosal plexus
neurons; but this effect was dependent on infection duration. Our results show that L. (V.)
braziliensis infection caused time-dependent alterations in hamster ileums. This was
demonstrated by the reduction of inflammatory cells and the increase of tissue
regeneration factors at 120 days of infection. The infected groups demonstrated
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different profiles in organ histoarchitecture, migration of immune cells, and morphometry
of ENS neurons. These findings suggest that the small intestine (or at least the ileum) is a
target organ for L. (V.) braziliensis infection, as the infection caused changes that were
dependent on duration and strain.
Keywords: leishmaniasis, small intestine, inflammation, enteric nervous system, TGF-beta
INTRODUCTION

Leishmania (Viannia) braziliensis is one of the main species that
causes cutaneous and mucocutaneous leishmaniasis in the
Americas (Patino et al., 2020). In 2018, the World Health
Organization reported 253,435 new cases of cutaneous
leishmaniasis. More than 46,000 of these cases were in the
Americas (World Health Organization, 2020); 84% of these
cases occurred in Brazil (Pan American Health Organization,
2019), that is considered a “high burden country” for
leishmaniasis (World Health Organization, 2020). The disease
primarily affects poor segments of the population and results
in negative social and economic impacts (Ministério da
Saúde, 2017).

The diversity of clinical forms of leishmaniasis caused by L.
(V.) braziliensis and disease severity are related to the immune
system (Fernandes et al., 2016), genetic factors, the clinical
condition of the host (Quaresma et al., 2018), and the
inoculum (Ribeiro-Romão et al., 2014) and strain of the
parasite (Vieira et al., 2019); this species presents high levels of
genetic polymorphism (Patino et al., 2020). Different strains
found in the same region can cause different clinical forms
(Guimarães et al., 2016; Quaresma et al., 2018; Rugani et al.,
2018) and therapeutic responses (Fernandes et al., 2016; Gagini
et al., 2017), even in the same patient (Hoyos et al., 2019). Lesions
are destructive and principally affect the skin and mucus
membranes in the oral, nasal, and oropharyngeal tracts
(Ministério da Saúde, 2017; Conceição-Silva and Morgado,
2019). Furthermore, studies have reported the occurrence of
lesions in the eye (Cruz et al., 2017) and larynx (Silva et al., 2017).
The DNA of the parasite has also been detected in bone
marrow of immunocompromised patients (Gontijo et al., 2002;
Silva et al., 2002).

Studies have reported the presence of amastigotes of the
parasite in spleens, lymph nodes (Almeida et al., 1996; Gomes-
Silva et al., 2013; Ribeiro-Romão et al., 2014), and livers (Barral
et al., 1996) of animals infected with L. (V.) braziliensis. In
chronically-infected hamsters, our research group detected the
DNA of the parasite in ileums and mesenteric lymph nodes,
amastigotes in the ileums, and alterations to intestinal
architecture (Santos et al., 2018b). Hamsters are good models
for L. (V.) braziliensis infection research, as they develop lesions
(De Oliveira et al., 2004; Gomes-Silva et al., 2013), clinical and
histopathological manifestations (Almeida et al., 1996; Gomes-
Silva et al., 2013), and immune responses (Ribeiro-Romão et al.,
2014) that are similar to those observed in human leishmaniasis.
With hamsters, the parasites can migrate to the viscera or other
skin sites, where the parasites replicate (Almeida et al., 1996).
y | www.frontiersin.org 2
The effect of Leishmania infection in the gastrointestinal tract
is the topic of studies that evaluated different segments of the
intestine of dogs (Figueiredo et al., 2014; Silva et al., 2016; Silva
et al., 2018) and rodents (Souza et al., 2019; Lewis et al., 2020;
Passos et al., 2020) with visceral leishmaniasis (VL). In human
VL, the presence of amastigote forms in intestinal tissues may be
related to episodes of diarrhea (Baba et al., 2006; Soria López
et al., 2016; Raina et al., 2017) or not (Chattopadhyay et al.,
2020). The findings have reported higher villi and moderate
inflammatory infiltrate composed mainly of mononuclear cells
in the lamina propria of the duodenum (Chattopadhyay et al.,
2020) and mild ulcers in the colon (Baba et al., 2006).

The intestine is the largest immune organ in mammals; it
helps to maintain the equilibrium of the organism (Chassaing
et al., 2014). The ileum is the final segment of the small intestine
and plays an important role in its immunity. The ileum has more
Peyer patches (Mowat and Agace, 2014), the highest
concentration of Paneth cells (Santaolalla et al., 2011; Mowat
and Agace, 2014), lymphoid aggregates (Mowat and Agace,
2014), which may be related to the highest number of bacteria
in this portion of the intestine (Santaolalla et al., 2011).
Specialized cells (e.g., enterocytes, goblet cells, Paneth cells, and
enteroendocrines) in its epithelium participate in the innate
immune response. These cells secrete substances with various
functions, such as glycoproteins, antimicrobial substances,
cytokines, and hormones. The lamina propria has a high
quantity and variety of immune cells, such as mast cells,
macrophages, dendritic cells, and lymphocytes, among others
(Abbas et al., 2017). Epithelial cells and the innate and adaptive
immune systems interact with the ENS to promote immune
tolerance, defense, and organ regeneration (Jacobson et al., 2021).

The ENS sends and receives nerve impulses from other
organs and is responsible for digestion, motility (Yoo and
Mazmanian, 2017), and maintenance of intestinal homeostasis
(Drokhlyansky et al., 2020). Studies have shown that the intestine
is affected by L. (V.) braziliensis infection (Santos et al., 2018a;
Santos et al., 2018b) thus, evaluating the effects of the infection
from different parasite strains on histoarchitecture and immune
response of the organ and ENS are essential for the
understanding of the complex Leishmania-host relationship.
As in previous studies we detected changes in the ileum
(Santos et al., 2018a; Santos et al., 2018b), we carried out this
research to confirm that the intestine is a target organ for
infection by L. (V.) braziliensis. Thus, the objective of this
work was to evaluate some components of the immune
response, morphological and neuronal alterations in this organ
of hamsters infected by other three different strains of the
parasite at two different periods.
July 2021 | Volume 11 | Article 687499

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Santos et al. New Target in L. braziliensis: Intestine
MATERIALS AND METHODS

Ethics Statement
The animal studies were previously approved by the Ethical
Committee on Animal Use of the Universidade Estadual de
Maringá (UEM) under protocol number 7587260416.

Parasites
For the infection, we used three different strains of L. (V.)
braziliensis: The World Health Organization reference strain
MHOM/BR/1975/M2903 (2903) and two strains isolated from
patients treated at the Laboratório de Ensino e Pesquisa em
Análises Clıńicas (LEPAC/UEM). The two strains from UEM
came from patients who had different responses to Glucantime®

treatment. The patient who was infected with the MHOM/BR/
2003/2314 (2314) strain showed good therapeutic response with
complete lesion regression after the first treatment. The MHOM/
BR/2000/1655 (1655) strain was isolated from a patient whose
infection was considered resistant by reactivation of the
previously-healed lesion. These isolates were cultured,
cryopreserved, and identified by the Oswaldo Cruz Institute,
Rio de Janeiro, Brazil (Fernandes et al., 2016).

Experimental Design and Infection
For the infection, we used promastigotes in the stationary growth
phase from the fifth in vitro passage. The parasites were
cryopreserved in the Leishmaniasis Laboratory of UEM. For
culture they were thawed and reactivated. They were then kept in
a culture of 199 medium (Gibco Laboratories®, Grand Island,
USA) and supplemented with 1% human urine, 10% fetal bovine
serum, and 1% L-glutamine. For infection preparation, the
hamsters were anesthetized with a combination of ketamine
(Francotar®-Virbac Animal health) and xylazine (Calmiun
Agener-Union Animal Health).

We used 48 female hamsters (Mesocricetus auratus) (21-day-
old). The hamsters were randomly separated into four groups
(n = 12/group): the control group and three groups inoculated
with different isolates of L. (V.) braziliensis. The control group
received an intradermal injection of 100 μl of phosphate-buffered
saline (PBS) in the left hindpaw. The infected group received an
intradermal injection of each isolate (2x107/100 μl) in the left
hindpaw. Once a week, both paws were measured using a digital
pachymeter and analyzed for edema and lesions. The hamsters
were weighed before infection and before euthanasia.

The hamsters were kept in a temperature-controlled
environment with a light/dark cycle (12/12 hr). To avoid
external contamination, we housed the animals in individually
ventilated cages with autoclaved wood shavings and filtered air
and water. Food and water were available ad libitum. The
hamsters were euthanized 90- or 120-days post infection, thus
forming a total of eight groups. For all experiments, we used 4–6
animals per group.

Euthanasia and Tissue Collection
Before euthanasia, blood samples were collected from the retro
orbital sinus and total leukocytes were counted using a Neubauer
chamber. The differential leukocyte count was determined in
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3
blood smears (May-Grünwald-Giemsa staining technique) using
light microscopy. The data is represented in box plots (median
with 25 to 75 percentile), whiskers (2.5 to 97.5 percentile), and
mean (+).

The hamsters were euthanized under deep anesthesia. We
then performed the laparotomies and collected and measured the
ileums. Approximately 1 cm of the ileum was collected for
histology. The ileum samples were fixed in buffered
paraformaldehyde, dehydrated, diaphanized, and embedded in
paraffin. One segment (0.5 cm) was used for biochemical analyses;
this fragment was washed with PBS, frozen in liquid nitrogen, and
stored in a freezer at -80°C. A different segment (2 cm) was used
for the evaluation of enteric neurons. This segment was fixed in
4% paraformaldehyde and immersed in the same fixative solution
for 3 hours at room temperature. It was then opened along the
mesenteric border, washed twice for 10 minutes with PBS, and
stored in PBS with 0.08% sodium azide at 4°C.

Histological Processing and
Immunohistochemistry
To evaluate ileum morphology and cellularity, sets with semi-
serial 5 μm transverse histological sections were prepared and
stained using different techniques. Histopathological evaluations
and morphometric analyses of ileal walls, enterocytes, and
intraepithelial lymphocytes (IELs) were performed on sets
stained with hematoxylin and eosin (HE) (Santos et al., 2018b;
Passos et al., 2020). Goblet cells producing different mucins were
counted in Alcian blue pH 1.0 (AB 1.0), Alcian blue pH 2.5 (AB
2.5), and periodic acid-Schiff (PAS) stained sets (1; Santos et al.,
2018b). Total mast cells were counted with the toluidine blue
technique (Yu et al., 2016; Pastre et al., 2019), and collagen fibers
were analyzed in picrosirius red (Pastre et al., 2019; Panza
et al., 2021).

The immunohistochemistry technique was used to label
TGF-b and Leishmania amastigotes, as described by Santos
et al. (2018b). Briefly, the slides were separately exposed to
primary anti-Leishmania (1:200 dilution) produced in infected
L. (L.) amazonensis mice and purified with intestines of healthy
hamsters (Santos et al., 2018b) and anti-TGF-b (1:100 dilution;
Thermo Fisher Scientific, Rockford, IL, EUA) antibodies. After
incubation with the primary antibody, the sets were incubated
with horseradish peroxidase polymer conjugate (Life
Technologies Corp., Frederick, MD, USA) and stable DAB
(Invitrogen™, Carlsbad, CA, USA), counterstained with
Mayer’s hematoxylin, and mounted with coverslips. A brown
color in the sets indicated a positive reading.

Morphometric Analyses
Motic Images Plus (version 2.0) software was used to measure
ileal walls and enterocytes. For these analyses, images were
captured with a digital camera (Moticam 2000, 2.0 Megapixel)
coupled to an optical microscope (MOTIC B5). Morphometries
of ileal walls were performed in 16 images captured with a 10x
objective lens. We performed 64 measurements of each of the
following parameters for each animal: total thickness of intestinal
walls, muscular tunics, and submucosa; widths and depths of
July 2021 | Volume 11 | Article 687499
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crypts (Figure 1). The heights and widths of villi were measured
using the same images. The base, middle, and apex of villi were
measured first, and then the average of these values resulted in
the final value (Santos et al., 2018b; Passos et al., 2020). For each
animal, the heights and widths of 80 enterocytes and their
respective nuclei were measured in images captured with a
100x objective lens (Santos et al., 2018b).

Image-Pro® Plus (version 4.5.0.29) software was used for the
evaluation of collagen fibers and HuC/HuD immunostaining
neurons. In the slides stained with picrosirius red, 16 images
were captured with a 20x objective lens in a light microscope
(Olympus BX50 - Minato-Ku, Japan) with the use of a polarizing
filter (Olympus U-POT, Japan) for measurement of type I and III
collagen fibers. We captured 16 images without the polarizer for
the measurement of total fibrillar collagen (μm²) (Pastre et al.,
2019; Panza et al., 2021).

Cell Counting
For the quantification of goblet cells, IELs, and mast cells, we
used a Nikon Eclipse E200 optical microscope. Using the 40x
objective lens, we counted the number of IELs and goblet cells in
2,560 epithelial cells of each hamster (160 epithelial cells/
quadrant/cut). For statistical analysis, we calculated the ratio to
100 epithelial cells (Santos et al., 2018b). Total mast cells were
counted in 100 microscopic fields using the 100x objective lens
(Pastre et al., 2019). From ileal mucosa and submucosa, TGF-b-
immunoreactive cells (TGF-b-IR) were counted in 16 images
captured by an Olympus CX31 microscope attached to a digital
camera (Moticam 2000, 2.0 Megapixel). Quantities of mast cells
and TGF-b-IR cells in 1 mm2 were calculated.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4
Leishmania Amastigote Analysis
From each hamster, four histological sections stained with HE
were analyzed to verify amastigote forms. The positive hamsters
had their histological slides submitted to immunohistochemistry
with anti-Leishmania antibodies. Five immunostained tissue
sections were examined for the presence of extra- or
intramacrophagic amastigote forms. Positive (sections of
popliteal lymph nodes) and negative controls (sections without
the primary antibody) were used.

Biochemical Analyses
Fragments of the ileum were homogenized with PBS (4mM) and
centrifuged. The supernatant was then used for the measurement
of nitric oxide (NO) and evaluation of enzyme myeloperoxidase
(MPO) activity. The pellet was resuspended in PBS with
hexadecyltrimethylammonium bromide (8mM), homogenized,
and centrifuged to measure the enzymatic activity of N-acetyl-b-
D-glucosaminidase (NAG). All analyses were performed in
duplicate in a 96-well microplate, and their absorbances were
measured in a microplate reader (Spectra Max Plus).

For the measurement of MPO, 10 mL of the sample reacted
with the o-dianisidine solution (16.7 mg O-dianisidine
dihydrochloride, 90 ml double-distilled water, 10 ml PBS, and
50 ml of 1% H2O2) for 5 minutes with protection from light. The
enzymatic reaction was stopped by the addition of acetate
solution, and the reading was performed at 450 nm. The
results were expressed in optical density (OD).

The estimation of NO was performed indirectly by the
determination of nitrite (NO2-) with the Griess method. 50 mL
of the sample was incubated with Griess solution (1%
FIGURE 1 | Schematic representation of the measurement of (A) muscular layers, (B) submucosa, total wall, depth and width of the crypts, and (C) height and
width of the villi. Were performed 64 measurements of each parameter for each animal. To obtain the width of the villi, the base, middle, and apex were measured
and then the average of these values resulted in the final value (HE staining, 20× magnification, scale bar = 100 μm, Olympus CX31).
July 2021 | Volume 11 | Article 687499
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sulfanilamide in 5% phosphoric acid, and 0.1% N-1-
naphthylethylenediamine dihydrochloride in water) at room
temperature. The NO concentration was calculated based on
the sodium nitrite standard curve. The absorbance was measured
at 550 nm; the results were expressed in mM concentration of
NO2−.

Finally, the measurement of NAG enzymatic activity was
performed with a 25 mL sample that remained incubated for 1
hour at 37°C with a citrate buffer and NAG solution (1.14 mg of
p-nitrophenyl-N-acetyl-b-D- glucosamine in distilled water).
Before the reading at 405 nm, glycine buffer was added. The
result was expressed in OD/g of wet tissue.

Neuron Counting and Morphometry
Small fractions of ileums were dissected under stereomicroscopy
to obtain whole mount preparations of enteric plexuses. To mark
the total population of HuC/HuD neurons, whole mounts of
myenteric and submucosal plexuses were washed 3 times for 5
minutes with PBS (0.1M pH 7.4) and incubated separately in
microtubes with an antigen blocking solution containing 3%
bovine serum albumin (BSA; Sigma, St. Louis, MO, USA) and
0.1% Triton X100 (Sigma, St. Louis, MO, USA) diluted in PBS for
1 hour at room temperature. After this, the membranes were
incubated in a solution containing the primary mouse anti-HuC/
HuD (1:300; Molecular Probes, Eugene, OR, USA) antibody, 3%
BSA, and 0.1% Triton X100 diluted in PBS for 48 hours under
stirring at room temperature. After this period, the samples were
washed 3 times for 5 minutes with PBS and incubated in a
solution containing the secondary Alexa Fluor 488 donkey anti-
mouse antibody (1:300; Molecular Probes, Eugene, OR, USA),
3% BSA, and 0.1% Triton X100 diluted in PBS for 2 hours at
room temperature under agitation and protection from light.
Then, the membrane preparations were washed 3 times for 5
minutes in PBS, mounted on glass slides with Prolong
Gold Antifade (Molecular Probes, Eugene, OR, USA), and
stored at 4°C (light-protected).

The counting of HuC/HuD-immunoreactive neurons from
myenteric and submucosal plexuses was performed on 32 images
captured randomly with a 20x objective lens in all areas of the
ileum circumference using the FSXBSW Image Browser
integrated in an Olympus FSX100 light microscope (Olympus,
Tokyo, Japan) with immunofluorescence filters. In the
submucosal plexus, we counted the neurons inside and outside
the ganglia and the total number of ganglias. These results were
expressed in cells/mm². The areas of 100 neurons (μm2) of
submucosal and myenteric neurons per animal were measured
in the same images. For both analyses, we used Image-Pro® Plus
(version 4.5.0.29) software.

Statistical Analysis
The statistical analyses were performed using the data of the
individual animals and were determined based on the data
distribution, which was verified using the Shapiro-Wilk or
D’Agostino Pearson tests (BioEstat 5.3 software). Comparisons
between the groups were verified with two-way analysis of
variance (ANOVA) followed by Tukey’s multiple-comparison
test or Fisher’s post hoc test; the Kruskal-Wallis test followed by
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 5
Dunn’s pos hoc test was also used (GraphPad Prism 8.0.1
software). We compared the control groups to the infected
groups in the two experimental periods (90 or 120 days) and
the 90-day infected group to the 120-day group. Values of p <
0.05 were considered statistically significant.
RESULTS

Clinical Signs
The infection was confirmed by the development of the lesion at
the site of inoculation of the parasite, therefore, only animals
with lesions on the left hindpaw were used. Body weight,
consistency of feces, and appearance of hair did not change
during the experimental period when compared the groups.
Edema was observed in infected paws in the first days after
infection. The lesions started to appear between the third and
fourth week after infection and no statistical differences were
observed among the infected groups. All infected hamsters
showed difficulty in mobility due to lesion progression (Figure 2).

Infection Increased Leukocytes in
Peripheral Blood
Global leukocyte counts increased in all infected groups (90
days) when compared to control group (2903: p = 0.007; 2314:
p = 0.033; 1655: p = 0.039). In differential leukocyte counts, we
observed an increase in neutrophils (p = 0.029), lymphocytes (p <
0.03), and monocytes (p < 0.001) in the 2903 group at 90 days of
infection when compared to the control group. When compared
to the control group, monocyte quantities were also significantly
higher at 120 days of infection in the 2903 group (p = 0.034) and
90 days in the 2314 group (p = 0.012); 1655 group presented p =
0.058 when compared to the CG. Lymphocytes also increased in
the 1655 group at 90 days of infection when compared to the
control group (p = 0.046); but lymphocyte numbers decreased
between 90 and 120 days of infection for this group (1655; p =
0.029) (Figure 3).

After Infection, Intestinal Walls Were
Thicker, Crypts Were Deeper and Wider,
and Villi Were Longer and Wider
Ileums showed no significant macroscopic changes after
infection. However, we measured intestinal walls to analyze the
morphology of the organ and significant changes were found.
We observed thicker muscular layers in groups 2903 and 2314 in
both infection periods when compared to the control groups (p <
0.001). In groups 2903 and 2314, increases of approximately 20%
and 29% of total muscle thickness were observed at 90 and 120
days of infection, respectively, when compared to the control
groups. Group 1655 had values similar to the control group, with
the exception of an increase to longitudinal layers at 90 days (p =
0.003). Submucosal layers were thicker in all infected groups and
increased by an average of 25% at 90 days (2903 and 2314:
p < 0.001; 1655: p = 0.023) and 42% at 120 days of infection
(p < 0.001) and when compared to the control groups (Figures 4
and 5).
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Crypts of group 2314 in the two infection periods and groups
2903 and 1655 at 120 days were deeper and wider than in control
group hamsters (p < 0.001). Total organ wall size in groups 2903
and 2314 increased in both experimental periods when
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 6
compared to the control groups (p < 0.001). We recorded an
average increase of 16% and 35% in height and 15% and 22% in
width at 90 and 120 days of infection, respectively, when
compared to the control groups (p < 0.001). Thus, infection
FIGURE 3 | Global and differential leucocyte counts in peripheral blood in hamsters infected with three strains of L. (V.) braziliensis for 90 and 120 days. Data is
represented in box plots (median with 25 to 75 percentile), whiskers (2.5 to 97.5 percentile), and mean (+) (n = 4). *p < 0.05; **p < 0.01; ***p < 0.001. CG, control
group. 2903: group infected with MHOM/BR/1975/M2903. 2314: group infected with MHOM/BR/2003/2314. 1655: group infected with MHOM/BR/2000/1655.
FIGURE 2 | Images (A–C) represent the evolution of the paw lesion after the infection by L. (V.) braziliensis (MHOM/BR/2000/1655 strain): (A) initial edema, (B) initial
lesion, (C) ulcerated lesion. (D) Represents the evaluation of the clinical course of lesions through the 120 days following the infections. The size of the lesions was
measured with a digital pachymeter by evaluating the dorsal-ventral thickness of the infected paw (mm). *p < 0.05; **p < 0.001 when compared the infected groups
to the respective control. (E) Demonstrates the body weight (g) of the hamsters before parasite inoculation and at 90- and 120-days post infection (n = 4). CG, control
group. 2903: group infected with MHOM/BR/1975/M2903. 2314: group infected with MHOM/BR/2003/2314. 1655: group infected with MHOM/BR/2000/1655.
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duration seemed to be a determining factor in organ response
(Figures 4 and 5).

The Infection Caused Morphometric
and Quantitative Changes to Epithelial
Cells in Hamster Ileums
We measured enterocytes to verify the impacts of the infection
on epithelial cells in the ileum. Enterocytes are the most
abundant cell type in the intestinal epithelium. As shown in
Figure 6, enterocytes increased in height (p < 0.05) and
decreased in width (p < 0.05) in all infected groups when
compared to the controls. We observed increases to the nuclei
of these cells only in group 2314 (in both infection periods)
when compared to the respective controls (p < 0.001). For group
2314, the longer infection period (120 days) resulted in a
29% increase to nuclei size when compared to the 90-day
group (Figure 6).

In goblet cell quantification, we observed a 41% increase
in the number of sulfomucin producers (AB 1.0; p = 0.028)
and a 38% reduction in the neutral producers (PAS; p = 0.003)
in group 1655 that were infected for 120 days when
compared to the 90-day group. The 1655 group reduced
the PAS goblet cells when compared to the 2314 group
infected by 120 days (p = 0.007). No alterations were
observed in the goblet cells that produce sialomucins (AB 2.5;
p > 0.1) (Figure 7).
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Intraepithelial Lymphocytes and
TGF-b-Immunoreactive Cells
Increased After Infection
When compared to the control, we observed an average increase
of IELS of approximately 70% in the groups infected for 90 days
(p < 0.001) and of 36%, 74%, and 51% in hamsters infected for
120 days in groups 2903 (p = 0.013), 2314 (p < 0.001), and 1655
(p < 0.001), respectively. Mast cell quantities significantly
increased in the 2314 (p = 0.002) and 1655 (p < 0.001) groups
at 120 days of infection when compared to 90 days. The number
of TGF-b-IR cells increased in all infected groups when
compared to the control groups (90 days – 2903: p = 0.009;
2314: p = 0.003; 1655: p = 0.012; 120 days – 2903: p = 0.020; 2314:
p = 0.001; 1655: p = 0.009). The two-way ANOVA analyses
revealed a significant main effect for the time [F(1,40) = 16.5, p <
0.001] and infection [F(3,40) = 24.2, p < 0.001] in IELs; for the
time [F(1,40) = 26.3, p < 0.001] in mast cells; and for the infection
[F(3,25) = 9.02, p < 0.001] in the TGF-b-IR cells (Figure 8).

Infection and Experimental Duration Affect
Collagen Fiber Remodeling
To understand the effects of the infection on the ileum cellular
matrix, we used histochemistry to evaluate the areas occupied by
collagen fibers. Hamsters from group 2903 showed higher total
fibrillar collagen at 120 days of infection than at 90 days (p <
0.001). At 120 days of infection, group 2903 had higher total
FIGURE 4 | Morphometry of wall, villi, and crypts of ileums of hamsters infected by L. (V.) braziliensis for 90 or 120 days (μm). Data represented in box plots (median
with 25 to 75 percentile), whiskers (2.5 to 97.5 percentile), and mean (+) (n = 6). *p < 0.05; **p < 0.01; ***p < 0.001. CG, control group. 2903: group infected with
MHOM/BR/1975/M2903. 2314: group infected with MHOM/BR/2003/2314. 1655: group infected with MHOM/BR/2000/1655.
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FIGURE 5 | Photomicrograph of cross-sections representing the ileum wall, villi, and crypts of hamsters infected by L. (V.) braziliensis (HE staining, 10×
magnification, scale bar = 100 μm, Olympus CX31). CG, control group. 2903: group infected with MHOM/BR/1975/M2903. 2314: group infected with MHOM/BR/
2003/2314. 1655: group infected with MHOM/BR/2000/1655.
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fibrillar collagen than all other groups in the experiment (p <
0.001). The two-way ANOVA demonstrated a significant main
effect for the time [F(1,40) = 4.70, p = 0.036] and infection [F(3,40) =
3.35, p = 0.028] without interaction between the variables. At 90
days of infection, type I collagen fiber decreased in 2903 (p = 0.015),
2314 (p = 0.001) and 1655 (p < 0.001) groups when compared to the
control. Hamsters in groups 2903 (p = 0.039) and 2314 (p = 0.012)
had reductions in type III collagen fiber at 90 days of infection when
compared to the controls, but type III fibers increased for both
groups in the period between 90 to 120 days of infection (2903: p =
0.015; 2314: p = 0.008). In the type III collagen fibers was observed
the interaction between the variables [F(3,40) = 4.34, p = 0.009] by
two-way ANOVA; while the type I demonstrated a significant main
effect only for the infection [F(3,40) = 4.06, p = 0.013] (Figure 9).

Presence of Amastigotes and
Inflammatory Changes in Ileums of
Infected Hamsters
As demonstrated in Table 1 after 120 days of infection, NO levels
in hamster ileums in group 1655 were higher than in the control
group. We observed an increase in myeloperoxidase enzyme
activity in group 2903 when compared to group 1655 at 90 days
of infection; the opposite was observed for NAG enzymatic activity.

Figure 10 shows an infiltration of mononuclear cells in the
mucous layer formed mostly by lymphocytes, plasmocytes, and
(to a lesser extent) polymorphonuclear leukocytes. In addition,
we observed signs of inflammatory infiltrates in mucosa,
submucosa and in crypts, and edemas in villi. Our findings of
immune cells inside and around ganglia suggest that ganglionitis
and periganglionitis could be correlated with changes observed
in the ENS. While using hematoxylin and eosin staining, we also
found forms that suggested amastigote presence; this presence
was later confirmed by immunohistochemistry.

The Infection Caused Morphometric
Changes in Neurons in the Myenteric
and Submucosal Plexuses
No quantitative changes in neurons or ganglias were observed in
the evaluation of total neuronal populations (immunostained
analysis with HuC/HuD) (Table 2).
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In the myenteric plexus, the bodies of neurons in groups 2314
(p = 0.023) and 1655 (p < 0.001) at 90 days of infection were
larger than the controls. However, significant reductions to
cellular bodies were recorded thereafter (2314: p = 0.014; 1655:
p < 0.001); at 120 days after infection, the cellular body sizes of
infected groups were similar to the control groups. However,
neuronal body sizes in the submucosal plexus at 120 days of
infection decreased by approximately 15% in group 2903, 30% in
2314, and 26% in 1655 when compared to the 120 days control
group (p < 0.001) (Figure 11).
DISCUSSION

Due to the clinical/epidemiological importance (Ministério da
Saúde, 2017; Conceição-Silva and Morgado, 2019; World Health
Organization, 2020) of the disease and its ability to use genetic
diversity to create more aggressive forms (Guimarães et al., 2016;
Rugani et al., 2018), our study evaluated the changes in hamster
ileums at 90 days and 120 days of infection from one reference
parasite strain and two clinically-isolated strains.

In infection-related lesions, different L. (V.) braziliensis
strains have presented different biological behaviors (Rêgo
et al., 2018) and cytokine and chemokine gene expressions in
skin lesions in hamsters (Rêgo et al., 2019). For example, in
BALB/c and C57BL/6 mice, different profiles of inflammatory
infiltrates in livers and spleens were found with or without the
presence of parasite (Pereira et al., 2009). Fernandes et al. (2016)
demonstrated various cytokine expressions and macrophage-
infectivity rates in in vitro experiments with the same strains
used in our study.

Almeida and collaborators Almeida et al. (1996) reported the
presence of L. (V.) braziliensis species in the spleens and livers of
hamsters that could multiply in situ, which enables the
production of secondary metastatic visceral lesions from a
primary skin lesion (the reverse could also be possible). We
found some Leishmania amastigote forms in infected hamster
ileums with all strains analyzed in our study. The changes
observed in this specific organ cannot be solely linked to the
presence of the protozoan, but as a systemic consequence of
FIGURE 6 | Morphometry of ileum enterocytes from hamsters infected with different L. (V.) braziliensis strains at 90 or 120 days of infection (μm). Data represented
in box plots (median with 25 to 75 percentile), whiskers (2.5 to 97.5 percentile), and mean (+) (n = 6). *p < 0.05; **p < 0.01; ***p < 0.001. CG, control group. 2903:
group infected with MHOM/BR/1975/M2903. 2314: group infected with MHOM/BR/2003/2314. 1655: group infected with MHOM/BR/2000/1655.
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infection. Pereira et al. (2009) also reported changes to livers and
spleens of mice infected with different L. (V.) braziliensis strains,
and Passos and collaborators Passos et al. (2020) demonstrated
changes to hamster colons infected with L. infantum.

Increases of blood leukocytes confirmed the systemic effects
of infection and necessity for mobilization of these cells to the
site of initial infection and possibly other organs, such as the
intestine. The presence of inflammatory infiltrates and increases
to submucosa, muscular layers, and villi in the present study
and other research (Góis et al., 2016; Santos et al., 2018a; Santos
et al., 2018b) support this hypothesis. These effects enable the
presence of the parasite in other organs, as defense cells
maintain viable parasitic forms in the interior and are used
as vehicles of the parasite to infect macrophages (Bogdan,
2020). When migrating from the infection site to the lymph
nodes, macrophages and other immune cells can transport the
parasite to other organs via the lymphatic system, as evidenced
by the presence of amastigote forms in the popliteal lymph
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 10
and the DNA of the parasite in mesenteric lymph nodes of
hamsters chronically-infected with L. (V.) braziliensis (Santos
et al., 2018b).

The inflammatory infiltrates observed in the lamina propria
of infected hamsters mainly contained mononuclear cells, similar
to observed in the duodenum of a patient infected by L. donovani
(Chattopadhyay et al., 2020). At 120 days of infection, decreases
were observed in various parameters of the intestinal wall and
blood leukocytes when compared to groups infected for 90 days.
This might be a natural part of the aging process, as this
reduction was also seen in the control groups.

Ganglionitis and periganglionitis have been reported in
hamsters infected with L. (V.) braziliensis (Santos et al., 2018b)
and L. infantum (Passos et al., 2020), but our article is the first to
numerically and morphometrically evaluate the neurons of both
ENS plexuses. The infiltration of immune cells in the ganglia can
lead to neuronal degeneration and consequently cause cell
dysfunction and loss (De Giorgio et al., 2004). However, the
FIGURE 7 | Ratio of globlet cells/100 of epithelial cells (EC) stained using the histochemical techniques of Alcian Blue (AB) pH 1.0, AB pH 2.5, and periodic acid-
Schiff (PAS). Data is represented in box plots (median with 25 to 75 percentile), whiskers (2.5 to 97.5 percentile), and mean (+) (n = 6). *p < 0.05; **p < 0.01.
Representative photomicrograph of the group 1655 at 90- and 120-days post infection showing goblet cells (black arrows) in each technique (AB pH 1.0 and 2.5
and PAS staining, 40× magnification, scale bar = 15 μm, Olympus BX50). CG, control group. 2903: group infected with MHOM/BR/1975/M2903. 2314: group
infected with MHOM/BR/2003/2314. 1655: group infected with MHOM/BR/2000/1655.
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neuroplastic response to inflammation enables intestinal
homeostasis (Mawe et al., 2009).

Hypertrophy of neuron bodies in the myenteric plexus at 90
days of infection suggests an increase in their metabolic activity;
this acts as a mechanism of adaptation to adverse conditions
suffered by these cells (Araújo, 2015; Trevizan et al., 2019). Such
alterations can interfere with intestinal motility and consequently
lead to an increase in muscle layers, as this plexus is responsible for
the coordinating movements of intestinal relaxation and
contraction (Nezami and Srinivasan, 2010; Machado et al., 2021).
This relationship has been observed with other protozoa (Araújo,
2015; Machado et al., 2021). At 120 days of infection, we observed
reduction in neuronal bodies and muscle layers in group 1655; this
may be related to more acidic mucus, and consequently, more fluid
and easier secretion (Góis et al., 2016).

The increase in immune cells and the presence of edemas in
the mucosal and submucosal layers contributed to the thickening
of both layers in the ileal wall. The migration of these cells may
have contributed to reductions to the body sizes of submucosal
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 11
neurons in all infected groups at 120 days of infection. These data
corroborate with those of other authors (da Silva et al., 2017;
Schneider et al., 2018) who demonstrated that submucosal
neurons are directly affected by intestinal inflammation. The
submucosal plexus controls the function of epithelial cells via the
lumen (Nezami and Srinivasan, 2010), chemical stimuli, and
distension of intestinal mucosa (Christofi, 2008). The loss of
normal functions of these neurons can cause dysfunction in
intestinal permeability and secretion. We evaluated the total
population of neurons (marked by HuC/HuD); other markers
can also be used to detect possible changes in specific neuronal
populations and ENS components.

The increase in cellularity in the lamina propria occurred
together with large increases of IELs, demonstrating the
attraction of immune cells to the epithelium (Santos et al.,
2018a; Santos et al., 2018b). This effect corroborates with the
previously discussed changes in submucosal neurons. IELs can
play a protective role on enterocytes in the maintenance of
epithelial integrity (Hu and Edelblum, 2017), an effect typically
FIGURE 8 | Proportion of intraepithelial lymphocytes (IELs) in 100 epithelial cells, mast cells, and TGF-b-immunoreactive cells (TGF-b-IR) per mm². Data represented
in box plots (median with 25 to 75 percentile), whiskers (2.5 to 97.5 percentile), and mean (+) (n = 6). *p < 0.05; **p < 0.01; ***p < 0.001. Representative
photomicrograph of IELs in the control group and 2314 at 90-days post infection (black arrows; HE staining, 40× magnification, scale bar = 15 μm, Olympus BX50);
mast cells in group 1655 at 90- and 120-days post infection (black arrows; blue toluidine staining, 40× magnification, scale bar = 15 μm, Olympus BX50); TGF-b-IR
of the control group and 2903 at 120-days post infection (yellow arrows; immunohistochemistry, 40× magnification, scale bar = 15 μm, Olympus BX50). CG, control
group. 2903: group infected with MHOM/BR/1975/M2903. 2314: group infected with MHOM/BR/2003/2314. 1655: group infected with MHOM/BR/2000/1655.
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associated with inflammatory intestinal diseases (Mahadeva
et al., 2002; Ahn et al., 2014; Sergi et al., 2017). Passos and
collaborators (2020) found similar results in hamster colons after
four months of L. infantum infection. In infected hamsters, we
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 12
observed deeper crypts, longer and larger villis, and an increase
of TGF-b-IR cells (a cytokine that controls growth and
differentiation of enterocytes) (Sangild et al., 2009). These
effects suggest there was a large proliferation of epithelial cells
FIGURE 9 | Area occupied by type I, type III, and total fibrillar collagen fibers (mm2). Data represented in box plots (median with 25 to 75 percentile), whiskers (2.5 to
97.5 percentile), and mean (+) (n = 6). *p < 0.05; **p < 0.01; ***p < 0.001. Photomicrograph of the area occupied by type I collagen fibers (yellow arrow) in control
group and 2314 at 90-days post infection; by type III collagen fibers (green arrow) in group 2314 at 90- and 120-days post infection; and of total fibrillar collagen
(black arrow) in group 2903 at 90- and 120-days post infection (Picrosirius Red staining, 20× magnification, scale bar = 25 μm, Olympus BX50). CG, control group.
2903: group infected with MHOM/BR/1975/M2903. 2314: group infected with MHOM/BR/2003/2314. 1655: group infected with MHOM/BR/2000/1655.
TABLE 1 | Biochemical analyses of the ileums of hamsters infected with different L. (V.) braziliensis strains at 90 and 120 days of infection.

NO (mM) MPO (OD) NAG (OD/g of wet tissue)

CG 47.41 ± 8.03 0.19 ± 0.02 23.23 ± 0.53
90 2903 57.25 ± 4.59 (0.24 ± 0.02) (19.37 ± 2.01)
days 2314 68.29 ± 8.72 0.20 ± 0.03 25.17 ± 2.52

1655 58.31 ± 13.27 (0.14 ± 0.02)# (28.52 ± 1.85)#

CG (31.02 ± 6.20) 0.12 ± 0.02 17.87 ± 2.72
120 2903 51.32 ± 12.85 0.17 ± 0.03 21.71 ± 4.13
days 2314 38.76 ± 13.26 0.15 ± 0.06 22.28 ± 2.25

1655 (66.51 ± 17.34)* 0.15 ± 0.03 21.76 ± 2.42
July 2021 |
The data are expressed as mean ± SE (n = 4). *p < 0.05 comparing 1665 to CG at 120 days. #p < 0.05 comparing 1655 to 2903 at 90 days. CG, control group. 2903: group infected with
MHOM/BR/1975/M2903. 2314, group infected with MHOM/BR/2003/2314. 1655, group infected with MHOM/BR/2000/1655. NO, nitric oxide dosage; MPO, enzymatic activity of
myeloperoxidase; NAG, enzymatic activity of N-acetyl-b-D-glucosaminidase; OD, optical density.
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FIGURE 10 | Photomicrograph of cross-sections of the ileum of hamsters infected by L. (V.) braziliensis. (A) Presence of inflammatory infiltrates in the intestinal wall
and in the crypts (HE staining, 10× magnification, scale bar = 100 μm; Olympus CX31). (B) Higher magnification of image A (HE staining, 40× magnification, scale
bar = 25 μm; Olympus CX31). (C–E) Inflammatory cells within and close to the myenteric and submucosal ganglia, suggestive of ganglionitis and periganglionitis (HE
staining, 40× magnification, scale bar = 25 μm; Olympus CX31). (F) Suggestive amastigotes forms (arrow), presence of immune cells and IELs (HE staining, 100×
magnification, scale bar = 5 μm; Olympus CX31) with a higher magnification (HE staining, 100× magnification, scale bar = 5 μm; Olympus BX50). (G, H) Leishmania
amastigotes in the ileum (immunohistochemistry, 100× magnification, scale bar = 5 μm; Olympus BX50).
TABLE 2 | Counting of neurons in the myenteric and submucosal plexuses (marked by HuC/HuD) in the ileum of hamsters infected with different L. (V.) braziliensis
strains at 90 and 120 days of infection.

Myenteric neurons (mm²) Submucosal plexus (mm²)

Number of ganglia Neurons inside ganglia Neurons outside ganglia Submucous neurons

CG 239.22 ± 4.62 9.13 ± 0.55 45.26 ± 3.27 15.43 ± 0.44 60.70 ± 3.61
90 2903 238.96 ± 5.54 11.10 ± 0.40 54.11 ± 1.04 15.26 ± 0.58 69.37 ± 0.87
days 2314 241.59 ± 5.00 10.12 ± 0.15 47.98 ± 1.72 14.80 ± 1.02 62.78 ± 1.45

1655 229.74 ± 1.12 10.87 ± 0.38 51.45 ± 1.50 15.32 ± 0.72 66.77 ± 2.05
CG 243.27 ± 3.08 9.94 ± 0.25 49.60 ± 0.79 16.36 ± 0.11 65.96 ± 0.87

120 2903 245.66 ± 11.40 9.40 ± 0.07 48.40 ± 0.90 16.49 ± 0.07 64.90 ± 0.88
days 2314 250.83 ± 7.28 10.02 ± 0.78 48.33 ± 3.26 14.88 ± 0.65 63.21 ± 3.91

1655 242.65 ± 2.67 10.86 ± 0.35 50.72 ± 1.35 14.56 ± 0.58 65.28 ± 1.93
Frontiers in
 Cellular an
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The data are expressed as mean ± SE in 1 mm2 (n = 4). GC, control group. 2903, group infected with MHOM/BR/1975/M2903. 2314, group infected with MHOM/BR/2003/2314. 1655,
group infected with MHOM/BR/2000/1655. Number of neuron totals were counted in the myenteric plexus. Number of ganglia, the quantity of neurons inside and outside the ganglia, and
the total number of neurons in the plexus were counted in the submucosal plexus.
e 11 | Article 687499

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Santos et al. New Target in L. braziliensis: Intestine
(Trevizan et al., 2016; Santos et al., 2018b); this may have led to
the changes observed in the absorptive cells.

TGF-b may have contrasting roles in intestinal inflammation
(Feagins, 2010). It possibly maintains intestinal homeostasis
(Troncone et al., 2018). On the other hand, increased levels of
this cytokine are found in areas of active intestinal inflammation
(Feagins, 2010). It also has a role in the susceptibility of infection
by L. (V.) braziliensis (Barral-Netto et al., 1992; Barral et al.,
1995) and other species of Leishmania (Li et al., 1999; Gantt
et al., 2003; Saha et al., 2007; Farage Frade et al., 2011). TGF-b
performs the negative regulation of various macrophase-related
microbicidal functions (Gantt et al., 2003; de Oliveira and
Brodskyn, 2012). This includes decreasing NO production
(Vodovotz et al., 1993; Bogdan, 2020), which is one of the
principal defense mechanisms against infection (Bogdan,
2020). In vitro studies using the same strains as our study have
not detected NO production by macrophages (Fernandes
et al., 2016).

TGF-b acts on mast cells and performs opposite roles that may
induce chemotaxis (Caslin et al., 2018). It is also capable of
inhibiting the proliferation and development of mast cells and
suppressing their function and survival (Ryan et al., 2007;
Fernando et al., 2013; Caslin et al., 2018). Mast cells are
important for tissue regeneration, as they enable the remodeling
of collagen fibers (Hamilton et al., 2014). A positive correlation
exists between the quantity of mast cells and immature collagen
fibers (Ribeiro et al., 2018), which can be observed in group 2314
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 14
at 120 days of infection. Mature collagen fibers decreased after
infection, demonstrating tissue remodeling (Pastre et al., 2019).

In the experimental conditions used in our study, L. (V.)
braziliensis infection caused distinct alterations dependent by
strain and infection duration in hamster ileum. In fact, in group
1655, some changes observed at 90 days of infection, approached
values of the control group at 120 days.Ileums generally seemed
to adapt to infection, considering the reduction of inflammatory
cells and increase of elements involving tissue regeneration at
120 days of infection. The changes observed in hamsters infected
with the MHOM/BR/2000/1655 strain were milder, although
this strain was isolated from a patient with a reactivation of a
lesion that had been previously considered cured. The groups
infected with the strain isolated from a patient effectively treated
with Glucantime® (MHOM/BR/2003/2314) presented a greater
effect in the ileum histoarchitecture that remained at 120 days of
infection. These results show the significance of the host and
their specific response to infection by different strains of
the parasite.

Our results revealed that L. (V.) braziliensis infection leads to
different morphological, cellular, biochemical and ENS neurons
changes in hamster ileum. Although clinical signs were not
observed during the experimental period, our results show that
the intestine is a possible target for future studies of the L. (V.)
braziliensis host relationship. Further studies are needed to
clarify the impacts of these changes on the function of the
organ and the mechanisms involved in the process.
FIGURE 11 | Size of neuron bodies (μm²) in the myenteric and submucosal plexuses of ileums of hamsters infected by L. (V.) braziliensis for 90 or 120 days. Data
represented in box plots (median with 25 to 75 percentile), whiskers (2.5 to 97.5 percentile), and mean (+) (n = 4). *p < 0.05; **p < 0.01; ***p < 0.001.
Photomicrograph of neurons from both plexuses (HuC/HuD immunohistochemistry, 20× magnification, scale bar = 50 μm, Olympus FSX100). CG, control group.
2903: group infected with MHOM/BR/1975/M2903. 2314: group infected with MHOM/BR/2003/2314. 1655: group infected with MHOM/BR/2000/1655.
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