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Abstract 

C57BL/6 mice, orally infected with T. gondii, experience pronounced severe intestinal inflammation, causing necrosis, 
weight loss, and bacterial translocation. In addition, immunomodulatory molecules such as lipocalins, nitrophorins, 
and apyrases are present in R. prolixus saliva. Our objective was to assess the immunomodulatory effects of the salivary 
gland extract (SGE) of R. prolixus in mice orally infected by T. gondii. Experimental groups received no treatment (PBS) 
or SGE (10 µg and 30 µg) in the chronic infection phase and (30 µg) in the acute infection phase. Control groups were 
non-infected and treated or not treated with SGE (30 µg). SGE was injected intraperitoneally daily, and mice were infected 
by gavage with 20 cysts of T. gondii (ME-49 strain) on the third treatment day. The treatment duration for the experiment 
was 23 days for the chronic infection phase (corresponding to 20 days of infection) and 12 days for the acute infection 
phase (corresponding to 9 days of infection). SGE-treated mice showed reduced small intestine shortening, weight loss, 
clinical scores, and higher survival rates. Treated mice also exhibited increased secretion of regulatory and protective 
cytokines (IL-4, IL-2, IL-10, IL-22) and higher levels of IL-4 (chronic phase), IL-2, and IL-22 (acute phase) in the gut. SGE treat-
ment (30 µg) demonstrated protective effects in both the duodenum and ileum of T. gondii-infected mice. Treated animals 
showed better-preserved villus architecture, increased goblet and Paneth cell counts, and shallower crypts. Correlation 
data revealed that treated animals exhibited a more regulated and protective immune response. Overall, SGE contributed 
to the preservation of intestinal integrity and the reduction of inflammation. Thus, we conclude that SGE induces a regula-
tory response, mitigating inflammation and protecting against T. gondii infection.
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Introduction
Toxoplasma gondii, an obligate intracellular parasite, 
causes Toxoplasmosis [1]. One of the reasons why this 
parasite is highly prevalent is because it interacts with 
and subverts host biological barriers [2].

The intestinal barrier is a semipermeable structure 
that allows the uptake of nutrients while simultaneously 
protecting hosts from pathogens. This barrier comprises 
many cells, mucus, bacteria, molecules, and proteins that 
maintain gut homeostasis [3]. The malfunction of gut 
structures, combined with environmental factors, path-
ogens, ethnic origin, or a dysregulated immune system, 
triggers inflammatory bowel disease (IBD). This condi-
tion is classified into two idiopathic disorders: Ulcera-
tive Colitis and Crohn’s Disease [4]. Crohn’s disease is a 
transmural inflammation that primarily affects the ileum, 
colon, or both [5].

The C57BL/6 mouse model is highly susceptible to 
Toxoplasma gondii infection, making it a key system for 
studying the pathogenesis of toxoplasmosis and the host 
immune response. Oral infection with T. gondii in these 
mice induces intense mucosal inflammation resembling 
human Crohn’s disease. This infection triggers a dysreg-
ulated inflammatory process that compromises intesti-
nal barrier integrity, facilitating pathogen translocation 
and exacerbating inflammation [6]. The uncontrolled 
response can lead to severe complications such as sep-
sis, worsening symptoms, and potentially death. Despite 
their high susceptibility, the C57BL/6 mice provide a val-
uable model for analyzing immunopathological mecha-
nisms and evaluating potential therapeutic interventions 
[7].

The damage caused by the parasite is mainly in the 
distal portion of the small intestine. Additionally, the 
disease in these mice is characterized histopathologi-
cally by transmural inflammation, fusion of villi cells, and 
increased necrosis. All these immunopathological pro-
cesses are mediated by Th1 cells and cytokines, such as 
tumor necrosis factor-α (TNF-α) and interferon-γ (IFN-
γ). In contrast, the IL-10 cytokine has an immunoregula-
tory role in preventing the damage triggered by T. gondii 
infection [8]. A previous study using an in  vivo model 
of inflammatory bowel disease (IBD) demonstrated that 
Triatominae saliva effectively reduced the levels of the 
inflammatory cytokine IL-6 in the intestine [9].

Hematophagous insects have many strategies to modu-
late host hemostasis and inflammation. Consequently, 
the saliva of these insects contains vasodilators, inhibi-
tors of the blood coagulation cascade, inhibitors of plate-
let aggregation, and immunomodulatory molecules. 
These substances are essential for obtaining an adequate 
blood meal and ensuring the survival of blood-sucking 
species [10].

Rhodnius prolixus is a hematophagous insect from the 
Reduviidae family, known as a vector of Trypanosoma 
cruzi, the causative agent of Chagas disease. The saliva of 
R. prolixus contains lipocalins, a family of proteins that 
interact with small molecules. Among these, Nitrophorin 
acts as an antihemostatic agent by releasing nitric oxide 
(NO) or histamine. Therefore, this protein family is cru-
cial for anti-inflammatory and anti-hemostatic functions 
[11, 12].

Given their anti-inflammatory pharmacological prop-
erties, the saliva of these insects offers potential as a 
treatment for diseases involving cytokine imbalance, 
such as Crohn’s disease and Toxoplasmosis. This study 
investigated the immunomodulatory effects of salivary 
gland extract (SGE) from R. prolixus in C57BL/6 mice 
orally infected with T. gondii.

Material and methods
Salivary gland extract (SGE)
Rhodnius prolixus males and females were obtained from 
the insect facility of the Federal University of Triângulo 
Mineiro (UFTM). A total of 280 insects were used for 
this experiment. The insects had their glands extracted 
after a 10  day fasting period, which allows for higher 
protein concentration. To prevent any batch differences 
from affecting the analysis, we pooled SGE from different 
batches before using them. The 280 insects used in the 
study were treated in the same manner to ensure consist-
ency in the results.

Triatomines were housed in plastic jars (5.0 L or 3.2 L) 
sealed with fine mesh fabric and secured with elastic 
bands. Inside, a folded and perforated paper served as 
a support for feeding and shelter. Jars were placed on 
shelves lined with white paper, with oil traps at the base 
to prevent ants. Monthly cleaning involved transfer-
ring the insects to a tray, separating them by develop-
mental stages, counting fifth-instar nymphs and adults, 
and replacing old paper. Dead insects and molts were 
discarded in 70% alcohol. For weekly feeding, mice 
were immobilized and placed over the insect jars for 
1.5 h while monitoring. After feeding, confirmed by the 
insects’ engorgement, the mice are untied and returned 
to their housing. Feeding details were recorded on the 
jar’s label, as approved by the UFTM Animal Ethics 
Committee (23085.004370/2020-81). For salivary gland 
dissection, the triatomines were cleaned with distilled 
water and 70% ethanol. Subsequently, the head segment 
was separated, and the salivary gland was removed. The 
glands were ground using sterile needles (40 × 1.6  mm, 
16G), and the resulting material was centrifuged at 13000 
× g. The supernatant salivary glandular extract (SGE) was 
collected, and protein concentration was measured using 
a NanoDrop 2000 spectrophotometer (Thermo Fisher 
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Scientific, Wilmington, DE, USA). Aliquots were stored 
at  − 80 °C until use.

T. gondii infection
Calomys callosus, previously infected via oral gavage, 
were used to obtain T. gondii (ME49 strain) cysts. Fol-
lowing chronic infection, the brains of C. callosus were 
aseptically removed, washed, and then macerated. They 
were homogenized in 2 mL of sterile PBS (pH 7.2) using 
a 5 mL syringe and a 25 × 7 mm needle. The cysts were 
then counted under a light microscope and resuspended 
in a sterile PBS buffer to obtain a final concentration of 
20 cysts per 100 μL of PBS.

Animals
Male C57BL/6 mice aged 6–8  weeks were housed in 
the animal facility of the Federal University of Uberlân-
dia/Brazil (REBIR/UFU) under a 12  h light/dark cycle 
with ad libitum access to food and water. This study was 
approved by the Federal University of Uberlândia Ani-
mal Experimental Ethics Committee (CEUA/UFU) under 
protocol number 023/19. The C57BL/6 mice are highly 
susceptible to T. gondii infection, making them an essen-
tial model for studying the pathogenesis of toxoplasmosis 
and the immune response to this parasite.

Seven experimental groups were designed, each con-
taining 10 mice: Non-infected and non-treated con-
trol; Non-infected and treated control (30  µg of SGE); 
Chronic infection and non-treated; Chronic infection 
and treated (10 µg of SGE or 30 µg of SGE); Acute infec-
tion and treated (30  µg of SGE); Acute infection and 
non-treated. The animals in the treated groups received 
SGE diluted in sterile PBS (phosphate-buffered saline), 
while untreated animals received only PBS. In this study, 
the untreated group, which received only PBS, serves as 
a baseline for comparison with the groups treated with 
SGE from Rhodnius prolixus. The administration of PBS 
mimics the injection procedure of the treated animals, 
but without the active compound (Fig. 1).

The experiment was designed for acute (9 days of infec-
tion and 12 days of treatment) and early Chronic phase of 
infection (20 days of infection and 23 days of treatment) 
based on literature and our previous experience [13, 14] 
(Fig. 1). The day euthanasia in the acute infection phase 
(9 days of infection and 12 days of treatment) was cho-
sen because it was the first day of the acute phase that we 
observed a difference in weight loss between the treated 
and untreated groups. These data were obtained by daily 
following of animals from the chronic phase infection. 
The infection was performed on the 3rd day of treatment 
via oral gavage. The animals received 20 cysts diluted in 
sterile PBS, and non-infected controls received only PBS. 
The treatment was administered daily and performed 

intraperitoneally using 10 or 30  µg of SGE/day/animal). 
Body weight variation, clinical scores, and survival were 
evaluated daily for each mouse for a period of 23 days for 
chronic infection. The scores were determined according 
to BARTLEY et al. [15] with modifications (Fig. 1). Due 
to the lack of significant effects observed with the use of 
10  µg of SGE during the chronic phase of infection, we 
performed the acute phase of infection using only 30 µg 
of SGE.

Euthanasia
After 23 or 12 days from the beginning of the treatment, 
the animals were euthanized by cervical dislocation fol-
lowing intraperitoneal injection of ketamine (Syntec 
Brazil Ltd., SP, Brazil) and xylazine (Schering-Plough 
Coopers, Cotia, SP, Brazil). The small intestine was col-
lected, and its length was measured. Then, small pieces 
of the intestine (approximately 1 cm from each segment) 
were collected for cytokine quantification using ELISA 
and Cytometric Bead Array (CBA) assays. Blood samples 
were collected through the retro-orbital collection.

Intestine measurement
Small intestines were entirely removed, measured, and 
their shortening percentage calculated relative to unin-
fected mice according to Heimesaat et al. [16].

Histological preparation
After collection, the small intestine was washed with PBS 
and segmented into the duodenum, proximal jejunum, 
distal jejunum, and ileum. The fragments were opened 
longitudinally, rolled with the mucosa facing outward, 
and subjected to the Swiss roll technique, enabling com-
prehensive histological analysis of the entire intestinal 
length [17]. Next, the intestinal fragments were fixed in 
10% buffered formalin and dehydrated with increasing 
concentrations of ethyl alcohol. The clearing was per-
formed by immersion in xylene and followed by paraf-
fin infiltration. The four fragments were embedded in 
paraffin blocks, sectioned into 4 µm slices using a Leica 
RM2125 RTS Rotary Microtome (Leica Biosystems, Buf-
falo Grove, IL, USA), and mounted on glass slides coated 
with Poly-L-Lysine (Sigma Aldrich), with two sections 
per slide spaced 40 µm.

Morphometrics
Histological sections of small intestine segments were 
analyzed. The tissue fragments were stained with the 
Periodic Acid-Schiff (PAS) reaction to detect mucins in 
goblet cells [18] and were counterstained with hematoxy-
lin to highlight cell nuclei. The slides were digitized using 
the Leica Aperio AT Turbo ScanScope scanner (Leica 
Biosystems, Buffalo Grove, IL, USA), and image analysis 
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Fig. 1  A Experimental Design: Seven experimental groups were designed (10 animals/group): non-infected and non-treated control (injected 
with PBS); non-infected and treated control (30 µg of SGE); chronic infection and non-treated; chronic infection and treated (10 or 30 µg 
of SGE); Acute infection and treated (30 µg of SGE); acute infection and non-treated. The untreated control group received 100 µL of PBS, 
while the experimental groups received 10 or 30 µg of SGE daily via intraperitoneal injections. On the third day of treatment, infected mice were 
orally administered 20 cysts of T. gondii (ME 49 strain) through gavage. The experiment lasted 23 days for the chronic phase (23 days of treatment 
including 20 days of infection) and 12 days for the acute phase of infection (12 days of treatment including 9 days of infection). Throughout 
the experiment (23 days), daily recordings of weight and morbidity scores were registered. The euthanasia was conducted on the final day 
of treatment and the small intestine was measured and collected for morphometrics. Blood samples and small intestine fragments were obtained 
for cytokine measurement using CBA and ELISA. B The scores were determined according to BARTLEY et al. [15] with modifications
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was conducted using Aperio ImageScope software (ver-
sion 12.3.3).

For each section, 10 distinct fields were captured at 
20 × magnification, and the following measurements were 
taken using Image-Pro software (Media Cybernetics): vil-
lus length, crypt depth, villus area, epithelial area, con-
nective tissue area, percentage of connective tissue, and 
goblet cell count. Measurements were obtained from 3 
villi in each of the 10 fields captured per section, result-
ing in a total of 20 images per animal (10 per section). 
For each animal, the Swiss roll preparation was sectioned 
into two slides, spaced 40 µm apart.

To quantify villus connective tissue area, total villus 
area, villus epithelial area, and the percentage of connec-
tive tissue, 3 random villi were selected, and the respec-
tive areas were measured. The villus epithelial area was 
determined by subtracting the connective tissue area 
from the total villus area, providing an estimate of the 
epithelial area. Crypt length was measured from the base 
of the villi to the transition point between the epithelium 
and lamina propria. The percentage of villus connective 
tissue was calculated by dividing the connective tissue 
area by the total villus area and multiplying by 100. For 
goblet cell counts, the total number of epithelial cells in 
3 randomly selected villi was measured, and goblet cells 
were quantified per 1000 µm2 of epithelium. For Paneth 
cell quantification, 3 random crypts were selected per 
image, and 10 images were analyzed.

Cytokines quantification
For the quantification of local cytokines, fragments of 
the duodenum, jejunum, and ileum were weighed and 
homogenized in radioimmunoprecipitation assay buffer, 
supplemented with protease inhibitor tablets (Roche 
Diagnostics GmbH, Mannheim, Germany). The solution’s 
volume was adjusted to achieve a tissue concentration of 
200  mg/mL during homogenization. The homogenates 
were centrifuged at high speed, and the supernatant was 
collected for cytokine measurement using ELISA and 
CBA assays. In addition, serum samples were used to 
quantify cytokines.

Cytokine profiles were measured using the CBA mouse 
kit (BD Bioscience, San Diego, CA, United States) follow-
ing the manufacturer’s instructions. The samples were 
analyzed using BD™ flow cytometry (FACSCanto, BD 
Company, San Diego, CA, United States), and the data 
were recorded using BD™ Cell Quest software. Cytokine 
levels were expressed as pg per 10 mg of small intestine 
extract. Cytokines such as IL-23, IL-12, IL-4, IL-6, IL-10 
(BD OptEIA™), and MIF, TGF-β, IL-22, IL-5, and IL-17 
(R&D Systems, Inc.) were quantified in intestinal tissue, 
while IL-22, IL-5, MIF, and TGF-β were also measured in 

serum samples. The ELISA was performed according to 
the manufacturer’s instructions, and the concentration 
of each cytokine was determined by extrapolating curves 
with known concentrations for each cytokine.

Statistical analyses
Data analysis was conducted using GraphPad Prism soft-
ware (version 8.0, GraphPad Software Inc., San Diego, 
CA, USA). Results were expressed as mean ± standard 
deviation (SD) with 10 animals per group (n = 10). Sta-
tistical comparisons between experimental groups were 
performed using one-way ANOVA followed by Sidak’s 
post-test. Two-way ANOVA was used to evaluate the 
simultaneous effects of two independent variables, fol-
lowed by Tukey’s post-test to identify specific differences 
between groups. Correlation matrices were calculated in 
R Studio. Spearman’s test was used for non-parametric 
data, while Pearson’s test was applied for parametric data. 
Heatmaps were generated using the corrplot package 
(v0.94; Wei & Simko, 2024). Correlation matrix data were 
exported to Cytoscape software (version 3.8.2) and ana-
lyzed using the MetScape package. This tool enables the 
construction and visualization of correlation networks. 
For network visualization, only correlation values greater 
than 0.5 or less than − 0.5 were considered.

Results
Animals treated with R. prolixus SGE exhibited fewer 
clinical manifestations than non‑treated ones
 Daily clinical score assessments were conducted in the 
chronic phase group to evaluate the potential of R. pro-
lixus SGE in reducing clinical signs of toxoplasmo-
sis. Thus, animals treated with 10  µg or 30  µg of SGE 
and non-treated mice were evaluated daily. No clinical 
symptoms were observed in any group until the 8th day 
of treatment (5th day of infection). From the 9th to the 
13th  day of treatment (6th to 10th  day of infection), 
animals developed acute disease symptoms, but no sig-
nificant differences were observed between groups. The 
30  µg SGE-treated group exhibited significantly lower 
clinical scores than the non-treated group on 14th, 16th 
to 18th, 20th, 22nd, and 23rd treatment days (11st, 13th 
to 15th, 17th, 19th, and 20th  days of infection). Addi-
tionally, the 30 µg SGE group showed significantly lower 
scores than the 10 µg group on days 16, 17, 20, 21, and 
22 of the treatment (Fig.  2A). Analysis of overall scores 
indicated that animals treated with 30 µg of SGE showed 
fewer clinical manifestations compared to both the non-
treated group and the 10 µg SGE group (Fig. 2B). These 
findings suggest that treatment with 30 µg of R. prolixus 
SGE reduced clinical scores, highlighting its potential to 
alleviate the clinical signs of intestinal toxoplasmosis.
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R. prolixus SGE has a protective effect against weight loss 
during toxoplasmosis
Daily weight assessments were performed in the chronic 
phase group to evaluate whether SGE treatment could 
protect mice from weight loss. Mice experienced weight 
loss from the 5th to the 12th day of treatment (2nd to the 
9th day of infection). On the 9th day of infection/12th day 
of treatment, the first distinction between treated (30 µg) 
and non-treated groups was observed (Fig. 2C). Despite 
no statistical difference, this parameter was used to 
choose the euthanasia date in the acute phase of infec-
tion (Fig. 1A). By the 13th to 22th day of treatment (10th 
to 19th day of infection), groups treated with 30 µg of R. 
prolixus saliva showed significant differences compared 
to the non-treated group. Additionally, the 30  µg SGE 
group showed significantly lower scores than the 10  µg 

group on day 16th of treatment (13th  day of infection) 
(Fig. 2C).

Animals treated with R. prolixus SGE showed a higher 
survival rate
The survival rate was calculated to evaluate the potential 
protective effect of SGE on mouse mortality. We analyzed 
the survival rates of mice treated with 10 or 30 µg of SGE 
compared to non-treated animals. Our results revealed 
that animals treated with 30  µg of SGE (90%) have had 
a higher survival rate compared to the 10 µg SGE group 
(68%) and the non-treated group (79%). However, no sig-
nificant difference was observed among the groups (Fig. 
2D).

Fig. 2  Clinical outcomes in C57BL/6 infected mice untreated or treated with SGE (10 or 30 µg). A Clinical scores were assessed daily over the 23-day 
treatment period. B Overall clinical scores; C The percentage of weight loss; D Survival rates measurements. Differences in daily scores, daily loss 
percentage weight, and overall score analysis were analyzed using one-way ANOVA. Significant variations were indicated as follows: asterisks 
(*) indicate comparisons between treated animals 10 µg and 30 µg (* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001); Hashtag (#) indicate comparisons 
between untreated and treated animals (SGE 30 µg), (# p ≤ 0.05, ## p ≤ 0.01, ### p ≤ 0.001); Ampersand (&) indicate comparisons between untreated 
and treated animals (SGE 10 µg) (p ≤ 0.05, && indicates p ≤ 0.01, &&&). Small intestine length in C57BL/6 mice infected or not with T. gondii and 
treated or not with SGE (10 µg or 30 µg) during chronic or acute phases. E Represents the measured length of the small intestine. Data were 
analyzed using 2-way ANOVA followed by Tukey’s multiple comparison post-test. F Illustrates the percentage of shortening Asterisks indicated 
statistical significance, * p ≤ 0.05 and ** p ≤ 0.01 (n = 10 mice per group)
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Animals treated with R. prolixus SGE showed less small 
intestine shortening during the chronic phase 
of toxoplasmosis
We measured the length of the intestine after euthana-
sia to determine if SGE could protect against intestinal 
shortening. Our results demonstrated that untreated ani-
mals exhibited a shorter intestine and a higher percent-
age of intestine shortening compared to animals in both 
the acute and chronic phases of infection. Furthermore, 
treated animals receiving 30 µg of SGE showed a smaller 
intestine length and a higher percentage of intestine 
shortening compared to those in the acute phase of infec-
tion (Fig. 2E and F).

Rhodnius prolixus SGE modulated systemic cytokines 
during Toxoplasma gondii infection
Cytokine profiles were analyzed to assess the influence 
of SGE on modulating the systemic immune response 

during both the acute and chronic phases of infection. 
Our goal was to determine whether treatment with SGE 
could elicit an immune response capable of restricting T. 
gondii immunopathology.

Regarding Th1 cytokines, our data have demonstrated 
that systemic inflammatory cytokines (TNF, IFN-γ, and 
MIF) have been increased in response to T. gondii infec-
tion in both the acute and chronic phases (Fig.  3A–C). 
Comparisons between untreated and treated mice 
revealed that during the acute phase of infection, TNF 
secretion was higher in treated mice compared to non-
treated ones (Fig. 3A). No significant differences between 
untreated and treated mice were detected for the other 
cytokines analyzed. Additionally, we observed a signifi-
cant decrease in inflammatory cytokines (TNF and IFN-
γ) during the transition from the acute to the chronic 
phase of infection in both groups, treated and untreated 
(Fig. 3A and B). For MIF, T. gondii infection triggered an 

Fig. 3  Systemic cytokines were analyzed using CBA and ELISA in C57BL/6 mice, whether infected or not with T. gondii, and treated or not with SGE 
(30 µg) during chronic or acute infection phases. The cytokines were measured in mice serum, and data are expressed as the mean and standard 
deviation of cytokine secretion (pg/mL). A TNF, B IFN-γ, C MIF, D IL-4, E IL-10, F IL-2, G TGF-β, H IL-17, and (I) IL-6. # Represents significant 
differences between treated and untreated groups in the same experimental condition (treated and untreated mice). *Represents differences 
between different experimental conditions (uninfected, acute infection, and chronic infection). Tests were performed using 2-way ANOVA followed 
by Tukey’s multiple comparison post-test, and differences were considered significant when * = 0.05, ** = 0.01, *** = 0.001. # = 0.05, ## = 0.01, 
### = 0.001 (n = 10 mice per group). IFN-γ, TNF, IL-17, IL-6, IL-4, IL-2, and IL-10 were measured by CBA, and MIF and TFG-β were measured by ELISA
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increase in this cytokine’s level during both the acute and 
chronic infection phases in treated mice and during the 
chronic phase in untreated mice. Notably, MIF secretion 
was higher during the chronic phase compared to the 
acute phase for untreated animals (Fig. 3C).

Regarding Th2/Treg cytokines, our results showed 
that serum anti-inflammatory cytokines were elevated in 
response to T. gondii infection in the chronic phase for 
both treated (IL-4, IL-10, IL-2, and TGF-β) and untreated 
(IL-2 and TGF-β) animals (Fig.  3D–G). Comparisons 
between untreated and treated mice revealed that dur-
ing the chronic phase of infection, IL-4, IL-10, and IL-2 
secretion were higher in treated mice compared to 
non-treated ones (Fig.  3D–F). A significant increase in 
anti-inflammatory cytokines was observed during the 
transition from the acute to the chronic phase of infec-
tion in both treated (IL-4, IL-10, IL-2, and TGF-β) and 
untreated (TGF-β) groups (Fig. 3D–H).

Regarding systemic Th17 responses, our data revealed 
that treated mice exhibited a significant increase in IL-17 
secretion in response to infection during the chronic 
phase. Furthermore, IL-17 secretion was elevated in 
treated mice during the transition from the acute to 
chronic phase of infection (Fig.  3H). Additionally, IL-6 
levels increased in response to T. gondii infection in both 
the acute and chronic phases for treated and untreated 
mice (Fig.  3I). Finally, systemic IL-22 was significantly 
higher in treated animals during the acute phase com-
pared to treated animals in the chronic phase. During the 
chronic phase, treated and infected animals had signifi-
cantly higher serum levels of IL-22 than untreated and 
infected animals (Fig. 3J).

Rhodnius prolixus SGE modulated intestinal cytokines 
in response to T. gondii infection
This study investigated the impact of T. gondii infection 
on intestinal cytokine profiles. The results revealed that 
T. gondii infection significantly increased the production 
of intestinal TNF and IFN-γ during the acute phase of 
infection in both treated and non-treated groups com-
pared to uninfected mice. However, the production of 
these cytokines decreased during the transition from the 
acute to the chronic phase of infection. Results were sta-
tistically significant for the treated group (TNF) or for 
both the treated and untreated groups (IFN-γ) (Fig. 4A, 
B). The levels of intestinal IL-12 were significantly higher 
in treated mice during the acute phase of infection com-
pared to uninfected treated ones (Fig. 4C).

Intestinal IL-5 levels were significantly increased during 
the acute phase of infection in both treated and untreated 
mice compared to uninfected controls. Moreover, IL-5 
levels were significantly reduced during the transition 
from the acute to the chronic phase of infection for both 

treated and untreated mice (Fig.  4D). Regarding IL-2, 
treated animals produced significantly more IL-2 than 
non-treated animals during the acute phase of infection 
(Fig. 4E). Additionally, for treated mice, IL-2 and TGF-β 
levels were significantly lower in the chronic infection 
phase compared to the acute infection phase or com-
pared to uninfected mice (Fig.  4E and F, respectively). 
Concerning IL-4, production was increased due to SGE 
treatment during the chronic infection phase. IL-4 pro-
duction in treated mice was significantly higher in the 
chronic phase of infection compared to both the acute 
infection phase and uninfected controls (Fig.  4G). For 
IL-10, no significant differences were observed between 
the groups (Fig. 4H). For MIF, uninfected and untreated 
mice produced more MIF than to infected mice during 
both the acute and chronic infection phases. Likewise, 
MIF production in the chronic infection phase of treated 
mice was reduced compared to uninfected mice or the 
acute infection phase (Fig. 4I).

Regarding intestinal Th17 cytokines, IL-17 production 
significantly decreased in treated infected groups during 
both the acute and chronic phases compared to unin-
fected controls (Fig. 4J). IL-6 production was significantly 
increased during the acute infection phase in treated 
mice. The transition from the acute to chronic infection 
phase caused a decrease in IL-6 production, with this 
decrease being significant for untreated mice (Fig.  4K). 
During the acute infection phase, treated mice produced 
significantly more IL-22 than non-treated mice. In the 
treated group, IL-22 production was significantly higher 
in the acute infection phase compared to both uninfected 
mice and the chronic phase of infection (Fig. 4L). Finally, 
IL-23 production during the acute phase was significantly 
lower in treated mice compared to non-treated ones. In 
contrast, during the chronic infection phase, IL-23 lev-
els were significantly higher in treated mice compared to 
untreated ones. In treated mice, acute infection caused a 
decrease in IL-23 production, while the chronic infection 
phase triggered an increase in IL-23 compared to unin-
fected controls. The transition from the acute to chronic 
infection phase caused an increase in IL-23 production 
(Fig. 4M).

SGE has protective effects against pathology 
in the duodenum
To evaluate the protective role of SGE against intestinal 
pathology, we analyzed various morphometric param-
eters in the duodenum, including the count of goblet cells 
and Paneth cells. The groups treated with 30  µg in the 
chronic phase showed a significantly larger villus area, 
villi connective tissue, epithelium area, and villus length 
compared to the acute phase treated group and the unin-
fected treated group. Additionally, in the chronic phase, 



Page 9 of 24Sousa et al. Gut Pathogens           (2025) 17:13 	

treatment with SGE (30 µg) resulted in a larger intestinal 
epithelial area than untreated animals (Fig. 5A–D).

Infected animals treated with SGE in the acute phase 
exhibited the highest number of goblet cells, surpassing 
those treated with SGE in the chronic phase and unin-
fected mice. Additionally, infected, untreated animals in 
the chronic phase had fewer goblet cells than untreated 
animals in the acute phase and uninfected, untreated 
animals. In the acute phase, treatment with SGE signifi-
cantly increased goblet cell count compared to untreated 
animals (Fig.  5E). Our data showed that, the percent-
age of connective tissue was higher in chronic infection 
phase compared to acute phase in both, treated and non-
treated mice. Also, in non-treated mice, the percentage 
of connective tissue is higher in chronic infection phase 
than in non-infected mice (Fig.  5F). Our results dem-
onstrated that T. gondii infection leads to an increase in 

intestinal crypts, with a more pronounced effect in the 
chronic phase. Infected animals treated with SGE 30 µg, 
in both the acute and chronic phases, exhibited shal-
lower crypts compared to their respective untreated 
groups (Fig.  5G). Our results also demonstrated that 
T. gondii infection has led to a depletion in the Paneth 
cells. However, a recovery in this number was observed 
in the chronic phase. Finally, animals treated with SGE 
in the chronic phase showed a significantly higher num-
ber of Paneth cells compared to untreated animals in the 
chronic and acute phases (Fig.  5H). In general, histo-
logical analysis showed that uninfected mice maintained 
preserved intestinal architecture. In contrast, infected, 
untreated animals in the acute phase displayed larger 
crypts, fewer goblet cells and slightly enlarged villi due 
to the accumulation of subepithelial edema. Infected 
animals treated with SGE in the acute phase exhibited 

Fig. 4  Intestinal cytokines were analyzed using CBA and ELISA in C57BL/6 mice, whether infected or not with T. gondii, and treated or not with SGE 
(30 µg) during chronic or acute infection phases. Fragments of the small intestine were collected and homogenized in RIPA buffer and adjusted 
to a concentration of 200 mg/mL. Data are expressed as the mean and standard deviation of cytokine amounts. A TNF, B IFN-γ, C MIF, D IL-4, E IL-10, 
F IL-2, G TGF, H IL-17, and (I) IL-6. # Represents significant differences between treated and untreated groups in the same experimental condition 
(treated and untreated mice). *Represents differences between different experimental conditions (uninfected, acute infection, and chronic 
infection). Tests were performed using 2-way ANOVA followed by Tukey’s multiple comparison post-test, and differences were considered 
significant when * = 0.05, ** = 0.01, *** = 0.001. # = 0.05, ## = 0.01, ### = 0.001 (n = 10 mice per group). IFN-γ, TNF, IL-17, IL-6, IL-4, IL-2, and IL-10 were 
measured by CBA, whereas IL-12, MIF, IL-5, TFG-β, IL-22, and IL-23 were measured by ELISA
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smaller crypts and more significant number of goblet and 
Paneth cells (Fig. 6A–D).

In the chronic infection phase, animals treated with 
SGE showed significantly larger villus area, greater 
connective tissue area, longer villus length, shallower 
crypts, and a higher number of Paneth cells compared 
to untreated animals. Subepithelial edema was mainly 
observed in the untreated groups. (Fig.  6E–F). Image 
analysis revealed that uninfected animals preserved 
Paneth cells. Infected animals in the acute phase showed 
a depletion in the number of Paneth cells. However, treat-
ment with SGE in the acute phase significantly increased 
the number of these cells (Fig.  7A–D). In the chronic 

phase, a recovery in the number of Paneth cells was 
observed in all groups. However, animals treated with of 
SGE showed a significantly higher number of these cells 
compared to untreated animals (Fig. 7E–G). Overall, the 
results indicate a protective effect of SGE on intestinal 
integrity, especially in the chronic phase of the pathology.

SGE has protective effects against pathology in the ileum
Various morphometric parameters were observed in the 
ileum to assess the protective role of SGE against intes-
tinal pathology, including goblet cell and Paneth cell 
counts. In the acute phase, animals treated with SGE 
showed a decrease in villus area compared to uninfected 

Fig. 5  Morphometric study of the duodenum in C57BL/6 mice, infected or not with T. gondii and treated or not with SGE (30 µg) during the chronic 
or acute phases. # Represents significant differences between groups in the same phase of the disease. * Represents differences between different 
experimental conditions (uninfected, acute infection, and chronic infection). Tests were performed using two-way ANOVA followed by Tukey’s 
multiple comparison post-test, and differences were considered significant when * ≤ 0.05, ** ≤ 0.01, *** ≤ 0.001. # ≤ 0.05, ## ≤ 0.01, ### ≤ 0.001 (n = 10 
mice per group)
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treated animals. The chronic phase of the disease led 
to an increase in the villus area compared to animals in 
the acute phase or the control group. In the acute phase, 
untreated animals exhibited a larger villus area compared 
to those treated with SGE. Conversely, in the chronic 
phase, animals treated with SGE had the largest villus 
area (Fig. 8A).

Our data demonstrated that T. gondii infection caused 
a significant increase in connective tissue in the chronic 
phase of infection in treated and non-treated mice. Also, 
connective tissue in the chronic phase is higher than in 
the acute infection phase. Moreover, untreated animals 
in the acute phase showed more villi connective tissue 
compared to SGE-treated mice (Fig.  8B). In the acute 

infection phase, animals treated with SGE had a reduced 
epithelial area of the villi compared to uninfected, treated 
animals. Moreover, infection led to a significant increase 
in epithelial area during the chronic phase compared to 
control and acute phase animals (Fig.  8C). During the 
acute phase, animals treated with SGE showed a reduc-
tion in villus length compared to uninfected, treated 
animals. Additionally, T. gondii infection significantly 
increased villus length during the chronic phase com-
pared to control and acute phase animals. In the acute 
infection phase, untreated animals exhibited higher villi 
length than SGE-treated mice (Fig.  8D). Our results 
indicated that chronic phase infection caused a signifi-
cant reduction in goblet cells compared to uninfected 

Fig. 6  Duodenum of C57BL/6 mice, infected or not with T. gondii and treated or not with SGE 30 µg during the chronic or acute phases. Tissue 
sections of 4 µm, embedded in paraffin, were stained with Periodic Acid-Schiff (PAS). The slides were scanned, and images were captured using 
Aperio Imagescope software (version 12.3.3). Original magnification: 20x. Arrows indicate subepithelial edema. The scale bar represents 200 µm 
for a 20 × magnification of the epithelium or 2 µm for a 2 × magnification of a Swiss roll. The categories represented are: A Uninfected, untreated 
animals; B Uninfected animals treated with SGE 30 µg; C Infected, untreated animals in the acute phase; D Infected animals treated with SGE 30 µg 
in the acute phase; E Infected, untreated animals in the chronic phase; F Infected animals treated with SGE 30 µg in the chronic phase
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Fig. 7  Paneth cells in the duodenum of C57BL/6 mice, infected or not with T. gondii and treated or not with SGE 30 µg during the chronic 
or acute phases. Tissue sections of 4 µm, embedded in paraffin, were stained with Periodic Acid-Schiff (PAS). The slides were scanned, and images 
were captured using Aperio Imagescope software (version 12.3.3). Original magnification: 40x. Scale bar = 60 µm. The categories represented 
are: A Uninfected, untreated animals; B Uninfected animals treated with SGE 30 µg; C Infected, untreated animals in the acute phase; D Infected 
animals treated with SGE 30 µg in the acute phase; E Infected, untreated animals in the chronic phase; F Infected animals treated with SGE 30 µg 
in the chronic phase
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mice and the acute infection phase. Also, untreated ani-
mals had fewer goblet cells in the acute phase than SGE-
treated mice. (Fig. 8E).

Regarding the percentage of connective tissue in the 
villi, the results showed that animals treated with SGE 
in the acute phase had a higher percentage compared to 
those treated with the same dose in the chronic phase and 
uninfected animals. Additionally, chronic phase animals 
in the acute phase had a higher percentage of connec-
tive tissue compared to the chronic phase mice (Fig. 8F). 
T. gondii infection significantly increased crypt depth 
during the acute phase, with an even more pronounced 
increase in the chronic phase than in the acute infection 

phase. In both the acute and chronic phases, animals 
treated with SGE had significantly shallower crypts com-
pared to infected, untreated animals (Fig. 8G). T. gondii 
infection reduced the number of Paneth cells during the 
acute infection phase, followed by a slight recovery in the 
chronic phase. In the acute and chronic infection phases, 
animals treated with SGE had more Paneth cells than 
untreated mice. (Fig. 8H).

Histologically, uninfected animals maintained pre-
served intestinal morphology. In the acute phase, 
untreated animals showed a marked increase in crypt 
depth, subepithelial edema, and increased connective tis-
sue and epithelial area (due to cellular hypertrophy), as 

Fig. 8  Morphometric study of the ileum in C57BL/6 mice, infected or not with T. gondii and treated or not with SGE (30 µg) during the chronic 
or acute phases. # Represents significant differences between groups in the same phase of the disease. * Represents differences between different 
experimental conditions (uninfected, acute infection, and chronic infection). Tests were performed using two-way ANOVA followed by Tukey’s 
multiple comparison post-test, and differences were considered significant when * ≤ 0.05, ** ≤ 0.01, *** ≤ 0.001. # ≤ 0.05, ## ≤ 0.01, ### ≤ 0.001 (n = 10 
mice per group)



Page 14 of 24Sousa et al. Gut Pathogens           (2025) 17:13 

well as increased villus area and length (due to a com-
bination of excess connective tissue and inflammatory 
tissue hypertrophy). In contrast, animals treated with 
SGE showed less edema, reduced crypt depth, and fewer 
immunopathological alterations (Fig. 9A–D).

In the chronic phase, untreated animals exhibited 
extensive subepithelial edema and deep crypts. How-
ever, animals treated with SGE showed better epi-
thelial recovery, reduced edema, and larger villi than 
untreated animals (Figs 9E–H). Regarding Paneth cells, 
image analysis revealed that uninfected groups main-
tained these cells. Infected animals in the acute phase 

had a depletion of Paneth cells. However, treatment 
with SGE in either the acute or chronic phase resulted 
in a significant increase in the number of these cells 
compared to untreated groups (Fig. 10). In conclusion, 
treatment with SGE positively impacted intestinal mor-
phology recovery in infected mice, particularly in the 
chronic phase. There was a significant increase in vil-
lus area, connective tissue, epithelium, and villus length 
in animals treated with SGE during the chronic phase, 
suggesting a protective and regenerative effect of SGE 
on the intestinal mucosa.

Fig. 9  Ileum of C57BL/6 mice, infected or not with T. gondii and treated or not with SGE 30 µg during the chronic or acute phases. Tissue 
sections of 4 µm, embedded in paraffin, were stained with Periodic Acid-Schiff (PAS). The slides were scanned, and images were captured using 
Aperio Imagescope software (version 12.3.3). Original magnification: 20x. Arrows indicate subepithelial edema. The scale bar represents 200 µm 
for a 20 × magnification of the epithelium or 2 µm for a 2 × magnification of a Swiss roll. The categories represented are: A Uninfected, untreated 
animals; B Uninfected animals treated with SGE 30 µg; C Infected, untreated animals in the acute phase; D Infected animals treated with SGE 30 µg 
in the acute phase; E Infected, untreated animals in the chronic phase; F Infected animals treated with SGE 30 µg in the chronic phase
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Fig. 10  Paneth cells in the ileum of C57BL/6 mice, infected or not with T. gondii and treated or not with SGE 30 µg during the chronic or acute 
phases. Tissue sections of 4 µm, embedded in paraffin, were stained with Periodic Acid-Schiff (PAS). The slides were scanned, and images were 
captured using Aperio Imagescope software (version 12.3.3). Original magnification: 40x. Scale bar = 60 µm. The categories represented are: 
A Uninfected, untreated animals; B Uninfected animals treated with SGE 30 µg; C Infected, untreated animals in the acute phase; D Infected 
animals treated with SGE 30 µg in the acute phase; E Infected, untreated animals in the chronic phase; F Infected animals treated with SGE 30 µg 
in the chronic phase
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SGE alters disease correlation patterns 
throughout the disease phases
In the acute phase of T. gondii infection, untreated ani-
mals exhibited strong positive correlations between the 
duodenal and ileal villi area and their epithelial layers, 
indicating a consistent growth pattern within the intes-
tines. Similarly, serum IL-2 and IL-17 levels correlated 
positively, suggesting a coordinated immune response. 
Conversely, IL-10 showed negative correlations with 
IL-4 and IL-17, reflecting an antagonistic relationship 
in regulating inflammation (Figs 11A and 12A).

In animals treated with SGE, strong correlations 
between villi and epithelial areas in the ileum were 
noted, indicating that the treatment helps maintain 
mucosal structure. Cytokines such as IL-10 and IL-17 
demonstrated high positive correlations, suggesting 
effective immune modulation by the treatment. Addi-
tionally, significant correlations were observed between 
serum IL-4 and both IL-10 and IL-17, while a negative 
correlation was noted between IL-2 and Paneth cell 
numbers, potentially indicating impacts on intestinal 
barrier function (Figs 11B and 12B).

During the chronic phase, untreated animals showed 
that IL-10 was negatively correlated with pro-inflamma-
tory cytokines like IFN-γ and TNF, suggesting its role 
in limiting inflammation. Pro-inflammatory cytokines, 
including IFN-γ and IL-17, demonstrated high correla-
tions with goblet cell numbers and between intestinal 
IFN-γ and IL-22, indicating a coordinated immune 
response aimed at inflammation and repair. Negative 
correlations between weight loss and cytokines such 
as IL-17 and TNF suggested that intense inflammatory 
responses may impair nutrient absorption and contrib-
ute to weight loss (Figs 11C and 12C).

For animals treated with 30  µg of SGE during the 
chronic phase, high correlations between serum IL-4, 
IL-6, IL-2, and IL-10 were observed, reflecting a strong 
interaction among these cytokines and their roles in 
inflammation and immune regulation. For instance, 
IL-2 and IL-6 showed a high correlation, indicating 
their joint involvement in the inflammatory response. 
TGF-β negatively correlated with several ileal tissue 
parameters and serum IFN-γ, suggesting higher TGF-β 
levels are linked to reduced values in these measures. 
Conversely, TGF-β positively correlated with intestinal 
IFN-γ and duodenal tissue areas, suggesting it affects 
immune response and intestinal structure differently 
across regions. Overall, the analysis reveals how differ-
ent cytokines and intestinal parameters interact dur-
ing T. gondii infection, showing patterns of immune 
response and tissue damage that vary with treatment 
and infection phases (Figs 11D and 12D).

Discussion
The intestinal barrier allows water uptake and nutrients 
while protecting against pathogens. Furthermore, the 
intestinal barrier must coexist harmoniously with gut 
microbiota, which plays a key role in host immunology 
and nutrient metabolism [19, 20]. On the other hand, 
parasites such as T. gondii can challenge the intesti-
nal barrier and disrupt its homeostasis [21]. When 
C57BL/6 mice are orally infected by T. gondii, these 
mice develop a dysregulated inflammatory process that 
shares some immunopathological features with Crohn’s 
disease [8]. This inflammatory response promotes 
lesions in the ileum, and it is primarily orchestrated by 
Th1 cells, Nitric Oxide (NO), and cytokines, including 
IL-12, IFN-γ, and TNF [22].

It is important to highlight that this study used 
C57BL/6 mice, a model known for its high suscepti-
bility to T. gondii infection. The choice of this model 
is justified by its relevance in the investigation of the 
pathogenesis of toxoplasmosis, as the infection in these 
mice reproduces immunopathological characteristics 
observed in Crohn’s disease in humans. The susceptibil-
ity of C57BL/6 mice to ileitis induced by Toxoplasma 
gondii is strongly associated with the activation of the 
CCR2 chemokine receptor and the immune response 
mediated by T cells. During infection, CCR2 is essen-
tial for the recruitment of CCR2 + CD4 + T cells to 
the intestinal lamina propria, where they interact with 
intraepithelial T cells (IELs), exacerbating inflam-
mation. Additionally, the signaling of Th1 cytokines, 
such as TNF-α, plays a central role in pathogenesis, 
similar to what is observed in Crohn’s disease. The 
elevated presence of CCR2 and its ligands, along with 
an increase in gram-negative bacteria in the gut, con-
tributes to transmural damage and inflammation char-
acteristic of ileitis. These immune and inflammatory 
interactions make C57BL/6 mice more susceptible to 
developing intestinal lesions when infected with T. gon-
dii, with the presence of T cells and IELs further pro-
moting the pro-inflammatory pathology [8, 23, 24]. In 
contrast, R. prolixus saliva contains various substances, 
like lipocalins, apyrases, and nitrophorins, which can 
induce a regulatory immune response [11]. Therefore, 
we aimed to explore the immunomodulatory effects 
of R. prolixus SGE during the dysregulated inflamma-
tory processes induced by T. gondii in C57BL/6 mice. 
To assess the effectiveness of SGE in mitigating the 
deleterious effects of toxoplasmosis, we evaluated sur-
vival rates, clinical scores, weight loss, and small intes-
tine length. Our data revealed that animals treated with 
30  µg of SGE exhibited improved clinical parameters. 
In contrast, animals treated with 10 µg of SGE did not 
elicit a strong systemic protective response.
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We hypothesized that 30 µg of SGE enhances the regu-
latory response during infection, thereby mitigating the 
harmful effects of an uncontrolled immune response. It is 

well-established that an intact intestinal barrier protects 
the host and prevents diseases [25]. In C57BL/6 mice, an 
impaired immune response can result in the destruction 

Fig. 11  Heatmaps illustrating the correlation matrices associated with disease immunopathology, highlighting the relationships 
between the different parameters analyzed. C57BL/6 mice, infected or not with T. gondii and treated or not with SGE 30 µg during the acute 
and chronic phases. Correlation matrices were calculated using R Studio software, employing the Spearman test for non-parametric samples 
and the Pearson test for parametric samples. Heatmaps were then generated using the "corrplot" package. Correlations are represented by colors: 
red indicates negative correlations and blue indicates positive correlations, with color intensity reflecting the strength of the correlation. The 
categories analyzed are: A infected and untreated animals in the acute phase; B infected animals treated with SGE 30 µg in the acute phase; C 
infected and untreated animals in the chronic phase; and D infected animals treated with SGE 30 µg in the chronic phase
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of the intestinal barrier, facilitating the translocation of 
bacteria and parasites, which leads to inflammation [6]. 
This inflammatory response can eventually progress to 
sepsis, worsening disease symptoms and potentially lead-
ing to death [7]. Furthermore, the small intestine plays a 
crucial role in digestion and nutrient absorption. Stud-
ies have shown that even mild inflammation can alter 
the gut’s morphological structure, permeability, motility, 
and absorptive area, leading to impaired gastrointesti-
nal function [26]. Based on this data, we suggest that the 

administration of R. prolixus SGE induced a regulatory 
immune response capable of mitigating the detrimental 
effects caused by T. gondii, leading to improvements in 
the clinical parameters observed in the treated animals.

To assess the immunomodulatory capacity of SGE, 
we analyzed the production of serum and intestinal 
cytokines. Our results revealed that, during the acute 
phase of T. gondii infection, there was an increase in both 
intestinal and systemic IFN-γ production, indicating the 
host’s active defense against the parasite. Conversely, 

Fig. 12  Correlation networks illustrating the correlation matrices associated with disease immunopathology, highlighting the relationships 
between the different parameters analyzed. Correlation matrices were calculated using R Studio software, employing the Spearman test 
for non-parametric samples and the Pearson test for parametric samples. The correlation matrix data were exported and analyzed in Cytoscape 
software (version 3.8.2) using the MetScape package, which allows the construction and visualization of correlation networks. For network 
visualization, only correlation values greater than 0.5 or less than −0.5 were considered. Correlations are represented by colors: blue indicates 
negative correlations and red indicates positive correlations, with the thickness of the edges between variables reflecting the strength 
of the correlation. The categories analyzed are: A infected and untreated animals in the acute phase; B infected animals treated with SGE 30 µg 
in the acute phase; C infected and untreated animals in the chronic phase; and D infected animals treated with SGE 30 µg in the chronic phase
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during the chronic phase of infection, we have observed 
a decrease in both serum and intestinal levels of this 
cytokine, which could be attributed to successful infec-
tion control. T. gondii infection triggers a powerful 
cell-mediated immune response in which IFN-γ plays a 
central role. Furthermore, this cytokine is essential for 
mediating T. gondii killing inside the parasitophorous 
vacuole [27].

Our data showed that, during the acute phase, treated 
animals exhibited significantly higher levels of systemic 
TNF compared to non-treated mice. TNF plays a pivotal 
role in immunopathology but is also crucial for combat-
ing the parasite. On the other hand, activation of the 
two TNF receptors (TNFRs) can mediate cell survival 
through the activation of the classical and alternative 
NFκB (Nuclear Factor kappa-light-chain-enhancer of 
activated B cells) pathways, as well as MAP kinase path-
ways [28, 29]. It is well-known that T. gondii infection 
initially triggers IL-12, which synergistically acts with 
TNF to stimulate the production of IFN-γ by NK cells. 
This coordinated immune response is essential for effec-
tive defense against T. gondii infection [30]. Furthermore, 
our data have demonstrated a significant increase in the 
levels of IL-12 in the small intestine of treated animals 
during the acute phase compared to non-infected mice 
infected with T. gondii.

MIF is an important cytokine that acts as a regulator 
of both innate and adaptive immune responses, playing 
a crucial role in the protection against T. gondii [31–34]. 
Our findings reveal elevated serum MIF levels during 
the chronic infection phase, indicative of a potential pro-
tective response aimed at controlling the parasite and 
facilitating tissue repair. This surge in MIF levels may be 
linked to its recognized capacity for angiogenesis and 
cellular proliferation [35]. Our data demonstrate that 
intestinal MIF increases in the acute infection phase and 
decreases in the chronic phase. The intestine serves as 
the primary inflammatory focus promoted by T. gondii 
and is crucial for controlling the infection. Furthermore, 
the reduction of MIF in the chronic infection phase may 
result in increased activity of regulatory cytokines, facili-
tating tissue repair and regeneration. Mice deficient in 
MIF and infected with T. gondii displayed heightened 
pathology and a significantly higher mortality rate than 
WT mice [36].

Furthermore, our data demonstrated that mice treated 
with SGE displayed an up-regulation of systemic IL-17 
during the chronic phase, showing significantly higher 
levels compared to both the treated uninfected and 
treated acute phase groups. IL-17 is a proinflammatory 
cytokine that plays a crucial role in generating an opti-
mal polymorphonuclear defense against T. gondii. IL-17 
knockout mice exhibited increased mortality, which 

can be attributed to a defect in the migration of poly-
morphonuclear leukocytes to infected sites during the 
early stages of infection [37]. We suggest that IL-17 is 
involved in tissue repair and homeostasis. During the 
chronic infection phase, as the host attempts to control 
the infection and repair damaged tissues, the upregula-
tion of IL-17 may be part of the immune system’s efforts 
to restore normal tissue function [38].

Moreover, our results showed that T. gondii infec-
tion increased the production of serum and intestinal 
IL-6 both during the chronic and acute infection phases. 
Studies have suggested that in the absence of IL-6, mice 
are unable to initiate a rapid proinflammatory response 
against T. gondii, which allows for increased parasite 
growth. We propose that the presence of IL-6 is crucial 
for combating the parasite and effectively controlling the 
infection [39]. SGE-treated animals have presented sig-
nificantly more intestinal IL-22 in the acute phase and 
more peripheral blood IL-22 in the chronic phase than 
to non-treated groups. IL-22 plays a pivotal role in the 
defense against pathogens due to its ability to promote 
wound healing, tissue repair, mucus production, and the 
production of antimicrobial proteins (AMPs) [40]. We 
have proposed that SGE could positively modulate the 
secretion of IL-22, thereby attenuating intestinal damage 
and facilitating tissue repair. Consequently, this modu-
lation may lead to a more preserved intestinal environ-
ment. Additionally, IL-22 promotes the production of 
mucin, which acts as a protective barrier, preventing the 
direct invasion of bacteria into the intestinal epithelial 
cells [41].

A previous study has indicated that IL-23 plays a role 
in the development of intestinal immunopathology in 
response to T. gondii and in a model of inflammatory 
bowel disease [42]. Our findings revealed that during the 
acute phase, animals treated with SGE exhibited reduced 
intestinal IL-23 compared to the non-treated group, 
which may be associated with better morbidity score data 
in the treated group. On the other hand, in the chronic 
infection phase, the treated group showed a significant 
increase in intestinal IL-23 compared to the non-treated 
group. During the chronic phase, when the intestine is 
not the focus of infection, intestinal IL-23 may perform 
an alternative role. Recent studies have provided evi-
dence that administering exogenous IL-23 can effectively 
restore IL-22 production and facilitate gut recovery. Fur-
thermore, these studies have demonstrated the existence 
of a cytokine network involving IL-36γ, IL-23, and IL-22. 
This network plays a critical role in promoting antimi-
crobial activity, facilitating tissue repair, and supporting 
overall host survival [43].

During the chronic infection phase, SGE treatment has 
led to an increase in serum IL-10 and IL-4 levels. During 
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infection, IL-10 exerts inhibitory effects on Th1 cells, NK 
cells, and macrophages, crucial for efficient pathogen 
clearance. However, excessive activation of these cells can 
also result in tissue damage. Therefore, IL-10 plays a dual 
role: it dampens the immune response to prevent exces-
sive inflammation and tissue damage while maintaining 
a balance to support optimal pathogen clearance. IL-4 is 
another important cytokine due to its ability to control 
inflammation and down-regulate Th1 cytokines. Studies 
have shown that mice deficient in IL-4 or IL-10 exhibit 
higher mortality and increased pathology. Additionally, 
these studies have found significantly greater numbers of 
T. gondii cysts in the brains of IL-4 knockout mice than 
to wild-type [44]. SGE treatment increased intestinal IL-2 
during the acute infection phase and serum IL-2 during 
the chronic phase. Studies have highlighted the criti-
cal role of IL-2 in maintaining Foxp3 + regulatory T cells 
(Treg cells). In the absence of IL-2, there is a significant 
depletion of Treg cells, leading to a severe deficiency that 
can contribute to the development of autoimmune disor-
ders [45].

Our data demonstrated that intestinal IL-5 is predomi-
nantly produced during the acute infection phase com-
pared to the chronic phase. Studies suggest that IL-5 
may play a role in the production of IL-12. Additionally, 
IL-5 exerts pleiotropic activities on various target cells, 
including B cells, eosinophils, and basophils. It is pro-
duced by both hematopoietic and non-hematopoietic 
cells, including T cells, granulocytes, and natural helper 
cells [46]. Along these lines, we suggest that IL-5 plays an 
important role in the immune response against T. gondii 
during the acute phase. The present study showed that 
intestinal TGF-β is predominantly produced during acute 
infection, while serum TGF-β is more prominent during 
chronic infection. TGF-β is a potent immunosuppres-
sive cytokine that plays a crucial role in developing and 
regulating various immune cells [47]. Nevertheless, it is 
known that TGF-β plays a dual role in T. gondii infection. 
In collaboration with IL-6 and IL-23, TGF-β promotes 
the production of IL-17 by NK cells and contributes to 
the development of Th17 lymphocytes during toxoplas-
mosis. This coordinated immune response is essential for 
parasite control [48].

In the acute phase of infection, administration of SGE 
has demonstrated a positive impact on the morphomet-
ric parameters of the ileum in treated animals. Treatment 
with SGE led to significant improvements in intestinal 
health. Specifically, in the acute phase, SGE reduced 
edema, crypt depth, and immunopathological changes 
while increasing the number of Paneth cells, essential 
for intestinal defense. In the chronic phase, SGE con-
tinued to promote recovery in the ileum, with reduced 
edema, increased villus size, and a higher number of 

Paneth cells than untreated animals. The protective 
effects also extended to the duodenum, where SGE treat-
ment improved villus size, reduced crypt depth, and 
increased the number of goblet and Paneth cells, aiding 
in the recovery of intestinal architecture and function. 
In C57BL/6 mice, death typically occurs between 7 and 
10 days after infection, accompanied by extensive necro-
sis of villi and mucosal cells in the ileum of the small 
intestine. This necrotic process leads to the destruction 
of the villi and the subsequent shortening of these struc-
tures [6, 22]. Necrosis depends on CD4 + T lymphocytes, 
IFN-γ, and nitric oxide, as demonstrated in previous 
studies [49, 50]. Additionally, the original study revealed 
that damage induction was mediated by αβTCR + cells 
but not by γδTCR + cells [6].

During inflammation, the connective tissue of the villi 
can undergo several alterations that impact its function. 
Increased blood vessel permeability leads to edema, 
while fibroblast hyperplasia and excessive collagen fiber 
production contribute to fibrosis and tissue thickening, 
impairing nutrient absorption. Additionally, the infiltra-
tion of immune cells and modifications in the extracellu-
lar matrix may further damage the tissue, compromising 
villus function. These changes can worsen inflammatory 
conditions and negatively affect intestinal health [51, 52]. 
Along these lines, we hypothesize that the immunoregu-
latory effects of SGE are responsible for mitigating the 
detrimental effects observed in infected animals. Infected 
and untreated animals during the acute phase exhibit 
increased deposition of connective tissue in the ileum, 
which correlates with a reduced intestinal epithelium. 
This is associated with heightened edema, inflammation, 
and ongoing attempts at tissue repair. The increased con-
nective tissue indicates a robust inflammatory response, 
as well as the body’s efforts to restore the damaged intes-
tinal mucosa. Connective tissue plays a critical role in 
repairing the intestinal epithelium after injury. When the 
epithelium is damaged, the lamina propria, a connective 
tissue layer beneath the epithelium, is activated to initi-
ate the healing process. Fibroblasts, which are respon-
sible for producing the extracellular matrix, proliferate 
and generate new collagen fibers and other matrix com-
ponents. This newly formed matrix provides structural 
support necessary for epithelial cell regeneration and the 
restoration of mucosal integrity [53, 54].

We observed an increase in the size and area of villi 
in the duodenum of treated animals during the chronic 
phase. Similarly, in the ileum, both treated and untreated 
groups showed an increase in villus size during the 
chronic phase. T. gondii infection may lead to a persistent 
enlargement of intestinal villi, both in the duodenum and 
ileum, during the chronic phase. This response could be 
attributed to chronic inflammation, tissue remodeling, 
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changes in the microbiota, and immune mechanisms. 
These processes likely represent the organism’s attempt 
to compensate for damage and maintain nutrient absorp-
tion [55]. In treated groups, the positive regulation of 
cytokines such as IL-22, IL-4, IL-10, and TGF-β during 
the chronic phase can significantly influence cell prolifer-
ation and the differentiation of stem cells in the intestinal 
crypts. These cytokines play pivotal roles in regulating 
the inflammatory environment and maintaining intes-
tinal homeostasis, directly impacting the renewal and 
function of epithelial stem cells. For instance, IL-22 and 
TGF-β are recognized for their ability to modulate both 
intestinal regeneration and the inflammatory response, 
thereby affecting the dynamics of stem cells in the intesti-
nal crypts [41, 56–58]

During the inflammatory and destructive processes 
affecting intestinal villi, the body initiates a repair mecha-
nism to restore tissue integrity. Crypts, which are glan-
dular structures located at the base of the villi, contain 
intestinal stem cells responsible for epithelial renewal. 
In response to inflammation, these stem cells are acti-
vated to proliferate and differentiate into new epithelial 
cells. These newly formed cells then migrate from the 
base to the tip of the villi to replace damaged cells. The 
increased proliferative activity leads to an enlargement of 
the crypts, reflecting the body’s need for accelerated cell 
production to repair the injured tissue [59]. Inflamma-
tion can induce changes in intestinal tissue architecture, 
including the remodeling of crypts. This process often 
involves alterations in the size and shape of the crypts, 
leading to their expansion. The infiltration of immune 
cells during inflammation also plays a key role, as these 
cells release signaling molecules that stimulate the pro-
liferation of crypt cells, further promoting their growth. 
Together, these mechanisms facilitate a rapid and effec-
tive response to repair tissue damage caused by inflam-
mation, helping restore intestinal function [60, 61]. In 
this context, untreated animals typically exhibit larger 
crypts, reflecting more significant damage to the intes-
tinal barrier and a more intense inflammatory response. 
As a result, there is an increased in stem cells prolifera-
tion to compensate for the extensive tissue damage.

Our results demonstrated that both in the ileum and 
the duodenum, animals treated with SGE showed an 
increase in the number of goblet cells. In the context of 
T. gondii infection, goblet cells play a crucial role in the 
host’s defense. The mucus secreted by these cells acts as 
a physical barrier, preventing the adhesion and penetra-
tion of the parasite into the intestinal mucosa. Addition-
ally, mucus contains antimicrobial molecules, such as 
immunoglobulins, antimicrobial peptides, and enzymes, 
which contributes to the control of T. gondii prolifera-
tion. Studies also suggest that goblet cells participate in 

the immune response against the parasite by modulating 
the activity of immune cells and secreting pro-inflamma-
tory cytokines. In this context, a higher number of goblet 
cells may be associated with reduced parasitism during 
the chronic phase of infection [62, 63].

Our results highlighted a significant reduction in the 
number of goblet cells in animals during the chronic 
phase. Oral infection with T. gondii can lead to a marked 
decrease in goblet cell numbers due to a combination 
of factors. The inflammatory response triggered by the 
infection, similar to what occurs in chronic inflamma-
tions such as inflammatory bowel diseases, can directly 
damage these cells or disrupt the intestinal microenvi-
ronment, impairing their survival and differentiation. 
Furthermore, the parasite may alter the intestinal micro-
biota, affect cellular signaling pathways involved in goblet 
cell differentiation, and modulate the immune response 
in the mucosa, indirectly impacting goblet cell popula-
tion dynamics [21]. In the context of SGE treatment, 
the observed increase in the number of goblet cells, 
particularly in the duodenum during the chronic phase, 
underscores its positive impact on intestinal protection 
and regeneration. This finding suggests that SGE plays 
a crucial role in maintaining the integrity of the intesti-
nal mucosa by promoting the proliferation of goblet cells 
and enhancing mucus production, which is essential for 
defense against pathogens. Furthermore, the increase in 
goblet cells may indicate an effective repair process and 
a strengthening of the mucosal barrier function [21, 62].

The SGE from various species of triatomines exhibits 
immunomodulatory potential, influencing the immune 
response in distinct ways. In  vitro studies demon-
strated that the SGE from P. lignarius, M. pallidipennis, 
T. lecticularia, and R. prolixus inhibited dendritic cell 
(DC) differentiation and modulated the expression of 
costimulatory molecules on mature DCs. Additionally, 
the SGE suppressed the production of pro-inflamma-
tory cytokines while promoting the production of IL-10 
in LPS-stimulated DCs. In  vivo studies further support 
the immunomodulatory capacity of SGE in mitigat-
ing inflammatory damage. In the DSS-induced colitis 
model, the SGE from T. lecticularia alleviated the sever-
ity of intestinal inflammation by reducing levels of the 
inflammatory cytokine IL-6 and increasing the regulatory 
cytokine IL-10 in the intestine [9]. It is important to note 
that the composition of SGE varies across triatomine spe-
cies, and this variation may account for the differences in 
the observed effects.

The susceptibility of the C57BL/6 mouse model to 
Toxoplasma gondii infection likely influenced the mag-
nitude of the protective effects observed with SGE 
treatment at 30  µg. The intense intestinal inflamma-
tion characteristic of this strain may have amplified the 
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therapeutic benefits of SGE, underscoring its potential 
as a modulator of exaggerated inflammatory responses. 
While the widespread use of the C57BL/6 model in T. 
gondii research facilitates comparative studies, it also 
limits the generalizability of findings to other strains or 
to humans. Nonetheless, this model was instrumental 
in elucidating the immunopathological mechanisms 
of toxoplasmosis and the effects of SGE in the context 
of severe inflammation. SGE demonstrated significant 
protective effects, including reduced weight loss dur-
ing the chronic phase, preservation of intestinal integ-
rity, and a balanced immune response (Fig.  13). These 
findings align with the broader immunomodulatory 
properties of salivary gland extracts SGE from various 
triatomine species, which influence immune responses 
and hold therapeutic potential for infectious and 
inflammatory diseases.

Future research should explore the mechanisms of SGE 
more comprehensively, examining its impact on immune 
cell populations, signaling pathways, intestinal microbi-
ota, and gene expression to identify potential therapeu-
tic targets. Moreover, we acknowledge the importance of 
this analysis for a more comprehensive understanding of 
the infection, and thus, we plan to include parasite load 
quantification in our future studies to better correlate the 
immune effects with parasite burden.
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Fig. 13  Schematic model representing T. gondii infection in C57BL/6 mice and the influence of SGE treatment on cytokine release in serum 
and the small intestine. Our data demonstrate that T. gondii infection increases the levels of inflammatory cytokines such as TNF and IFN-γ 
in both mouse serum and small intestine tissue. Additionally, animals treated with the highest concentration of SGE experienced less weight loss 
and lower clinical scores. Specifically, mice treated with SGE 30 µg exhibited a significant increase in systemic regulatory cytokines, including IL-4, 
IL-2, and IL-10, during the chronic phase of infection. Cytokine analysis further revealed that SGE-treated mice secreted more intestinal IL-4 
in the chronic phase and increased levels of IL-2 and IL-22 in the acute phase. Moreover, cyst counts indicated that SGE-treated groups had 
significantly fewer cysts in brain tissue compared to the untreated group. Therefore, our findings demonstrate that SGE has the ability to induce 
a regulatory response, mitigating the detrimental effects of uncontrolled inflammation and providing protection against T. gondii infection
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