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Introduction: Chagas disease causes a cardiac illness characterized by
immunoinflammatory reactions leading to myocardial fibrosis and remodeling.
The development of Chronic Chagas Cardiomyopathy (CCC) in some patients
while others remain asymptomatic is not fully understood, but dysregulated
inflammatory responses are implicated. The Aryl hydrocarbon receptor (AhR)
plays a crucial role in regulating inflammation. Certain tryptophan (Trp)
metabolites have been identified as AhR ligands with regulatory functions.

Methods, results, and discussion: We investigated AhR expression, agonist
response, ligand production, and AhR-dependent responses, such as IDO
activation and regulatory T (Treg) cells induction, in two T. cruzi-infected
mouse strains (B6 and Balb/c) showing different polymorphisms in AhR.
Furthermore, we assessed the metabolic profile of Trp catabolites and AhR
agonistic activity levels in plasma samples from patients with chronic Chagas
disease (CCD) and healthy donors (HD) using a luciferase reporter assay and
liquid chromatography-mass spectrophotometry (LC-MS) analysis. T. cruzi-
infected B6 mice showed impaired AhR-dependent responses compared to
Balb/c mice, including reduced IDO activity, kynurenine levels, Treg cell
induction, CYP1Al up-regulation, and AhR expression following agonist
activation. Additionally, B6 mice exhibited no detectable AhR agonist activity in
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plasma and displayed lower CYP1Al up-regulation and AhR expression upon
agonist activation. Similarly, CCC patients had decreased AhR agonistic activity in
plasma compared to HD patients and exhibited dysregulation in Trp metabolic
pathways, resulting in altered plasma metabolite profiles. Notably, patients with
severe CCC specifically showed increased N-acetylserotonin levels in their
plasma. The methods and findings presented here contribute to a better
understanding of CCC development mechanisms and may identify potential
specific biomarkers for T. cruzi infection and the severity of associated heart
disease. These insights could be valuable in designing new therapeutic strategies.
Ultimately, this research aims to establish the AhR agonistic activity and Trp
metabolic profile in plasma as an innovative, non-invasive predictor of prognosis

for chronic Chagas disease.
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Introduction

Chagas disease, caused by the protozoan parasite Trypanosoma
cruzi, is a significant public health issue in endemic regions
spanning from Mexico to southern Argentina. Furthermore,
Chagas disease is responsible for approximately 12,000 deaths
annually, with most of them attributed to the development of
chronic Chagas cardiomyopathy (CCC). CCC affects around 30%
of individuals infected with the disease and typically manifests
several decades after the acute infection (1, 2). Approximately 10%
of chronic Chagas disease (CCD) patients, equivalent to nearly one-
third of CCC patients, develop a severe and potentially fatal form of
dilated cardiomyopathy characterized by ventricular dysfunction,
heart failure, and arrhythmias. The remaining individuals either
remain asymptomatic (IND) or develop digestive disorders (5-10%)
without cardiac involvement. While the precise mechanisms
governing the divergent progression to CCC remain incompletely
understood, it is widely accepted that CCC patients exhibit an
imbalance in the production of inflammatory and anti-
inflammatory cytokines, as well as a heightened pro-inflammatory
response compared to IND patients. CCC patients exhibit elevated
levels of circulating IL-6 and TNF, increased numbers of CD4+ and
CD8+ T cells producing IFN-vy, and decreased numbers of IL-10-
producing CD4+ T cells and CD4+CD25+ Foxp3+ regulatory T
(Treg) cells in their peripheral blood compared to IND patients (3-
9). Moreover, heart tissue samples from CCC patients reveal an
inflammatory infiltrate rich in Thl cells that predominantly secrete
IFN-y and TNF (4, 10-14). These findings suggest that
immunoregulatory mechanisms may play a role in modulating
the intensity of inflammation to prevent the development of CCC.

During experimental T. cruzi infection, host resistance relies on
the rapid induction of a Th1 inflammatory response. However, this
response must be carefully balanced to prevent inflammation-
mediated pathology and ensure survival. Both C57BL/6 (B6) and
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Balb/c mice infected with the Tulahuen strain of T. cruzi exhibit
acute disease characterized by splenomegaly. However, B6 mice
demonstrate a progressive and ultimately fatal disease, while Balb/c
mice experience a partial recovery (15). In line with the
observations in patients with CCC, B6 mice exhibit significant
challenges in controlling the inflammatory response. In these
mice, the liver becomes the primary target of pathological
inflammatory damage, and infected mice experience premature
death due to liver failure (15). Interestingly, the mortality in B6
mice does not appear to be caused by an exacerbated infection, as
the parasite load is actually lower compared to that observed in
Balb/c mice (15). One significant distinction between these two
mouse strains lies in their systemic cytokine levels after the
infection. B6 mice have higher levels of TNF and lower levels of
IL-10 compared to Balb/c mice (15). Another important difference
is the inability of B6 mice to expand the population of Treg cells in
proportion to the extensive expansion of the T cell compartment.
This leads to an increased ratio of T effector cells to Treg cells (16,
17). Collectively, these findings suggest that the fatal outcome
observed in B6 mice may be attributed to an imbalanced Thl
response, which is likely due to inadequate induction of
regulatory mechanisms.

Indoleamine 2,3-dioxygenase (IDO) is an intracellular enzyme
that plays a role in the degradation of the essential amino acid
tryptophan (Trp) in the kynurenine (KYN) pathway, resulting in
the production of various biologically active catabolites known as
kynurenines (18). We have reported that IDO activity is up-
regulated following T. cruzi infection in mice. Furthermore, we
have observed that blocking IDO activity impairs resistance to the
infection, and that T. cruzi amastigotes and trypomastigotes are
susceptible to 3-hydroxykynurenine (3-HK), a metabolite of the
KYN pathway (19-21). Additionally, treatment with 3-HK in T.
cruzi-infected Balb/c mice significantly reduces the incidence and
severity of inflammatory pathology. This treatment also modulates
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the immune response by impairing Th1 and Th2 specific responses,
while promoting the induction of TGF-f-secreting cells and Treg
cells (19, 20).

It has been reported that the induction of IDO depends on the
expression of aryl hydrocarbon receptor (AhR) (22). Furthermore,
the production of KYN can activate AhR, and there exists a
positive feedback loop where increased IDO expression leads to
Trp degradation and KYN production (23). AhR is a ligand-
activated transcription factor that plays crucial roles in various
biological processes, including development, detoxification, and
immune response (24). In the absence of ligands, AhR is located in
the cytoplasm complexed with chaperones. Upon ligand binding,
the receptor translocates to the nucleus and forms a complex with
its partner protein, aryl hydrocarbon receptor nuclear translocator
(ARNT), to regulate the transcription of target genes. These
include Phase I drug metabolizing enzymes like CYP1A1, which
contain responsive elements (AhREs) in their promoter regions
(24, 25). In addition to its role in genes with AhREs, AhR also
participates in the transcriptional regulation of genes that do not
possess AhREs, such as NF-kB and STAT proteins, highlighting
its function as an immunomodulator (26-28). Overall, AhR
activation plays a crucial role in modulating both innate and
adaptive immune responses by interacting with multiple AhREs
found in immune-related genes. It acts as a key regulator that
maintains the balance between regulatory T cells (Tregs, including
Trl and CD4+CD25+Foxp3+ Treg cells) and Th17 cells (27,
29, 30).

Exogenous xenobiotics like TCDD and endogenous ligands
such as FICZ and ITE have been shown to activate AhR in
immune cells (31). Additionally, several physiological AhR
ligands derived from Trp have been identified, including KYN
and 3-HK, which activate AhR in lymphoid tissues and promote
Treg cells development (32-34). Notably, our recent findings
suggest that AhR activation is involved in controlling the
exacerbated Thl cell response during T. cruzi infection (35).
One of the key questions regarding AhR activation is how
various ligands induce different immunological changes (36).
Multiple factors contribute to the effects observed upon AhR
activation, including the characteristics of the ligand, the specific
cell type expressing AhR, and the presence of coactivators (22, 37,
38). Genetic polymorphisms in the AhR gene can also influence
the responsiveness to AhR ligands (39). B6 and Balb/c mice, for
example, express AhRb-1 and AhRb-2 alleles, respectively, and
both strains have been classified as high responders based on
TCDD-induced CYP1A1 expression (39). However, when
exposed to weaker AhR agonists than TCDD, Balb/c mice
exhibit higher responses compared to B6 mice (39, 40).
Therefore, the differential outcomes of T. cruzi infection may be
linked to the presence of different AhR alleles, which exhibit
varying strengths and extents of activation. This, in turn, could
result in differential production of AhR ligands and subsequently
modulate the regulatory response.

Our hypothesis proposes that during T. cruzi infection,
differential AhR expression and/or activation play a crucial role in
regulating the production of endogenous AhR ligands. This, in turn,
influences the induction of regulatory mechanisms that can
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effectively control the pro-inflammatory response and mitigate
the development of pathology. Ultimately, these factors contribute
to shaping the overall outcome of the infection.

Materials and methods
Statement of ethics

This study was designed and performed according to the
registration and had been approved by the Ethics Committee of
the Facultad de Medicina de la Universidad Nacional de Rosario,
Santa Fe, Argentina (RES N°: 666/2015). Gender-matched mice that
were aged between 6 to 8 weeks were used for the experiment. All
animal experiments were approved by and conducted in accordance
with the guidelines of the Animal Care and Use Committee of the
Facultad de Ciencias Quimicas, Universidad Nacional de Cordoba
(Approval Number HCD 743/18).

Mice and parasites

C57BL/6 (B6) and Balb/c mice were originally obtained from
the Facultad de Veterinaria de la Universidad Nacional de La Plata
(La Plata, Argentina) and were housed in the Animal Facility of the
Facultad de Ciencias Quimicas, Universidad Nacional de Cordoba
(OLAW Assurance number A5802-01). Female and male B6 and
Balb/c mice (6-8 weeks old) were intraperitoneally injected with
50,000 bloodstream trypomastigotes (Tps) of T. cruzi-Tulahuen
strain as described previously (41). For each experiment, all animals
were infected on the same day and subsequently euthanized at
different days post-infection (dpi). T. cruzi was maintained by
weekly intraperitoneal inoculation in Balb/c mice. For in vitro
infections, cell culture-derived Tps were obtained from the initial
burst of infected Vero cell monolayers.

Macrophages and cell lines

Bone marrow-derived macrophages (BMDM) and peritoneal
macrophages (PM) were obtained as previously described by Hsu
et al. and Motran et al., respectively (42, 43). HEK293 and 4T1 cell
lines were obtained from the American Type Culture Collection
(Manassas, VA, USA). Mice splenocytes from non-infected (NI) or
infected (INF) mice were obtained as we described previously (35).

Cell culture reagents

Macrophages were cultured in RPMI 1640 Medium
supplemented with 2 mM GlutaMAX, 10% heat-inactivated fetal
bovine serum, and 50 pug/mL Gentamicin. 4T1 (ATCC Cat# CRL-
2539, RRID:CVCL_0125) and HEK-293 (ATCC Cat# CRL-1573,
RRID:CVCL_0045) cell lines were cultured with Dulbecco’s
modified eagle medium (DMEM) supplemented with 50 pg/mL
gentamicin. All culture media and PBS were purchased from Gibco,
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Thermo Fisher Scientific; bovine serum albumin and DMSO were
obtained from Sigma-Aldrich.

Flow cytometry

Dissected spleen from mice was harvested in PBS using a 70pm
cell-strainer (Merck) and collected in tubes. The whole suspension
was centrifuged for 5 minutes, at 4°C and 200 xg. The cell pellet was
subjected to RBC lysis buffer (eBioscience) for 5 minutes and
washed by centrifugation with PBS. After that, spleen cells were
counted and 2x10° cells were incubated with fluorochrome-labeled
antibodies for superficial and intracellular markers as described
previously (35). Different combinations of the following antibodies
were used: CD4-FITC, CD25-PECy7, Foxp3-PE (eBioscience).
Viability was inquired with APC-Cy7 Zombie NIRTM kit
(Biolegend). Samples were acquired in a FACSCanto II (BD
Biosciences), and the data were analyzed using FlowJO V10
software. After excluding doublets and death cells, Treg was
identified as CD3+CD4+CD25+Foxp3+ and T effector cells as
CD3+CD4+CD25-Foxp3-. The absolute number of each
population was calculated by referring to the total number of
spleen cells. The gating strategies to identify Treg and T effector
cells are shown in Supplementary Figure 1.

In vitro infection and AhR
activation treatments

BMDM were cultured for 24 h in complete RPMI medium
alone or with TCDD (160 nM), ITE (100 nM), T. cruzi total lysate
(10 ug/ml), or total lysate plus CH223191 (3 uM). RNA extraction
and qPCR analysis for CYP1A1 and AhR were performed.

For RNA-seq, BMDM were infected with T. cruzi (1:3 ratio,
BMDM:Tps) for 24 h, followed by washing with PBS to remove
non-internalized Tps as described previously (19, 44). Non-infected
BMDM served as controls. RNA-seq was conducted using the High-
Throughput 3’ Digital Gene Expression (HT-DGE) method at the
Broad Institute. Analysis of the RNA-seq data was carried out using
Ingenuity Pathway Analysis (Qiagen) to identify differential
expression of AhR pathway-related genes during infection.

Patients cohorts’ formation

This study included healthy donors (HD) and chronic Chagas
disease (CCD) patients aged 21-68 years, examined at the
Cardiology Unit, Chagas Department of the Century Hospital,
Faculty of Medical Science of the National University of Rosario.
The infection was confirmed by two positive tests (ELISA,
hemagglutination, and immunofluorescence). Seropositive
patients underwent an electrocardiogram (ECG) and chest X-ray
(CXR) to classify them as indeterminate (IND) or with Chronic
Chagas Cardiomyopathy (CCC), with CCC further classified as
Mild or Severe based on the results. None of the individuals with
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Chagas disease included in this study had received treatment with
either Benznidazole or Nifurtimox. Exclusion criteria included
immunological disease, hormonal and immunomodulatory
treatments, and known genetic alterations. Patients were not
receiving specific treatment or presenting concomitant pathologies.

Mice and human plasma collection

Blood was obtained by cardiac puncture of mice under deep
anesthesia. For plasma collection, the blood samples were
centrifuged at 200 xg for 5 min. Human plasma was obtained by
venipuncture. Blood samples were placed in a 15 ml conical tube
containing heparin and then were centrifuged for 5 min at 200 xg
for plasma collection.

Western blot

Spleen cell samples from mice were separated by gel
electrophoresis using a 10% acrylamide gel. The separated
proteins were then transferred onto a nitrocellulose membrane.
To block non-specific binding, the membrane was treated with 5%
skim milk. Overnight incubation with anti-AhR (Enzo Life Sciences
Cat# BML-SA550, RRID:AB_2223953) or anti-B-actin (Abcam
Cat# ab25894, RRID:AB_448882) antibodies was carried out.
After washing, the membranes were exposed to the corresponding
IRD Fluor 800-labeled IgG (LI-COR Biosciences Cat# 925-32211,
RRID:AB_2651127) or IRD Fluor 680-labeled IgG secondary
antibody (LI-COR Biosciences Cat# 926-68050, RRID:
AB_2783642) for 1 hour at room temperature. The membranes
were then scanned using the Odyssey infrared imaging system
(Odyssey CLx, RRID:SCR_014579), and the obtained images were
analyzed using Image Studio 3.1 software for densitometric analysis.

Quantitative real-time PCR

RNA was extracted from BMDM and splenocytes using Trizol
reagent (Invitrogen, Thermo Fisher Scientific) following the
manufacturer’s instructions. cDNA was generated by reverse
transcription, and specific genes were quantified by quantitative
real-time PCR (qPCR) using SYBR Green (Thermo Fisher
Scientific) with the following primers: Ahr 5° GAA GGA GAG
TTC TTG TTA CAG GCG 3’ (forward), and 5 GGA GGA AGC
ATA GAA GAC CAA GG 3’ (reverse); Cyplal 5" CAT TCC TGT
CCT CCG TTA CCT G 3’ (forward), and 5" CTG TCT GTG ATG
TCC CGG ATG 3’ (reverse); and Actb 5 CGC CAC CAG TTC GCC
ATG GA 3’ (forward), and 5 TAC AGC CCG GGG AGC ATC GT 3’
(reverse). The relative expression of Ahr and Cyplal was normalized
to Actb (B-actin) by using delta-delta-CT method, and expressed as
mRNA relative levels. The qPCR amplification was performed in a
StepOnePlusTM thermocycler (Thermo Fisher Scientific), under the
following amplification conditions: 95°C for 10 min, 45 cycles x (95°C
for 15 s and 60°C for 1 min), and 72°C for 5 min.
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Determination of AhR agonistic activity

HEK-293 or 4T1 cells were seeded at a density of 15,000 cells
per well in flat-bottom 96-well plates. The cells were transfected
with pGud-Luc (Firefly luciferase under the control of an AHR-
responsive promoter element) and pTK-Renilla (Renilla luciferase
under the control of a constitutively active thymidine kinase
promoter; Promega, Madison, WI) using Fugene Transfection
Reagent (Promega), following the manufacturer’s instructions.
After 24 hours, the transfected cells were treated with DMEM
supplemented with 10% human or mouse plasma in triplicates.
Luciferase activity was measured 24 hours later using the Dual-
Luciferase Reporter System (Promega). The Firefly luciferase
activity was normalized to Renilla luciferase activity and
expressed as a percentage relative to the control levels, which
were set as 100% (45).

HPLC analysis of KYN

Serum and potassium phosphate buffer (0.05M, pH 6.0)
containing the internal calibrator 3-nitro-L-tyrosine (100uM)
were mixed in equal amounts, as previously described (Knubel,
2010) (19). Proteins were precipitated by adding 2 M trichloroacetic
acid, followed by vortex-mixing and centrifugation at 13,000 xg for
10 minutes. The supernatant was collected and subjected to analysis
by HPLC using a Hewlett Packard HP1100 series system (Hewlett
Packard, Palo Alto, CA, USA).

IDO activity assay

Spleen cells from mice were suspended in PBS and sonicated for
30 seconds at 4°C. The cell homogenate was centrifuged at 800 xg
for 10 minutes at 4°C, and the resulting supernatant was collected.
This supernatant was further centrifuged at 15,000 xg for 15
minutes at 4°C. The resulting supernatant was collected and
utilized for the colorimetric assay, as described by Kudo and
Boyd (46).

Plasma metabolite analysis

Plasma metabolites were measured using targeted a liquid
chromatography tandem mass spectrometry (LC-MS) configured
on a 1290 Infinity I U-HPLC coupled to an Agilent 6495 Triple
Quadrupole mass spectrometer (Agilent Tech. Santa Clara, CA).
Metabolites were extracted from plasma (10 pL) using 90 pL of
acetonitrile/methanol/formic acid (74.9:24.9:0.2 v/v/v) containing
stable isotope-labeled internal standards (valine-d8, Sigma-
Aldrich; St. Louis, MO; and phenylalanine-d8, Cambridge
Isotope Laboratories, Andover, MA). The samples were
centrifuged (10 min, 9,000 x g, 4°C), and the supernatants were
injected directly onto a 150 x 2 mm, 3 pm Atlantis HILIC column
(Waters; Milford, MA). The column was eluted isocratically at a
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flow rate of 250 puL/min with 5% mobile phase A (10 mM
ammonium formate and 0.1% formic acid in water) for 0.5
minute followed by a linear gradient to 40% mobile phase B
(acetonitrile with 0.1% formic acid) over 10 minutes. Multiple
reaction monitoring MS parameters were determined using
authentic reference standards for every metabolite. Peak
abundances were manually integrated using the MassHunter
software provided by the LC-MS manufacturer and visually
reviewed to ensure quality.

Statistical analysis

All the statistical analysis was performed using Prism 7
software (GraphPad). Data distribution was analyzed with the
Shapiro-Wilk test. Normally distributed data were presented as
mean+ SD, and the differences between the mean values were
assessed using Student’s t-test or One Way ANOVA followed by
Tukey’s post-test. Non-normally distributed data were analyzed
using the Man-Whitney U test (non-parametric) and presented as
the median and interquartile range (IQR). Results were considered
significantly different when p < 0.05. PCA analysis was performed
by using the FactoMiner package (v2.8). A correlation matrix for
Trp-related metabolites was created with corrplot package (v0.92).
Correlation plots between Kyn and Trp showing Spearman’s rank
coefficient (p) and CI 95% were elaborated using ggstatsplot
package (v0.12.0). The mentioned packages were run in
Rstudio (v2023.06.0).

Results

Impaired up-regulation of IDO activity and
Treg in B6 mice

Trp, an essential amino acid obtained from the diet, can be
metabolized by both commensal bacteria enzymes and the host’s
Trp-degrading enzymes, such as IDO and L-tryptophan 2,3-
dioxygenase (TDO), leading to the production of various AhR
ligands (24, 47, 48). Our research has demonstrated that T. cruzi
experimental infection up-regulates the activity of IDO, resulting in
the generation of several biologically active catabolites (19), some of
them identified as AhR ligands. The expression of AhR is crucial for
the induction of IDO in dendritic cells (DC) (22, 49), and it has
been suggested that IDO activity and the production of kynurenines
play a role in controlling excessive inflammatory responses (50-53).
Furthermore, the IDO gene promoter contains DNA sequences that
respond to pro-inflammatory mediators, highlighting the strong
association between inflammation and IDO expression (54).

To investigate the relationship between the inflammatory status
of T. cruzi-infected Balb/c and B6 mice and the induction of IDO
activity and Treg cells, we assessed IDO activity in spleen
mononuclear cells (SMC), measured KYN levels in serum, and
analyzed the population of Treg cells in the spleen at various time
points post-infection (p.i.).
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Interestingly, despite exhibiting a more inflammatory profile
compared to Balb/c mice, B6 mice demonstrated a lower
induction of IDO activity with a delayed kinetic (Figure 1A).
Consistent with this reduced IDO activity, lower levels of KYN
were observed in the plasma of B6 mice compared to Balb/c
mice (Figure 1B).

Furthermore, unlike B6 mice, Balb/c mice exhibited an
expansion of the Treg population alongside the substantial
expansion of the T cell compartment, leading to a T effector/Treg
cell ratio like that observed in non-infected mice (NI) (Figure 1C).
These findings suggest that the IDO-dependent negative feedback
loop, which plays a role in regulating the inflammatory response, is

not adequately induced in B6 mice.

10.3389/fimmu.2023.1267641

Differential modulation of AhR expression
on spleen cells from Balb/c and B6 mice
during T. cruzi infection

To investigate the expression of AhR and its modulation during
T. cruzi infection, we assessed AhR mRNA and protein levels in
SMC at different time points p.i. using quantitative qPCR and
Western blot analysis. We observed that uninfected B6 mice
exhibited higher levels of AhR expression compared to Balb/c
mice (p < 0.0001, Figure 2A). Interestingly, T. cruzi infection led
to a significant up-regulation of AhR expression in splenocytes from
Balb/c mice, while a down-regulation of AhR expression was
observed in splenocytes from B6 mice (Figures 2A, B). These
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FIGURE 1

AhR-dependent features, up-regulation of IDO activity and Treg promotion, are Impaired in B6 mice during T. cruzi infection. (A) IDO activity was
determined in spleen extracts of non-infected (NI) or T. cruzi-infected Balb/c and B6 mice at different time points p.i. The bars represent the

mean + SD activity (U/mg protein) with three mice per time point. (B) KYN concentration in plasma was measured using HPLC. The bars represent
the mean + SD with three mice per time point. The statistical significance was calculated by comparing each time point to the NI of the respective
group and is denoted by (*)p<0.05, (**)p<0.001, and (****)p<0.0001. (C) The absolute number of splenic Treg cells (CD4+ CD25+ Foxp3+) is shown
in the upper panels, while the ratio of splenic effector T cells (CD4+ CD25-) to Treg cells is shown in the lower panels. Statistical calculations were
performed using one-way ANOVA followed by Dunnett's test. The significance levels are denoted by (*)p<0.05 and (**)p<0.001. Each data point
represents the mean + SD with three mice per time point. In (A-C) the results shown are representative of three independent experiments.
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FIGURE 2

W i —

Differential modulation of AhR expression on spleen cells from Balb/c and B6 mice during T. cruzi infection. Splenocytes from non-infected (NI)

or T. cruzi-infected Balb/c and B6 mice were collected at various time points p.i. to evaluate AhR expression. (A) AhR mRNA expression was
determined using qPCR. The data are presented as the mean + SD of AhR relative expression normalized to Actb expression (B-actin) from 3 mice
per time point. (B) AhR protein expression was assessed by Western blot at different times p.i. Each bar represents the mean + SD of protein relative
expression levels, quantified by scanning the intensity of band areas in the homogenates and normalized to -actin (n = 3 mice per time point).
P-values were calculated using one-way ANOVA followed by Dunnett’s test, comparing the NI of each group vs. infected samples at different times
p.i.; (*)p<0.01; (**)p<0.001; (***)p<0.001. The results presented are representative of those obtained in two independent experiments.

findings highlight the differential modulation of AhR expression in
response to T. cruzi infection in the two mouse strains.

Macrophages of Balb/c and B6 mice show
different responsiveness to AhR ligands

In the B6 model of T. cruzi experimental infection, which is
characterized by a higher inflammatory response compared to the
Balb/c model, we observed significant differences in the expression
of AhR, IDO activity, KYN levels, and Treg cell levels.

Given that AhR expression and AhR polymorphisms can both
influence the response to AhR ligands (39), we hypothesized that
the observed variations in IDO activity and Treg cell levels between
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Balb/c and B6 mice after T. cruzi infection could be attributed at
least in part to the differences in AhR polymorphisms between these
strains. Specifically, Balb/c mice carry the AhRb-2 variant, while B6
mice carry the AhRb-1 variant.

To test this polymorphism hypothesis, we treated bone
marrow-derived macrophages (BMDM) from Balb/c and B6 mice
with AhR ligands TCDD and ITE, as well as T. cruzi lysate, for 24
hours. We then measured the expression of Ahr and Cyplal, as
indicators of the AhR response to its ligands, in each strain by
qPCR. Upon stimulation with TCDD, Balb/c BMDM showed
approximately an 8-fold increase in Cyplal expression, while B6
BMDM showed approximately a 5-fold increase (Figure 3A).
Similar results were observed following stimulation with ITE or
T. cruzi lysate, with Balb/c BMDM showing approximately a 10-
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B6 and Balb/c mice exhibit differential responsiveness to AhR ligands. BMDM from Balb/c and B6 mice were cultured for 24 hours with the AhR
agonists TCDD (160 nM), ITE (100 nM), and T. cruzi lysate (10ug/ml) +/- CH223191 (3 uM). (A) Cyplal expression was assessed by qPCR. (B) Ahr
expression was determined by gPCR. Each bar represents the mean + SD of Cyplal/Ahr gene expression levels normalized to Actb expression
(B-actin). Values are the means of triplicate measurements for experiment. P values were calculated using Student's t-test. Simple (*) indicates
comparations of each condition vs the control within the respective group (Balb/c or B6), while lines represent comparations between the specified
bars. (*)p < 0.05, (**)p < 0.01, and (***)p < 0.0001. ns, non-significant. The results presented are representative of those obtained in three

independent experiments.

fold or 5-fold increase, respectively, and B6 BMDM showing
approximately a 3-fold or 1.5-fold increase in Cyplal induction
(Figure 3A). Furthermore, the T. cruzi lysate acted as a weak agonist
of the AhR, inducing Cyplal expression, and the addition of the
AhR-specific antagonist CH223191 inhibited this effect (Figure 3A).

In Figure 2, we demonstrated higher AhR protein expression in
SMC from NI-B6 mice compared to Balb/c mice. However, as
shown in Figure 3, BMDM from NI-B6 mice exhibited lower Ahr
mRNA levels than those from Balb/c mice. Interestingly, the
stimulation of BMDM from B6 mice with various AhR agonists
led to a specific downregulation of Ahr mRNA levels, while this
effect was not observed in BMDM from Balb/c mice (Figure 3B).
This response closely mirrored the observed pattern in SMC from
infected mice, indicating a similar behavior in both cell types.
Furthermore, the Ingenuity Pathway Analysis of RNAseq data
consistently demonstrated the down-regulation of genes
associated with the AhR pathway in BMDM from B6 mice
following T. cruzi infection (Supplementary Figure 2).

Together, these results suggest that the observed differences in
AhR-mediated effects between B6 and Balb/c mice can be attributed
not only to variations in AhR expression but also to polymorphisms
in the AhR gene and the regulatory mechanisms that control
AhR expression.

Differential AhR agonistic activity in plasma
of T. cruzi-infected Balb/c and B6 mice

To assess the impact of T. cruzi infection on the production of
AhR ligands, we measured AhR agonistic activity in the plasma of
Balb/c and B6 mice at different time points p.i. using a luciferase
expression-based reporter assay as previously described by
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Rothhammer et al. (45). Figure 4A shows that similar levels of
AhR agonist activity were detected in the plasma of NI Balb/c and
B6 mice. However, interestingly, T. cruzi infection led to an increase
in the levels of AhR agonist activity in the plasma of Balb/c mice,
while no significant increase was observed in those from B6 mice
(Figure 4B). This early systemic increase in AhR agonist activity in
Balb/c mice is consistent with our previous findings demonstrating
elevated IDO activity and KYN production in this mouse strain
(Figures 1A, B).

Reduced AhR agonistic activity and
increased KYN levels in plasma from
CCD patients

Investigating the potential up-regulation of IDO activity in
Chagas patients following T. cruzi infection, we analyzed KYN
levels in the plasma of CCD patients using liquid chromatography
tandem mass spectrometry (LC-MS) configured on a U-HPLC
coupled to an Triple Quadrupole mass spectrometer. These levels
were then compared to KYN levels in the plasma of HD. Like the
observations in mice, our results showed higher levels of KYN in the
plasma of CCD patients compared to the plasma of HD
(Figures 5A, B).

As mentioned previously, the production of AhR ligands during
acute inflammation involves various mechanisms, including the up
regulation of IDO enzymatic activity, which generates these
anti-inflammatory catabolites. Given the persistent cardiac
inflammation observed in Chagas cardiomyopathy (CCC)
patients, we hypothesized that it could potentially influence the
levels of AhR agonists in the serum. To assess the circulating levels
of plasma AhR ligands in patients, we utilized a global AhR-
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FIGURE 4

Differential AhR agonistic activity in plasma from T. cruzi-infected Balb/c and B6 mice. The 4T1 murine cell line was transiently transfected with a
plasmid containing the DRE sequence from the Cyplal promoter upstream of a luciferase gene. The cells were then incubated with DMEM
containing 10% plasma from non-infected (NI) or T. cruzi-infected Balb/c or B6 mice. (A) AhR agonistic activity assessed by luminometry in the
plasma samples collected from NI mice. (B) AhR agonistic activity assessed by luminometry in the plasma samples collected from infected Balb/c
and B6 mice at different times p.i. Relative activity was calculated by dividing firefly luciferase activity (pGud-Luc) by Renilla luciferase activity (pTK-
Renilla). Values are presented as means of triplicate measurements. Bars indicate mean + SD, with n=4 mice per time point. Statistical analysis was
performed using Student's t-test (A), and one-way ANOVA followed by Dunnett's test (B). The statistical significance was calculated by comparing
each time point to the NI of the respective group and is denoted by (*)p<0.05; ns, non-significant (B). The results shown are representative of three
independent experiments.

responsive reporter assay. Detailed information regarding the sex  sub-grouped as Severe or Mild based on the severity of
and age distribution of patients and controls, as well as the size of  their cardiomyopathy.

the cohort, can be found in Table 1. The levels of AhR agonistic activity in plasma showed no
The plasma samples from CCD patients exhibited decreased  significant differences between the IND and CCC patients
AhR agonistic activity compared to the HD (Figure 6A). To  (Figure 6B). However, a negative trend was observed between the
further investigate, we categorized the patients based on the levels of AhR agonistic activity and the presence of cardiomyopathy
clinical presentation of the disease. The chronic patients were  (Figure 6B). These findings, combined with the results obtained
divided into two groups: Indeterminate (IND) and with Chagas  from the infected Balb/c and B6 mice (Figure 4), suggest a
disease cardiomyopathy (CCC), as described in the Materials and ~ correlation between the level of inflammation during T. cruzi
Methods section. Within the CCC group, patients were further  infection and reduced AhR agonistic activity.
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FIGURE 5

Plasma KYN Levels in CCD Patients and HD. (A) Relative lon Abundance of KYN Determined by LC-MS: The graph illustrates the median values and
interquartile range of normalized ion abundance for tryptophan metabolites, highlighting the differences between CCD patients and HD groups.
(B) KYN Concentration Determined by HPLC: The graph presents the mean + standard deviation of KYN concentration data. Statistical analysis was
performed using the Mann Whitney U-test to determine significant differences. (*)p <0.05; (**)p <0.01; (***)p <0.001; (****)p <0.0001
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TABLE 1 Clinical and demographic characteristics of the cohort.

Figure Cohorte Females/Male Age

1A Control (17) 13/4 46.52 (39-53)
INF (29) 20/9 49.48 (41-53)

1B Control (25) 16/9 42.15 (37-50)
IND (18) 12/6 45.61 (40-53)
CCC (18) 12/6 46.5 (41-55)

1C Control (17) 12/5 43.37 (41-54)
IND (15) 10/5 49.61 (40-57)
Mild (7) 6/1 50.14 (41-55)
Severe (7) 5/2 48.85 (42-53)

Each group is denoted by its respective name as displayed in the corresponding figure, with
the sample size (n) provided in brackets. Sex: The numbers represent the absolute number of
female individuals (biological sex) from left to right, followed by the percentage of females in
the group. Age: The average age is indicated, with the 25% and 75% percentiles provided in
parentheses. For males, the overall mean age was 46 years, and 41 for females. The prevalent
manifestation of Chagas disease was the indeterminate form (53%), followed by the cardiac
form (45%). Mild cardiac patients showing any of the following alterations by ECG:
incomplete right bundle branch block (47%) or complete (23%), first degree of
atrioventricular block (32%) or non-life-threatening arrhythmias (76%). Patients with
severe myocarditis, presenting major ECG pathological tracings, that is, complex
ventricular arrhythmia (53%) or complete atrioventricular block (68%) and/or congestive
heart failure (73%). Additionally, systemic arterial hypertension emerged as a common
comorbidity, affecting 53% of the patients.

Interestingly, when analyzing the CCC group based on the
presence of Mild or Severe cardiomyopathy, the Severe CCC
patients exhibited significantly higher levels of AhR agonistic
activity compared to the Mild CCC patients (Figure 6C).

Metabolic profiling in the plasma of CCD
patients and HD

It has been reported that in addition to KYN, other Trp
catabolites also act as AhR ligands. Therefore, these additional
Trp catabolites could potentially contribute to the observed
differences in the levels of global AhR agonistic activity between
CCD patients and HD.

10.3389/fimmu.2023.1267641

To investigate whether and how the profiles of Trp catabolites
are associated with infection or clinical severity, we conducted a
targeted analysis using LC-MS to examine the plasma profiles of
Trp metabolites. This analysis was performed on plasma samples
obtained from CCD patients (n=30) and age- and sex-matched
healthy donors (n=17).

Remarkably, we observed significant alterations in the plasma
levels of multiple Trp metabolites in CCD patients. To assess the
overall metabolic differences, we performed a principal component
analysis (PCA) on the dataset. The first two principal components
(PC1 and PC2) accounted for a cumulative 47% of the total
variability observed (Figure 7).

The PCA plot revealed distinct clustering patterns between HD
and CCD patients. In PC1, HD samples predominantly grouped on
the left side of the score plot, while samples from IND, Mild, and
Severe groups were primarily located on the right side (Figure 7A).
Additionally, PC2 reflected the metabolic variation among the CCD
patient groups, with samples from Severe patients predominantly
found in the lower part of the plot (below 0), while samples from
IND and Mild patients were preferentially positioned in the upper
part (Figure 7A).

To better understand the contribution of specific metabolites to
the observed differences between groups, we constructed a biplot
graph. In this graph, the length of the vectors represents the extent
to which a particular Trp metabolite contributes to the separation
between the groups, while the direction and proximity of the vectors
to individual samples indicate the presence of the metabolite within
each group (Figure 7B).

The biplot graph revealed that several Trp metabolites played
significant roles in distinguishing between the groups. Based on the
vector lengths, the metabolites 5-hydroxytryptophol, xanthurenic
acid (XA), kynurenic acid (KYNA), quinolinic acid (QA), Trp,
KYN, N-acetylserotonin (NAS), 3-methoxyanthranilate, picolinic
acid (PA), serotonin, tryptamine, 5-hydroxytryptophan (5-HTP),
and N-methylserotonin were found to contribute substantially to
the separation observed between the groups (Figure 7B).

To further support our findings, we quantitatively analyzed the
normalized ionic abundance of each metabolite. We focused on the
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FIGURE 6

Reduced AhR Agonistic Activity in Plasma from CCD Patients. The HEK293 murine cell line was transiently transfected with a plasmid containing the
DRE sequence from the Cyplal promoter placed upstream of a luciferase gene, followed by incubation with DMEM containing 10% plasma from
CCD patients or HD. AhR agonistic activity was measured using luminometry. (A) Relative AhR agonistic activity in plasma of CCD patients and HD.
(B) Relative AhR agonistic activity in plasma of HD and CCD patients classified as indeterminate (IND) or presenting chronic Chagas disease
cardiomyopathy (CCC). (C) Relative AhR agonistic activity in plasma of HD and CCD patients classified as IND and exhibiting mild or severe CCC. P
values were calculated using the Mann-Whitney U-test. (*)p <0.05; (**)p <0.01; (****)p <0.0001.
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FIGURE 7

Principal Component Analysis of Trp Metabolites in Plasma of CCD Patients and HD. The principal component analysis (PCA) of Trp metabolites
was visualized as follows: (A) Score plot graph: The samples are represented by points, with different shapes and colors indicating different groups.
(B) Biplot graph: The samples are represented by points colored according to their respective groups. The vectors, represented by arrows,
demonstrate the direction and magnitude of the contribution of each metabolite to the individual correlations represented by PC1 and PC2.

main metabolites that contributed to the differences between the
samples from HD and CCD patients. We observed that Tryptamine,
N-methylserotonin, serotonin, and 5-HTP were significantly
increased in the plasma of patients compared to controls
(Figure 8A). Interestingly, the levels of KYNA and XA, both
known AhR agonists, were significantly lower in the plasma of
patients compared to HD (Figure 8B), which aligns with the
reduced AhR agonistic activity detected in the plasma of infected
patients (Figure 6).
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Subsequently, we investigated the variation in Trp metabolites
in plasma across different stages of chronic infection (IND, Mild,
and Severe). Our analysis revealed that only serotonin and 5-HTP
consistently showed increased levels in all patient groups compared
to the HD group (Figure 9A). In addition, we did not observe
significant differences in the ion abundance of KYNA and XA
between the HD and all patient groups (Supplementary Figure 3).
However, it is important to note that the median values observed of
KYNA and XA in the plasma of IND, Mild, and Severe groups were
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FIGURE 8

Metabolic Profiles of Trp Metabolites in the Plasma of CCD Patients and HD. (A) Relative ion abundance of Tryptamine, N-methylserotonin, PA,
Serotonin, and 5-HTP in plasma samples of CCD patients and HD. (B) Relative ion abundance of KA and XA in plasma samples of CCD patients and
HD. Statistical analysis was performed using the Mann-Whitney U-test to determine statistically significant differences compared to HD plasma

samples. (*)p < 0.05; (**)p < 0.01; (***)p < 0.001; ns, non-significant

either lower or similar to the values observed in the first quartile
(Q1) of the control group. This indicates that, for KYNA and XA, at
least 50% of the IND, Mild, and Severe samples exhibited lower ion
abundance compared to approximately 75% of the control samples
(Supplementary Figure 3). The lack of statistical differences may be
attributed to data dispersion resulting from the sample size of the
Mild and Severe groups. Furthermore, we observed that patients in
the Severe group had higher levels of Trp, KYN, QA, and NAS in
plasma compared to IND and Mild patients (Figure 9B).
Specifically, Trp and NAS levels were only increased in the Severe
group, with a plasma abundance four times higher than that of the
HD, IND, and Mild groups (Figure 9B; Supplementary Figure 4).
We visualized the correlations between the amounts of
metabolites in each group using a correlation plot (Figure 10). In
the Severe group, Trp levels positively correlated with the three
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metabolites previously found to be significantly increased in this
group: KYN, QA, and NAS (Figure 10). Supplementary Figure 5
displays the correlations. In the Mild group, Trp showed a correlation
with KYN, 3-methoxyanthranillate, and XA, while in the IND group,
it correlated with KYN (Figure 10). Although Trp showed a significant
correlation with KYN in all CCD patient groups (Figure 11A), in
Severe patients the Trp/KYN and Trp/XA ratios were notably different
due to significantly higher Trp levels (Figure 11B).

These results indicate that T. cruzi infection is associated with a
distinct profile of Trp metabolites in CCD patients, particularly in
those who have developed the severe form of the disease. However,
it is not yet clear whether this altered profile is a cause or a
consequence of the disease progression. Therefore, we believe that
scores of some of these metabolites could serve as suitable
biomarkers for disease or clinical severity.
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FIGURE 9

Alterations in Trp Metabolites in Plasma Across Different Stages of Chronic Chagas Disease. (A) Relative ion Abundance of Tryptamine, N-methyl
serotonin, PA, Serotonin, and 5-HTP, and (B) Relative ion abundance of Trp, KYN, QA, and NAS in plasma samples from HD and IND, Mild, and
Severe groups of patients. The graphs depict the median values and interquartile range of the normalized ion abundance of Trp metabolites. They
highlight the differences in ion abundance between HD vs CCD patients, and Severe vs HD, IND, and Mild groups. Statistical analysis was performed
using the Mann-Whitney U-test to determine statistically significant differences compared to HD plasma samples. (*)p < 0.05; (**)p < 0.01;

(***)p < 0.001; ns, non-significant.

Discussion

The precise mechanisms involved in the development and
progression of cardiac pathology in Chagas Disease have not been
fully elucidated. However, there is substantial evidence suggesting
that immunoregulatory cytokines play a crucial role in orchestrating
the immune response, thereby influencing the development or
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control of the disease (6-8). During T. cruzi infection, B6 mice
display an exaggerated Thl response that is effective in controlling
parasite replication. However, similar to CCC patients, B6 mice are
unable to regulate the inflammatory response, resulting in severe
hepatic damage (15). This is characterized by elevated TNF levels,
decreased IL-10 levels, and an inability to expand the Treg
population, as observed in comparison to Balb/c mice (15, 16).
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larger circles denoting higher correlation values.

We have previously demonstrated the critical role of IDO
activity in controlling T. cruzi replication, and specifically, the
Trp catabolite 3-HK has been shown to inhibit T. cruzi
replication and induce the generation of Treg Foxp3+ cells when
administered in vivo (19). Furthermore, the AhR transcription
factor, is known to be essential for IDO transcription. It has been
reported that various Trp-derived compounds, including certain
kynurenines, can act as AhR ligands, leading to AhR activation and
the development of a regulatory immune response (22, 34).

In this study, we aimed to investigate the effects of T. cruzi
infection on AhR expression, as well as AhR-associated features
such as IDO activity and Treg cell induction. We also examined the
presence of AhR ligands in two mouse strains that exhibit
differential susceptibility to developing inflammatory pathology
following T. cruzi infection. Additionally, as a parallel analysis, we
analyzed the expression of AhR ligands and the profiles of Trp-
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derived metabolites in the plasma of CCD patients without cardiac
complications (IND) and those with Mild or Severe CCC,
comparing them with HD.

Our findings demonstrate that AhR-dependent features,
including IDO activity, KYN levels, and Treg induction, are
impaired in T. cruzi-infected B6 mice. We observed lower IDO
activity in infected B6 mice compared to Balb/c mice, which could
be directly attributed to the down-regulation of AhR expression in
this particular mouse strain following T. cruzi infection.

AhR activity can be regulated by various transcription factors,
with one of them being the glucocorticoid receptor (GR) (55, 56). In
vitro assays conducted on murine hepatoma cell lines have shown
that incubation with dexamethasone enhances AhR transcription
through a GR-dependent mechanism, leading to an increased
response to AhR ligands (56). Moreover, studies have reported that
the expression of AhR decreases in the livers of hypophysectomized
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Spearman correlation Between the Relative lon Abundance of Trp and KYN in Plasma Samples from HD and CCD Patients. (A) Spearman correlation
scatter plots (linear regression, blue line) with its confidence interval (gray area) for the relative ion abundance of Trp vs KYN in the plasma samples

from HD and CCD patients. The CCD patients are further categorized into IND, Mild, and Severe. Spearman correlation coefficient (Pspearman) and p
associated value is shown. (B) Ratio between the ion abundance of Trp and KYN and XA in the plasma samples from HD and CCD patients.

rats (56, 57). Roggero et al. (58) reported that there is a rapid increase
in corticosterone levels during the early stages of T. cruzi infection in
Balb/c mice. In contrast, B6 mice did not show significant differences
in corticosterone levels until three weeks post-infection. Additionally,
it has been documented that endogenous glucocorticoids play a
crucial role in maintaining a balanced T effector/Treg ratio during
T. cruzi infection (16). Therefore, the delayed increase in
corticosterone levels in the B6 strain of mice could be associated
with the lower AhR expression, differential AhR expression kinetics,
and the observed imbalance between T effector and Treg cells
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following T. cruzi infection. Furthermore, the expression of TDO,
an enzyme involved in the initial step of Trp metabolism in the liver,
increases in response to cortisol, potentially leading to lower
circulating Trp levels (59). Therefore, not only the differences
observed in IDO activity but also a reduction in TDO activity,
associated with lower systemic glucocorticoid levels, could explain
the decreased concentration of KYN and AhR agonistic activity
observed in B6 mice during acute infection.

Furthermore, our observations indicate that the activation of
AhR can be influenced by the extent of its expression and by the
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presence of genetic polymorphisms. We found that ITE and TCDD
induce a greater up-regulation of Cyplal in Balb/c BMDM through
the AhR®” allele compared to B6 AhR®. This suggests that the level
of AhR expression, which is lower in B6 mice compared to Balb/c
mice, and the genetic variations in these strains may impact AhR
activation. Recent studies have demonstrated the involvement of
AhR mutations and genetic polymorphisms in inflammatory
diseases, highlighting their role in modulating AhR activity (60—
64). For instance, in mice a single point mutation in AhR (AhRd)
reduces its activation in response to TCDD, requiring significantly
higher doses to achieve a similar level of activation compared to
TCDD high responder strains such as B6 and Balb/c mice (65).
Additionally, exposure to diesel exhaust particles, which consist of
polycyclic aromatic hydrocarbons and their derivatives, has been
shown to result in higher AhR®? (Balb/c) activation compared to
ARRP! (B6) (40). It is important to note that AhR polymorphisms
not only affect binding affinity but also receptor availability, as
structural variations can impact susceptibility to post-translational
modifications that regulate AhR concentration within the cell.
Changes in the amino acid sequence of AhR, for example, can
increase its susceptibility to ubiquitination and subsequent
proteasomal degradation (66, 67). This may explain the observed
rapid decrease in AhR expression in B6 splenocytes following T.
cruzi infection.

It has been documented that certain molecules derived from
pathogens can function as ligands for AhR (68). In our study, we
observed that stimulation of BMDM with T. cruzi lysate led to an
upregulation of Cyplal transcription, which was dependent on
AhR activation since Cyplal levels decreased when treated with the
AhR antagonist CH223191. However, when we evaluated the AhR
agonistic activity of T. cruzi lysate using a luciferase reporter assay,
we did not observe significant differences compared to the control
medium (results not shown). This suggests that detectable AhR
ligands were not present in the parasite homogenate, indicating that
the upregulation of Cyplal may have been mediated by the
induction of endogenous AhR ligands. It is possible that T. cruzi
lysate activated IDO activity in BMDM, leading to the generation of
AhR ligands or indirect activation of the receptor. Analysis of
databases has revealed that the parasite expresses the enzyme
kynureninase, which can produce anthranilic acid (AA) or 3-
hydroxyanthranilic acid (3-HAA) from KYN and 3-HK,
respectively (69). Although the binding of 3-HAA to AhR has not
been described, this metabolite can activate AhR through its
interaction with NCOA?7, a nuclear coactivator expressed in DCs
and macrophages, and through the generation of cinnabarinic acid,
a metabolite formed from the oxidation of 3-HAA, which has been
reported as an AhR ligand (70, 71). Additionally, 3-HAA has been
associated with enhancing the immunosuppressive effects of IDO1-
expressing DCs and promoting the expansion of Treg cells in an
allograft model of small bowel transplantation (72).

In conclusion, our findings demonstrate that T. cruzi infection
has a differential impact on AhR expression and the generation of
AhR ligands, and these difterences may be influenced by the host’s
genetic component. AhR polymorphisms play a role in determining
the magnitude of the ligand response and the susceptibility of AhR
to post-translational modifications (66, 67). Given the
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demonstrated significance of AhR signaling in shaping the
regulatory profile of Treg cells (29, 34, 73, 74), the rapid decrease
in AhR expression observed in B6-infected mice, coupled with their
reduced capacity to generate AhR ligands and activate AhR, may
play a role in their impaired ability to induce Treg cells and regulate
the heightened inflammatory response observed during T.
cruzi infection.

Our findings regarding the global agonistic activity of AhR in
the plasma of patients with CCC, IND, or HD (Figure 6) are
consistent with a study by Rothhammer et al. (45), which
demonstrated that the overall balance of AhR ligands is lower in
the plasma of patients with relapsing-remitting multiple sclerosis
(RRMS) compared to that of healthy individuals. Additionally, they
found that plasma samples from patients with active RRMS exhibit
higher global AhR agonistic activity than those from RRMS-
remitting individuals, similar to our observations between the
groups with Severe and Mild cardiomyopathy. These results
suggest a possible association between the presence of a
heightened inflammatory state and lower levels of global AhR
agonistic activity. However, the abundance of KYN ions (detected
by LC-MS) and the concentration of KYN (measured by HPLC) are
higher in the plasma of patients compared to HD, which is
consistent with findings from the murine model. Together, these
findings indicate that the reduction in global AhR agonistic activity
in the plasma of CCD patients may be attributed to a decrease in the
production of AhR ligands, different from KYN, during T. cruzi
infection. In support of the previous conclusion, our findings
revealed that the levels of KYNA and XA were lower in CCD
patients compared to HD. It is worth noting that these metabolites
have the ability to activate human AhR, as demonstrated in a
luciferase reporter assay (75). Therefore, the decrease in KYNA and
XA levels could potentially contribute to the diminished global
agonistic activity detected in the plasma of CCD patients.
Furthermore, it is important to note that the ion abundance
measurements were obtained through targeted metabolomics,
which limited the identification of AhR ligands to a specific group
of known metabolites. Additionally, previous studies have shown
that intermediate metabolites generated from KYN have the ability
to spontaneously activate AhR at picomolar concentrations,
whereas activation by KYN itself requires micromolar
concentrations. Therefore, the differences in AhR agonistic
activity observed between HD and CCD patients may also be
influenced by unidentified ligands, metabolites not targeted in
this study, and others whose concentrations were below the
detection range of the LC-MS method.

A global metabolomic study was conducted on plasma and
cardiac tissue samples from Balb/c mice infected with the T. cruzi Y
strain. The results revealed that approximately one-third of the
detected metabolites in the plasma and two-thirds of those in the
tissue exhibited differential expression between acutely infected and
non-infected animals (76). We further extended this analysis by
conducting a unique metabolomic study on the plasma of CCD
patients categorized as either IND or with CCC Severe or Mild.
Although the majority of Trp undergoes metabolism through the
KYN pathway, alterations in metabolites from other Trp pathways
were observed in the patients’ plasma (Supplementary Figure 3).
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Notably, among these metabolites, both serotonin and tryptamine
were identified as AhR ligands (77, 78).

The results obtained indicate that Trp, KYN, QA, and NAS
contribute to the observed differences between the plasma of CCD
patients with Severe pathology and the other three groups.
Consistent with this, a previous study by Girones et al. (76)
reported an increase in KYN levels in both the plasma and
cardiac tissue of T. cruzi-infected Balb/c mice at day 21 p.i,
coinciding with the detection of cardiac pathology in that model.
Interestingly, while an increase in Trp levels was observed in cardiac
tissue, it was not observed in plasma. Although the higher Trp levels
detected in Severe patients could potentially indicate Trp
accumulation due to low activity of Trp-degradating enzimes, the
increase in Trp-derived metabolites does not support this
hypothesis. Trp availability in the plasma is regulated, in part, by
the presence of albumin. Inflammatory processes can reduce
albumin levels by increasing its fractional catabolic rate, which
may lead to increased free-Trp levels in the plasma of Severe
patients as a result of albumin reduction caused by higher
inflammation levels in this group (79, 80).

In the KYN pathway, modifications in the enzymes involved
can disrupt the normal production of metabolites. After Trp
degradation mediated by IDO or TDO, which generates KYN,
there are two main catabolic branches. One branch is mediated
by kynurenine 3-monooxygenase (KMO) and kynureninase
(KYNU), leading to the formation of 3-HK, 3-HAA, and QA. The
other branch is controlled by kynurenine aminotransferase (KAT),
which produces KYNA and XA (see Supplementary Figure 3) (75,
81). KMO and KYNU are more susceptible to regulation by
inflammatory stimuli, with their expression increasing in the
presence of lipopolysaccharide (LPS), interferon-gamma (IFN-y),
and interleukin-1 beta (IL-1B), which could explain the observed
increase in QA levels in the Severe group (82). On the other hand,
KAT expression is decreased or unaffected in inflammatory
contexts (82), which is consistent with the lower levels of KYNA
and XA detected in CCD samples.

NAS, synthesized from serotonin, is primarily known for its
antidepressant and neuroprotective effects and plays a role in
melatonin generation (83). Although there are no specific reports
associating NAS with cardiac functionality, serotonin and
melatonin have been linked to cardiac function. For instance,
increased serotonin levels have been associated with hypertension,
while melatonin provides resistance against ischemic reperfusion
damage and protects against myocardial inflammation induced by
intermittent chronic hypoxia and fibrosis, among other effects (84,
85). Interestingly, we observed a tendency of melatonin reduction as
cardiac pathology worsens, and this decrease may be related to
lower melatonin generation from NAS, considering the higher
levels of NAS detected in the Severe group.

To the best of our knowledge, there are no other studies
reporting Trp metabolite levels in patients with CCD disease
using LC-MS. This study demonstrates that during chronic T.
cruzi infection, there is dysregulation of Trp metabolic pathways,
specifically serotonin, tryptamine, and KYN, which is reflected in
the plasma composition. Additionally, we have identified NAS as a
potential biomarker of severity; however, further investigation is
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required to determine whether NAS elevation is exclusive to Chagas
cardiomyopathy or if it is also increased in other cardiopathies of
different etiology. Changes in Trp metabolite expression have been
associated with various conditions, including inflammatory bowel
disease, CNS-related pathologies such as Huntington’s, Parkinson’s,
and Alzheimer’s diseases, as well as cardiovascular disease and its
mortality (81, 86, 87). Therefore, understanding the mechanisms
responsible for the imbalance in Trp metabolites is crucial for the
development of new therapeutic strategies, such as designing
specific enzyme inhibitors and identifying disease biomarkers (88).
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